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Background: The MEK-ERK1/2 and PKC pathways play critical roles in regulating functional changes in tissues,
but their interplay remains poorly understood. The vasculature provides an ideal model to study these pathways,
particularly under conditions of flow cessation, which is highly relevant to ischemia and other cardiovascular

Efxrzzsaﬁon diseases. This study examined the independent roles, additive effects, and time-dependent dynamics of MEK and
v o PKC pathway inhibition in functional receptor upregulation.
asoconstriction

Methods: Rat basilar arteries were cultured for 48 h with selective inhibitors targeting MEK (Trametinib), PKC
(RO-317549) and their downstream ERK (Ulixertinib) and NF-kB (BMS 345541). Functional changes in ETg
receptor responses were assessed via wire myography following stimulation with Sarafotoxin 6c (S6¢). Western
blot analysis quantified ERK phosphorylation, and the effects of inhibitor timing and combination treatments
were evaluated.

Results: MEK inhibition reduced ERK phosphorylation and ETp receptor-mediated contractility, whereas PKC
inhibition had no effect on ERK phosphorylation but significantly reduced ETg receptor function. Combining
MEK and PKC inhibitors produced an additive effect, resulting in greater suppression of functional changes
compared to single treatments. At 6 h following flow cessation, PKC inhibition effectively suppressed ETg re-
ceptor function, while MEK inhibition had minimal effects when introduced at this delayed time point.
Conclusions: The MEK and PKC pathways independently drive functional changes in vascular tissue, particularly
following flow cessation. MEK inhibition is effective early, while PKC inhibition remains effective when applied
later. The additive effects observed with combined MEK and PKC inhibition indicate parallel and functionally
independent pathway activation during ETp receptor upregulation.

ETg upregulation

1. Introduction regulation of cerebral blood flow is essential. In the context of ischemic

stroke, the basilar artery (BA) is directly involved in the disease process

Ischemia resulting from flow cessation is a critical event that induces
pathological changes in blood vessels, particularly in vascular smooth
muscle cells, which are integral components of the vessel wall [1]. These
changes involve receptor upregulation and functional alterations,
impairing blood flow regulation [2]. While ischemia impacts all tissues,
its consequences are particularly severe in the brain, where the

and serves as a key structure for understanding these mechanisms, with
broader implications for other vascular beds. Previous work by
Edvinsson et al. demonstrated that protein kinase activation is associ-
ated with the early upregulation of endothelin B (ETg) receptors, a
process that can be mitigated by pathway-specific inhibition [3].

Flow cessation, whether due to large vessel occlusion, aneurysm
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rupture, or other ischemic events, initiates pathological processes that
can lead to worsening outcomes over time. In the brain, this is exem-
plified by delayed cerebral ischemia (DCI) following aneurysmal sub-
arachnoid hemorrhage (aSAH) [4], where vessel narrowing,
microthrombosis, and neuroinflammation contribute to the disease
phenotype. A critical feature of these pathological processes is the
upregulation of ETg receptors, which normally reside on endothelial
cells and mediate nitric oxide-dependent vasodilation [5-7]. During
ischemia, however, ETp receptors undergo a phenotypic shift, becoming
upregulated on vascular smooth muscle cells, where they drive
abnormal vasoconstriction. This shift, studied with the ETp agonist
Sarafotoxin (S6c) in vivo has been observed in coronary arteries [8,9],
but the clinical and preclinical work has focused on stroke patients,
animal models of focal ischemia, and flow cessation models, including
organ culture studies [10-12].

Organ culture (OC), which involves incubating arteries without flow
for 24-48 h, is a robust and well-established model for studying receptor
upregulation and the resulting functional changes, isolating the effects
of flow cessation, without the loss of Oy and nutrients [13-15]. This
approach enables the assessment of functional receptor responses, such
as contractility, which represents the functional readout, which is more
clinically relevant than changes in gene or protein expression alone.
Additionally, the involvement of the protein kinase C (PKC) pathway in
ETp receptor upregulation post-organ culture in rat middle cerebral ar-
teries (MCA) and BAs has been well documented [12-15]. The mitogen-
activated protein kinase kinase (MEK)/extracellular signal-regulated
kinases (ERK)1/2 and PKC pathways have been identified as key con-
tributors to ETp receptor upregulation under ischemic-like conditions in
vivo [16,17]. MEK inhibition, for instance, reduces ETp receptor-
mediated vasoconstriction following flow cessation models, as demon-
strated with Trametinib [17,18]. Similarly, PKC inhibition has been
shown to suppress receptor upregulation and the associated functional
changes in cerebral arteries [12-16].

Cancer therapies have opened new avenues for understanding
vascular changes under flow cessation. Trametinib, a MEK inhibitor
[19], and Ulixertinib, an ERK inhibitor [20], allow detailed exploration
of the MEK-ERK1/2 pathway, a central signaling cascade implicated in
both cancer progression and vascular changes. RO-317549, a PKC in-
hibitor [21], sheds light on PKC-driven phosphorylation processes,
while BMS 345541, targeting Nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) [22], enables the study of its downstream
regulatory role in signaling pathways.

Despite all the above advances, the precise relationship between the
MEK-ERK1/2 and PKC pathways remains incompletely understood,
particularly in terms of their interplay, timing, and potential synergistic
effects. Both pathways regulate receptor changes, but understanding
their dynamics following flow cessation is essential for identifying
effective interventions. The present study investigates the dynamic
interplay between the MEK-ERK1/2 and PKC pathways in receptor
changes following flow cessation. By combining pharmacological inhi-
bition, functional assays, and timing analyses, this work provides in-
sights into pathway independence, synergistic effects, and the broader
significance of these pathways in vascular pathologies. Furthermore, the
inclusion of downstream targets such as ERK and NF-kB allows for a
more comprehensive analysis of these signaling cascades, highlighting
their interconnected roles, and offering opportunities for refined ther-
apeutic approaches in vascular pathologies.

2. Methods
2.1. Experimental design

In this experimental setup, rat BAs were cultured in serum-free
Dulbecco’s Modified Eagle’s Medium (DMEM) for 48 h, in atmo-

spheric air (~21 % 02) and supplemented with 5 % CO,. A range of
pathway-specific inhibitors was applied either individually or in
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combination. Vascular contractility was assessed using wire myography
to measure the response to S6¢, and Western blot analysis was per-
formed to confirm protein levels under different experimental condi-
tions. Additionally, immunofluorescence was used to confirm the
upregulation of ETg receptors in the experimental setup.

2.2. Experimental animals

109 Male Sprague-Dawley rats (270-330 g) were purchased from
Taconic, Denmark. The animals were housed in Euro standard Type VI
cages with 123-1id covers in groups of five. They were maintained on a
12-hlight/dark cycle, at a temperature of 22 °C (+ 2 °C) and humidity of
55 % (£ 10 %) in the Translational Research Centre, Rigshospitalet.
Food and water were provided ad libitum, with the diet consisting of
standard chow and nuts. All animals were acclimatized for one week
before euthanasia in accordance with the guidelines of the European
Communities Council (86/609/ECC). The procedure was approved by
the Danish Animal Experimentation Inspectorate, and reported
following ARRIVE 2.0 guidelines. The rats were sedated with a mixture
of 70 % CO3 and 30 % Oo, followed by euthanasia via decapitation.

2.3. Organ culture

Rat brains were excised immediately and placed in an ice-cold
oxygenated sodium Krebs solution (Na™ Krebs) composed of: 119 mM
NaCl, 15 mM NaHCO3, 4.6 mM KCl, 1.2 mM NaH,POy4, 1.2 mM MgCl,,
1.5 mM CaCl,, with 5.5 mM glucose. Basilar arteries were dissected from
the brain in a Petri dish with ice-cold oxygenated Na* Krebs buffer under
a microscope and cut into 1.5-2 mm long cylindrical segments. Then,
the isolated basilar arterial segments (with one myograph wire inside)
were cultured for 48 h at 37° C in humidified incubator containing at-
mospheric air (~21 % O») supplemented with 5 % CO, in 2 mL of
Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco #31966, DK)
containing an antibiotic and antifungal mixture of penicillin and strep-
tomycin. Specific inhibitors were used and were added at time O or in
some cases, the media were changed after 6 h of incubation with pure
DMEM. The inhibitors used were: Trametinib GSK 1120212 (MEK in-
hibitor, 1071° M — 107 M, Selleck Chemicals, Houston, TX, USA), RO-
317549 (PKC inhibitor, 1078-107 M, Merck Life Science A/S, DK),
Ulixertinib BVD-523 (ERK inhibitor, 107°-107° M, Selleck Chemicals,
Houston, TX, USA), Ravoxertinib GDC-0994 (ERK inhibitor, 107 M,
Selleck Chemicals, Houston, TX, USA), Temuterkib LY3214996 (ERK
inhibitor, 10~® M, Selleck Chemicals, Houston, TX, USA), SP 100030
(dual inhibitor of NF-kB and Activator Protein (AP-1), 107 M, TOCRIS,
UK), IMD 0354 (IKKbeta inhibitor ab144823, 10°° M, abcam, UK), BMS
345541 (NF-xB inhibitor, IKK-2 and IKK-1 inhibitor, ab144822,
107%-107° M, abcam, UK), as well as combination of some of them. The
incubated segments were subsequently either used for Western blot and
immunohistochemistry or mounted in the myograph.

2.4. Myograph

296 Artery segments were mounted on a pair of 40 pm-diameter
stainless steel wires on a Mulvany-Halpern wire myograph (Danish
Myograph Technology A/S, Denmark) and were heated to 37 °C, a
temperature which was maintained during the experiments. The myo-
graphs were connected to a PowerLab Unit and responses were sampled
in LabChart™ (ADInstruments, UK). To obtain optimal conditions for
active tension development, BA segments were stretched to an optimal
pretension (2.3 mN) in a three-step process as previously found optimal
[23], after 20 min of equilibration. The segments were allowed to sta-
bilize for 20-30 min and kept at this standard tension during the entire
period in the myograph. To ensure a stable pH 7.40, all myograph baths
were continuously bubbled with 5 % CO3 in 95 % Oa.

The vascular smooth muscle cell contractile function was confirmed
by challenging the segments two times with a temperature-controlled
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60 mM K ' — Krebs solution (+37 °C) of the following composition: 59.5
mM NaCl, 15 mM NaHCOs, 60 mM KCl, 1.2 mM NaH3PO4, 1.2 mM
MgCl,, 1.5 mM CaCl,, with 5.5 mM glucose. Concentration-response
curves were obtained by the cumulative application Sarafotoxin 6¢
(S6¢) (Bachem, Switzerland), a specific ligand for the ETg receptor in the
concentration range of 107 to 1077 M. All contractile responses are
expressed as percentage of the maximal contraction induced by the K*
response.

2.5. Western blot

Western immunoblotting was performed for assessment of the pro-
tein expression. Fresh and incubated basilar arterial segments (24) were
immediately added to a RIPA lysis buffer (Apoteket, Region H,
Denmark) and Laemmli SDS loading sample buffer (4 x Laemmli Sample
Buffer, Bio-Rad Laboratories. Cat. #1610747) heated to 95° C, for pro-
tein sample preparation. The samples were frozen and subsequently
stored at -20° C for use the next day, or -80° C for longer term storage.
The second day, the samples were sonicated and stored at -20 °C or
-80 °C. For Western blotting, dithiothreitol reducing agent (DDT, Bio-
Rad, Cat. #1610610) was added to the samples (5 %) and they were
heated at 70 °C for 10 min 10 pL of the samples and 10 pL of SDS marker
(Precision Plus Protein Kaleidoscope Prestained Protein Standards, Bio-
Rad, Cat. #1610375) were loaded on the gel (Mini-PROTEAN TGX
Precast Gels 4-20 % from Bio-Rad. Cat. #: 456-1093). Samples were run
in gels in parallel at the electrophoresis chamber with the following
settings: 200 V, 100mAMP/gel for >1 h. Proteins were transferred from
the mini-gels in a 0.2 pm PVDF membrane (Trans-Blot Turbo Mini
Transfer Pack, Cat. #: 1704156, Bio-Rad) using the Trans-Blot Turbo
cassette.

The membranes were then transferred to a rocking table in room
temperature with Blocking Buffer (EveryBlot Blocking Buffer, Cat. #:
12010020, Bio-Rad) for 10 min and then, the membranes were incu-
bated with primary antibody dilutions overnight in 4 °C (1:1000 Mouse
Anti-p44 / 42 MAP Kinase Monoclonal Antibody, Unconjugated, Clone
L34F12 [Cell Signaling Technology Cat# 4696, lot: 29, RRID:
AB_390780], 1:1000 Phospho-p44/42 MAPK (Erkl/2) (Thr202/
Tyr204) (D13.14.4E) XP® Rabbit mAb [Cell Signaling Technology Cat#
4370, Lot: 28, RRID:AB 2315112), 1:1000 NF-xB p65 (L8F6) Mouse
mAb [Cell Signaling Technology Cat# 6956, Lot:10, RRID:AB
.10828935], 1:1000 Phospho-NF-kB p65 (Ser536) (93H1) Rabbit mAb
[Cell Signaling Technology Cat# 3033,Lot: 19, RRID:AB 331284],
GAPDH (D16H11) XP Rabbit mAb, [Cell Signaling Technology Cat#
5174, Lot: 8, RRID:AB_10622025], 1:1000 Actin, Smooth Muscle (1A4)
Mouse Monoclonal Antibody [Cell Marque Cat# 202 M-94,
Lot:0000243213, RRID:AB 1157937], 1:1000 alpha smooth muscle
Actin antibody (EPR5368) [Abcam Cat# ab124964, Lot:GR303485-26,
RRID:AB_11129103]). The following day the membranes were places on
the rocking table for 10 min in room temperature and then washed 2 x 5
min with TBS — T buffer (10xTris Buffered Saline, Cat. #1706435, Bio-
Rad, diluted in milliQ water with Tween20). The membranes were
then transferred to secondary antibody dilution 1:3000 (Goat Anti-
Rabbit IgG (H + L)-HRP Conjugate, [Bio-Rad Cat# 170-6515, RRID:
AB_11125142], Goat Anti-Mouse IgG (HL)-HRP Conjugate, [(Bio-Rad
Cat# 170-6516, RRID:AB_11125547]) for 1 h at room temperature.
Then washed 5 x 3 minutes with TBS-T buffer, and 1 x 5 min with
Distilled water. Bands were imaged using ECL (Clarity Western ECL
Substrate: Clarity Western Peroxide Reagent and Clarity Western
Luminol/Enhancer Reagent, Cat. #1705060, Bio-Rad) and imaged with
Luminescent Image Analyzer, LAS-4000, Fujifilm, Tokyo, Japan). Due to
the small size of the vessel segments, protein concentration could not be
measured separately; therefore, normalization to the housekeeping
protein GAPDH was applied to account for loading variability, in
accordance with standard practice. The stability of GAPDH was
confirmed by quantifying GAPDH to alpha-smooth muscle actin. Protein
expression was quantified using ImageJ.
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2.6. Immunohistochemistry and quantification

Fresh or 48 h incubated BA segments (1.5-2 mm) were fixed with 4
% paraformaldehyde solution for 15 min. The arteries were cryo-
protected by incubation in 10 % sucrose (Merck, Germany) in Sorensen’s
phosphate buffer (0.1 M NaHyPO4 and 0.1 M NapyHPO,4) for 24-48 h
(+4 °C), followed by 25 % sucrose in Sorensen’s phosphate buffer for
minimum 24 h (+4 °C). The arteries were covered with Tissue-Tek O.C.
T. (Gibco) in cryomold squares, frozen in dry ice and kept at -80 °C
overnight. The next day the blocks were sectioned at a thickness of 10
pm on a cryostat (Leica CM3050 S, Leica Microsystems, Germany) and
mounted on SuperFrost slides (Hounisen, Germany).

The arterial sections were thawed at room temperature and then
rehydrated and washed with 0.05 % Tween20 diluted in PBS (PBS-T,
Sigma) for 3 x 5 min. The sections were then permeabilized and blocked
with blocking buffer (Triton X-100 (0.3 %), Bovine serum albumin (3 %)
and glycine (0.3 M) in PBS) for 20 min and incubated for 5 min in Ab
diluent (Triton X-100 (0.1 %) and BSA (1 %) in PBS). Incubation with
1:500 primary anti-endothelin B receptor / ET-B antibody (Rb poly-
clonal ETg receptor antibody, ab117529, RRID:AB_10902070, Abcam)
overnight in moisturized chambers. The following day, after the arteries
were washed with the Ab diluent 3 x 5 min, the secondary antibody
(1:500, Goat anti-Rabbit polyclonal IgG (H + L), Alexa Fluor 568,
ab175471, RRID:AB_2576207, Abcam) added and incubated for 1 h at
room temperature, in the dark to minimize loss of fluorescence. Excess
secondary antibody was then washed with 0.05 % Tween20 diluted in
PBS for 3 x 5 min. Nuclei were stained with antifading medium (Vec-
tashield, Vector Laboratories, Burlingame CA, USA) containing 4,6-
diamidino-2-phenylindole (DAPI). Inmunoreactivity was visualized and
photographed with a Nikon microscope (Nikon Ti2-E).

Quantification of immunoreactivity was performed using ImageJ
software (NIH). The acquired TIFF images were imported into ImageJ,
and regions of interest were manually drawn around each artery, while
carefully excluding any nonspecific surrounding tissue or arterial
branches. Mean fluorescence intensity and the area of each selected
region were measured. The immunofluorescence intensity (Arbitrary
Units, A.U.) was normalized by dividing the mean intensity by the cor-
responding area.

2.7. Data and statistical analysis

Data were analyzed using GraphPad Prism software (GraphPad
Software Inc., USA). The Enaxsec) values refer to maximum contraction
calculated as a percentage of the contractile capacity of 60 mM K+ and
the pECsq values refer to the negative logarithm of the molar concen-
tration that produces half-maximum contraction. Data are expressed as
mean values + SEM, with n indicating the number of arterial segments
from the brains of different rats. Statistical analyses, including t-test, one
way and two-way ANOVA, were performed, with p < 0.05 considered
significant. Post hoc tests were applied following ANOVA when the data
were normally distributed when the variance was homogeneous. For
statistics Student’s t-test with/without a multiple correction (Holm-
Sidak), repeated measures two-way ANOVA with Sidak’s post-test, or
one-way ANOVA with Dunnet’s post-test was used. The statistical
approach is specified in the legends testing used is indicated in each
graph. Basilar segments showing contraction of <1 mN in response to
60 mM K" were considered non-viable and excluded from the analysis.

3. Results
3.1. Upregulation of ETg in organ culture

We initially aimed to reconfirm the upregulation of the ETg receptors
in our experimental setup. Rat BAs, either freshly isolated or after a 48-h

incubation in OC, were used to identify the differences at the ETg re-
ceptor immunoreactivity (Fig. la). For the incubated BAs, the ETp
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Fig. 1. Comparison of fresh BAs and BAs after 48 h of incubation in organ culture regarding ETp receptors: (a) Immunofluorescence of ETg receptors of the
smooth muscle cell layer in fresh rat BAs and BAs after organ culture (48H) (b) Quantification of ETp immunofluorescence, compared with Student’s t-test (c)
Contraction (mN) to 60 mM K, compared with Student’s t-test (d) Log concentration-response curves in response to S6¢, and values compared by repeated measures
two-way ANOVA, with Sidak’s post-test (e) Representative sample traces from LabChart. Effects of S6¢ Data show the contractile responses in rat BAs to cumulative
contractions of sarafotoxin (S6¢). Arrows indicate the times at which different concentrations were applied (Biological replicate; n = 5-9). * = p < 0.05.

expression (Fig. 1b) was more pronounced (5.7 & 0.4 A.U) compared to
the freshly isolated arteries (4.0 + 0.2 A.U, p = 0.008). Moreover,
myographic analyses were used in order to observe if this ETp upregu-
lation is connected to altered contractile responses. When stimulated
with a depolarizing stimulus (60 mM K™), both the fresh BAs (5.75 + 0.6
mN) and the incubated BAs (6.15 + 0.8 mN) showed similar contractile
responses (Fig. 1c). However, we observed that when stimulated with
sarafotoxin (S6c), an ETp receptor agonist, the fresh BAs did not
respond, whereas a strong contraction was observed in the incubated
BAs (Emax(sec) = 116.1 + 4.8 %) (Fig. 1d). S6c caused a sustained,
concentration-dependent contraction in the incubated BAs, as shown in
the representative sample traces (Fig. 1e). This finding supports the
upregulation of the ETp receptors in rat BAs following a 48-h OC.

3.2. Inhibition of MEK and PKC influence the phosphorylation of ERK
and NF-xB

Both the MEK inhibitor Trametinib and the PKC inhibitor RO-
317549 (RO-31) when present in the OC media, can prevent the
occurrence of contractility in response to S6¢ [16-18]. However, the
connection between these two pathways is not well studied. To inves-
tigate the acute phase of the upregulation, a 6-h timepoint was selected
based on previous studies demonstrating that phosphorylation of ERK1/
2 and activation of NF-kB pathways are detectable within the early hours
of organ culture [24,25], and we further confirmed that ERK and NF-xB
phosphorylation was observed at 1, 3, and 6 h (Supplementary Fig. 1a).
The 6-h timepoint is also clinically relevant, corresponding to a phase
where current pharmacological treatments for embolic stroke is not

applicable [26,27].

Therefore, Western blot analysis was performed on arterial segments
after incubation in the OC for 6 h. BAs were incubated with DMEM
(control), 107° M of Trametinib or 10> M of RO-31. The incubation of
the BAs with vehicle (control BAs) resulted in activation and phos-
phorylation of ERK (Fig. 2a). The presence of the MEK inhibitor, Tra-
metinib, did not affect the total amount of the ERK (p = 0.9), however it
diminished the ERK phosphorylation (p = 0.02), (Fig. 2b). In contrast,
the PKC inhibitor, RO-31, did not affect the phosphorylation of ERK
compared with the control (p = 0.9). Therefore, ERK phosphorylation is
only prevented by a MEK inhibitor, whereas PKC inhibition does not
affect pERK.

To ensure that the transcription factor activation can be affected by
the PKC inhibitor, we decided to test one known transcription factor
activated by PKC phosphorylation; NF-kB. At the control BAs, activation,
and phosphorylation of NF-kB was observed (Fig. 2c). The total amount
of NF-kB was not affected by the presence of RO-31 (p = 0.8), however
the pNF-kB was reduced compared to control (p = 0.03). In contrast,
Trametinib compared to control, did not affect either the total (p = 0.7)
or the pNF-kB (p = 0.16) (Fig. 2d). We also confirmed that GAPDH was
unaffected by the 6-h of OC compared to alpha-smooth muscle actin,
highly abundant protein in VSMCs (Supplementary fig. 1b).

3.3. Effect of the MEK and PKC inhibition to the ETg upregulation

To further evaluate the possible interplay between the MEK and PKC
pathways, we set out to generate a full concentration response curve for
Trametinib and RO-31 in the OC model, to determine their minimum
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Fig. 2. Effects of the MEK inhibitor, Trametinib, and PKC inhibitor, RO-317549, on ERK and NF-kB phosphorylation. BAs were incubated in OC for 6 h. (a)
Western blot analysis of total ERK and p-ERK, (b) Quantitative data of ERK, (c) Western blot of total NF-kB and pNF-kB (d) Quantitative data of NF-kB Data are shown
as mean + SEM (Biological replicate; n = 5) and protein expression was compared by one-way ANOVA, with Dunnett’s post-test. * = p < 0.05. Please note that the
order of the inhibitor is not the same across the figures, due to the original experimental setup.

effective concentration. To create a concentration response evaluation
of Trametinib (1071°-107° M), we incubated the BAs, and evaluated the
contractility after 48 h, with S6¢. There was no significant effect of MEK
inhibition on the general contractility, assessed using 60 mM K* (sup-
plementary table 1). For Séc, a strong contraction was observed in the
BAs incubated in the presence of vehicle (DMSO) (Epaxssc) = 94.7 £
10.6 %). The two lowest concentrations of Trametinib did not affect the
S6¢ contraction (1010 M, Emax(sec) = 108.8 = 2 % and 107° M, Emax(séc)
= 96.9 + 5.5 %), whereas the first significant inhibitory effect was
observed for the BAs incubated with 10~ M of Trametinib (Emax(s6c) =
72.8 £ 5.4 %, p = 0.006). The inhibitory effect was further enhanced at
1077 M of Trametinib (Emax(sec) = 7.1 £ 2.1 %), while no further inhi-
bition was possible with 107® M of Trametinib (Emax(sec) = 7 £ 3 %)
(Fig. 3a). Hence, the concentration of 1078 M is the minimum single
effective concentration of Trametinib (Fig. 3b).

At the following experiment, a concentration response evaluation of
RO-31 (10~8-107° M) was performed. The general contractility induced
by 60 mM Kt was not affected by the PKC inhibitor (supplementary
table 1). The data showed that there was a relationship between the
increasing concentration of the inhibitor RO-31 in the 48-h OC and the
disappearance of the S6c-mediated contraction in the myograph
(Fig. 3c). In the BAs incubated in the presence of vehicle, a strong
contraction was observed (Epaxssc) = 111.4 + 4.7 %). No significant
inhibitory effect was observed at the BAs incubated with 1078 M of RO-
31 (Bmax(sse) = 108.4 £ 12.2 %, p = 0.76) or 10~ M RO-31 (Emax(ssc) =

110.6 + 10 %, p = 0.9). However, for the BAs incubated with 107° M of
RO-31 (Emax(sec) = 106.1 =+ 5 %, p = 0.48), a significant reduction in
contractility at 10719 M S6¢ (Mean = 2.34 + 0.85 %, p < 0.001), and
10~° M Séc (Mean = 65.7 + 11 %, p < 0.001) was observed. The shift in
the contractility was also evident when comparing the logEC50-9.141
(95 % CI: —9.27 to —9.03) of the BAs incubated with 10°° M RO-31,
with the concentration response curve to S6c of the BAs incubated in
the presence of vehicle (logEC50-9.813 (95 % CI: —9.96 to —9.63). The
107> M of RO-31 in the OC, abolished the contractile effect to S6¢
completely (Emax(sec) = 0.46 £+ 0.3 %, p < 0.001). Hence, the 1075 M
RO-31 is the minimal effective single concentration of RO-31. Further-
more, the inhibition profile of RO-31 demonstrates a steeper decline in
S6c contractility compared to Trametinib, as a pronounced reduction
occurs between 107% and 107> M, suggesting an on/off-like mechanism
of action. (Fig. 3d).

Based on the data from the WB and the different kinetics in the S6¢
inhibition when comparing MEK and PKC inhibition, we hypothesized
that RO-31 could potentiate the inhibitory effect of Trametinib. We
therefore combined the minimum effective concentrations of RO-31
(10~% M) and Trametinib (10~8 M). As can be observed in the sample
traces (Fig. 3e), these two inhibitors were additive as the combination of
1075 M RO-31 and 1078 M Trametinib resembled the single effect of
1077 M of Trametinib. We followed up with a concentration response to
Trametinib (107° M — 107® M) in the presence of 107 M RO-31
(Fig. 3f). The data show a 10-fold shift in the logECsq for S6c induced
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(Biological replicate; n = 5-18). Values were compared with a Student’s t-test with

contractility (Emax(ssc) values) with single concentrations of Trametinib
having a logECsq of —7.8 (95 % CI: —7.93 to —7.63) compared with the
combination of 10~® M of RO-31 having a logECsq of —8.72 (95 % CI:
—8.85 to —8.53). Combining 10~° M Trametinib with 10~% M RO-31
resulted in an Epaxsec) of 74.9 £+ 4.2 %, which is similar (p = 0.8) to
that of 108 M of Trametinib (Emax(séc) = 72.8 = 5.4 %). Moreover, the
combination of 10~ M Trametinib with 10~® M RO-31 resulted in an
Emax(sec) of 7.1 £ 1.8 %, mimicking the single effect of 10~7 M of Tra-
metinib (Emax(sec) = 7.1 £ 2.1 %, p = 1). These results support the hy-
pothesis that the PKC inhibitor RO-31 has an additive effect to the MEK
inhibition by Trametinib in the OC model, when evaluated by S6c-
induced contraction in the myograph.

3.4. Effect of different ERK inhibitors

Based on the WB data, the MEK inhibitor Trametinib was able to
inhibit the ERK activation/phosphorylation. Since the initial studies
were performed in the OC model, newly developed ERK inhibitors have
become available. We therefore set out to evaluate the available ERK
inhibitors in the OC model. We incubated BAs with Ravoxertinib (GDC-

a multiple correction (Holm-Sidak). * = p < 0.05.

0994), Temuterkib (LY3214996), or Ulixertinib (BVD-523), all at 10°°
M, and after 48 h we evaluated the contractility to S6¢ in the myograph
(Fig. 4a).

The BAs incubated in the presence of vehicle showed strong
contractility induced by S6¢ (Emaxsec) = 112.1 & 5.9 %). The presence
of the ERK inhibitor Ravoxertinib in the OC, resulted in an Enaxsec) of
46.8 + 10 %, significantly different from the vehicle p < 0.001, which
was similar to the inhibitory effect induced by the presence of the ERK
inhibitor Temuterkib (Emaxssc) = 56.2 + 22 %, p = 0.49). However, the
BAs incubated with the ERK inhibitor Ulixertinib, resulted in an Emax(séc)
of only 13.9 + 7 %, which was significantly different not only from the
control (p < 0.001), but also from Ravoxertinib (p < 0.01) and Temu-
terkib (p = 0.02). Therefore, we set out to obtain a full concentration
response curve for Ulixertinib (10°°M-10">M).

As previously observed, S6¢ induced a contraction in BAs incubated
in the presence vehicle (Emax(ssc) = 112.1 £ 6 %), (Fig. 4b). The three
lowest concentrations did not affect the S6¢c-induced contraction (10~°
M, Emaxsse) = 116.3 £ 6 %, p = 0.6), (10~ M, Emax(sec) = 120 + 5 %, p
=0.3), (1077 M, Emax(sec) = 100.4 £+ 4 %, p = 0.2). The BAs incubated
with 107® M of Ulixertinib resulted in significant reduction of the
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Fig. 4. The effect of different ERK inhibitors on S6¢c-mediated contraction of BAs incubated in OC for 48 h. (a) Log concentration-response curves in response
to Sé6c¢, following incubation with the ERK inhibitors Ravoxertinib, (GDC-0994), Temuterkib (LY3214996) and Ulixertinib (BVD-523) at 10°° M, the Enax was
compared by a multiple t-test with a Holm-Sidak correction, (b) Log concentration-response curves in response to Séc, following incubation with 107°-107> M
Ulixertinib the Ep,x was compared by a multiple t-test with a Holm-Sidak correction (c) Emax(sec) responses to S6¢ of BAs incubated with different concentrations of
Ulixertinib, (d) Emaxcsec) responses to S6¢ of BAs incubated with the combinations of Ulixertinib 10~7 M and RO-317549 (10~® M), and Ulixertinib (10~7 M) and
Trametinib (10~ M). Ejpax compared by one-way ANOVA, with Dunnett’s post-test. Data are shown as mean + SEM (Biological replicate; n = 4-18). * = p < 0.05.

contractility (Emaxsse) = 26.1 £+ 14 %, p < 0.001). The highest con-
centration 10~> M of Ulixertinib also abolished the contractility effect of
S6¢ (Emax(sec) = 13.9 = 7 %, p < 0.001), but not significantly different
from the 10~® M Ulixertinib (p = 0.5). However, the 10> M concen-
tration affected the overall contractility, with the 60 mM K* resulting in
mean of 0.08 + 0.02 mN (p < 0.01 from vehicle, suppl. tablel). Of note,
the concentration curve for the Emaxsec) values of Ulixertinib with
logECsg of —6.520 (95 % CI: —6855 to —6.191) is significant different
from the Enpaxsec) concentration curve of Trametinib which was —7.8
(95 % CI: —7.93 to —7.63).

To further investigate the possible interplay and feedback between
the MEK-ERK1/2 and PKC pathways, we continued with an experiment
where we combined the ERK inhibitor, Ulixertinib, with the MEK in-
hibitor, Trametinib, or the PKC inhibitor, RO-31 (Fig. 4d). The single
effect of 107® M RO-31 (Emax(séc) = 106.1 + 5 %) was significantly
different from the combination of 10~ M RO-31 and 10~ M Ulixertinib
(Emax(sec) = 55.9 £ 11 %, p < 0.0001). Moreover, the single effect of
10~ M Trametinib (Emax(sse) = 72.8 £ 5 %) was significant different
from the combination of the 10~ M Trametinib and the 10~ M Ulix-
ertinib (Emax(ssc) = 43.5 & 10 %, p = 0.02). The combination of the 10~°
M RO-31 and 1077 M Ulixertinib was not significant different from the
combination of 10~ M Trametinib and the 10~/ M Ulixertinib (p =
0.42). These results showed that the ERK inhibitor is additive for both
the PKC and MEK pathways.

3.5. Effect of the NF-xB inhibitor BMS 345541

We showed above that adding a downstream inhibitor of the MEK
pathway was additive, and further WB data suggested that RO-31 was
linked to activation of NF-kB. We incubated BAs with different NF-xB
inhibitors, IMD 0354, SP100030 and BMS 345541, all at 10~° M, and the
evaluation of the contractility was done after 48 h, with Sé6c in the
myograph, and compared to vehicle (Fig. 5a).

The BAs incubated with vehicle resulted in Epax(sec) of 100.5 + 7 %.
IMD 0354 has previously been studied in the literature, and even though
the 107® M concentration had an inhibitory effect (Emax(ssc) = 66.7 £ 9
%, p = 0.06), it greatly reduced the overall contractility (60 mM K™ mN,
supplementary table 1) therefore, this inhibitor was not pursued further.
The presence of the SP100030 (10°° M), a dual inhibitor of AP-1 and NF-
kB, in the OC resulted in an Epaxsec) of 106.5 £ 3 %, which was not
significantly different from the vehicle (p = 0.7). For the BAs incubated
with the BMS 345541, an IkB/IKK specific inhibitor, we also did not
observe an effect at 107 M (Emax(sec) = 93 £ 10 %, p = 0.6). Never-
theless, we decided to test a higher concentration BMS 345541 (1073
M), and at this concentration the contraction to S6¢c was abolished (Epax
(S6c) = 3.3 £ 3 %, p < 0.001, Fig. 5b).

To investigate possible interplay, we combined the 107 M RO-31
and/or the 10~® M Trametinib, with the 10~® M BMS 345541. It was
observed that the single effect of the 10°°*M RO-31 (Emax(séc) = 106.1 +
5 %) was significantly different (p = 0.02) from the combination of the
107% M RO-31 with the 107 M BMS 345541 (Emax(sec) = 68.7 + 9 %).
Further, the single effect of 108 M Trametinib (Emax(sec) = 72.8 £ 5 %),
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was also significant different (p = 0.002) from the combination of the
1078 M Trametinib with the 1076 M BMS 345541 (Emax(sec) = 20.8 + 6
%), likewise to what we observed for the ERK inhibitor. After comparing
the two combinations, we observed that the difference between them
was 47.97 + 12 %, (p = 0.004), indicating that the additive effect of
Trametinib is significantly more potent than that of RO-31.

3.6. Effect of time

It is known that time is an important factor for the activation of the
signaling pathways. To investigate the order of activation in the above
pathways, the inhibitors we used in the previous experiments, were
added either at time O or delayed, after the arteries had been incubated
in OC with DMEM for 6 h (Fig. 6a). The 6-h time point was selected both
based on the western blot data, and to reflect the clinical situation in
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thrombolysis or thrombectomy, are not administered beyond this win-
dow [26,27]. As no effective therapies are available after 6 h, identifi-
cation of molecular targets that remain responsive at this later stage may
be of therapeutic relevance [1].

S6c induced a contraction in the BAs incubated both when the
vehicle had been added at time 0 (Emax(sec) = 94.7 & 11 %) or delayed 6
h (Emaxsse) = 77 £ 12 %, p = 0.4). 1077 M Trametinib at time 0 had a
significant effect compared to time 0 vehicle (Emax(sec) = 7.1 £2 %, p =
0.003). When 10~7 M trametinib was added at 6 h, its inhibitory actions
were significantly (p = 0.003) reduced (Emaxssc) = 51.3 £ 9 %).
Moreover, this inhibitory effect was not significantly different from the
6 h vehicle (p = 0.1) indicating that the MEK inhibitor is not effective if
added at the delayed time point of 6 h. The data from the time 0 is from
the previous experiments.

105 M RO-31 at time 0 abolished the S6¢c-mediated contractile effect
compared to the vehicle at time 0 (Epax(sec) = 0.46 = 0.3 %, p < 0.001).
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When added at 6 h, the 107> M RO-31 resulted in Emax(sec) of 7 £ 0.8 %,
which was significant different from the time O (p < 0.001), even though
it was still effective compared to 6 h vehicle (p < 0.001). These data
showed that the PKC inhibition is not very time sensitive in the 0 to 6-h
window.

Furthermore, 10~> M BMS 345541 at time O resulted in inhibition of
the S6¢c-mediated contractile effect (Emaxssc) = —0.2 £ 2 %, p < 0.001).
The 6 h delayed time did not affect the inhibitory ability of the 10™> M
BMS 345541 (Emax(sec) = 4.8 £ 3 %, p = 0.3) compared to time O,
indicating that the effectiveness is not time dependent, similarly as for
PKC inhibition.

The S6c-mediated contractility was also inhibited by 107 M Ulix-
ertinib at time 0 (Emax(sec) = 22.9 = 9 %, p < 0.001) compared to
vehicle, and as well as at the delayed 6-h time point (Emax(sec) = 38.7 =
11 %,) with no significant difference from the time 0 (p = 0.3).

We next set out to investigate whether the combinations of the single
lowest effective dose of Trametinib and RO-31 could have a potential
inhibitory effect when added at 6 h (Fig. 6b). 10~8 M Trametinib at time
0 resulted in Enax(sec) of 71.4 £ 6 % which was significant different from
the vehicle (p = 0.047). Added at 6 h, an Enpax(sec) of 82.4 = 9 % was the
result of 1078 M Trametinib, which was not significant different (p =
0.3) from time O or from the vehicle at 6 h (p = 0.7), indicating that the
single effect of 10~ M Trametinib was not effective at 6 h. At time 0,
107% M RO-31 resulted in an Emax(séc) of 106.1 £ 5 % which is not
significant different from the vehicle (p = 0.4). As a side note here, the
previous significant change at this dose was observed at 1071 and 10~°
M S6c making it the minimum single effective concentration of RO-31.
At 6 h, there was still no effect of a single dose of 107® M RO-31
result compared to time 0 (Epaxsec) = 90 £ 7 %, p = 0.1). Similar as
before, the combination of 10~8 M Trametinib and 107® M RO-31 at
time O, resulted in Epaxssc) Of 4.1 + 0.6 % which was significantly
different from the vehicle (p < 0.001). The same combination, when
added at 6 h, strongly inhibited the S6c-mediated contraction (Epax(ssc)
= 10.8 + 4 %) not different from that at time 0 (p = 0.1). Interestingly,
the loss of inhibition observed with trametinib at 6 h, can be compen-
sated by adding a PKC inhibitor, as the inhibition of the S6c-mediated
contraction, compared to vehicle was robust (p = 0.002), suggesting a
potential feedback activation by PKC.

4. Discussion

In this study, the pathways behind the upregulation of the ETg re-
ceptor following flow cessation, were investigated in detail using a
broad pharmacological approach. MEK and PKC were shown to repre-
sent two distinct pathways, activated sequentially, challenging the
prevailing view on their interplay. These findings could have implica-
tions for understanding vascular pathology.

The study demonstrated that the MEK-ERK1/2 signaling pathway
and the PKC pathway play key roles in regulating ETg receptor upre-
gulation during flow cessation. PKC activation is assumed to precede
MEK activation [28,29], however, this relationship has not been
explored in vascular smooth muscle cells in OC. Western blot analysis
showed that inhibiting PKC did not reduce ERK phosphorylation but did
reduce NF-kB phosphorylation, suggesting parallel pathway activation.
Conversely, MEK inhibitors effectively reduced ERK phosphorylation
without affecting NF-xB phosphorylation, emphasizing the distinct roles
of these pathways in regulating ETy receptor function (Fig. 2).

Given evidence of parallel MEK and PKC pathways, their combined
roles in ETp receptor upregulation were further explored. Trametinib, a
potent MEK inhibitor [18], reduced receptor upregulation more effec-
tively than RO-31, a PKC inhibitor. Combining a minimal effective
concentration of RO-31 with Trametinib shifted the concentration curve
tenfold (Fig. 3f), indicating additive effects of MEK and PKC inhibition.
Novel ERK inhibitors such as Ravoxertinib, Temuterkib, and Ulixertinib
[30-33] reduced ETp receptor upregulation but showed lower potency
in OC compared to cell-free assays (Fig. 4) [34,35]. These discrepancies
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may result from metabolism or nuclear mechanisms. Concurrent inhi-
bition of MEK, ERK, and PKC demonstrated synergistic effects, aligning
with findings of negative feedback in the MEK-ERK1/2 pathway
[36-38].

The role of NF-xB inhibitors, downstream components of the PKC
pathway, was investigated using BMS345541, SP100030, and IMD0354,
selected based on previous studies [15,39-41]. BMS345541 and
SP100030 showed limited effects, while IMD0354 significantly reduced
contractility. As NF-kB functions downstream of PKC, combining
BMS345541 with MEK inhibitors mirrored the effects of combining PKC
inhibitors with MEK inhibitors, consistent with their position within the
pathway (Fig. 5). These findings reinforce the concept that MEK and
PKC are separate pathways. The time-dependent dynamics of pathway
activation were also examined. Delayed introduction of MEK inhibitors
(6 h post-isolation) reduced efficacy compared to immediate addition,
while PKC inhibitors remained effective when introduced later (Fig. 6).
These findings suggest that MEK acts earlier in the cascade, while PKC
serves as a delayed regulator of transcription.

The present results support the conclusion that MEK and PKC
signaling function independently rather than sequentially in vascular
smooth muscle under ischemia-like conditions. Selective inhibition of
PKC isoforms (PKC-a, BL, IL vy, €) with RO-317549 did not alter ERK
phosphorylation, demonstrating that MEK-ERK activation occurs inde-
pendently of these PKC isoforms (Figs. 2 and 3). Other broader inhibitors
of PKC, such as Go6983 (inhibitor of PKCa, PKCp, PKCy and PKCS) has
been shown to inhibit MEK activation in other systems [42], suggesting
that this could be subtype specific. A limitation of the present study is
that only one PKC inhibitor, RO-317549, was used to investigate the role
of PKC signaling. Although the findings support independent activation
of PKC and MEK pathways, confirmation using an additional PKC in-
hibitor from a different structural class, such as a c1-, c2-, or c3-domain
binding inhibitor, would strengthen the conclusions. Investigation of
additional inhibitors should be considered in future studies to further
validate the observed pathway separation.

MEK inhibition with Trametinib reduced ERK phosphorylation but
did not affect PKC-dependent NF-kB activation, reinforcing pathway
separation (Fig. 2). This independence contrasts with earlier findings in
non-vascular cells, where PKC typically activates MEK through Raf
phosphorylation [28,29,43]. Additionally, additive effects from com-
bined PKC and MEK inhibition in our study provided further evidence
against sequential signaling. It is important to note that in other studies,
synergistic effects to MEK have often been attributed to separate path-
ways [44,45]. Differences in time-based sensitivity to inhibitors, with
PKC inhibition remaining effective at later time points than MEK inhi-
bition, further support the notion of independent and temporally
distinct activation (Fig. 6). In lymphocytes, there is evidence that there
are two distinct pathways activating ERK, one for the acute and one for
the long-term activation, or it could be the case of sequential binding of
transcription factors [46].

These findings support a model in which flow cessation initiates two
temporally and mechanistically distinct signaling pathways that
converge on ETp receptor upregulation in vascular smooth muscle
(Fig. 7). The MEK-ERK1/2 cascade is activated early, likely via
RAS-RAF signaling, and is sensitive to inhibition by Trametinib or
Ulixertinib. In contrast, a delayed rise in intracellular Ca%t promotes
PKC activation, which in turn facilitates NF-kB signaling through the IKK
complex. Notably, PKC and NF-kB inhibition remain effective even when
applied several hours after the initial stimulus, indicating that this
pathway is temporally delayed. The additive effects observed with
combined inhibition of both pathways argue against a strictly sequential
relationship and instead suggest functional independence with conver-
gence at the level of transcriptional regulation. This parallel activation
enhances the robustness of the response and underscores the require-
ment for both pathways to achieve full ETg receptor induction and
downstream functional effects. These results expand the understanding
of a part of ischemia-induced signaling, induced by flow cessation, by
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Fig. 7. Signaling pathways involved in ETg receptor upregulation and VSMC contraction. Extracellular stimuli such as flow cessation activate the MAPK/ERK
pathway, which is disrupted by MEK inhibition (Trametinib) or ERK inhibition (Ulixertinib). In parallel, intracellular Ca?" increase leads to delayed PKC activation,
promoting NF-kB signaling via the IKK complex. PKC and NF-kB inhibition (RO-317549 and BMS345541, respectively) remain effective when applied up to 6 h post-
stimulus. Combined inhibition further suppresses ETg upregulation on VSMCs and reduces receptor-mediated contraction, indicating that both pathways contribute
independently and are required for full functional response. Abbreviations: ETg: endothelin type B receptor; VSMC: vascular smooth muscle cell; NF-kB: nuclear

factor. Created in BioRender. Kazantzi, S. (2025) https://BioRender.com/u89c445

illustrating how early and delayed signaling modules are integrated to
control vascular reactivity.

This study challenges the dominant view that PKC is the primary
activator of MEK in VSMCs. It showed that a PKC inhibitor does not
inhibit MEK phosphorylation but effectively prevent ETp receptor
upregulation, even when added 6 h after flow cessation. MEK inhibitors
were less effective at this delayed time point, reinforcing the idea that
PKC functions as a delayed regulator. The additive effects observed with
combined pathway inhibition underscore their therapeutic potential for
addressing ETp receptor-mediated vascular pathologies associated with
ischemia caused by flow cessation. To expand on the clinical implica-
tions, decades of research have underscored the potential of targeting
pathways involved in ETp receptor upregulation and vascular responses
to flow cessation. MEK and PKC inhibitors have shown efficacy in rodent
models, and similar mechanisms occur in human cerebral arteries
[47,48]. Clinical trials, including those investigating MEK1/2 inhibitors
for aSAH patients (EudraCT 2013-003690-10), further validate these
findings. For example, the STOP-DCI trial uses U0126, a MEK1/2 in-
hibitor, administered at multiple time points post-SAH [49,50].

5. Conclusion

In conclusion, this study redefines the regulation of ETp receptor
upregulation in vascular pathologies, demonstrating that MEK and PKC
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function as parallel and distinct pathways rather than in sequence. PKC
does not influence MEK phosphorylation, but instead acts as a delayed
regulator, while MEK operates earlier in the signaling cascade. These
findings demonstrate that MEK-ERK1/2 and PKC pathways act inde-
pendently and contribute additively to ETp receptor upregulation under
conditions of flow cessation. The study provides a mechanistic frame-
work for understanding their distinct roles and temporal characteristics.
The effectiveness of delayed PKC inhibition indicates potential rele-
vance for therapeutic intervention for ischemia beyond the acute phase.
These results form a basis for future in vivo studies addressing pathway-
specific targeting in cerebrovascular disease.
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