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ORIGINAL ARTICLE

Notch3/Hes5 Induces Vascular Dysfunction 
in Hypoxia-Induced Pulmonary Hypertension 
Through ER Stress and Redox-Sensitive Pathways
Hannah E. Morris , Karla B. Neves , Margaret Nilsen, Augusto C. Montezano, Margaret R. MacLean, Rhian M. Touyz  

BACKGROUND: Notch3 (neurogenic locus notch homolog protein 3) is implicated in vascular diseases, including pulmonary 
hypertension (PH)/pulmonary arterial hypertension. However, molecular mechanisms remain elusive. We hypothesized 
increased Notch3 activation induces oxidative and endoplasmic reticulum (ER) stress and downstream redox signaling, 
associated with procontractile pulmonary artery state, pulmonary vascular dysfunction, and PH development.

METHODS: Studies were performed in TgNotch3R169C mice (harboring gain-of-function [GOF] Notch3 mutation) exposed to 
chronic hypoxia to induce PH, and examined by hemodynamics. Molecular and cellular studies were performed in pulmonary 
artery smooth muscle cells from pulmonary arterial hypertension patients and in mouse lung. Notch3-regulated genes/
proteins, ER stress, ROCK (Rho-associated kinase) expression/activity, Ca2+ transients and generation of reactive oxygen 
species, and nitric oxide were measured. Pulmonary vascular reactivity was assessed in the presence of fasudil (ROCK 
inhibitor) and 4-phenylbutyric acid (ER stress inhibitor).

RESULTS: Hypoxia induced a more severe PH phenotype in TgNotch3R169C mice versus controls. TgNotch3R169C mice exhibited 
enhanced Notch3 activation and expression of Notch3 targets Hes Family BHLH Transcription Factor 5 (Hes5), with 
increased vascular contraction and impaired vasorelaxation that improved with fasudil/4-phenylbutyric acid. Notch3 mutation 
was associated with increased pulmonary vessel Ca2+ transients, ROCK activation, ER stress, and increased reactive oxygen 
species generation, with reduced NO generation and blunted sGC (soluble guanylyl cyclase)/cGMP signaling. These 
effects were ameliorated by N-acetylcysteine. pulmonary artery smooth muscle cells from patients with pulmonary arterial 
hypertension recapitulated Notch3/Hes5 signaling, ER stress and redox changes observed in PH mice.

CONCLUSIONS: Notch3 GOF amplifies vascular dysfunction in hypoxic PH. This involves oxidative and ER stress, and ROCK. 
We highlight a novel role for Notch3/Hes5-redox signaling and important interplay between ER and oxidative stress in PH. 
(Hypertension. 2023;80:1683–1696. DOI: 10.1161/HYPERTENSIONAHA.122.20449.) • Supplement Material.
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The Notch (neurogenic locus notch homolog protein) 
family of 4 transmembrane receptors play a key role in 
mediating cell-cell communication, regulating diverse 

cell functions including differentiation, maturation, prolif-
eration, and apoptosis.1 Notch3 (neurogenic locus notch 
homolog protein 3) is expressed in vascular smooth mus-
cle cells, regulating proliferation and contraction essential 

for VSMC function.2 As such, aberrant Notch3 signaling is 
implicated in diseases characterized by vascular remodel-
ing, including cerebral autosomal dominant arteriopathy 
with subcortical infarctions and leukoencephalopathy 
(CADASIL) and pulmonary hypertension (PH).3,4

Notch3 mutations underlie CADASIL, a cerebral arte-
riopathy characterized by cerebrovascular dysfunction, 
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stroke and premature vascular dementia.5 Notch3 muta-
tions cause CADASIL, likely through gain-of-function 
(GOF) effects over a loss-of-function mechanism.6 
The TgNotch3R169C mouse, a transgenic model of GOF 
Notch3 mutation has been used to study the pathophysi-
ology of Notch3 in CADASIL and other conditions.7,8 
Here, we studied this model in PH.

PH is defined as mean pulmonary arterial pressure 
of ≥20 mm Hg, whereas pulmonary arterial hypertension 
(PAH) describes the progressive and irreversible remodel-
ing disease. PAH is characterized by increased resistance 
and pathological remodeling in small pulmonary arteries, 
mediated by vasoconstriction and a proproliferative VSMC 

phenotype shift. Notch3 is implicated in both processes; 
however, previous work focuses on Notch3-mediated 
proliferation in PH.4 In human PAH, Notch3 expression 
correlates positively with vascular resistance.9 Notch3 
mutations described in PAH are also hypothesized to con-
tribute to pulmonary artery smooth muscle cell (PASMC) 
proliferation and vasoconstriction.10,11 Additionally, hypoxia 
upregulates Notch3 signaling, further implicating involve-
ment in PAH.12 Hypoxia is commonly used to induce 
experimental PH and increased Notch3 expression and 
signaling appear necessary for hypoxic PH development 
in various models, with Notch3 inhibition proving success-
ful as an intervention.4,9 Transgenic mice overexpressing 
the GOF R169C Notch3 mutation (TgNotch3R169C) there-
fore provide a useful model for examining Notch3-medi-
ated downstream signaling in the lung.

Mutant Notch3 can aggregate in and damage the 
endoplasmic reticulum (ER),13 and contribute to periph-
eral CADASIL vascular dysfunction.8,14 ER stress is also 
implicated in experimental PH15 and human Notch3 
mutations described in PAH patients also indicate a role 
for ER chaperones.16 ROCK (Rho-associated kinase) is 
well documented in the pathogenesis of PH, through its 
effects on vasoconstriction and remodeling17 and impli-
cated in the TgNotch3R169C CADASIL phenotype.8 More-
over, redox-sensitive RhoA/ROCK acts downstream of 
Notch3 in myogenic tone regulation.18 There is signifi-
cant interplay between reactive oxygen species (ROS)/
reactive nitrogen species and ER stress,19 and both pro-
cesses are implicated in PH models. Additionally, chronic 
hypoxia contributes to vascular dysfunction alongside 
these pathways.20,21

Despite this known role for Notch3 in pulmonary 
vascular dysfunction, there is a paucity of information 

NOVELTY AND RELEVANCE

What Is New?
R169C Notch3 (neurogenic locus notch homolog pro-
tein 3) mutation induces gain-of-function Notch3-Hes 
Family BHLH Transcription Factor 5 (Hes5) signaling 
in the lungs and pulmonary vascular dysfunction.
Notch3-induced dysfunction associates with endo-
plasmic reticulum/oxidative stress and ROCK (Rho-
associated kinase), predisposing to hypoxic pulmonary 
hypertension (PH).
Elevated endoplasmic reticulum stress/reactive oxy-
gen species associates with increased Notch3 sig-
naling in human pulmonary arterial hypertension 
pulmonary artery smooth muscle cells.

What Is Relevant?
Notch3 contributes to PH by promoting cell prolifera-
tion and vascular remodeling. Our data also implicate 
Notch3 in dysfunctional hypercontractility and vasore-
laxation in PH.
These findings connect Notch3 to downstream path-
ways important in PH and vascular dysfunction, includ-
ing ROCK, endoplasmic reticulum stress, and reactive 
oxygen species.

Clinical/Pathophysiological Implications?
PH/pulmonary arterial hypertension is debilitating with 
limited treatments and poor prognosis. Dampening of 
Notch3 signaling or downstream pathways highlighted 
in this study may constitute useful future therapeutic 
targets for PH.

Nonstandard Abbreviations and Acronyms

[Ca2+]i	 intracellular calcium levels
4-PBA	 4-phenylbutyric acid
CADASIL	� cerebral autosomal dominant  

arteriopathy with subcortical infarctions 
and leukoencephalopathy

ER	 endoplasmic reticulum
GOF	 gain-of-function
Hes5	 Hes Family BHLH Transcription Factor 5
Notch3	� neurogenic locus notch homolog protein 3
PAH	 pulmonary arterial hypertension
PH	 pulmonary hypertension
PASMC	 pulmonary artery smooth muscle cell
ROCK	 Rho-associated kinase
ROS	 reactive oxygen species
sGC	 soluble guanylyl cyclase
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on downstream PASMC signaling, particularly with 
respect to vascular contraction and dilation. We 
hypothesized that Notch3 activity is associated 
with exaggerated pulmonary vascular dysfunction 
in hypoxia-induced PH and that this involves oxi-
dative and ER stress, activation of redox-sensitive 
pathways and altered function in VSMCs. We stud-
ied TgNotch3R169C mice, which harbor a GOF Notch3 
mutation, and tested human relevance in pulmonary 
artery VSMCs from patients with PAH.

METHODS
Data Availability
See Supplemental Material for detailed methods. Data support-
ing the findings of this study are available from the correspond-
ing author upon reasonable request.

Notch3 Mutant Mouse Model and Animal 
Studies
The transgenic TgNotch3WT and TgNotch3R169C mouse lines 
have been characterized previously and TgNotch3R169C mice 
exhibit CADASIL features by 6 months.7,22 Females were 
excluded for potential transgene mosaicism.23

Mice were challenged with 14 days hypobaric hypoxia (550 
mbar/≈10% O2) to induce moderate PH, previously described.24 
PH was assessed by in vivo hemodynamic measurements, right 
ventricular hypertrophy, and histopathologic and immunohisto-
chemistry analysis of lung sections, as described24 and in the 
Supplemental Material.

Pulmonary Vascular Functional Studies by Wire 
Myography
Intralobar pulmonary arteries (≈350 μm internal diameter) 
were isolated from normoxic and hypoxic TgNotch3WT and 
TgNotch3R169C mice as described25 and Supplemental Material. 
Cumulative concentration responses curves were constructed 
in response to 5-hydroxytryptamine, endothelin 1, acetylcho-
line, and sodium nitroprusside (SNP), with and without fasudil 
and 4-phenylbutyric acid (4-PBA) preincubation.

PASMC Isolation and Culture
Mouse PASMCs were extracted from TgNotch3 pulmonary 
arteries and cultured with an adapted method described 
before.26 Human PASMCs were isolated from distal pulmonary 
arteries (≤1 mm) from patients with PAH and controls (non-
PAH individuals) as previously described27 (Professor Nicholas 
Morrell, Cambridge, United Kingdom).

Measurement of Intracellular Ca2+ Transients in 
Mouse PASMC
Intracellular free Ca2+ concentration (intracellular calcium levels 
([Ca2+]i) was measured in TgNotch3 PASMCs using the fluo-
rescent Ca2+ indicator, Cal‐520 am as previously described,28 
after stimulation with 5-5-hydroxytryptamine or endothelin 1 (in 
some cases with 4-PBA/N-acetylcysteine pretreatment).

Quantitative Real-Time Polymerase Chain 
Reaction
Gene expression analysis was by quantitative real-time poly-
merase chain reaction with SYBR green reagents, calculated 
by 2-ΔΔCt fold change. Primers in Table S1.

Immunoblotting
Immunoblotting was performed for proteins involved in Notch3-
Hes Family BHLH Transcription Factor 5 (Hes5), ROCK, NO/
cGMP pathway, ER stress, and redox signaling. Antibodies are 
detailed in Table S2.

ROS Measurements
ROS was assessed in lung tissue and PASMCs. Lucigenin-
enhanced chemiluminescence was used for ROS generation 
as described previously.19 H2O2 was assessed by Amplex Red 
assay, ONOO- by ELISA for 3-nitrotyrosine modified proteins, 
NO by Total NOx Assay Kit, and lipid peroxidation by malondial-
dehyde assay, all to manufacturer’s instructions. Protein sulfen-
ylation was by affinity capture immunoblot.

Statistical Analysis
Data are represented as mean±SEM. Analysis by Student t test 
or 1-way ANOVA with Bonferroni post hoc test as appropriate, 
or by nonlinear regression for myography. *P<0.05 was consid-
ered significant.

RESULTS
R169C Mutation Is Associated With Increased 
Pulmonary Notch3 Signaling
We confirmed overexpression of rat Notch3 transgene in 
TgNotch3WT and TgNotch3R169C relative to nontransgenic 
FVB littermates (Figure S1A). To assess GOF, we examined 
elements of the canonical Notch3 pathway, including the 
full-length Notch3 receptor protein and a transmembrane 
intracellular fragment produced by receptor cleavage. 
We confirm increased Notch3 signaling in TgNotch3R169C 
lung, in line with work in other peripheral vessels from this 
model8 (Figure S1B). Similarly, downstream Notch3 target 
Hes5 was shown to be significantly increased in lung from 
TgNotch3R169C mice compared to controls (Figure S1C 
and S1D). Notch3 signaling also induces its own tran-
scription, and expression of murine Notch3 was found to 
be increased in TgNotch3R169C mice (Figure S1E and S1F). 
Our results demonstrate that, despite transgene overex-
pression in both strains, only in TgNotch3R169C lung was 
this associated with elevated Notch3 targets, indicating 
R169C mutation has a GOF effect on Notch3 signaling.

Hypoxia Recapitulates Abberant Notch3-Hes5 
Signaling and Vascular Reactivity in TgNotch3WT 
and Amplifies PH Phenotype in TgNotch3R169C

Following hypoxia, Notch3 protein expression 
increased in both strains (Figure  1A; Figure S2A). 
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Figure 1. Hypoxia recapitulates increased gain-of-function (GOF) Notch3 (neurogenic locus notch homolog protein 3)-Hes 
Family BHLH Transcription Factor 5 (Hes5) axis signaling and impaired vascular function in TgNotch3WT mice and induces a 
more pronounced hypoxic pulmonary hypertension (PH) phenotype in TgNotch3R169C mice.
TgNotch3 mice were exposed to 14 days of chronic hypobaric hypoxia (10%). Notch3 signaling was assessed in the lung. A, Notch3 mRNA 
expression by real-time quantitative polymerase chain reaction normalized to GAPDH (n=5–7; 1-way ANOVA with Bonferroni (Continued )
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Gene expression for endogenous murine Notch3, 
Hes5, and HeyL, downstream targets upregulated by 
Notch3 signaling, was also higher (Figure  1B; Fig-
ure S2B and S2C). Right ventricular systolic pressure 
was significantly increased in TgNotch3R169C animals 
after 2 weeks of hypoxia, while right ventricular sys-
tolic pressure in TgNotch3WT animals was not signifi-
cantly increased (Figure 1C). Additionally, hypertrophic 
remodeling (right ventricular/[left ventricular+S]) was 
significantly increased in the hypoxic TgNotch3R169C but 
not hypoxic TgNotch3WT (Figure S2D). Distal pulmonary 
artery (<80 μm) remodeling marginally increased fol-
lowing hypoxia, without difference between strains 
(Figure S2E). Medial layer thickness, however, was 
already increased in TgNotch3R169C pulmonary arter-
ies compared to TgNotch3WT in normoxia. Hypoxia 
increased medial layer thickness in both strains, with 
further elevation in TgNotch3R169C (Figure 1D). Hypoxia 
increased TgNotch3R169C right ventricular contractility 
but not relaxation (Figure S2F and S2G).

Vascular reactivity by pulmonary artery wire myogra-
phy demonstrated increased contractile responses to 
endothelin 1 (Figures 1E) and 5-hydroxytryptamine (Fig-
ure S3A), impaired relaxation to SNP (Figure S3B), and 
impaired endothelial-dependent relaxation to acetylcho-
line (Figure 1F) in R169C mutant versus wild-type mice 
at normoxic baseline. In TgNotch3WT vessels, hypoxia then 
increased contractile responses, whereas TgNotch3R169C 
vessel responses remained similar to elevated normoxic 
responses (Figure 1E; Figure S3A). Both strains exhib-
ited diminished relaxation following hypoxia, with further 
blunting of vasorelaxation in TgNotch3R169C arteries (Fig-
ure 1F; Figure S3B).

Baseline Hypercontractility of Pulmonary 
Arteries From Notch3 GOF Transgenic Mice 
Is Mediated by Calcium-Dependent and 
-Independent Signaling
Contractile mechanisms including intracellular Ca2+, 
ER stress, and ROCK were examined to account for 
increased Emax and reduced EC50 for endothelin 1 and 
5-hydroxytryptamine (Figure 2A; Figure S4A through 
S4C). Ligand-induced Ca2+ transients were higher in 
PASMCs isolated from TgNotch3R169C than TgNotch3WT 
(Figure 2B; Figure S4D), alongside elevation of several 
Ca2+ channel genes. Plasma membrane channels L-type 
calcium channel, subunit α1S (Cav1.1), T-type calcium 

channel, subunit α1G (Cav3.1), and TRPM2 (voltage-
dependent Transient receptor potential cation channel, 
subfamily M, member 2) mRNAs were more abundantly 
expressed in TgNotch3R169C lung versus TgNotch3WT 
(Figure  2C). Moreover, ER-associated Ca2+ channels, 
IP3R (inositol 1,4,5-trisphosphate receptor), and RyR 
(ryanodine receptors) 1, 2, and 3, were elevated in 
TgNotch3R169C (Figure  2C). KCl-induced contraction, 
mediated by voltage-gated Ca2+ channels, was similar 
between strains (Figure S4E).

Ca2+-independent signaling involving ROCK was 
also studied. TgNotch3R169C artery hypercontractility 
was attenuated with pretreatment of fasudil, without 
significant effect on TgNotch3WT vessels (Figures  2D, 
Figure S5A). ROCK1/2 expression was unaltered by 
Notch3 mutation (Figure S5B and S5C). GEFs (gua-
nine nucleotide-exchange factors), which positively 
regulate RhoGTPase activity, were then assessed. Gene 
expression for Pdz (Pdz RhoGEF) and Larg (leukemia-
associated RhoGEF) was increased in TgNotch3R169C 
versus TgNotch3WT; p115 Rho GEF was unchanged 
(Figure 2E). Hypoxia upregulated ROCK mRNA expres-
sion, particularly in TgNotch3R169C mice (Figure S6A 
and S6B). Inhibiting ROCK with fasudil also improved 
hypoxia-induced alterations to pulmonary vascular 
reactivity in both TgNotch3 strains exposed to hypoxia 
(Figure S6C and S6D).

Notch3 GOF Induces ER and Oxidative Stress
In pulmonary vascular reactivity studies, ER stress 
inhibitor 4-PBA normalized TgNotch3R169C hypercon-
tractility, without effect in TgNotch3WT and attenuated 
increased ligand-induced Ca2+ transients in isolated 
TgNotch3R169C PASMCs to TgNotch3WT level (Figure 3A 
and 3B; Figure S7A and S7B). ER stress–associated 
genes for BiP (binding immunoglobulin protein) and 
XBP1 (X-box binding protein 1) mRNAs were upregu-
lated in TgNotch3R169C lung (Figure  3C). Immunoblot-
ting confirmed increased BiP expression and enhanced 
phosphorylation of ER sensor IRE1 (inositol-requiring 
enzyme 1) in TgNotch3R169C at baseline (Figure 3D and 
3E). Hypoxia recapitulated elevated pulmonary BiP 
expression in TgNotch3WT mice (Figure S8A). Hypoxia-
induced hypercontractility in both strains was reduced 
by 4-PBA (Figure S8B and S8C).

ER stress and ROS are interlinked. Therefore 
redox-sensitive processes in TgNotch3R169C mice were 

Figure 1 Continued.  post-test). B, Notch3 target Hes5 protein expression by immunoblot normalized to α-tubulin. Upper, Quantification 
of Hes5. Lower, Representative Hes5 immunoblot. n=8; 1-way ANOVA with Bonferroni post-test. Hemodynamics were measured in vivo via 
right-heart catheterization. C, Right ventricular systolic pressure (RVSP) (n=5; 1-way ANOVA with Bonferroni post-test). D, Small pulmonary 
artery medial layer thickness by α-SMA (α-smooth muscle actin) immunohistochemistry. Upper, Semiquantitative medial layer thickness analysis 
(% total vessel diameter [TVD])±hypoxia. Lower, Representative images of increasing medial layer thickness (n=4–5 per group, average of 6 
vessels in triplicate per animal). E and F, Pulmonary artery wire myography in normoxic and hypoxic TgNotch3 mice. Cumulative concentration-
response curves of contraction to (E) endothelin 1 (ET-1), and relaxation of U46619 preconstriction to (F) acetylcholine (Ach; n=3–9; nonlinear 
regression). Results are mean±SEM. *P<0.05 vs TgNotch3WT, #P<0.05 vs TgNotch3R169C. WT indicates wild type.
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Figure 2. Baseline pulmonary vascular contraction is enhanced in TgNotch3R169C mice alongside altered calcium-dependent and 
-independent contractile mechanisms.
Vascular reactivity was assessed in TgNotch3 pulmonary arteries by wire myography±fasudil (1 μmol/L), inhibitor of ROCK (Rho-associated 
kinase). A, Cumulative concentration-response curve to endothelin-1 (ET-1; n=7–9; nonlinear regression). B, Intracellular Ca2+ transients to ET-1 
in TgNotch3 pulmonary artery smooth muscle cells (PASMCs) by live-cell fluorescence. Upper, Pulmonary artery smooth muscle cell (PASMC) 
intracellular calcium levels ([Ca2+]i) responses (ET-1, 100 nmol/L). Lower, [Ca2+]i expressed as area under the curve (AUC; n=6; (Continued )
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examined. Levels of O2
- (Figure 4A) and lipid peroxida-

tion (Figure S9A), were increased in TgNotch3R169C. Con-
versely, TgNotch3R169C pulmonary H2O2 production was 
decreased (Figure  4B) alongside reduced expression 
of H2O2-producing Nox4 (NAPDH oxidase 4; Figure 4C 
and 4D). Expression of SOD (superoxide dismutase) 
isoforms, which convert O2

- to H2O2, did not differ 
between strains (Figure S9B through S9E). In isolated 
TgNotch3R169C PASMCs, increased ligand-induced [Ca2+]i  
transients significantly reduced with ROS scavenger 
N-acetylcysteine (Figure 4E and 4F).

Impaired Vasorelaxation of Pulmonary Arteries 
in Notch3-Mutant Mice Involves ROS
We then investigated Notch3 GOF mutation effects 
on vascular relaxation in TgNotch3 mice by pulmonary 
artery wire myography. In Notch3-mutant mice arteries, 
acetylcholine-induced endothelial-dependent relax-
ation was significantly impaired compared with wildtype 
(Figure  5A), ameliorating with fasudil or 4-PBA (Fig-
ure S10A and S10B). Notch3 mutation did not affect 
expression of eNOS (endothelial nitric oxide synthase; 
Figure S10C), or phosphorylation of eNOS at its acti-
vator (Ser1177) or inhibitory site (Thr495; Figure S10D 
and S10E). Nitrosylated tyrosine residues, indicating 
peroxynitrite (ONOO−) modification, were significantly 
more abundant in Notch3-mutant lung (Figure  5B), 
alongside lower NO (NOx assay; Figure  5C). Fasudil 
and 4-PBA had similar effects to restore further 
impaired acetylcholine-mediated relaxation in arteries 
from hypoxic TgNotch3 mice, in the context of increased 
ROS and reduced NO (but without alteration to H2O2) in 
TgNotch3WT mice (Figure S11A through S11D).

TgNotch3R169C arteries also exhibited reduced endo-
thelial-independent SNP vasorelaxation compared 
to TgNotch3WT (Figure  5D); again, this improved with 
fasudil or 4-PBA (Figure S12A and S12B). Downstream 
NO target sGC (soluble guanylyl cyclase) expression 
was unaffected by Notch3 mutation (Figure S12C 
through S12E); however, a small increase in reversible 
oxidation of sGCβ1 was observed (Figure 5E). Vasodi-
latory cGMP levels were concordantly lower in isolated 
TgNotch3R169C versus TgNotch3WT PASMCs, improv-
ing following N-acetylcysteine incubation (Figure  5F). 
Again, fasudil and 4-PBA also improved SNP vasore-
laxation in both strains following further impairment by 
hypoxia (Figure S12F and S12G).

PASMCs From Patients With PAH Reflect 
Aberrant Signaling in TgNotch3R169C Mice and 
Hypoxia
To assess the clinical relevance of our studies we exam-
ined pathways elucidated in the TgNotch3R169C model 
in the context of human PAH, using PASMCs isolated 
from individuals with and without PAH (patient char-
acteristics in Table S3). PAH PASMCs show increased 
expression of total Notch3 and TMIC fragment (Fig-
ure  6A and 6B), indicating increased expression and 
activation in PAH. Previous studies implicated Hes5 as a 
key Notch3 target in PAH,9 and expression was higher in 
PAH-derived versus non-PAH cells (Figure 6C). Consis-
tent with R169C mouse findings, key ER stress protein 
BiP was upregulated in PAH cells (Figure 6D). Elevated 
NADPH-dependent ROS observed in TgNotch3R169C 
lungs was also recapitulated in PAH cells, and was abro-
gated by γ-secretase inhibitor (GSI) treatment to inhibit 
Notch (Figure 6E). However, unlike in our model, H2O2 
was increased in PAH PASMCs and unaffected by GSI 
(Figure 6F). Nox4 protein expression was concurrently 
elevated (Figure S13).

DISCUSSION
Major findings from our study demonstrate that GOF 
Notch3 mutation exacerbates development of PH with 
associated hypercontractility and impaired relaxation in 
pulmonary arteries. These processes involve oxidative 
and ER stress, Ca2+ and ROCK signaling, and impaired 
NO/cGMP signaling. Moreover, molecular changes 
observed in hypoxia-induced PH in TgNotch3R169C mice 
were recapitulated in PASMCs from PAH patients. Our 
investigations define novel Notch3-redox-regulated 
pathways underlying pulmonary vascular dysfunction 
and highlight ER stress and oxidative stress interplay as 
potential major drivers of these processes in PH.

To explore the potential role of Notch3 in PH patho-
physiology in the intact system, we studied TgNotch3 
mice exposed to hypoxia. Hypoxia increased pulmonary 
Notch3-Hes5 signaling in TgNotch3WT with exaggerated 
effects in TgNotch3R169C mice. This was associated with 
worsening PH, as evidenced by increased right ventricular 
systolic pressure and hypertrophic remodeling. Together 
with these changes, pulmonary vessels in hypoxic mice 
exhibited marked hypereactivity and reduced vasorelax-
ation, responses that were amplified in TgNotch3 mice 

Figure 2 Continued.  1-way ANOVA with Bonferroni post-test). C, L-type calcium channel, subunit α1S (Cav1.1), T-type calcium channel, 
subunit α1G (Cav3.1), IP3R (inositol 1,4,5-trisphosphate receptor), TRPM2 (voltage-dependent Transient receptor potential cation channel, 
subfamily M, member 2), RyR1 (ryanodine receptor 1), RyR2, and RyR3 Ca2+ channel gene expression by real-time quantitative polymerase 
chain reaction, normalized to GAPDH, in TgNotch3 lung (n=7–8; unpaired t test). D, Cumulative concentration-response curves to endothelin-1 
(ET-1) following fasudil pretreatment (n=7–9; nonlinear regression). E, Gene expression for PDZ, LARG, and p115 Rho-GEFs, normalised 
to GAPDH (n=8–9; unpaired t test). Results are mean±SEM. *P<0.05 vs TgNotch3WT, #P<0.05 vs TgNotch3R169C. Larg indicates leukemia-
associated RhoGEF; Pdz, Pdz RhoGEF; and wt, wild type.
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Figure 3. Endoplasmic reticulum (ER) stress in TgNotch3R169C mice contributes to altered pulmonary vascular reactivity.
Vascular contraction to endothelin 1 (ET-1; A) was assessed by TgNotch3 pulmonary artery wire myography±ER stress inhibitor 4-phenylbutyric 
acid (4-PBA; 1 mmol/L). n=7–9; nonlinear regression. B, Intracellular Ca2+ transients to ET-1 in TgNotch3 pulmonary artery smooth muscle 
cells (PASMCs) by live-cell fluorescence±24-hour 4-PBA (1 mmol/L). Upper, Representative PASMC intracellular calcium levels ([Ca2+]i)  
responses to ET-1 (100 nmol/L) +24-hour 4-PBA. Lower, [Ca2+]i expressed as area under the curve (AUC; n=6; 1-way ANOVA with 
Bonferroni post-test). ER stress markers were assessed by real-time quantitative polymerase chain reaction and immunoblotting in TgNotch3 
lung. C, Gene expression for BiP (binding immunoglobulin protein), XBP1 (X-box binding protein 1), and activating transcription factor 6 (ATF6) 
normalized to GAPDH (n=8; unpaired t test). D, upper, Quantification of ER chaperone BiP protein normalised to α-tubulin (n=11; unpaired 
t test). Lower, representative BiP immunoblot. E, upper, quantification of ER sensor IRE1 (inositol-requiring enzyme 1) phosphorylation 
(p-IRE1) normalised to total IRE1 (n=6; unpaired t test). Lower, Representative p-IRE1 immunoblot. Results are mean±SEM. *P<0.05 vs 
TgNotch3WT, #P<0.05 vs TgNotch3R169C. WT indicates wild type.
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Figure 4. TgNotch3R169C gain-of-function mutation is associated with altered redox signaling and reactive oxygen species (ROS) 
levels.
ROS production was measured in TgNotch3 lung by lucigenin-enhanced chemiluminescence and Amplex red assay, lipid peroxidation was 
assessed TBARS assay normalized by total protein. A, ROS production by lucigenin (n=7–8; unpaired t test). B, H2O2 levels by Amplex red 
(n=5; unpaired t test). Nox4 (NAPDH oxidase 4) expression in TgNotch3 lung was assessed by (C) real-time quantitative PCR normalized to 
GAPDH (n=5–8; unpaired t test) and (D) immunoblot normalized to α-tubulin. D, Upper, Quantification of Nox4 protein expression. (Continued )
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versus wild type. Unlike previous studies demonstrating 
severe PH in chronic-hypoxic mice, TgNotch3R169C mice 
exhibited a mild-moderate phenotype. This may relate to 
the FVB background strain, previously defined as a low-
responder to hypoxia.29 It is also possible that a 14-day 
hypoxia duration was too short to induce robust PH. Nev-
ertheless, the more pronounced phenotype in Notch3-
mutant mice was consistent with our hypothesis that 
hypoxia exaggerates aberrant Notch3 signaling, amplify-
ing the GOF vascular response evidenced by baseline 
TgNotch3R169C hemodynamic and remodeling changes. 
This may involve upregulation of α-SMA (α-smooth mus-
cle actin), a Notch3 signaling procontractile target.30,31

Hypoxia is a potent inducer of oxidative stress32 as 
observed in our study. Hypoxic alterations to vascular 
reactivity improved with fasudil and 4-PBA, suggest-
ing a role for ROCK and ER stress in PH vascular dys-
function. This was further supported through hypoxic 
upregulation of ROCK and ER stress, with amplified 
effects in TgNotch3R169C mice. Reduced NO/cGMP/
PKG (protein kinase G) signaling also promotes PH 
via ROCK.33 In TgNotchWT, hypoxia increased ER stress 
markers (BiP and pIRE1) to levels observed in nor-
moxic TgNotch3R169C mice. Further supporting a role for 
ER stress in hypoxic TgNotch3R169C mice, 4-PBA res-
cued vascular reactivity changes. Hypoxia and Notch3 
upregulation in TgNotch3WT mice appear to recapitulate 
aberrant baseline TgNotch3R169C vascular reactivity, and 
further affect TgNotch3R169C phenotype, via ER stress 
and ROCK. These findings define functional interplay 
between Notch3, ROCK, and oxidative and ER stress in 
a hypoxic PH context.

Molecular processes underlying pulmonary vascular 
hypereactivity during Notch3 activation focused on pro-
contractile signaling pathways including Ca2+-dependent 
and Ca2+-independent mechanisms. Contraction and 
Ca2+ transients in TgNotch3R169C arteries and PASMCs 
were enhanced in response to 2 ligands, suggesting that 
altered vascular reactivity is a generalized phenomenon. 
In line with this, expression of membrane-associated 
Ca2+ channels (Cav1.1, Cav3.1) and subcellular Ca2+ 
stores (RyR, IP3R) were increased. Notch3 was previ-
ously implicated in regulating store-operated Ca2+ entry 
through transient receptor potential cation 6 channels 
in PASMCs, a process enhanced by hypoxia.34 Dysreg-
ulation of ER Ca2+ homeostasis can also promote ER 
stress, linked to Notch3 signaling. ER stress stimulates 
the unfolded protein response, which may contribute 
to deposition of granular osmiophilic material, a hall-
mark feature of small vessels in CADASIL recapitulated 

in TgNotch3R169C.7,8 Our molecular data demonstrate 
increases in BiP and IRE1 phosphorylation. Notch3 over-
expression in cell lines upregulates BiP,16 and during ER 
stress, Notch3ICD has been shown to promote IRE1α 
activation via BiP interaction.35 Functionally, we confirmed 
that reducing ER stress with chaperone 4-PBA restores 
TgNotch3R169C pulmonary artery dysfunction and Ca2+ 
transients. Our findings are consistent with Ca2+-depen-
dent and ER stress-induced VSMC contraction.36 A lack 
of strain difference in KCl-induced contraction supports 
our proposal that GOF Notch3 promotes hypercontractil-
ity primarily via intracellular Ca2+ alterations, rather than 
voltage-gated effects at the membrane.

Ca2+-independent regulation of vascular contrac-
tion was explored by probing ROCK pathways. Altered 
TgNotch3R169C pulmonary artery reactivity was associ-
ated with upregulation of Rho-GEFs PDZ and LARG, 
which enhance ROCK-mediated vascular contraction.37 
To confirm a role for ROCK in Notch3-associated vas-
cular hyperreactivity, we showed that ROCK inhibition 
attenuated vascular contraction in hypoxic Notch3 mice. 
Of relevance, Notch signals through ROCK,38 and RhoA-
GTPase is implicated as an ER stress/unfolded protein 
response modulator.39 Together these data link Notch3, 
ROCK and ER stress.

Redox signaling was also altered in TgNotch3R169C 
animals. ROS production and markers of oxidative 
stress were increased in TgNotch3R169C lung, whereas 
H2O2 levels were decreased. Expression of Nox4, which 
produces H2O2 over O2

-,40 was reduced and may con-
tribute to lower H2O2 generation in TgNotch3R169C lung. 
Nox4-derived H2O2 is an endothelial-derived relaxation 
factor.41 Thus reduced H2O2 may support reduced vaso-
relaxation in TgNotch3R169C mice. N-acetylcysteine cor-
rection of Ca2+ transients in TgNotch3R169C PASMCs 
further supports ROS influence in vascular contraction 
in TgNotch3R169C lungs.42

Both endothelium-dependent and -independent relax-
ation were compromised in TgNotch3R169C pulmonary 
arteries, recapitulating previous results in TgNotch3R169C 
cerebral arteries43 and peripheral vessels in patients with 
CADASIL.8 We examined eNOS signaling as the regu-
lator of endothelial-dependent relaxation but failed to 
demonstrate altered activity. However, increased ROS 
and NO can react to produce injurious radical peroxyni-
trite (ONOO−). Decreased acetylcholine-mediated relax-
ation in TgNotch3R169C arteries accompanied indications 
of elevated ROS/ONOO− and reduced NO. We propose 
increased R169C ONOO- is detrimental to pulmo-
nary vasorelaxation through both oxidative stress and 

Figure 4 Continued.  Lower, Representative Nox4 immunoblot (n=5; unpaired t test). TgNotch3 pulmonary artery smooth muscle cell 
(PASMC) intracellular Ca2+ transients to (E) endothelin 1 (ET-1) and (F) 5-hydroxytryptamine (5-HT) were measured by live-cell fluorescence 
±24-hour antioxidant N-acetylcysteine (NAC; 10 µmol/L). Upper, PASMC intracellular calcium levels ([Ca2+]i) responses to ET-1 (100 nmol/L) 
or 5-HT (1 μmol/L) +24-hour NAC. Lower, [Ca2+]i calculated as area under the curve (n=6; 1-way ANOVA with Bonferroni post-test). Results 
are mean±SEM. *P<0.05. AUC indicates area under the curve; RLU, relative light units; and WT, wild type.
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reduced NO bioavailability. Together these, findings sug-
gest a prooxidative environment promotes TgNotch3R169C 
endothelial dysfunction.

Reduced relaxation to SNP, a direct NO donor, indi-
cated VSMC dysfunction in TgNotch3R169C mice. To fur-
ther explore this we investigated redox-sensitive sGC/

cGMP/PKG signaling. sGC oxidation decreases NO-
mediated cGMP production.44 In TgNotch3R169C animals 
sGCβ1 sulfenylation was increased, consistent with pre-
vious findings.8 This was associated with oxidative stress, 
lower cGMP levels, and diminished PKG activity, pro-
cesses involved in impaired vasorelaxation. Unlike sGC, 

Figure 5. Impaired endothelial-dependent and -independent vasorelaxation in TgNotch3R169C arteries involves altered NO/cGMP 
signaling.
Vascular reactivity was assessed in TgNotch3 pulmonary arteries by wire myography, responses expressed as percentage relaxation of 
preconstriction. A, Endothelium-dependent acetylcholine (ACh) vasorelaxation (n=7–9; nonlinear regression). B, Levels of 3-nitrotyrosine 
modified proteins in TgNotch3 lung, normalized to total protein (n=5; unpaired t test). C, NO levels by total nitrite/nitrate in TgNotch3 lung. D, 
Endothelium-independent sodium nitroprusside vasorelaxation in TgNotch3 pulmonary arteries (n=9–10; nonlinear regression). E, Reversible 
sGCβ1 (soluble guanylyl cyclase β1) oxidation by affinity capture of sulfenylated proteins in whole lung from TgNotch3WT and TgNotch3R169C 
mice (pool of 3 animals per sample). F, cGMP ELISA in TgNotch3 pulmonary artery smooth muscle cells±antioxidant N-acetylcysteine (NAC; 
10 µM). Results are mean±SEM. *P<0.05 vs TgNotch3WT, **P<0.01 vs TgNotch3WT.
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Figure 6. Upregulation of signaling associated with Notch3 (neurogenic locus notch homolog protein 3)-Hes Family BHLH 
Transcription Factor 5 (Hes5), endoplasmic reticulum (ER) stress, and reactive oxygen species (ROS) in pulmonary artery 
smooth muscle cells (PASMCs) from patients with pulmonary arterial hypertension (PAH).
Protein expression in PAH vs non-PAH PASMCs by immunoblot normalized to α-tubulin, data expressed as % of non-PAH, comparisons by 
unpaired t test (n=5). A, upper, Quantification of Notch3 protein in PAH vs non-PAH PASMCs. Lower, Representative immunoblot of total 
Notch3. B, upper, Quantification of Notch3 transmembrane intracellular (TMIC) domain. Lower, Representative immunoblot of Notch3 TMIC. 
C, Upper, Quantification of Notch3 target Hes5. Lower, Representative Hes5 immunoblot. D, Upper, Quantification of ER stress chaperone 
BiP (binding immunoglobulin protein). Lower, Representative BiP immunoblot. E, NADPH-dependent ROS and (F) H2O2 by lucigenin and 
Amplex Red assay respectively ±24-hour Notch inhibitor GSI (n=5 per group, 1-way ANOVA with Bonferroni postcorrection). GSI indicates 
γ-secretase; and RLU, relative light units. Results are mean±SEM. *P<0.05.
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H2O2 oxidation activates PKG independently of cGMP45 
and contributes to PKG-mediated vasorelaxation.41 
Lower H2O2 in TgNotch3R169C may reduce PKG activity. 
Together, our findings indicate multiple mechanisms are 
involved in Notch3-induced redox alterations that may 
influence NO/sGC/PKG signaling.

To explore the significance of our findings in human 
pathophysiology, we studied PASMCs from clinically phe-
notyped PAH patients. Elevated Notch3, TMIC fragment, 
and Hes5 expression in PAH versus non-PAH PASMCs 
demonstrated an increased Notch3 signaling, recapitu-
lating findings in our R169C mice and other PH mod-
els.9,46 Upregulation of BiP and ROS generation in PAH 
PASMCs were also similar to observations in hypoxia-
treated TgNotch3R169C mice. Normalization of oxidative 
stress by secretase inhibitor GSI suggests a role for 
Notch3 in ROS generation in PAH PASMCs, corroborat-
ing our findings in experimental models.

In contrast to findings in the mice, H2O2 and Nox4 were 
upregulated in PAH cells as previously described.47,48 Dif-
ferences in Nox4/H2O2 between mouse and human PH 
models may indicate the role of endothelial cells in our 
whole lung approach, where H2O2 is normally abundant 
and protective, whereas our human studies examined 
isolated VSMCs, in which Nox4-derived H2O2 is injuri-
ous.49 A potential switch from low-level H2O2 as a signal-
ing molecule to a damaging ROS at higher levels is also 
suggested. The exact role of Notch3-regulated Nox4 
and H2O2 in endothelial cells versus VSMCs in PH awaits 
further clarification.

PERSPECTIVES
We provide evidence that GOF Notch3 mutation and 
increased Notch3 signaling promote pulmonary vascu-
lar dysfunction and remodeling, through redox-sensitive 
pathways involving ROCK and Ca2+ signaling. These 
processes are driven by ER and oxidative stress, which 
also negatively influence the NO/sGC/cGMP relaxation 
pathway. Hypoxia amplifies these aberrations, predispos-
ing to development of PH. We define a novel Notch3-
sensitive molecular mechanism involving redox-regulated 
procontractile and anti-vasodilatory signaling pathways 
in PH. This notion places Notch3 upstream of other PH-
associated molecular mechanisms. These data provide 
insights on putative novel candidates in PH therapeutics, 
an area with unmet needs. Our data are particularly inter-
esting in the context of recent studies validating antibody 
inhibition of Notch3 as a potential PH treatment,46 which 
could reduce not only established Notch3 proliferative 
effects but also vascular hyperreactivity and endothelial 
dysfunction that we have highlighted.
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