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Abstract

Piezo1 is a mechanosensitive cation channel that is activated by shear stress in endothelial cells 

(ECs). It has been shown to mediate shear-induced EC responses, including increased calcium 

influx, and vascular functions, such as vascular tone and blood pressure. Yoda1, a selective Piezo1 

activator, has been shown to mimic shear-induced responses in ECs. Since shear-induced calcium 

influx causes Akt and ERK1/2 activation in ECs, we examined the effects of Yoda1 and the role of 

Piezo1 on their activation. Here, we show that Yoda1 robustly activates Akt and ERK1/2 in ECs. 

Additionally, the Piezo1 antagonists, gadolinium and ruthenium red, but not GsMTx4, effectively 

blocks Yoda1-induced Akt activation. Our results suggest that Yoda1-induced Akt and ERK1/2 

activation is not dependent on Piezo1.
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Introduction

The Piezo proteins, Piezo1/FAM38A and Piezo2/FAM38B, are multi-pass transmembrane 

proteins that have been identified as mechanically-activated (MA) homomultimeric, pore-

forming ion channels [1,2]. Piezo1 is broadly expressed with its highest expression in 

bladder, colon, kidney, lung, and skin. Piezo2 is highly expressed in bladder, colon, lung, 

and sensory neurons from dorsal root ganglia. Recent studies have demonstrated that Piezo1, 

in particular, can mediate MA cationic currents in several different cell types, including 

endothelial cells (ECs) [3,4]. Additionally, Piezo1 was shown to be critical for calcium 

influx into ECs as well as EC alignment in response to fluid shear stress [3,4]. Expression of 

Piezo1 in HEK 293 cells, which lack endogenous Piezo1 and are typically unresponsive to 
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shear stress, evoked shear stress-induced calcium influx, suggesting that Piezo1 channels 

may directly function as shear stress sensors [3]. Most recently, Piezo1 channels have been 

proposed as “exercise sensors” that are activated by increased blood flow during whole body 

physical activity and cause vascular bed-specific vasoconstriction [5].

There are no known endogenous agonists and/or antagonists of Piezo channels to date, but 

Piezo channels are known to be activated by mechanical stimuli and also by a recently 

identified synthetic small molecule called Yoda1. Yoda1 was first discovered using a high-

throughput screen to test whether chemical compounds exist that can activate Piezo 

channels. It was determined to be a selective small molecule agonist of Piezo1 based on its 

ability to induce a calcium response in HEK293 cells that overexpressed Piezo1, but not in 

vector-transfected cells or in cells that overexpressed Piezo2 [6]. Yoda1 stimulation has 

since been utilized as an invaluable tool for investigating the activation and regulation of 

Piezo1. The concept of a Yoda1-like “exercise pill”, which has the ability to specifically 

target and enhance Piezo1 activity during exercise, has even been introduced [7].

It has been recently demonstrated that Yoda1 can induce responses similar to those activated 

by fluid shear stress in ECs, such as increased intracellular calcium and nitrate formation 

[8]. These endothelial responses were shown to be mediated by Piezo1 by using an siRNA 

targeting approach. Pharmacological inhibition of Piezo1 is an alternative approach that has 

been utilized in other studies, including the examination of mechanically-activated channel 

currents in a mouse neuroblastoma cell line [1], the investigation of shear-induced ATP 

release and calcium influx in RBCs [9], and the study of shear stress-induced endothelial 

polarization in mesenteric arteries [5]. Using a similar pharmacological approach, we sought 

to examine the role of Piezo1 on the simultaneous activations of the Akt and ERK1/2 

signaling pathways by Yoda1 in ECs.

Materials and Methods

Cell culture

Human coronary artery endothelial cells (HCAECs) from male or female donors were 

obtained from Lonza (Walkersville, MD) and maintained in complete endothelial growth 

medium (EGM-2; Lonza) supplemented with 10% heat-inactivated FBS and penicillin-

streptomycin. Prior to all experimental procedures, cells were seeded onto glass microscope 

slides, grown to confluence, and serum-starved overnight in ATP-free endothelial basal 

medium (EBM-2; Lonza) supplemented with 0.5% BSA. HCAECs within six passages were 

used for all experiments.

Reagents

Gadolinium chloride and Yoda1 were purchased from Tocris Bioscience (Bristol, UK). 

Ruthenium Red was purchased from Cayman Chemical (Ann Arbor, MI). GsMTx4 was 

purchased from both Tocris Bioscience and Alomone Labs (Jerusalem, Israel). Rabbit anti-

phospho-Akt (Ser473) (#4060), rabbit anti-phospho-ERK1/2 (T202/Y204) (#9101), and 

rabbit anti-ERK1/2 (#9102) were obtained from Cell Signaling Technology (Danvers, MA). 

Goat anti-Akt (sc-1618) was from Santa Cruz Biotechnology (Dallas, Tx).
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Western blot analysis

Proteins were separated on NuPAGE 4–12% Bis-Tris gels (Thermo Fisher Scientific) in 

MOPS SDS running buffer (Thermo Fisher Scientific) and transferred to PVDF membranes 

(Immobilon-P; Millipore, Temecula, CA). Membranes were blocked for 1 h with 5% BSA in 

Tris-buffered saline with 0.1% Tween 20 (TBST) and then incubated with a primary 

antibody for 2h or overnight in 5% BSA-TBST at 4°C. After washing and incubating with 

horseradish peroxidase-conjugated secondary antibodies for 1h, the membranes were 

incubated with chemiluminescence substrate (SuperSignal West Pico or West Femto; 

Thermo Scientific, Rockford, IL). Images were acquired using a C-DiGit Blot Scanner (LI-

COR Biosciences, Lincoln, NE).

Statistical analyses

All experimental data are expressed as means ± S.E. from at least three independent 

experiments. Single comparisons between groups were performed using Student’s t-test, 

while multiple group comparisons were analyzed using one-way ANOVA with Bonferroni 

post hoc tests. p values of <0.05 were considered statistically significant.

Results

Yoda1 induces both Akt and ERK1/2 activation in endothelial cells

Yoda1 has been described as a molecule that mimics the effects of flow in ECs, specifically 

through Piezo1-activated calcium influx. To determine whether Yoda1 can induce the 

activation of Akt and ERK1/2, two signaling molecules that are both known to be flow-

activated and calcium-mediated, we performed a dose response experiment in which human 

coronary artery endothelial cells (HCAECs) were treated with increasing concentrations of 

Yoda1 (1.5, 3.0, and 6.0 µM) for 5 min. Indeed, Yoda1induced the activation of both Akt 

(Fig 1A) and ERK1/2 (Fig 1B) as reflected by their respective increases in phosphorylation 

levels compared to DMSO-treated control cells. Phosphorylation of both signaling 

molecules also increased with increasing concentrations of Yoda1. However, for all 

subsequent experiments, we utilized the lowest concentration of Yoda1 (1.5 µM) at which 

statistical significance was achieved.

Activation of Akt, but not ERK1/2, by Yoda1 is abrogated by gadolinium (Gd3+)

To determine whether Piezo1 activation is required for Yoda1-induced activation of Akt and 

ERK1/2 by ECs, we selectively blocked Piezo1 with gadolinium (Gd3+), one of the most 

commonly-used pharmacological inhibitors of mechanically-activated channels [1,9,10,11]. 

Addition of Yoda1 (using DMSO as the vehicle) to HCAECs at 1.5 µM for 5 min caused an 

increase in phosphorylated Akt (83% increase) compared to vehicle-treated cells (Fig. 2A). 

For cells pre-treated with Gd3+ at 30 µM for 30 min, the level of Akt phosphorylation 

induced by Yoda1 was virtually unchanged (2% decrease) compared to vehicle-treated cells 

that were not pre-treated. However, there was still an increase in Yoda1-induced Akt 

phosphorylation (62% increase) when compared to vehicle-treated cells that were pre-

treated, which is due to lower baseline phospho-Akt levels (39% decrease) caused by Gd3+ 

pretreatment alone. Similarly, Yoda1 stimulation resulted in increased phospho-ERK1/2 
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(94% increase) levels in control cells (Fig. 2B). Although phospho-ERK1/2 levels in cells 

pre-treated with Gd3+ prior to Yoda1 stimulation were down (68% increase) when compared 

to control cells with no pre-treatment, they were increased (90% increase) when more 

appropriately compared to pre-treated control cells. This is due to the fact that Gd3+ alone 

caused a slight decrease in phosphorylated ERK1/2 (12% decrease).

Ruthenium red (RR) effectively blocks Yoda1-induced activation of Akt

We next investigated the effects of ruthenium red (RR), another well known Piezo1 

antagonist [1,2,9]. As expected, Yoda1 treatment resulted in a robust increase in Akt 

phosphorylation in control HCAECs (2-fold increase)(Fig. 3A). However, in cells pre-

treated with RR (30 µM; 30 min), Akt phosphorylation induced by Yoda1 addition was 

drastically reduced compared to either vehicle-treated control cells with no pre-treatment 

(28% increase) or RR pre-treated cells to which DMSO was added (31% increase). Yoda1 

treatment caused a 2.1-fold increase in ERK1/2 phosphorylation in control cells in the 

absence of RR (Fig. 3B). In the presence of RR, ERK1/2 was not as robustly activated by 

Yoda1, but was still augmented when compared to either vehicle-treated cells with no pre-

treatment (1.8-fold increase) or vehicle-treated cells pre-treated with RR (1.7-fold).

GsMTx4, a potent blocker of Piezo1, does not inhibit Yoda1-induced Akt or ERK1/2 
phosphorylation

To test the inhibitory effects of the most selective and potent Piezo1 channel blocker to date, 

we pre-treated HCAECs with the spider venom-derived peptide, Grammostola spatulata 
mechanotoxin 4 (GsMTx4)[12], at 10 µM for 30 min prior to stimulation with Yoda1. 

Surprisingly, our results showed that pre-treatment with GsMTx4 had no significant 

difference on Yoda1-induced phosphorylation of either Akt (Fig. 4A) or ERK1/2 (Fig. 4B). 

Specifically, Yoda1 stimulation resulted in increased Akt phosphorylation in the absence 

(3.4-fold increase) and presence (2.9-fold increase) of GsMTx4 pretreatment when 

compared to their respective controls (Fig. 4A). Likewise, Yoda1-induced phospho-ERK1/2 

levels were dramatically elevated both with (3.2-fold increase) and without (3.9-fold 

increase) GsMTx4 pre-treatment (Fig. 4B).

Discussion

It is widely accepted that calcium (Ca2+) is an important signaling molecule in cells. In 

endothelial cells, changes in intracellular Ca2+ can lead to the production and release of 

vasoactive factors, such as nitric oxide (NO), that affect a wide range of vascular functions, 

including EC permeability and vascular tone. The Akt and ERK1/2 signaling pathways, 

which mediate cell proliferation and survival, are also activated by changes in intracellular 

Ca2+. Membrane ion channels play a critical role in regulating this influx of Ca2+ and the 

specific activation and opening of Piezo channels, whether through mechanical (i.e. shear 

stress) or chemical means (i.e. Yoda1), can trigger an influx of Ca2+ causing its various 

downstream signaling pathways to also be initiated. Our results showed that both Akt and 

ERK1/2 phosphorylation are increased in endothelial cells in response to Yoda1 treatment, 

suggesting that Piezo channels have been activated.
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It has recently been shown that Akt phosphorylation is induced in human umbilical artery 

endothelial cells (HUAECs) exposed to 1 µM Yoda for 5 minutes [8]. Moreover, it was 

shown that Yoda1-induced Akt phosphorylation was strongly reduced by knockdown of 

Piezo1 with siRNA, which implies that Piezo1 mediates this response in HUAECs. 

Although our results confirm that Yoda1 can induce Akt activation in ECs regardless of its 

origin, we could not observe a significant decrease in Akt phosphorylation in cells pre-

treated with the Piezo1 antagonist, GsMTx4, prior to exposure to Yoda1. It should be noted 

that here that siRNA knockdown of Piezo1 has been reported to decrease the expression 

levels of eNOS (~40% decrease) in ECs [3]. Consequently, decreased eNOS expression may 

cause a decrease in NO production and release from cells in response to Yoda1 stimulation. 

Since NO is known to activate PI3K-Akt [13,14], a decrease in phosphorylated Akt in Yoda-

induced ECs in which Piezo1 is knocked down via siRNA may be partly attributed to a 

decrease in eNOS expression.

The fact that Yoda1 can activate Piezo1 in the absence of other cellular components other 

than a cell membrane [2], suggests that it may directly interact with and activate Piezo1. 

However, this does not preclude Yoda1 from interacting and activating non-Piezo channels, 

particularly in endothelial cells. It is possible that Yoda1 activates Akt through Piezo1-

independent mechanisms and that both gadolinium and ruthenium red can block Yoda1-

induced phosphorylation of Akt because they are broader spectrum inhibitors than GsMTx4. 

For example, Gd3+ has been demonstrated to block other stretch-activated ion channels [15] 

as well as transient receptor potential (TRP) channels, such as the TRPML3 channel [16]. 

Ruthenium red is also known to block TRP channels and is a well described antagonist of 

ryanodine receptors, a class of intracellular Ca2+ release channel expressed by skeletal and 

cardiac muscle [17]. All except two of the 28 identified TRP channels allow Ca2+ influx and 

at least 19 isoforms are expressed in vascular endothelial cells [18]. Therefore, it is possible 

that in addition to activating Piezo1 in ECs, Yoda1 also activates one or more TRP channels, 

which leads to increased intracellular Ca2+, which in turn contributes to the activation of 

both Akt and ERK1/2.

To our knowledge, this is the first study to show that Yoda1 stimulation increases ERK1/2 

phosphorylation in ECs or in any cell type for that matter. However, the lack of a substantial 

blocking effect of three widely-used antagonists against Piezo1 (i.e. ruthenium red, 

gadolinium, and GsMTx4) suggests that Yoda1-induced ERK1/2 phosphorylation is not 

mediated specifically through this channel. Our findings differ from that of two recent 

studies. First, it has been demonstrated that ruthenium red significantly inhibits ERK1/2 

activation in dental stem cells by low-intensity pulsed ultrasound (LIPUS) and therefore 

concluded that it is regulated by Piezo1 [19]. Secondly, it has been reported that stretch 

induces calcium-dependent activation of ERK1/2 in epithelial cells that is Piezo1-mediated, 

since it can be blocked by gadolinium addition [20]. One likely explanation is that Yoda1 

differs in its ability to activate Piezo1 and potentially other channels than either LIPUS or 

cell stretching. Our data suggests that Yoda1 has the ability to stimulate ERK1/2 activation 

in ECs through other calcium channels and/or mechanisms.

A previous study showed that at a concentration of 1.5 µM, which was the concentration 

used in the present study, Yoda1 does not trigger a Ca2+ response in human embryonic 
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kidney (HEK) 293T cells transfected with human Piezo1 [6]. In fact, there was no 

appreciable increase in Ca2+ influx in human Piezo1-transfected HEK293T cells until they 

were stimulated with Yoda1 concentrations at and above 6 µM, which implies that activation 

of Piezo1 by Yoda1 is concentration-dependent. In another study, Yoda1 at a lower 

concentration (1 µM) was shown to induce a robust Ca2+ response in human umbilical 

endothelial cells (HUVECs)[8]. This discrepancy may be explained by the possibility that 

Piezo1 was not activated by Yoda1 in the latter study, and that there are inherent differences 

in the endogenous expression of other ion channels that control Ca2+ influx in ECs 

compared to HEK293T cells, thereby allowing Yoda1 to still cause a Ca2+ response. TRPV4 

is one such Ca2+-permeable channel that is highly expressed by ECs, but not expressed by 

HEK293T [21,22]. Interestingly, TRPV4 has been shown to be activated by shear stress and 

to play a regulatory role in vascular tone [23,24]. TRPM7 is another example of a Ca2+-

permeable channel that is expressed in ECs [25], but not reported to be expressed by 

HEK293T cells. Additionally, it has been shown to rapidly accumulate at the plasma 

membrane in response to shear stress [26]. Despite ECs having low levels of endogenous 

TRPM7-like current that is not increased by shear stress [26], TRPM7 channels have been 

implicated in regulating cell survival [27,28] and cell proliferation via the ERK signaling 

pathway [25,29].

Taken together, our results indicate that Yoda1 activates Akt and ERK1/2 signaling pathways 

in ECs through mechanisms that are not entirely dependent on Piezo1 activation. Yoda1 is 

non-specific in its activation of Piezo1 in ECs with possibly many other unidentified targets. 

This finding has important implications as Yoda1 and/or Yoda1-like chemical compounds 

have been proposed as a way to increase blood flow to different tissues or organs in the body 

through the specific activation of Piezo1 during and perhaps in the absence of physical 

activity. Future studies on the effects of Yoda1 on the potential activation of other targets, 

such as the aforementioned TRP channels, are still necessary and may provide further 

insights on the suitability of Yoda1 in particular as an “exercise pill” that can be 

administered and taken to mimic exercise and whether it would actually be beneficial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RR ruthenium red

GsMTx4 Grammostola spatulata mechanotoxin 4
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Highlights

• Yoda1 induces activation of both Akt and ERK1/2 in endothelial cells (ECs).

• Gadolinium and ruthenium red both block Yoda1-induced Akt 

phosphorylation.

• GsMTx4 does not block Yoda1-induced Akt or ERK1/2 phosphorylation.

• Yoda1-induced activation of Akt and ERK1/2 in ECs are Piezo1-independent.
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Figure 1. Yoda1-induced signaling in endothelial cells
Human coronary artery endothelial cells (HCAECs) were treated with Yoda1 at the indicated 

concentrations for 5 min. Cell lysates were prepared and analyzed by performing SDS-

PAGE followed by immunoblotting. (A) Akt activation was determined by immunoblotting 

for phosphorylated Akt (S473) and total Akt and performing densitometry of the single 

band. (B) ERK1/2 activation was determined by immunoblotting for phosphorylated 

ERK1/2 (T202/Y204) and total ERK1/2 and performing densitometry of the protein doublet. 

Representative blots from at least 3 independent experiments are shown. Bar graphs 

represent the quantification as fold change in the ratio of phosphorylated Akt to total Akt 

(A) or phosphorylated ERK1/2 to total ERK1/2 (B) compared to the DMSO-treated control 

condition, which is set to 1. The error bars indicate SE. *P<0.05; **P<0.01.
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Figure 2. Inhibition of Piezo1 using gadolinium
HCAECs were pre-incubated with vehicle control or gadolinium (Gd3+) at 30 µM for 30 min 

prior to stimulation with Yoda1 (1.5 µM) for 5 min. Immunoblotting was then performed on 

cell lysates using antibodies against phosphorylated Akt (S473) and total Akt to assess the 

level of Akt activation (A) or against phosphorylated ERK1/2 (T202/Y204) and total 

ERK1/2 to assess the level of ERK1/2 activation (B). Representative blots from 3 

independent experiments are shown. Bar graphs represents the quantification as fold change 

in the ratio of phosphorylated Akt to total Akt (A) or phosphorylated ERK1/2 to total 

ERK1/2 (B) compared to the control static condition, which is set to 1. The error bars 

indicate SE. *P<0.05; **P<0.01.
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Figure 3. Inhibition of Piezo1 using ruthenium red
HCAECs were pre-incubated with vehicle control or ruthenium red (RR) at 30 µM for 30 

min prior to stimulation with Yoda1 (1.5 µM) for 5 min. Immunoblotting was then 

performed on cell lysates using antibodies against phosphorylated Akt (S473) and total Akt 

to assess the level of Akt activation (A) or against phosphorylated ERK1/2 (T202/Y204) and 

total ERK1/2 to assess the level of ERK1/2 activation (B). Representative blots from 3 

independent experiments are shown. Bar graphs represents the quantification as fold change 

in the ratio of phosphorylated Akt to total Akt (A) or phosphorylated ERK1/2 to total 

ERK1/2 (B) compared to the control static condition, which is set to 1. The error bars 

indicate SE. *P<0.05.
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Figure 4. Inhibition of Piezo1 using GsMTx4
HCAECs were pre-incubated with vehicle control or the Piezo1 channel inhibitor, GsMTx4 

(10 µM), for 30 min prior to stimulation with Yoda1 (1.5 µM) for 5 min. Immunoblotting 

was then performed on cell lysates using antibodies against phosphorylated Akt (S473) and 

total Akt to assess the level of Akt activation (A) or against phosphorylated ERK1/2 (T202/

Y204) and total ERK1/2 to assess the level of ERK1/2 activation (B). Representative blots 

from 3 independent experiments are shown. Bar graphs represents the quantification as fold 

change in the ratio of phosphorylated Akt to total Akt (A) or phosphorylated ERK1/2 to total 

ERK1/2 (B) compared to the control static condition, which is set to 1. The error bars 

indicate SE. *P<0.05; **P<0.01; ***P<0.001.
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