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ARTICLE INFO ABSTRACT

Keywords: Accumulation of senescent endothelial cells (ECs) with age is a pivotal driver of cardiovascular diseases in aging.

Aging However, little is known about the mechanisms and signaling pathways that regulate EC senescence. In this

Endothelial senescence report, we delineate a previously unrecognized role of aquaporin 1 (AQP1) in orchestrating extracellular

?I%?E;);npleroxi e hydrogen peroxide (H203)-induced cellular senescence in aortic ECs. Our findings underscore AQP1’s differential

Epigenetic modification impact on senescence hallmarks, including cell-cycle arrest, senescence-associated secretory phenotype (SASP),

Angiogenesis and DNA damage responses, intricately regulating angiogenesis. In proliferating ECs, AQP1 is crucial for
maintaining angiogenic capacity, whereas disruption of AQP1 induces morphological and mitochondrial alter-
ations, culminating in senescence and impaired angiogenesis. Conversely, Agpl knockdown or selective blockade
of AQP1 in senescent ECs rescues the excess HpOg-induced cellular senescence phenotype and metabolic
dysfunction, thereby ameliorating intrinsic angiogenic incompetence. Mechanistically, AQP1 facilitates HoO2
transmembrane transport, exacerbating oxidant-sensitive kinases CaMKII-AMPK. This process suppresses HDAC4
translocation, consequently de-repressing Mef2A-eNOS signaling in proliferating ECs. However, in senescent ECs,
AQP1 overexpression is linked to preserved HDAC4-Mef2A complex and downregulation of eNOS signaling.
Together, our studies identify AQP1 as a novel epigenetic regulator of HDAC4-Mef2A-dependent EC senescence
and angiogenic potential, highlighting its potential as a therapeutic target for antagonizing age-related cardio-
vascular diseases.

pathologies and extend healthspan [7]. Cellular senescence is orches-
trated through a variety of networks triggered by extracellular and
intracellular stimuli. Elucidating the senescence regulatory mechanism

1. Introduction

Aging, a significant risk factor for cardiovascular diseases, is char-
acterized by cellular senescence [1,2]. This phenomenon is a permanent
cell cycle arrest linked to accumulated stochastic cellular damage [3,4].
Cellular senescence, particularly evident in vascular endothelial cells
(ECs), contributes to cardiovascular pathologies like atherosclerosis and
hypertension in aging [5,6]. Understanding the triggers and mechanisms
driving EC senescence holds promise for developing novel therapies to
clear senescent cells and subsequently ameliorate the age-related

could provide potential intervention targets to attenuate degenerative
processes and improve the quality of life for the aging population.
Oxidative stress is a critical stimulus that causally contributes to cellular
senescence [1,8]. Reactive oxygen species (ROS) function as versatile
inter- and intracellular messenger molecules with nuanced roles in
cellular signaling pathways and homeostasis (oxidative eustress).
However, ROS are emerged to exhibit biphasic effects; while physio-
logical levels of ROS are essential for normal cellular functions,
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Abbreviations

AMPK  AMP-activated protein kinase

AQP Aquaporin

Baco II  Bacopaside II

CaMKII Calcium/calmodulin-dependent protein kinase II
CDK Cyclin-dependent kinase

EC Endothelial cell

eNOS Endothelial nitric oxide synthase

y-H2A.X Phospho-gamma-Histone 2 A.X

H,0, Hydrogen peroxide
HAEC Human aortic endothelial cell
HDAC4 Histone deacetylase 4

JINIV Interleukin 1 alpha

IL1p Interleukin 1 beta

IL6 Interleukin 6
LDA Linear Discriminant Analysis
Mef2a  Myocyte enhancer factor 2 A

MOMP  Mitochondrial outer membrane permeabilization
mtDNA  mitochondrial DNA

NOX NADPH oxidase

OXPHOS Oxidative phosphorylation

OCR Oxygen consumption rate

PEC Proliferating endothelial cell

ROS Reactive oxygen species

SEC Senescent endothelial cell

SASP Senescence-associated secretory phenotype

VCAM1 Vascular cell adhesion molecule 1

excessive ROS at higher concentrations induce oxidative stress, pro-
moting senescence-like features in ECs [9]. Oxidative stress is primarily
involved in the oxidation of all essential macromolecules and metabolic
disorders, ultimately leading to impaired energy homeostasis and cell
cycle arrest in ECs [10].

Hydrogen peroxide (H203), a stable ROS, plays a dual role in ECs,
acting as both a signaling molecule involving in oxidative stress and a
physiological effector depending upon its concentration [11]. The
fluctuating HyO3 levels in the extracellular and intracellular space are
crucial for cellular metabolism and cell cycle [12]. Aging is associated
with an increase in Hp05 levels in both extracellular space and intra-
cellular compartments, with its extracellular production occurring
through various enzymatic and non-enzymatic reactions [13,14]. Iden-
tifying key regulators responsible for HyOy transmembrane transport
and its distribution into the intracellular space is paramount for
designing targeted senotherapies. While traditionally considered freely
diffusible across plasma membranes, studies over the past decade have
provided evidence for a crucial role of aquaporin (AQP) channels, also
known as peroxiporins, in facilitating the transmembrane diffusion of
H»0; into the cell cytosol [15,16]. Among several AQP isoforms, AQP1,
widely expressed in vascular endothelia, regulates not only water but
also H,0, transport across the plasma membrane of these cells [17-19].
For the past two decades, investigations have revealed that genetic
deficiency of AQP1 in AQP1-null mice and primary cultures of aortic
endothelial cells leads to significant impairments in angiogenesis [17].
Despite this, whether the involvement of H,O, transport regulation has
been taken into account in mediating the role of AQP1 in endothelial cell
function has remained largely unexplored. In previous studies, it was
elucidated that AQP1-mediated transmembrane transport of extracel-
lularly produced H3O» is critical for activating hypertrophic signals
within cardiac myocytes, subsequently leading to cardiac hypertrophy.
Deletion of Agp1 or blockade of AQP1 could present a promising avenue
for the treatment of hypertrophic cardiomyopathies [15]. On the other
hand, the aging process may confer significant effects on the distribution
and functionality of AQP1 across various cell types and tissues. Notably,
within cardiac tissue, AQP1 upregulation has been identified as a
compensatory mechanism to address water and electrolyte imbalances
associated with aging [20,21]. However, our understanding of
age-related alterations in AQP1 expression and function within endo-
thelial cells remains limited, let alone its involvement in regulating HoO2
levels in EC senescence.

In this work, we conducted a comparative analysis of AQP1 expres-
sion in aortic ECs derived from young and aged mice, revealing an age-
associated upregulation of AQP1 concurrent with endothelial dysfunc-
tion. Further study unveiled the pivotal role of AQP1 in modulating EC
senescence through the regulation of HoOy transmembrane transport.
Specifically, we observed that in proliferating ECs (PECs), AQP1 is
necessary for HDAC4-mediated activation of Mef2A-eNOS signaling,

promoting angiogenesis. Conversely, in senescent ECs (SECs), AQP1
impeded HDAC4 nuclear export, resulting in the downregulation of
Mef2A and eNOS phosphorylation. Most importantly, targeted manip-
ulation of AQP1 expression via silencing or pharmacological blockade
with Bacopaside II effectively reversed EC senescence and restored
angiogenic capacity. Together, these findings not only elucidate a pre-
viously unexplored mechanism by which AQP1 modulates EC senes-
cence and angiogenesis but also underscore the senotherapeutic
potential of AQP1 deficiency in aging-related vascular decline.

2. Results

2.1. Aging leads to upregulation of AQP1 in endothelial cells in humans
and mice

To examine how aging contributes to alteration of AQP1 expression
in endothelial cells, we isolated endothelial cells from aortas of both
young (3 months) and old (24 months) mice and examined AQP1
expression by immunobloting (Fig. 1A). Our data identified markedly
increased expression of AQP1 in ECs from old mice compared to young
mice (Fig. 1B). We then stained aortas for CD31 (biomarker of endo-
thelial cells; cyan) and AQP1 (green) In order to confirm what seen in
Fig. 1B. We observed a remarkable abundance of AQP1 in CD31" aortic
ECs from old mice as opposed to young mice (Fig. 1C). These findings
were accompanied by a markedly reduced endothelial function in old
mice, as reflected by decreased endothelium-dependent relaxation to
acetylcholine, compared to what seen in young mice. As shown in
Supplemental Fig. 1, there was a significantly reduced maximal relax-
ation at 107° M (p < 0.001; Young: 98.43 + 6.06; Old: 62.06 + 8.74),
and rightward shift of dose-response curve to acetylcholine (p < 0.05;
ECsp, Young: 32.01 + 6.23 nM; Old: 51.69 + 11.89 nM) was seen in
isolated aortas from young versus old mice. Additionally, we tested the
AQP1 expression in proliferating human aortic endothelial cells (PEC;
passage 4-5) and replicative senescent HAECs (SEC; passage 15-17). Of
note, senescence phenotype (such as enlarged, flattened, and multinu-
cleated appearance of cells) was verified in SECs (Supplemental Fig. 2).
As seen in Fig. 1D and E, cellular senescence, as a hallmark of aging, is
associated with significant AQP1 upregulation in SECs as opposed to
PECs.

AQP1 has been recognized to transport HyO» in specific cell types
[13], which may promote premature cellular senescence [22,23]. To
prove the role of AQP1 in regulation of HoOs-mediated EC senescence,
we transduced PECs (control) with ultrasensitive H;O, biosensor,
AV5-HyPer7.2-NES, and detected H20; levels in the cell cytosol which
was markedly reduced following siAQP1 transfection or treatment with
a clinically approved AQP1 inhibitor, Bacopaside II, in the presence of
exogenous HyO5 (50 pM; Fig. 1F). Moreover, Fig. 1G and J illustrate that
maximal HyPer7.2 ratio changes over time (slope) significantly reduced
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Fig. 1. Aging is associated with AQP1 upregulation in aortic endothelial cells. A, Schematic diagram of the experimental setting: Aortic ECs were collected from
>24 (old) and 3 (young) -month-old C57BL/6 J male mice for AQP1 immunoblotting and immunostaining. B, Immunoblot analysis demonstrates a significant age-
related increase in the expression of AQP1 in aortic ECs of mice (n = 6). C, AQP1 immunostaining demonstrates higher expression of AQP1 in the ascending aortic
endothelial cells from old mice compared to those from young mice (n = 5-6). Bar chart reveals quantitative analysis of AQP1 fluorescence intensity normalized to
CD31. D,E, Immunoblots and immunostaining represent a marked higher expression of AQP1 in senescent ECs (SEC; at p15-17) compared to proliferating ECs (PEC;
at p4-5) (n = 6). Bar chart demonstrate quantitative analysis of AQP1 fluorescence intensity normalized to DAPI (n = 14-21). F, PECs were transduced with
adenovirus 5 (AV5)-HyPer7.2 targeted to the cell cytosol for ratiometric fluorescence imaging to detect cytosolic HyO5 levels in the presence of exogeneous H,O5 (50
pM). The curves demonstrate significantly lower H;O, responses in the cytosol of HyPer7.2-transduced PECs following treatment with either Baco II or siAQP1 as
compared to that in siNeg-transfected PECs. G, Bar chart shows maximal HyPer7.2-ratio changes over time (slope) in the cytosol of PECs exposed to siNeg, Baco II, or
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siAQP1 (n = 6). H, CellRox green staining reveals a markedly lower generation of intracellular ROS, including H,0,, (as green fluorescence) in siNeg-transfected
PECs as opposed to that in Baco II- or siAQP1-exposed PECs. Bar chart demonstrate quantitative analysis of CellRox fluorescence intensity normalized to DAPI
(n = 13-47). 1, SECs were transduced with AV5-HyPer7.2-Cyto for ratiometric fluorescence imaging to detect H,O in the cell cytosol in the presence of exogeneous
H,0, (50 pM). Both Baco II and siAQP1 significantly reduce HO, signals in the cytosol of HyPer7.2-expressing SECs compared to siNeg-PECs. J, Bar chart shows
HyPer7.2 slope in the SECs exposed to siNeg, Baco II, or siAQP1 (n = 6). K, A significantly lower CellRox fluorescence intensity was seen in siNeg-SECs compared to
Baco II- or siAQP1-exposed SECs. Bar chart demonstrate quantitative analysis of CellRox fluorescence intensity normalized to DAPI (n = 22-25). Scale bars, 20, 50,
100 and 200 pm. Error bars represent SD (B-E,G,H,J,K). Continuous data are presented as mean + SD. Statistical analysis was performed with a two-tailed unpaired
Student’s t-test (B-E) and one-way ANOVA followed by Tukey’s post hoc test (F,G,I,J). (**P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant). Source data

are provided as a Source Data file. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 1. (continued).
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in siAQP1- (2.09-fold) or Baco II (1.39-fold) -exposed cells as opposed to
that in siNeg cells. Consistently, a significantly higher CellRox green
fluorescence (higher number of CellRox™ cells), which represents an
increased cytosolic ROS, was seen in siNeg-transfected PECs (control)
versus siAQP1-transfected or Baco II-treated PECs in the presence of
exogenous HpO, (Fig. 1H). Not only in PECs, but AQP1 manipulation
through either siAQP1 or Baco II also significantly reduced trans-
membrane HyO, movement, as indicated by lower HyPer7.2 signal in-
tensity and slope in the cytosol of SECs (Fig. 1I and J). As a proof of
concept, CellRox fluorescence imaging showed similar results in SECs,
with a reduction in the number of CellRox" cells in response to siAQP1
or Baco II, consistent with the observations in PECs (Fig. 1K). These data
verify that both siAQP1 and Baco II could strongly disrupt AQP1 func-
tion and decrease the extent and velocity of HyO2 permeability in the
endothelial cells.

The positive association between endothelial AQP1 expression with
age in mice alongside concurrent endothelial dysfunction, underscores
the potential key role of AQP1 in induction of EC senescence and
vascular decline in aging.

2.2. AQP1 differentially regulates endothelial cell senescence

According to our findings revealing age-related increase in AQP1 in
aortic ECs, AQP1 likely play a pivotal role in senescence in these cells.
Therefore, we knocked down Agpl gene (with siRNA silencing) or
pharmacologically inhibited AQP1 (with Bacopaside II) to test hallmarks
of cellular senescence (Fig. 2A). Surprisingly, genetic silencing or
pharmacological inhibition of AQP1 exhibited differential effects on
cellular senescence in ECs, validating differential role of AQP1 in pro-
moting EC senescence. Accordingly, both siAQP1-transfected and Baco
II-treated PECs exhibited multiple premature senescence-like features
including increased numbers of SA--gal’ cells and y-H2A.X immuno-
fluorescence (Fig. 2B) comparable to what seen in PECs incubated with
H20, alone. We next sought to determine whether AQP1 disruption
contributes to cell-cycle arrest in PECs. As a result, a concomitant in-
crease in expression of cyclin-dependent kinase (CDK inhibitors)
p16NK4e p1gINKAd and p21WAFI/CPL 4t MRNA level was seen in PECs
exposed to either siAQP1 or Baco II (Fig. 2C). In addition, using a qPCR-
based assay, we detected the expression of various SASP components,
suggesting a positive correlation between AQP1 disruption and upre-
gulation of SASP genes, including Il1a, 1143, and IlI6 (Fig. 2D). Our
VCAM1 immunostaining also demonstrates an increase in VCAM1
expression in PECs subjected to either siAQP1 or Baco II (Fig. 2E). These
findings were consistent with our single-cell Raman spectroscopy data,
which reveal significant differences in the intracellular biochemical
content, particularly including lipids, proteins, and amino acids—that
may contribute to the SASP components—in siNeg-PECs compared to
those in AQP1-deficient PECs (Supplemental Figs. 3A and B). Peaks and
shifts in the spectra indicate differences in molecular composition,
potentially reflecting variances in protein and lipid profiles, namely
inflammatory cytokines, between the cell populations [24,25]. The
distinct Raman spectra seen in these two populations of PECs at specific
wavelengths represent disparate potential secretome that was visualized
by Raman Linear Discriminant Analysis (LDA). The score plots show that
data point clouds corresponding to siNeg- and siAQP1-PEC populations
were extremely different (Supplemental Fig. 3C).

By contrast, in replicative SECs, our data revealed that genetic or
pharmacological disruption of AQP1 markedly rescues cellular senes-
cence, representing by decreased numbers of SA-p-gal® cells (Fig. 2F)
and senescence-related morphological transformations. In line with this,
siAQP1 or Baco II strongly preserved telomere length by decreasing
v-H2A.X phosphorylation (Fig. 2F). Quantitative real-time PCR indi-
cated that AQP1 disruption effectively reduces mRNA levels of cell-cycle
arrest markers p16/™<4¢, p19'NK4d and p21WAFI/CP1 (Rig 2G), and sup-
pressed the SASP profile including Il1a, 111, and 116 (Fig. 2D) triggered
by replicative senescence. The latter was also confirmed by markedly
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lower VCAM1 immunofluorescence in SECs exposed to either siAQP1 or
Baco II as compared to that in siNeg-transfected SECs (Fig. 2I). In
addition, it is confirmed that the AQP1-deficient SECs demonstrate a
markedly different Raman spectral peaks and potentially intracellular
biochemical content compared to those in siNeg-SECs (Supplemental
Figs. 3A and B). Our LDA analysis also affirms distinct biochemical
signature of the data point clouds, identifying a low global similarity
between the endothelial cell populations (Supplemental Fig. 3C). These
spectroscopic dissimilarities hint the potential distinctions in cellular
function, metabolic activities, and overall biological heterogeneity
within the senescent cell populations. However, the LDA score plot re-
veals a marked overlap of data point clouds corresponding to siAQP1-
SEC and siNeg-PEC populations (Supplemental Fig. 3C).

Together, these data support a potential role of AQP1 in the regu-
lation of EC senescence: AQP1 is essential for maintaining EC prolifer-
ating state and may protect these cells against senescence process,
whereas AQP1 disruption is suggested to potentially rescue EC
senescence.

2.3. AQP1 differentially orchestrates endothelial energy supply and
angiogenesis

It has been postulated that endothelial cells undergo permanent al-
terations in their metabolic and redox states during aging [2,6]. The
stable ROS, Hy0,, at higher concentrations, alters mitochondrial dy-
namics, impairs respiratory chain activity, and disrupts redox homeo-
stasis [2]. It has become clear that disrupted mitochondrial respiration
and energy metabolism may drive cellular senescence and dysfunction
in these cells [26]. Given the evidence for facilitated HyO, transport
through AQP1 provided by our (Fig. 1F and G) and others studies, we
examined mitochondrial respiration in wild-type and AQP1-deficient
PECs and SECs using our standard Seahorse mitochondrial stress test
in a high glucose medium. Our assays displayed a significant decrease in
basal, and more strikingly maximal, respiration rates (up to 2-fold) in
siAQP1-transfected PECs compared with siNeg-transfected PECs
(Fig. 3A). Moreover, AQP1 knockdown caused a marked decrease in
spare respiratory capacity, with FCCP-stimulated oxidative phosphory-
lation (OXPHOS) uncoupling, accompanied by reduced ATP biosyn-
thesis (~1.90-fold) in PECs (Fig. 3A). In contrast to what seen in PECs in
the presence of siAQP1 or Baco II, our findings exhibited regulatory role
of AQP1 in mitochondrial respiration in an opposite fashion. Accord-
ingly, AQP1 deficiency by siAQP1 or Baco II significantly increased
maximal and spare respiration rates (91.4 % and 65.5 %, respectively) in
SECs as opposed to those in siNeg-SECs (Fig. 3B). Furthermore,
AQP1-KD could significantly generate higher ATP levels in SECs, which
supplies energy for cell migration and angiogenesis in senescent ECs
(Fig. 3B). Mitochondrial ATP biosynthesis serves as a critical energy
source driving EC migration and angiogenesis by fueling cytoskeletal
dynamics and supporting cellular processes essential for vascular
network formation [27,28]. In senescent ECs, compromised mitochon-
drial respiration and reduced ATP production may impair endothelial
cell migration and angiogenic capacity, contributing to dysfunctional
vascular remodeling [29,30]. Given the differential role of AQP1
orchestrating mitochondrial energy supply, we assessed how AQP1
regulates EC migration and angiogenesis in young and old aortas.

Our findings demonstrate a markedly lower migration of siAQP1-
transfected PECs (~2.75-fold), as seen in siNeg-SECs, compared to
siNeg-PECs, 16 h post-scratch. However, AQP1 silencing in SECs sur-
prisingly restored cell migration, represented by migrated area ratio,
which was greatly impaired during replicative senescence in ECs
(Fig. 3C). Next, we examined the effects of AQP1 on tube formation
capacity, an in vitro measure of angiogenesis, of PECs. In line with prior
findings of Saadoun et al. [16], PECs exhibited a significant decrease in
the number of tubes formed (~4-fold) in AQP1-deficient cultures at 16
h. However, siAQP1 could promote tube formation of SECs (103.5 %),
which was abolished in siNeg-SECs (Fig. 3D). To better define the
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Fig. 2. AQP1 differentially regulates endothelial cell senescence. A, Schematic diagram of the experimental setting: PECs were treated with exogenous H,0, (25
pM) for 24 h or Baco II (10 pM) for 72 h. Another subset of PECs was transfected with siNeg or siAQP1. At day 3, all cells were then subjected to senescence hallmarks
profiling. B, Left, Upper panel, Representative images show significant increase in the numbers of SA-B-gal™ cells in the Baco II- and siAQP1-exposed groups, at the
magnitude seen in H,0o-treated PECs, compared to siNeg-transfected PECs. Right, quantitative plots are shown for SA-p-gal™ cells (%) (n = 6). Left, Lower panel,
y-H2A.X immunostaining represent DDR in Baco II- and siAQP1-exposed PECs compared to siNeg-transfected PECs (n = 6). Quantitative y-H2A.X fluorescence
intensity normalized to DAPI are shown (n = 15-24). C, qPCR demonstrates that Baco II or siAQP1 treatment resulted in increased expression of CDK inhibitors
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pleiNK4a 1 gINKad ap g p21 WAFL/CPL i PECs. D, gPCR shows that SASP components genes IL1a, IL-1p, and IL-6 are significantly upregulated in Baco II- and siAQP1-
exposed PECs (n = 6). E, VCAM1 immunostaining shows its marked overexpression in Baco II- and siAQP1-exposed PECs compared to siNeg-transfected PECs (n = 6).
F, Schematic diagram of the experimental setting: SECs were incubated with exogenous HyO3 (25 pM) for 24 h or Baco II (10 pM) for 72 h. Other SECs were
transfected with siNeg or siAQP1. At day 3, all cells were then tested for senescence hallmarks. Left, Upper panel, Baco II or siAQP1 significantly decrease the
numbers of SA-p-gal™ cells compared to that in siNeg-transfected SECs. Right, quantitative plots are shown for SA-p-gal™ cells (%) (n = 6). Left, Lower panel, y-H2A.X
immunostaining represent a markedly suppressed DDR in Baco II- and siAQP1-exposed SECs as opposed to that in siNeg-transfected SECs (n = 6). Bar chart

demonstrates quantitative y-H2A.X fluorescence intensity normalized to DAPI (n = 18-23). G, Baco II or siAQP1 restored cell cycle, represented by reduced p1

6INK4a,

p19™K4d and p21WAF/CPL transcripts in SEGs. H, A significant decrease in transcription of SASP components IL1a, IL-1p, and IL-6 was seen in Baco II- or siAQP1-
exposed SECs compared to siNeg-transfected SECs (n = 6). I, VCAM1 immunostaining represents its marked downregulation in response to Baco II or siAQP1 in SECs
as opposed to that in siNeg-transfected SECs (n = 6). Data from in vitro cellular experiments represent triplicated biologically independent experiments. Scale bar, 50
and 200 pm. Error bars represent SD (B-D, F-H). P values were calculated using one-way ANOVA followed by Tukey’s post hoc test (B-D, F-H). (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001). Source data are provided as a Source Data file.

mechanism of AQP1 for angiogenesis, we established ex vivo culture
studies using aortas obtained from young and old mice. We demon-
strated that young aortic rings, which were transfected with siAQP1 for
48 h, exhibited markedly reduced endothelial sprouting to the magni-
tude seen in siNeg old aortic rings. On the other hand, AQP1-deficiency
greatly restored angiogenic capacity of old aortas, observed as increased
total numbers of sprouted endothelial cells, as opposed to those in siNeg
old aortic rings at 16 h (Fig. 3E).

2.4. AQPI1-regulated EC senescence is mediated by HDAC4-Mef2A
pathway

EC senescence is intricately characterized by profound epigenetic
alterations, particularly histone modifications, contributing to dynamic
comprehensive changes of gene expression profiles that orchestrate the
progression of vascular aging [23,31]. HDAC4 is a key regulator of
histone modifications and subsequent expression of the genes involved
in senescence-associated phenotypes in endothelial cells [23,32]. Our
and others studies suggest that post-translational modification of
HDAC4 may modulate histone acetylation states, impacting gene
expression patterns associated with endothelial cell senescence and
impaired angiogenesis [23,33]. In the present study, our findings
exhibited dual role for AQP1 in modulation of HDAC4-regulated
signaling pathway in ECs at proliferating and senescence states,
through controlling exogenous HyO; transport. We observed that AQP1
can potentially supply HyO2 from extracellular sources, which may
modulate the upstream regulators of HDAC4 post-translational modifi-
cation (phosphorylation) and the subsequent subcellular localization.
The HDAC4-mediated epigenetic alterations may regulate endothelial
signaling pathways rendering physiological function in PECs. Accord-
ingly, our results showed a marked increase in phosphorylation of
CaMKII at Thr286 and its downstream AMPK at Thr172, followed by
HDAC4 phosphorylation at Ser632 in PECs exposed to siNeg or HyO5
(25 pM) (Fig. 4A-D). Using siRNA directed against CaMKII and AMPK,
protein expression was suppressed by ~70-80 % compared with nega-
tive siRNA-transfected cells for up to 3 days post-transfection, leading to
a demonstrable reduction in phosphorylation of AMPK'? and
HDAC4%%32 in PECs, respectively (Supplemental Figs. 4A-C). In
siNeg-PECs, H204 regulates HDAC4 phosphorylation and its subsequent
nuclear export to the cell cytosol, thereby reducing the abundance of
HDAC4 in the cell nucleus compared to that in AQP1-deficient PECs
(Upper panel, Fig. 4G). As a proof of the concept, our phos-
pho-HDAC4%%%2 immunostaining verifies that siAQP1 elicits nuclear
localization of HDAC4 in PECs, whereas siNeg-PECS exhibit markedly
higher p-HDAC4%%32 immunofluorescence in the cell cytosol (Fig. 4H).
However, senescence-associated decrease in CaMKII-AMPK phosphory-
lation and the subsequent disruption of HDAC4 phosphorylation at
Ser632 in SECs was restored by siAQP1, leading to cytosolic localization
of HDAC4 (Lower panel, Fig. 4G) and higher p-HDAC4%%%2 immunoflu-
orescence in the cell cytosol (Fig. 4H). siAQP1-mediated reduction in
HDAC4 phosphorylation in PECs has been accompanied by a
de-repression of myocyte enhancer factor 2 A (Mef2a) and subsequent
increased Mef2A expression (Fig. 4A-E), which drives an

anti-inflammatory phenotype and physiological angiogenic activity of
endothelial cells [34]. Our supplementary data supports the notion that
HDAC4 is the upstream regulator of Mef2A. As seen in Supplemental
Fig. 4D, HDAC4 silencing results in downregulation of Mef2A, conse-
quently reduces eNOS phosphorylation at Ser1177 in PECs. Corrobo-
rating our findings, previous studies reveal that HDAC4 phosphorylation
on serine residues disrupts HDAC4-Mef2A complex and enhances Mef2A
activity, exacerbating tube formation capacity in endothelial cells [33].
Moreover, Mef2A has been recognized for its ability to delay endothelial
senescence and, consequently, is considered a potential plasma
biomarker for predicting coronary artery diseases in the elderly [35].
Our signaling studies demonstrate that stability of HDAC4-Mef2A
complex in AQP1-deficient PECs significantly suppresses eNOSSr1177
phosphorylation (Fig. 4A-F), which is normally seen in replicative se-
nescent ECs. On the other hand, we observed a reverse signaling pattern
in SECs. The Baco II- or siAQP1-mediated disruption of HDAC4-Mef2A
complex could increase Mef2A-regulated eNOS®!'”” phosphorylation
(Fig. 4A-F), which is crucial for physiological EC function and main-
taining these cells in proliferating state [23,36].

Our data support the notion that AQP1 differentially regulates pro-
tein kinases-mediated subcellular localization of HDAC4 and its control
on Mef2A-nitric oxide (NO) signaling axis in proliferating and senescent
ECs.

3. Discussion

In the current study, we found that aging enhances the distribution of
aquaporin 1 in aortic endothelial cells in mice. It was also verified in
replicative senescent ECs that exhibit higher AQP1 expression. Perhaps
the most striking finding is that AQP1 differentially orchestrates extra-
cellular HyO»-induced cellular senescence in ECs by upregulating CDK
inhibitors, SASP, and DNA damage responses. We also suggested a new
differential role for AQP1 in driving intrinsic angiogenic incompetence
in replicative SECs that is integral to vascular dysfunction. Our com-
bined cellular senescence, metabolic, and angiogenesis studies revealed
that AQP1 is crucial for a persistent proliferation and angiogenic ca-
pacity in ECs. Accordingly, Agp1 knockdown or selective blockade of
AQP1 induces morphological and mitochondrial alterations in aortic
ECs that lead to cellular senescence and consequently impairment of
angiogenesis. By contrast, age-related increase in AQP1 expression
promotes senescence phenotype and impaired energy homeostasis,
thereby fostering angiogenic incompetence. Our signal transduction
studies revealed that AQP1l-mediated HyO, transport differentially
modulates post-translational modification of multiple protein kinases
regulating HDAC4, as an epigenetic regulator of endothelial function
and angiogenesis. The HDAC4 (de)phosphorylation shuttles between the
cell cytosol and nucleus, which thereby regulates Mef2A transcription
and subsequent eNOS biology. Corroborating these results, our and
others’ previous studies demonstrated that accumulation of senescent
ECs plays a causative role in pathogenesis of vascular diseases such as
atherosclerosis [6,37]. Therefore, our findings provide a key patho-
physiological mechanism for the induction of endothelial senescence
and the development of atherosclerosis upon aging. Moreover, genetic
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Fig. 3. AQP1 differentially orchestrates endothelial energy homeostasis and angiogenesis. Mitochondrial respiratory rates in PECs (A) and SECs (B) exposed to
siNeg, H,0, alone (25 pM), Baco II, or siAQP1 was measured using Seahorse flux analyzer by Cell Mito Stress kit (n = 6). Bar charts reveal significant reduction in
oxygen consumption rate (OCR) represented by decreased maximal, basal, and spare reserve, and ATP biosynthesis in Baco II- or siAQP1-exposed PECs compared to
PECs transfected with siNeg. Moreover, H,O,-exposed PECs exhibit significantly lower OCR measures compared to siNeg-transfected counterparts. Conversely, Baco
I and siAQP1 restored mitochondrial respiration and markedly increased the OCR parameters in SECs as opposed to those in either siNeg-transfected or H,O,-treated
SECs (n = 6). C, Phase-contrast micrographs depict that siAQP1 significantly reduces cell migration in PECs, shown as larger areas of uncovered surface, to the
comparable level seen in siNeg-transfected SECs. While, SECs transfected with siAQP1 exhibited a marked increase in cell migration compared to siNeg-SECs. Right,
Bar chart represents the ratio of cell migrated area (n = 6). D, Phase-contrast images represent the 2-D matrigel tube formation of PECs (Upper) and SECs (Lower)
transfected with siNeg or siAQP1. Right, quantitative plot shows a significantly lower number of tubes formed by siAQP1-transfected PECs, while a markedly higher
number of tubes was observed in siAQP1-SEC group compared to siNeg-transfected cells (n = 6). E, Phase-contrast micrographs of the aortic rings from old and young
mice show that siAQP1 transfection of young aortas significantly decreases endothelial sprouting, whereas markedly increases angiogenic capacity in old aortas
compared to siNeg-transfected aortas. Bottom, quantitative plot is shown for the number of aortic endothelial sprouts (n = 6). Scale bars, 200 ym. Data were
determined in 6 micrographs from 3 different plates and represent triplicated biologically independent experiments. Error bars represent SD (A-E). P values were
calculated using one-way (A,B) and two-way (C-E) ANOVA followed by Tukey’s post hoc test. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not

significant). Source data are provided as a Source Data file.

or pharmacological AQP1 disruption can be potentially suggested as a
potential anti-senescence strategy for improvement of atherosclerosis
during aging.

Aquaporins have long been recognized as water transporters gov-
erning osmotic water movement in mammalian cells [38]. Among the 13
known AQP isoforms, AQP1, AQP3, AQP8, and AQP9 have been iden-
tified to potentially transport HoO5, expanding their role beyond water
transport through their intrasubunit pores [39]. Structural analyses in
both humans and mice support AQP1’s dual capacity for transporting
H20, and water [14]. While H,0, was traditionally believed to freely
diffuse across the plasma membrane, our HyPer7.2 real-time imaging in
endothelial cells, along with prior studies in cardiac myocytes [15],
suggests a specific role for AQP1 in directing H,O5 transport to various
subcellular compartments. AQP4, alongside AQP1, plays a role in os-
motic water transport within these cells [40]. Consequently, the deletion
of Agp1 may not significantly impact water movements. Notably, the
fact that AQP4 lacks the ability to transport HoO5 both elucidates the
distinct role of AQP1 in HyO5-regulated cellular events and implies that
the transport of HyO,, rather than water, by AQP1 is pivotal for
modulating cell signaling. Although little is known about the impact of
aging on AQP1 expression in vascular cells, studies showed increased
AQP1 expression in cardiac myocytes during aging, contributing to
myocardial ischemia in the elderly [20]. Our current findings reveal that

aging is associated with higher expression of AQP1 in aortic ECs in mice
exhibiting EC dysfunction. Our and others’ prior studies demonstrated
that HyO» drives epigenetic alterations and SASP, triggering EC senes-
cence and dysfunction [8,22,23]. Given that the accumulation of se-
nescent ECs underpins the pathogenesis of atherosclerosis and
atherosclerotic cardiovascular diseases [37], AQP1’s significance ex-
tends beyond its impact on osmotic water permeability in the regulation
of EC biology in aging.

Our findings show that, under proliferating conditions, the expres-
sion of AQP1 is relatively low in ECs whereas it increases in replicative
senescence ECs. This apparently boosts the transport of HyO» across
membrane boundaries, thereby accumulating HyO, within the SECs.
H30,, at physiological levels, stimulates EC proliferation and migration
as well as tube formation in an in vitro model of angiogenesis [41]. It has
been postulated that low concentrations of HyO5 are involved in
numerous signal transduction pathways, including CaMKII-eNOS,
fostering angiogenic capacity [42]. Corroborating with this, our re-
sults demonstrate that Agpl knockdown or AQP1 blockade inhibits
H,0; transport into PECs and remarkably reduces in vitro cell migration
and tube formation as well as ex vivo endothelial sprouting in young
aortas. It highlights the pivotal role of AQP1 in supplying Hy03, at
physiological levels, from extracellular non-enzymatic and enzymatic
sources, such as NOX2 and xanthine oxidase [43], for regulating EC
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Fig. 3. (continued).

migration and angiogenesis. In addition, the AQP1-deficient PECs
exhibited cellular senescence hallmarks encompassing increased
SA-p-galactosidase activity and proliferative arrest, represented by
increased expression of the CDK inhibitors p16™42 p19™NK4d a4
p21WAFL/CIPL - a1ong with DNA damage response (increased y-H2A.X
phosphorylation). Our in vitro studies strongly demonstrate excess SASP
responses by upregulating IL1a, IL1f, IL6, and VCAM1 in these cells.
These findings are consistent with the literature that indicates the
biphasic role of Hy0; in regulating EC functions. The role of hydrogen
peroxide (H203) in cellular senescence is complex and
context-dependent. Hy0,, at physiological concentrations, induces
oxidative eustress, while transient or sustained increases in HyO5 levels
may dysregulate redox homeostasis, leading to chronic oxidative
distress [44,45]. Our findings also strengthen the hypothesis that HyO,
loss in the cytosol of AQP1-deficient cells may induce reductive stress,
which causes a redox imbalance and impede cellular homeostasis [46].
These collectively disrupt normal signaling required for cell cycle
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progression (by upregulating p16™<** and p21WAF/CPly and DNA
repair, leading to cellular senescence [46,47]. Therefore, ensuring the
preservation of low Ho0; levels is essential for sustaining cellular pro-
cesses that maintain ECs in a proliferative state.

During aging, the accumulation of excessive ROS in the extracellular
space enhances the levels of advanced oxidation protein products
(AOPP) in ECs, which have been identified to accelerate senescence
process [48]. For instance, in atherosclerosis-prone apolipoprotein
E-deficient (ApoE_/ 7) mice fed a high-fat diet, AOPP attenuated auto-
phagy in aortic ECs, which leads to p53 SUMOylation at K386, ulti-
mately resulting in premature senescence [49]. HoO-induced oxidative
stress, along with suppressed activity of antioxidant defense, has been
found to stimulate p53-mediated mitochondrial oxidative stress through
destroying mitochondrial membrane potential and dysregulated energy
metabolism, triggering accelerated senescence and dysfunction, proven
as subclinical stage of atherosclerosis [50]. Corroborating our findings,
excessive HyOs-induced oxidative stress shuts down mitochondrial
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Fig. 4. Differential AQP1-mediated endothelial senescence is elicited by HDAC4-Mef2A pathway. A-F, Immunoblot analysis reveals the differential role of
AQP1 in the regulation of CaMKII-AMPK-mediated phosphorylation of HDAC4 at Ser632 and the subsequent Mef2A-eNOS phosphorylation in PECs versus SECs (n =
6). Data revealed that H,O, (25 pM) markedly increases CaMKII-mediated phosphorylation of AMPK, leading to HDAC4%32 phosphorylation and an increased
expression of Mef2A. This sequence reinforces eNOS phosphorylation at Ser1177 in PECs. However, silencing (siAQP1) or inhibiting (Baco II) AQP1 blocked the
permeability to H,O,, reducing CAMKII-AMPK-mediated phosphorylation of HDAG4%%2, and subsequently downregulating eNOS®!177 phosphorylation in these cells.
In contrast, in SECs exposed to siNeg or exogenous Hz05 (25 pM), there was a marked reduction in CaMKII-AMPK phosphorylation, thereby leading to a decreased in
Mef2A expression and further eNOS3'177 phosphorylation. These CaMKII-regulated epigenetic alterations and the subsequent eNOS dephosphorylation were reversed
by either siAQP1 or Baco II in SECs. G, Immunoblots (left) and quantitative plots (right) reveal that siAQP1 stimulates nuclear localization of HDAC4, represented as
increased expression in the nucleus, in PECs (top), while it facilitates nuclear export, represented as a decrease in HDAC4 expression in the cytosol, in SECs (bottom)
(n = 6). H, p-HDAC4 immunostaining shows that siAQP1 markedly decreases HDAC4 phosphorylation, facilitating its nuclear localization in PECs. However, siAQP1
transfection facilitates HDAC4 translocation towards the cell cytosol, shown as higher pHDAC4 fluorescence, in SECs (n = 6). Right, quantitative p-HDAC45632
fluorescence intensity normalized to DAPI are shown (n = 19-28). I, The mechanism underlying the differential contribution of AQP1 to endothelial cell senescence
and angiogenic capacity. AQP1 differentially orchestrates H,Os-mediated EC senescence. (Left) In PECs, AQP1 is crucial for HyO,-regulated CaMKII-AMPK
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stimulation and the subsequent HDAC4 phosphorylation (nuclear export), facilitating Mef2A expression and eNOS31177 phosphorylation. Agp1 silencing or phar-
macological inhibition of AQP1 promotes cellular senescence and impairs angiogenesis in these cells. (Right) In SECs, higher AQP1 abundance contributes to
oxidative stress that suppresses CaMKII-AMPK-mediated HDAC4 translocation, subsequently leading to reduced Mef2A expression and eNOS activation. Conversely,
AQP1 deficiency reduces intracellular ROS accumulation and thereby both reverses cellular senescence and restores angiogenic capacity in these cells. Scale bars, 50
pm. Data were determined in 6 micrographs from 3 different plates and represent triplicated biologically independent experiments. Error bars represent SD (B-G).
Continuous data are presented as mean + SD. Statistical analysis was performed with a two-tailed unpaired Student’s t-test (H) and one-way ANOVA followed by
Tukey’s post hoc test (B-F). (*P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant). Source data are provided as a Source Data file.

oxidative phosphorylation, resulting in impaired ATP biosynthesis in
SECs [23,51]. This substantiates the occurrence of mitochondrial
metabolic alterations in these cells, potentially contributing to dimin-
ished cell migration and compromised angiogenic capacity. Not sur-
prisingly, the heightened SASP observed in SECs, characterized by
increased levels of IL1a, IL1B, IL6, and VCAM, may be attributed to
ROS-induced mitochondrial damage and widespread mitochondrial
outer membrane permeabilization (MOMP). This process facilitates the
release of mitochondrial DNA (mtDNA) into the cell cytosol. The pres-
ence of mtDNA in the cytosol activates the cGAS-STING pathway,
thereby orchestrating SASP components such as IL6 and IL8, ultimately
promoting inflammatory responses [52]. Therefore, the inhibition of
H,0, transport into ECs can suggest a potential strategy to prevent EC
senescence and dysfunction. Accordingly, we showed that both Baco-
paside II-mediated AQP1 blockade and Agpl knockdown ameliorates
H05-induced oxidative stress and the subsequent senescence hallmarks
in SECs. In the AQP1-deficient SECs, we observed a restored prolifera-
tive arrest capacity, along with marked reduction in cell-cycle arrest
markers including p16™¥4, p19NK4d and p21WAFL/GPL - anq DNA
damage, which is probably mediated by downregulating p16™%*® and
plQINMd, Consistently, pl 6INK4a-expressing ECs demonstrate DNA
damage features, whereas elimination of the senescent ECs delays the
incidence of atherosclerosis and subsequently extends the median life-
span in progeroid mice [53]. Our findings further demonstrated that
AQP1 deficiency restores the profound reductions in maximal and spare
mitochondrial respiration seen in the SECs, suggesting that it reinforces
these cells to compensate for decreased ATP biosynthesis to maintain
cellular energy homeostasis essential for angiogenesis. In line with this,
restored mitochondrial respiration and energy supply in Bacopaside II-
or siAQP1-treated SECs is accompanied by a high energetic proliferating
state, governing a marked increase in pro-angiogenic efficiency. Addi-
tionally, our AQP1-deficiency interventions restored aortic endothelial
sprouting ex vivo in old mice, supporting cytoskeletal dynamics and
formation of new blood vessels for recovery of ischemic vascular dis-
eases in older adults [54]. In these clinical scenarios, impaired angio-
genesis fails to elicit the necessary compensatory mechanisms required
for augmenting blood supply in conditions characterized by reduced
blood flow and compromised tissue perfusion [55]. This deficiency un-
derscores the urgency of understanding and harnessing angiogenesis as a
successful treatment of aging-related cardiovascular pathologies.

Here, we grappled with the endeavor to unravel a fundamental
question: “how does AQP1 differentially modulate cellular function in
both proliferating and senescent ECs?” Based on the literature, AQP1 is
co-localized with enzymatic sources of ROS, including NOX2, in
caveolae-enriched membrane fractions that enhance ROS-sensitive ki-
nases signaling cascades [15]. These kinases, in a downstream manner,
are instrumental in eliciting cellular senescence and dysfunction pro-
cesses. Hence, our inquiry focused on elucidating the answer to this
question through an examination of HyOg-regulated kinases that
modulate eNOS signaling in ECs. We first observed that protein kinase
CaMKII is phosphorylated at Thr286, which thereby stimulates the
phosphorylation of its downstream energy sensing and signaling regu-
lator AMPK at Thr172 in the presence of HpO; in PECs. This was fol-
lowed by post-translational modification of HDAC4, the epigenetic
regulator of eNOS signaling pathway. Our findings showed that AQP1 is
essential for HDAC4 phosphorylation at Serine site 632, which subse-
quently controls its nuclear export, in proliferating ECs. It returns to the
fact that redox/metabolic status in ECs orchestrates permanent changes
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in their epigenetic programming [2]. The CaMKII-mediated hierarchical
phosphorylation of HDAC4%%2 facilitates its subcellular localization
[23]. In accordance to our and others’ previous studies, HoO5 regulates
HDAC4 shuttle between cell cytosol and nucleus through two potential
mechanisms, one direct oxidation of HDAC4, and another one
H0,-regulated phosphorylation of HDAC4 in ECs [23,33]. Matsushima
and colleagues discovered that phosphorylation of HDAC4, secondary to
its oxidation, facilitates nuclear export in cardiac myocytes [56].
Moreover, oxidized HDAC4 has been shown to interact more easily with
protein kinases of the CaMKII family. Consistently, our prior investiga-
tion demonstrated that gut-derived phenylacetic acid, by
NOX4-mediated H20, generation, both oxidizes and phosphorylates
(through CaMKII stimulation) HDAC4, facilitating its cytosolic accu-
mulation in PECs [23]. We next observed that HDAC4 nuclear export
facilitates de-repression of Mef2A in PECs. It has been previously
postulated that HDAC4 physically interacts with Mef2A and forms
HDAC4-Mef2A complex, which is potentially disrupted by HyO, in ECs.
Indeed, unbinding of HDAC4 to Mef 2 in the nucleus causes an increase
in Mef2A transcriptional activity, leading to an anti-inflammatory state
and increased tube formation potential in the cells [33]. In PECs,
de-repression of Mef2A was accompanied by increased phosphorylation
of eNOS at specific site Ser1177, which has long been recognized to play
a crucial role in physiological EC function and angiogenesis. Conversely,
in AQP1-deficient PECs, lower intracellular H,O, contributes to a
marked decrease in phosphorylation of protein kinase CaMKII and its
downstream AMPK. Both HO, loss and reduced activation of
CaMKII-AMPK inhibit the HDAC4 post-translational modification that
preserves HDAC4-Mef2A complex in the nucleus, ultimately suppressing
phosphorylation responses on eNOS3"1177_ As reported previously, ge-
netic deletion of eNOS disrupts VEGF-induced angiogenesis in vivo,
whereas phosphorylation of eNOS at Serl177, but not Thr495, by
multiple protein kinases increases neovascularization in ischemic tissues
[571. The findings, therefore, boost our understanding of the primordial
role of AQP1, as a redox-epigenetic regulator of endothelial function in a
youthful state. However, it elucidates only a sequence of the whole
scenario of AQP1 in the regulation of EC senescence and function. Our
findings reveal that AQP1 plays a differential role in orchestrating
Mef2A-eNOS signaling in SECs compared to PECs. Specifically, SECs
expressing higher levels of AQP1 exhibit a notable decrease in phos-
phorylation responses at specific sites on CaMKII and AMPK (Thr286
and Thr172, respectively). Excessive HyO2 and other ROS within SECs
disrupt the phosphorylation responses of these protein kinases. This
observation aligns with our recent studies indicating that CaMKII
phosphorylation declined in SECs, in which mitochondrial ROS induces
oxidative stress [23]. The diminished CaMKII phosphorylation due to
oxidative stress can impair its downstream signaling cascades, contrib-
uting to endothelial dysfunction [58]. Accordingly, prior in vitro studies
revealed that higher concentrations of HyO2 (>10 pM) inhibit AMPK
phosphorylation at Thr172 across various human endothelial cell types
[59]. Additionally, exposure to HyO, induces morphological changes
indicative of cellular senescence in NIH-3T3 cells within three to five
days, characterized by enlarged and flattened morphology. This senes-
cent phenotype is accompanied by a notable decrease in phosphorylated
AMPKa (Thrl72) levels and decreased activity, alongside reduced
transcriptional levels of genes regulating fatty acid p-oxidation.
Conversely, activation of AMPK has shown potential in preventing
H05-induced senescence in these cells [60]. In the presence of excess
H;0,-induced oxidative stress and subsequent absence of CaMKII-AMPK
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activation, HDAC4 becomes dephosphorylated and thereby accumu-
lated in the nucleus at the magnitude seen in AQP1-deficient PECs.
Indeed, HDAC4 dephosphorylation is a prerequisite for Mef2A repres-
sion and further decrease in eNOS%*™177 phosphorylation in SECs that
exhibited a disrupted angiogenesis. Our findings, in turn, revealed that
AQP1 blockade or Agpl knockdown, by upregulating CaMKII-AMPK
phosphorylation, enhances HDAC4%%%2 phosphorylation and stabilizes
its cytosolic localization, which thereby increases Mef2A expression in
SECs. Indeed, the outcome was an increase in eNOS phosphorylation at
Ser1177, which can regulate endothelial sprouting and neo-
vascularization in vivo through enrichment of genes related to cell po-
larity such as Partitioning Defective (PARD) family detected at the
single-cell level [61]. eNOS has also been shown to regulate angiogen-
esis in a hind limb ischemia model, in which the EC-specific knockout of
Racl, a Rho family member, reduces eNOS activity and NO generation
that finally abolishes aortic capillary sprouting and peripheral neo-
vascularization [62]. Therefore, in addition to restoration of mito-
chondrial respiration and energy supply, AQP1 deficiency may restore
angiogenic capacity of ECs likely through disrupting HDAC4-Mef2A
complex and increasing eNOS function. Our findings suggest AQP1
blockade or Agpl deletion as effective senotherapeutic strategy with
potential of pro-angiogenic efficiency for recovery of ischemic vascular
diseases such as coronary artery disease and peripheral arterial disease
in older adults.

Taken together, our findings reveal that peroxiporin AQP1 is a key
regulator of cellular senescence and angiogenic capacity in endothelial
cells through intracellular HoO5 modulation and subsequent differential
regulation of epigenetic signaling and mitochondrial function in aging.
We also propose that AQP1 disruption holds a promise to rescue repli-
cative senescence and restore energy homeostasis and function in
endothelial cells. Our studies open an avenue to complement the seno-
therapeutic armamentarium with specific AQP1 blockade for the pre-
vention of endothelial senescence and improvement of angiogenic
potential in older adults at higher risk for ischemic vascular diseases.

4. Methods
4.1. Mice

Our research complies with all ethical regulations approved by the
Institutional Animal Care and Use Committee at University of Zurich.
Animal care and all experimental protocols were in accordance to the
Directive 2010/63/EU of the European Parliament and of the Council of
September 22, 2010 on the protection of animals used for scientific
purposes.

8 week old wild-type C57BL/6 J female and male mice were pur-
chased from the Jackson Laboratory and maintained in our facilities for
specific times for normal aging modeling. All mice were individually
housed in controlled environments in plexiglass cages under a strict 12
h:12 h light/dark cycles at an ambient temperature of 23 + 1 °C and
humidity of 55 + 10 %, and fed standard chow diet (including 19 %
Protein, 61 % Carbohydrate and 7 % Fat, #D11112201, Research Diets,
New Brunswick, NJ, USA) until 3 (as Young) or >24 (as Old) months of
age. Mice had access to drinking water and food ad libitum. The animals
were monitored for body weight during their lifespan. The investigators
in this study worked in a double-blinded manner.

4.2. Tissue harvesting

Mice were euthanized by CO5 inhalation in an area separate from the
housing facility. Heart was perfused with normal saline and aorta was
harvested, followed by removal of adhering connective and fat tissues.
Aortas were kept in Opti-MEM +2.5 % (v/v) fetal bovine serum (FBS) for
ex vivo vasorelaxation and aortic endothelial sprouting. For immuno-
histochemical and signaling analyses, aortic tissues were quickly fixed in
10 % formalin or snap-frozen in liquid nitrogen followed by storage at
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—80 °C, respectively.

4.3. Cell line

The primary human aortic endothelial cells (HAEC) were grown in
EBM-2 endothelial cell growth basal medium supplemented with EGM-
2 cell growth supplement pack containing FBS (10 % v/v), L-glutamine
(2 mM) and penicillin-streptomycin (100 pg/mL) and incubated at 37 °C
in 5 % CO2. The cell line was tested to exclude any positive status for
mycoplasma. Cells were studied in passages 4-5 (proliferating) and
15-17 (replicative senescence). The cellular senescence was verified by
SA-B-galactosidase staining and immunoblots of p21WAF1/ Cipl [23].

4.4. Endothelial cell senescence models

4.4.1. Replicative senescence

HAEC (p.4 or p.5) were seeded in 100 % EGM-2 at a density of 5000
cells/cm? and the culture medium was changed every 48 h. To generate
the corresponding proliferative control (PEC), cells were trypsinized and
cultured in a growth medium for 48 h to proliferate. In parallel, we
continued cell passage every 48 h until the proliferation is suppressed
and replicative senescence phenotype (due to repetitive passages) is
proved (SEC; p.15 to p.17). The cellular senescence was verified by SA-
B-galactosidase staining.

4.4.2. H,0s-induced premature senescence

In order to induce premature senescence, proliferating HAEC (p.4 or
p.5) were cultured in 100 % EGM-2 with 10 % fetal bovine serum (FBS)
and treated with exogenous HyO3 (50 uM). After 4 h, the culture medium
was changed, and cells were kept on culture for up to 72 h.

4.5. SA-p-galactosidase staining

Cultured HAEC cells were stained for SA-B-galactosidase according
to the manufacturer’s protocol (Merck Millipore). Briefly, cells were
fixed for 15 min and then stained with SA-p-gal detection solution
overnight at 37 °C. Senescent cells, illuminated as blue-stained cells,
were captured under a light Olympus microscope and analyzed using
ImageJ software.

4.6. CellRox green staining

Cells were grown to confluence in growth medium and treated with
CellROX® Green reagent at a final concentration of 5 pM (Invitrogen,
C10444) for 30 min at 37 °C to detect intracellular ROS by a Leica TCS-
SP8 fluorescence microscope. The fluorescence intensity was evaluated
using ImageJ software.

4.7. HyPer7.2 fluorescence imaging

The cells expressing adenovirus serotype 5 (AV5)-HyPer7.2 targeted
to the cell cytosol at a MOI of 1000 were treated with siNeg, siAQP1 or
Bacopaside II (in the presence of 50 pM H202). Cells were then washed
and incubated in a HEPES-buffered solution containing 140 mM NaCl, 5
mM KCl, 2 mM CaCly, 1 mM MgCl,, 10 mM p-glucose and 1 mM HEPES
(pH 7.4) for 2 h at 37 °C. Coverslips were mounted on a live-cell imaging
platform that allowed for stable superfusion.

For real-time fluorescence imaging, the ratiometric HyPer7.2
biosensor was excited at 420 nm and 490 nm, and emission was recor-
ded at 530 nm using Metafluor Software, as previously described [11,36,
63]. The cytosolic HoO, measurement was performed with a 20X oil
immersion objective. Following background subtraction, mitochondrial
H,0, was defined as R/Ry, ratio, where R is the ratio of the 490 nm to
the 420 nm signals and Ry is the baseline 490/420 ratio.
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4.8. siRNA transfection

HAECs were grown to 70-80 % confluence for transfection with
OnTARGETplus short-interfering RNA (siRNA) smart pool (Dharmacon)
targeting AQP1 (siAQP1, L-021494-00-0005), AMPKa (siAMPKa, L-
005027-00-0005), and Mef2a (siMef2a, L-009362-00-0005) in the
presence of exogenous H202. OnTARGETplus Non-targeting scrambled
control siRNA (siNeg, D-001810-10-05) was utilized for as negative
control. Cells were transfected with siRNA using Lipofectamine RNAi-
MAX transfection reagent (Invitrogen) according to the manufacturer’s
protocols. After 48 h, HAECs were collected for subsequent analysis. The
silencing efficiency was confirmed by immunoblots.

4.9. Antibodies

Antibodies against phospho- AMPKa Thr172 (1:1000; 2535), total-
AMPKa (1: 1000; 2532), phospho-eNOS Ser1177 (1:1000; 9517),
phospho-eNOS Thr495 (1:1000; 9574), total-eNOS (1: 1000; 32,027),
Histone H3 (1:1000; 9715), Mef2a (1:1000; 9736), and phospho-Histone
H2A.X Ser 139 (1:100 and 1:1000; 80,312) were purchased from Cell
Signaling Technology; antibodies against VCAM-1 (1:100, 1:200 and
1:1000; MA5-31965), and VE Cadherin (1:100; PA5-19612) were ob-
tained from Invitrogen; antibody against AQP1 (1:750 and 1:1000;
ab168387), phospho-HDAC4 Ser632 (1:250 and 1:1000; ab39408), and
total-HDAC4 (1:1000; ab12172) were obtained from abcam; antibody
against CD31 (1:50; DIA-310) was purchased from Dianova; antibody
against H3ac (Pan-Acetyl) (1:500; sc-518,011) was obtained from Santa
Cruz Biotechnology; antibody against p16™*A (1:100; ZRB1437) was
purchased from Merck Millipore; antibodies against goat anti-rabbit
IgG-HRP (1:2000; 4030-05) and goat anti-mouse IgG-HRP (1:2000;
1036-05) were purchased from Southern Biotechnology.

4.10. Immunoblotting

Proteins were extracted from in ice-cold RIPA lysis buffer (Thermo-
Fisher Scientific) or nuclear and cytoplasmic extraction reagents (for
protein isolation from nuclear and cytosolic fractions) supplemented
with protease and phosphatase inhibitors cocktails (ThermoFisher Sci-
entific). Equal amounts of protein lysates (20 pg) were separated in 10 %
SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad). The
membranes were incubated with specific primary antibodies (1:1000)
overnight at 4 °C and then with corresponding horseradish peroxidase
(HRP)-labeled secondary antibodies (1:2000) for 1 h. The protein bands
were visualized using an Immobilon Western HRP substrate Crescendo
and Forte Reagents and Amersham Imager 600 (GE Healthcare).
Quantitative densitometric analyses were performed using ImageJ
software.

4.11. Real-time quantitative PCR

Total RNA from cells and aortas was extracted using TRIzol Re-
agent® (Sigma-Aldrich), according to the standard protocol previously
described [64]. cDNA was synthesized using High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) and amplified in a
StepOnePlus RT-PCR thermocycler (Applied Biosciences) with Power
SYBR Green PCR Master Mix (Thermo Fisher Scientific). Genes of in-
terest were amplified with the corresponding gene-specific pairs of
primers designed according to the coding strand of genes in the National
Center for Biotechnology Information (NCBI) database using Integrated
DNA Technologies (idtdna) and listed in Supplementary Table 1.

4.12. Opal multiplex immunofluorescence
Murine aortas and aortic endothelial cells were formalin-fixed and

paraffin-embedded. Experimental sections (4-pm thickness) and positive
tissues were stained with specific primary antibodies followed by Opal
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multiplex immunostaining system (Akoya Biosciences) to generate the
stained slides. The staining conditions for all primary antibodies were
optimized using chromogenic DAB detection (Leica Biosystems). Using
an Opal 7-Color Automation IHC Kit (Akoya Biosciences), Opal single-
plex and multiplex for initially-optimized antibodies AQP1, CD31,
p16™K*A vCcAM1, and y-H2A.X5¥'3° as well as DAPI (for nuclear
counterstaining) were conducted on a Leica Bond Rx automated autos-
tainer (Leica Biosystems). The panel of primary antibody/fluorophore
pairs was applied to spectrally co-localize them in the same cellular
compartment (AQP1/Opal 480, CD31/Opal 480, p16™¥4A/Opal 520,
VCAM1/Opal 570, y-H2A.X5¥!3%/0pal 690), as recommended by the
manufacturer. All multiplex immunofluorescence slides were scanned
on a Vectra Polaris Automated Quantitative Pathology Imaging System
(Akoya Biosciences) at x 20 magnification, which generates a single
unmixed image tiles using Phenochart (Version 1.2.0, Akoya Bio-
sciences). Images were automatically stored on a secure networked
server for further analysis.

4.13. Seahorse mito stress assay

HAECs were seeded at a density of 5000 cells/well per on Seahorse
XF24 tissue culture plates (Seahorse Bioscience). On the day of experi-
ment, cells were washed and medium was replaced with culture medium
supplemented with 25 mM glucose, 2 mM glutamine and 1 mM pyruvate
(pH 7.4). For a standard mitochondrial stress test, oligomycin (1 pM), an
ATP synthase blocker, FCCP (3 pM), oxidative phosphorylation uncou-
pler, and Antimycin A/Rotemnone (0.5 pM for each), complex IIl/
complex I inhibitor, are injected to assess oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) over a 3-min period.
At any condition, 5 consecutive measurements of OCR and ECAR are
done. Data are normalized to total protein/well.

4.14. Single-cell Micro-Raman spectroscopy

HAECs (both proliferating and replicative senescent cells) were
seeded on sterile p-channel slide with a 0.17 mm thick borosilicate glass
bottom (BBiospex®, microphotonX GmbH, Tutzing, Germany) to 70-80
% confluence in EGM-2 with 10 % FBS for further transfection with
siNeg and siAQP1. After 48 h, the cells were washed with PBS and fixed
with 4 % paraformaldehyde (PFA) for 15 min at 4 °C. Cells were sub-
jected to Raman spectroscopy using the Raman microscopic-laser trap-
ping system (Biospex®, microphotonX GmbH, Tutzing, Germany) with
an inverted microscopic setup. Raman spectra were captured using a
laser (at 785 nm and 80 mW laser power; TOPTICA Photonics AG,
Graefelfing, Germany) for 10-sec acquisition, with 3 accumulation sig-
nals using a 60 x water immersion objective (1.1 NA, 0.2 WD)
(Olympus, Hamburg, Germany). Cells were trapped in the laser focal
point using optical trapping capability. At least 20 cells were randomly
selected and measured in two distinct areas, one in the center and the
other one near the cell membrane, in order to collect both cytoplasmic
and nuclear spectral features.

4.15. Raman spectra analysis

The Raman spectral data were processed and analyzed using the
mpX-RamSES software (microphotonX GmbH, Tutzing, Germany; http
s://www.microphotonx.com/products-1). The Raman spectra were in
a range of 480-1800 cm™! containing the biological-relevant spectral
bands. Baseline correction was also performed using an asymmetric least
squares fit, and the spectra were smoothened with a median filter. Next,
the spectra were interpolated to continuous wave numbers and
normalized by implementing unit vector normalization. The mpX-
RamSES was also used for cellular and data visualization. Linear
Discriminant Analysis (LDA) score plotwas then applied to illuminate
the differences among the studied groups. Hierarchical cluster analysis
(HCA) was applied as an unsupervised statistical analysis and clustering
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method to separate the Raman spectra based on the different spectral
observations into different clusters.

4.16. Endothelial cell migration assay

The HAECs were seeded 24 h before treatment until they become
confluent. Cell monolayer migration in response to a cell-free gap
created by a sterile 200 pl pipet tip was assessed, as previously
described. Images were continuously obtained at 6.4x magnification
every 15 min from time point t = 0 to t = 16 h post-scratch using an
incubator-equipped (humidified atmosphere, 37 °C, 5 % CO,) phase-
contrast live cell imaging microscope (Olympus IX81) with the Hama-
matsu (C11440) detector at 1-megapixel (1024*1024 pixel) 16 bit. The
migrated area ratio at 16 h was measured using ImageJ software.

4.17. Endothelial tube formation assay

The angiogenic capacity of endothelial cells represented as the
number of tubes formed was examined in HAECs seeded onto Matrigel
(Corning® Matrigel®-356,234) at the sub-confluent level. Images were
continuously recorded at 6.4x magnification every 15 min from t = 0 to
t = 16 h using an incubator-equipped phase-contrast Olympus 1X81
microscope with the Hamamatsu (C11440) detector at 1-megapixel
(1024*1024 pixel) 16 bit, and analyzed using ImageJ Angiogenesis
Analyzer software.

4.18. Ex vivo aortic ring sprouting assay

Aortic ring sprouting was assessed, as previously described. Frag-
ments of murine aortas (2-mm) were cultured onto Matrigel and sub-
sequently imaged daily (for 5 days) using an incubator-equipped phase-
contrast Olympus IX81 microscope, followed by the analysis of the
number of aortic sprouts.

4.19. Ex vivo endothelium-dependent relaxation assay

The murine aortas at equal lengths (2 mm) were cut and mounted in
a 5-ml organ chamber filled with Krebs-Ringer bicarbonate solution
(118.6 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM KH5POy, 1.2 mM
MgS0y4, 25.1 mM NaHCOs, 2.6 pM EDTA, 10.1 mM glucose; 37 °C, pH
7.4), and bubbled with 95 % O3, 5 % CO.. Aortic rings were connected to
an isometric force transducer (PowerLab 8/30 and LabChart v7.2.5, AD
Instruments, Inc.) for continuous isometric tension recording (Multi-
Myograph 610 M, Danish Myo Technology, Denmark). Concen-
tration-response curves were obtained in responses to increasing con-
centrations of acetylcholine (Ach, 10~° to 107> M; Sigma-Aldrich).

4.20. Statistical analysis

Statistical differences were analyzed by unpaired two-tailed Stu-
dent’s t-test, two-tailed Mann-Whitney U test, and one-way or two-way
Analysis of variance (ANOVA) followed by Tukey’s post hoc multiple
comparison tests. At least three independent triplicated experiments
were performed for each experimental set-up. Statistical analysis was
performed using GraphPad Prism 8 software (v.8.0.1, La Jolla, CA,
USA). The Raman spectra were analyzed using the mpX-RamSES soft-
ware (microphotonX GmbH, Tutzing, Germany; https://www.micropho
tonx.com/products-1). Data are expressed as mean + SD or SEM, and P
< 0.05 was defined as statistically significant, indicated as P < 0.05 as *;
P < 0.01 as **; P < 0.001 as ***; P < 0.0001 as ****,
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