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CARDIAC HYPERTROPHY

Inhibition of aquaporin-1 prevents myocardial
remodeling by blocking the transmembrane
transport of hydrogen peroxide
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Pathological remodeling of the myocardium has long been known to involve oxidant signaling, but strategies
using systemic antioxidants have generally failed to prevent it. We sought to identify key regulators of oxidant-
mediated cardiac hypertrophy amenable to targeted pharmacological therapy. Specific isoforms of the aquaporin
water channels have been implicated in oxidant sensing, but their role in heart muscle is unknown. RNA sequencing
from human cardiac myocytes revealed that the archetypal AQP1 is a major isoform. AQP1 expression correlates
with the severity of hypertrophic remodeling in patients with aortic stenosis. The AQP1 channel was detected at
the plasma membrane of human and mouse cardiac myocytes from hypertrophic hearts, where it colocalized with
NADPH oxidase-2 and caveolin-3. We show that hydrogen peroxide (H,0;), produced extracellularly, is necessary
for the hypertrophic response of isolated cardiac myocytes and that AQP1 facilitates the transmembrane trans-
port of H,0, through its water pore, resulting in activation of oxidant-sensitive kinases in cardiac myocytes. Struc-
tural analysis of the amino acid residues lining the water pore of AQP1 supports its permeation by H,0,. Deletion
of Agp1 or selective blockade of the AQP1 intrasubunit pore inhibited H,0, transport in mouse and human cells
and rescued the myocyte hypertrophy in human induced pluripotent stem cell-derived engineered heart muscle.
Treatment of mice with a clinically approved AQP1 inhibitor, Bacopaside, attenuated cardiac hypertrophy. We
conclude that cardiac hypertrophy is mediated by the transmembrane transport of H,0, by the water channel
AQP1 and that inhibitors of AQP1 represent new possibilities for treating hypertrophic cardiomyopathies.

INTRODUCTION different myocardial cell types remain unclear. This may explain the

Myocardial remodeling is a prequel to heart failure. It involves pro-
found structural and functional alterations in cardiac tissue driven by
hemodynamic stress, inflammation, and neurohumoral stimulation.
Hypertrophy of cardiac myocytes largely contributes to alterations
in ventricular compliance that, combined with gene expression re-
programming and loss of contractility, leads to loss of diastolic and
systolic functions (1, 2). Oxidative stress is a common pathogenic
feature underlying these phenomena, but the actual identity, sources,
and distribution of the reactive oxygen species (ROS) involved in

failure of previous clinical trials in which antioxidants have been
applied systemically (3, 4), pointing to the need for a more detailed
understanding of ROS signaling and regulation in the myocardium.

There are many potential sources of ROS in the stressed myocar-
dium, either from paracrine sources (e.g., from inflammatory cells)
or from within cardiac myocytes themselves. Mitochondria, xanthine
oxidoreductase, reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases, and uncoupled nitric oxide synthases
(NOSs) all are recognized producers of ROS in different compartments
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of cardiac myocytes. Recent advances have highlighted the patho-
genic role of ROS and nitrosating species in the development of
heart failure (5, 6), specifically of hydrogen peroxide (H,0) in
cardiac myocytes (7, 8). The identification of key regulators of its
distribution, particularly in specific subcellular compartments, is
paramount for the design of targeted therapies.

Aquaporins (AQPs) are a family of water channels with large
tissue/cell distribution (9). Several isoforms are expressed in cardiac
and vascular tissues, e.g., AQP1, AQP4, AQP7, and AQPS8 in the
mouse heart (10). Some AQP isoforms may transport other mole-
cules in addition to water, e.g., glycerol for the “aquaglyceroporins”
(AQP3, AQP7, AQPY9, and AQP10) or ammonia and/or H,O, for
the “peroxiporins” (11). The latter include AQP3 (12), AQPS8 (13),
and AQP9 (14), which were shown to mediate H,O, import and/or
signaling in inflammatory or cancer cell lines in vitro. Whether
these or other AQP isoforms mediate oxidant signaling in specific
cardiac cell types is unknown. No cardiac phenotype has been de-
scribed so far in mice after knockout of Agp8 (15), Aqp3, or Agp9
(16). Conversely, genetic deficiency in Agp1 results in microcardia,
with smaller cardiac myocytes compared with wild-type littermates
(10, 17). AQP1I transcripts were also found to be expressed in the
stressed human myocardium, including failing hearts (18, 19),
without clear identification of the cell type of origin. Moreover, the
role of AQP1 in the modulation of cardiac myocyte hypertrophy is
unknown, let alone its involvement in H,O; transport in the heart.

Fig. 1. Expression of AQP1 A
inhuman and mouse car-
diac myocytes and rela-
tionship to hypertrophy.
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RESULTS

AQP1 expression in mouse and human cardiac myocytes

and relationship to myocardial hypertrophy

The mouse heart expresses transcripts for Agpl, Aqp4, Aqp7, and
Aqp8, as detected by reverse transcription quantitative polymerase
chain reaction (RT-qPCR), as well as the corresponding proteins by
immunoblotting (10). However, only AQP1, AQP4, and AQP7 pro-
teins are found in plasma membrane fractions, whereas AQP8 is
detected exclusively in cytosolic membrane fractions (10), including
the endoplasmic reticulum (19). We first confirmed the expression
of AQP1 and AQP4 proteins in isolated adult mouse cardiac myo-
cytes (Fig. 1A and fig. S1A). We next analyzed AQP transcripts dif-
ferentially expressed in human cardiac myocytes from healthy and
hypertrophic hearts (Fig. 1B). Human hypertrophic myocardium
expressed genes typically associated with remodeling (NPPA, NPPB,
MYH?7, and TNNT2), as expected (fig. S1B). To restrict our analysis
to cardiac myocytes, cell-specific RNA was isolated from flow-sorted
pericentriolar material 1-positive cardiac myocyte nuclei, and the
transcriptome was profiled by RNA sequencing (RNA-seq). This
approach allows isolation of RNA highly enriched in marker genes
and processes that are specific to cardiac myocytes (20). Among all
AQP isoforms, we found AQPI to be actively transcribed in healthy
and hypertrophic myocytes (Fig. 1B and fig. S1, C and D). Further
analysis restricted to mature RNA by RT-qPCR from the same
nuclei revealed AQPI to be up-regulated in hypertrophic myocytes
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circles) and left ventricle (LV) hypertrophic myocardium (closed circles; means + SEM; N = 4 independent experiments, each running a healthy and a hypertrophic sample
in parallel). Intronic and exonic reads were counted. (C) Human total heart mass as measured postmortem (table S1; N=5 patients each). (D) AQPT mature mRNA expres-
sion in healthy versus LV hypertrophic PCM1* nuclei as measured by RT-qPCR and normalized to the geometric mean of GAPDH, ACTB, and B2M. Each dot is representative
of triplicate measurements by RT-qPCR; N =5 patients each, from (C). *P < 0.05 by Student’s t test. (E) Representative histological section of human LV healthy (top) and
hypertrophic (bottom) myocardium from a patient with aortic stenosis [green staining, AQP1; red staining, wheat germ agglutinin (WGA); blue staining, DAPI]. Scale bars,
10 uM. Neg Ctl, immunostaining without primary AQP1 antibody in presence of secondary antibody. (F) Correlation between abundance of human AQPT transcripts in
biopsy samples of LV myocardium and LV mass, measured preoperatively by echocardiography. Each dot is representative of triplicate measurements by RT-qPCR (nor-

malized to GAPDH). N = 26 patients.
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(Fig. 1, C and D), whereas other highly expressed AQP isoforms
(AQP4, AQP7, and AQPY) were unchanged (fig. S1, E to G). Gene
ontology pathway analysis revealed an enrichment of biological pro-
cesses related to oxidative stress in cardiac myocytes from hypertrophic
myocardium (fig. S1H). We confirmed AQP1 protein expression at
the peripheral membrane of human cardiac myocytes in biopsy
specimens from patients with or without cardiac hypertrophy (Fig. 1E).
Moreover, RT-qPCR analysis of mRNA isolated from biopsy samples
from patients with aortic stenosis revealed a positive correlation
between AQPI1 mRNA expression and degree of hypertrophy (as
measured by preoperative echocardiography) (Fig. 1F), further
suggesting relevance to human pathology.

Attenuated hypertrophy in AQP1-deficent mice

We next used Agp1-deficient mice to test the function of AQPI in
the development of hypertrophy in vivo. Knockout (Agp1™"), hetero-
zygous (Agp1™’; with 50% reduction of AQP1 protein; fig. S2A), and
wild-type (Agp1**) littermates were either subjected to transverse
aortic constriction (TAC; Fig. 2, A to I) or minipump infusion of
angiotensin II (Ang II; Fig. 2, ] to L). The dose of Ang II (2.0 mg/kg
per day for 2 weeks) was selected on the basis of preliminary exper-
iments, showing similar hypertrophy at this dose compared with 1.2 or
2.0 mg/kg per day for 4 weeks in this SV129 mouse background.
Both TAC and Ang II infusion induced the expected hypertrophic
remodeling, including myocyte hypertrophy and interstitial fibrosis
in Agp1** mice. However, these effects were attenuated in Agp1™'~
mice, despite similar trans-stenotic gradients after TAC (verified by
echocardiography; fig. S2B) or similar increases in peripheral blood
pressure after Ang II (verified by implanted telemetry in awake
mice; fig. S2C). The attenuated cardiac hypertrophy was associated
with lower expression of genes characteristic of hypertrophic re-
modeling, e.g., Nppb and Myh7 (Fig. 2, G and H), as well as de-
creased immunolabeled collagen type I, alpha-1 (COL1A1) protein
(Fig. 2F), whole collagen content, and packing/alignment reflected
by color hue under polarized light (Fig. 2E). The heterozygous Agp1*’~
mice developed an intermediate phenotype (Fig. 2A), confirmed by
histomorphometric measurements (Fig. 2, B to D). Although Agpl-
deficient mice exhibited milder concentric hypertrophy (Tables 1
and 2), they did not develop clinical or echocardiographic signs of
heart failure up to 9 weeks after TAC (Table 1).

Rescue of cardiac myocyte hypertrophy by deletion or
pharmacologic blockade of AQP1
To verify that AQP1 modulates hypertrophy in the cardiac myo-
cytes themselves, rather than through indirect paracrine effects, we
used primary cultured cells isolated from the AgpI-deficient mice
and tested their response to a variety of prohypertrophic stimuli
(Fig. 3, A to E). Cardiac myocytes from Agp1*"* mice developed
hypertrophy in response to Ang II (Fig. 3B), endothelin-1 (Fig. 3C),
isoproterenol (nonspecific B-adrenergic agonist; Fig. 3D), and phenyl-
ephrine (0;-adrenergic agonist; Fig. 3E), paralleled with increased
incorporation of '*C-phenyl-alanine reflecting increased protein
synthesis (fig. S2D). These hypertrophic effects were abrogated in
myocytes from Agpl~’~ mice (Fig. 3, A to E, and fig. $2D), demon-
strating that specific expression of AQP1 in the cardiac myocyte
is necessary for the development of hypertrophy in response to
neurohumoral agonists.

Because genetic deletion of Agpl may induce changes in other
effectors within shared macromolecular complexes that regulate
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signaling, we repeated these experiments with pharmacologic blockers
of AQP1. AQP1 channels are organized in tetramers in the plasma
membrane, with water transport being mediated through the indi-
vidual intrasubunit pore of each monomer, whereas monovalent ions
(Na" and K*) may permeate through the central channel formed by
the four monomers (21). We therefore used specific blockers of each
form of transport, namely, Bacopaside II and AqB011, respectively
(Fig. 3F). AqBO11, a blocker of the ionic central channel (22), did
not influence the hypertrophy of Agp1** cardiac myocytes treated
with phenylephrine. Conversely, Bacopaside I, a specific blocker of
the intrasubunit water pore (23), fully blocked the hypertrophic re-
sponse in these cells. Together, these data clearly showed that AQP1
contributes to the hypertrophic response of cardiac myocytes through
permeability of its water channel.

We next evaluated the impact of AgpI deletion on rapid water
transport across the membrane of isolated adult mouse cardiac myo-
cytes. Changes in volume of fluorescently labeled myocytes were used
as a surrogate of water-induced swelling and validated by comparison
with water proton low-field nuclear magnetic resonance ("H-NMR)
relaxometry (Fig. 3, G and H, and fig. S3). Incubation of myocytes
in hypo-osmotic (100 mOsm/liter) buffer induced swelling (Fig. 3G),
as well as increased water residence time (Fig. 3H), indicative of
rapid water influx in Agp1*’* cardiac myocytes; hypo-osmotic water
transit was identical in myocytes from Agp1™~ mice, probably due
to compensatory transport by other AQP (e.g., AQP4). Short-term
stimulation with phenylephrine in iso-osmotic solution produced
minimal swelling of cardiac myocytes (Fig. 3I), which, similar to
hypo-osmotic stress, was not different between genotypes. Therefore,
AQP1 is dispensable for the rapid water movements across the mem-
brane of cardiac myocytes, whereas it is necessary for hypertrophy.

Extracellular hydrogen peroxide from NADPH oxidase
as mediator of cardiac myocyte hypertrophy
ROS from different sources differentially mediate hypertrophic sig-
naling and/or contractile dysfunction in cardiac myocytes (24). By
proximity ligation assays, we observed a colocalization of the p47°"**
subunit of NADPH oxidase-2 (NOX2) with the caveolar coat protein
caveolin-3 at the peripheral plasma membrane (Fig. 4A), confirm-
ing its confinement to caveolin-enriched membrane fractions (25).
p47ph°X also colocalized with AQP1 at the peripheral membrane
(Fig. 4B). The colocalization signal was increased upon myocyte stim-
ulation with Ang II (Fig. 4B, bottom), whereas it was absent in nega-
tive control experiments. The association of p47P"* with caveolin-3
after Ang II superfusion was preserved in cardiac myocytes from
Agp1™’” mice (Fig. 4A), showing that the deletion of AQP1 does not
interfere with the assembly of NOX2 subunits necessary for its activa-
tion at the membrane. These results suggested a colocalization of AQP1
and NOX2 in the caveolin-3-enriched peripheral membrane, with an
increased assembly of functional NOX upon treatment with Ang II.
We next tested the involvement of NOX2 as a source of prohy-
pertrophic ROS. In adult mouse cardiac myocytes, coincubation with
the pan-NOX inhibitor VAS2870 (26) at a concentration known to
preferentially inhibit NOX2 (27) abrogated the hypertrophic response
to all four neurohumoral agonists (Fig. 4C), pointing to NOX as a
main source of ROS for promoting hypertrophy.
Plasmalemma-associated NOX are known to produce superoxide
anions in the extracellular space (28), where they are rapidly dis-
mutated to H,O; by the extracellular superoxide dismutase (or
SOD3) (29). To confirm the involvement of extracellular H,O, in
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Fig. 2. AQP1 deletion A B
attenuates myocardial Agp1+ Aqp1¥-  Aqp1™

hypertrophy and fibrosis. 7
(A to ) Morphometric and
histologic assessment of
remodeling in Agp1*/*,
Agp1*~,and Agp1™~ mice
subjected to TAC or sham
for 3 weeks. (N mice indi-
cated in bars or below the
x axis). (A) Hematoxylin
and eosin staining of lon-
gitudinal sections of hearts
from mice of different geno-
types after TAC or sham
operation. Scale bar, 1 mm.
(B) LV mass normalized to
tibial length (TL). (C) Myo-
cyte transverse area mea-
sured histologically (WGA
staining; each dot is mean
from >200 myocytes per
heart). (D) Interstitial fibro-
sis (Picrosirius red stain-
ing; % section area; each
dot is mean from three
sections per heart). (E) Quan-
tification of collagen con-
tent using polarized light
microscopy on Picrosirius
red-stained heart sections
from Agp1** and Aqp1™~
mice subjected to TAC or
sham operation. Represen-
tative images and quanti-
fication of the total collagen
content and proportion of
collagen fibers are defined
by color hue, represent-
ing the relative increase
in collagen thickness and
packing/alignment from
yellow to red. (F) Quanti-
fication of COL1A1 pro-
tein by immunostaining
(each dot is mean from
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three sections per heart). (G and H) Hypertrophic transcriptional program assessed by (G) Nppb mRNA abundance (RT-qPCR) or (H) relative Myh7/Myh6 mRNA abundance
(RT-qPCR). () Representative histological section of LV myocardium of Agp1*/* and Agp1~~ mice 3 weeks after TAC or sham (green staining, isolectin; red staining, WGA).
Scale bars, 20 uM. (J to L) Morphometric and histologic assessment of remodeling in Agp1™* and Agp1~~ mice subjected to minipump infusion of angiotensin Il (Ang II;
2 mg/kg per day) or physiological solution for 14 days (N mice indicated in bars or below the x axis). (J) LV mass normalized to tibial length. (K) Myocyte transverse area
measured histologically (WGA staining; each dot is mean from >200 myocytes per heart). (L) Interstitial fibrosis (Picrosirius red staining; % section area; each dot is mean
from three sections per heart). Means + SEM; *P < 0.05 versus solvent Ctl; #P < 0.05 versus Ang Il or TAC by two-way ANOVA, followed by Tukey’s correction for multiple
comparisons, except (H) *P < 0.05 by Kruskal-Wallis, corrected for multiple comparisons with Dunn’s test, and (F and J) *P < 0.05 by one-way ANOVA, corrected for multiple

comparisons with Sidak'’s test.

+/+

the hypertrophic response, adult cardiac myocytes from Agp1
mice were stimulated with phenylephrine with or without incuba-
tion with non-polyethylene glycol (PEG)-ylated (i.e., membrane-
impermeable) catalase, followed by measurement of hypertrophy
(Fig. 5A). Catalase had no effect on myocyte size when applied
alone, but it fully abrogated induction of hypertrophy by phenyl-
ephrine when coincubated with the latter (Fig. 5A). As expected, no
hypertrophy or effect of catalase was observed in AgpI~~ myocytes.
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Similar effects were observed in neonatal mouse cardiac myocytes
(Fig. 5B).

ROS activate specific oxidant-sensitive kinases that relay the
prohypertrophic signal in cardiac myocytes. Accordingly, we ob-
served an increase in immunoblotted phospo-p38 and phospho-
extracellular signal-regulated kinase (ERK) mitogen-activated pro-
tein kinases (MAPKSs) in response to phenylephrine in adult cardiac
myocytes from Agpl™* mice (Fig. 5, C to G). This increase in ERK
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Table 1. Echocardiographic parameters in Agp1*/* and Agp1~/~

mice submitted to TAC for 3 or 9 weeks. Results are means + SEM. Mixed-effect model with

repeated measures (Tukey post hoc test for TAC effect; Sidak post hoc test for genotype effect). TAC, transverse aortic constriction; HR, heart rate; LVEDy, left
ventricle end-diastolic volume; LVESy, left ventricle end-systolic volume; EF, ejection fraction; IVSd, interventricular septum thickness in diastoly; LVIDd, left
ventricle internal diameter in diastoly; PWd, posterior wall thickness in diastoly; FS, fractional shortening; RWT, relative wall thickness; LVmass, left ventricular
mass; Ao vel, (transgradient) aortic velocity; KO, knockout; bpm, beats per minute.

WT AQP1 KO

Pre-op (n=16) TAC3 weeks (n=7) TAC9 weeks (n=9) Pre-op (n=16) TAC 3 weeks (n=7) TAC9 weeks (n=9)
HR (bpm) 401+8 379+ 14 363i17* 365i11** 340+ 15 37712
LVEsv(u” W...,‘,‘...‘,‘..,‘.407+26 ..,‘405+46‘,‘..,‘...‘,‘.. 356+14 . 31o+26**..,‘...‘,‘..,‘ 348+26 ..,‘...‘,‘,‘...316+22
EF(%)Bmoae HWHWHM462+22 H 431+40WHMWHH472+17 W495+26 462+26 45+29
IVSd (mm) HW.WHM083+OO3 097+004*w.WHHO97+005*HHHwHHO68+001**.MWHH 082+OO7* HHWM..082+004****.
LVIDd(mm)W.HWHWHm4.20i0.04.mHWHM414+008 MHWHH4.14i0.08HHHWHH4.02i0.13 HHWHH394+013 HMWHH394+OO9 .
PWd(mm) 0784003 103x005°  091£002 0684002 090£010 082+005*
Fs(%)Mméae 215i11215+26 .,‘...‘,‘..,‘220“0 ..,‘...‘,‘..,‘237“5 HHHWHHz33+22 .,‘...‘,‘,‘...210”5
Rw'r .,‘,‘...‘,‘..,‘.039+001..,‘...‘,‘..,‘.048+002*.,‘...m..,‘046+0m*..,‘...‘,‘..,‘034+001‘..,‘...m..,‘ 044+005* ,‘...‘,‘,‘...042+002*
LVmass(mg) 1289+50 168.9 £+ 8.4* 1572+112*..HHWHH95.9i3.6**HHHWHW1289+201**** 1205+109***H
nevel. (urr - . 382+034..,‘...‘,‘. 258+o19 _339+044 2_68io,24 .

*P < 0.05 compared to pre-op measure in the same genotype.
post-op measure of other genotype.

Table 2. Echocardiographic parameters in Agp1*/*

way ANOVA for repeated measures (Sidak post hoc test).

**P < 0.05 compared to pre-op measure of other genotype.

***P < 0.05 compared to

and Agp1~~ mice submitted to osmotic minipump infusion of Ang Il. Results are means + SEM. Two-

Ang Il 2 weeks

WT (16) AQP1KO (7)
Pre-op 2 weeks Pre-op 2 weeks
HR (bpm) 388+8 464 + 8* 420 £12%* 449+10
LVEDV(N) e .628+24 e e 346+3 o* e .496+22** e e ,‘,379“ 8* R
i (ul) ..29'7i 1'7 e e 15 1 +1 8* e 17 7+1 3** e e m15,o¢ ].6 R
e (%) B mOde e 52 e +22 e e .‘,‘,..646+ s 582i27 e

LVIDd (mm)

Cmeors T e oo e
P L
ot s g e
i g
T+ s v

*P < 0.05 compared to pre-op measure of the same genotype.
post-op measure of other genotype.

phosphorylation was attenuated upon coincubation of myocytes
with extracellular catalase (Fig. 5C). Increases in the phosphorylated
active form of both ERK and p38-MAPK were similarly abrogated
in myocytes from Agpl - myocytes (Fig. 5, D to G). Together,
these data show that agonist-induced hypertrophy requires AQP]I,
NOX, and the extracellular production of H,O, to activate oxidant-
sensitive kinases.

Montiel et al., Sci. Transl. Med. 12, eaay2176 (2020) 7 October 2020

**P < 0.05 compared to pre-op measure of other genotype.

***¥P < 0.05 compared to

Facilitated transport of hydrogen peroxide in cardiac
myocytes by AQP1

In addition to water, H,O, permeates specific plant and eukaryotic
AQPs, known as peroxiporins (11). To more directly examine the
ability of AQP1 to facilitate the transmembrane transport of extra-
cellular H,O,, intracellular H,O, was measured in cardiac myocytes
from Agp *'* and Agp1™'~ mice after exposure to extracellular H,0,.
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Fig. 3. The intrasubunit pore, but not the central channel, of AQP1 is necessary for hypertrophy, but not for rapid water movements in cardiac myocytes.
(A) Representative microscopic images of single adult cardiac myocytes from Agp1** and Agp1~~ mice exposed in vitro to Ang Il, endothelin-1 (ET-1), isoproterenol (1SO),
phenylephrine (PE), or physiological solution for 18 hours and stained for sarcomeric a-actinin for cell surface measurements. Scale bars, 30 uM. (B to E) Cell surface area
of cardiac myocytes treated with Ang Il (B), ET-1 (C), ISO (D), or PE (E) (20 to 50 uM). Each dot is a mean of 30 to 70 cells per culture per condition, from independent prepa-
rations; N = 3 animals from each genotype. (F) Comparative effects of AqB011 (central channel inhibitor), HgCl,, and Bacopaside Il (both blockers of the intrasubunit water
channel) on the prohypertrophic effect of PE in isolated cardiac myocytes cultured as above. Means + SEM of 30 to 70 cells per culture per condition from independent
preparations; N =5 animals from each genotype. *P < 0.05 compared to solvent-treated Agp1™* and #P < 0.05 compared to agonist-treated Agp1** by two-way ANOVA,
followed by Tukey correction for multiple testing except (F) in one-way ANOVA compared to solvent-treated Agp1**. (G) Comparative increase in cell volume (Vt/Vo) of
Agp1** and Agp1™~ myocytes (n=8 Agp1™* and 8 Agp1™~ myocytes from two independent preparations) exposed to hypo-osmotic (100 mOsm/liter) buffer, measured
by confocal fluorescence microscopy. (H) Comparative increase in water residence time (t,) under hypo-osmotic stress (100 mOsm/liter) in Agp1** and Agp1™~ myocyte
preparations (from N=6 and 4 Aqp1*"* mice under iso-osmotic or hypo-osmotic condition, respectively; N =4 Agp1™~ mice under both conditions) measured by '"H-NMR
relaxometry. (I) Comparative increase in cell volume (Vt/V,) of Agp1™* and Agp1™~ myocytes (n =14 and 16 from three Agp1*"* and four Agp1™~ mice, respectively)
exposed to phenylephrine (50 uM). (G to I) Means + SEM; P < 0.05 compared to iso-osmotic or control condition in each genotype; no difference between genotypes

by two-way ANOVA with Sidak correction for multiple comparisons.

To this end, cardiac myocytes were loaded with the fluorescent ROS
tracer, dichlorofluorescein diacetate (DCFDA), and fluorescence
monitored after exposure to H,O; at different concentrations. The
time-dependent increase in the fluorescent signal was attenuated
in Agpl™™ myocytes exposed to 50 or 100 uM extracellular H,0,,
compared to Agp1*"* myocytes (Fig. 6, A and B). To verify the iden-
tity of the oxidant species as H,O, and its subcellular confinement
at the plasma membrane, we repeated experiments in cardiac myo-
cytes from Agp1*'* and Agp1~'~ mice that had been infected with a
cardiotropic recombinant adeno-associated virus type 9 (AAV9)
coding for the H,O,-specific HyPer-3 fluorescent biosensor fused to
a caveolae-targeting peptide [derived from the caveolin-interacting
sequence of the endothelial nitric oxide synthase (eNOS) (30); Fig. 6C].
Application of H,O; induced an increase in the fluorescent signal in
cardiac myocytes expressing the HyPer probe. No such change in fluo-
rescence was observed in cardiac myocytes infected with an AAV9 cod-
ing for the H,O;-insensitive probe, SypHer2, which was used as a
negative control for the HyPer probe. The concentration-dependent

Montiel et al., Sci. Transl. Med. 12, eaay2176 (2020) 7 October 2020

increase in H,O,-specific fluorescent signal was substantially attenu-
ated in Agp1~~ myocytes compared to AgpI** controls (Fig. 6C). More-
over, the increase in fluorescent signal observed in Agp1™* myocytes
exposed to extracellular H,O, was also dose-dependently attenuated
by preincubation with Bacopaside II (Fig. 6D), confirming the in-
volvement of the AQP1 water pore in the facilitated transport of H,0O,.
Stimulation of adult cardiac myocytes with phenylephrine (at concen-
trations that produce hypertrophy) also increased fluorescence in
Agp1*"* myocytes but not in Agpl~’~ myocytes (Fig. 6, E and F).
Together, these data clearly point to a facilitated transport of H,0,
by the water pore of plasma membrane-localized AQP1, a process
that is necessary for the hypertrophic response of cardiac myocytes.

Aqp1-dependent induction of profibrotic genes in

cardiac myocytes

To gain further insight into the mechanism of regulation of car-
diac fibrosis by AQP1, we measured the expression of genes
coding for mediators of fibrosis that are known to be sensitive
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Permeability of human AQP1

to hydrogen peroxide

To examine the permeability of human
AQP1 to H,O,, we first aligned its pro-
tein sequence and structure with those
of Mus musculus AQP1 (studied in our
experiments above), Rattus norvegicus
AQP1, and Homo sapiens AQP8 (a known
“peroxiporin”), the pore sequence of
which was included as positive control
(fig. S5). The sequence of H. sapiens
AQP4 was used as negative control, based
on its inability to transport H,O; (32).
Residues lining the pore region, e.g., the
aromatic/arginine filter region at the
extracellular entrance of the pore known
to be critical for filter specificity, are
identical between mouse, rat, and human
AQP1, as shown in Fig. 7A. In human
AQP8, the key amino acids are con-
served, but they are located at different
positions along the sequence and in the
deduced structure. More precisely, the pore
residues comprise a sulfur-containing
cysteine residue (Cys'® in AQP1 and
Cys™ in AQPS8) in the vicinity of an ar-
ginine (Arg'®® in AQP1 and Arg*" in

Neg Ctl 2

Fig. 4. NOX2-p47°"°% colocalizes with AQP1 at the plasma membrane and mediates cardiac myocyte hyper-
trophy upon stimulation with Ang II. (A) Representative images of proximity ligation assay (PLA) showing colocalization
of p47°"** and caveolin-3 (CAV3) at the membrane of adult cardiac myocytes from Agp1*™* and Agp1™~ mice, with or without Ang 11
(1 uM). PLA was performed 30 min after Ang Il addition. Note that the deletion of AQP1 does not prevent the recruitment
of p47P"** upon Ang Il treatment. Neg Ctl 1, absence of PLA signal after omission of anti-p47P"* primary Ab; Neg Ctl 2,
absence of PLA signal after omission of anti-CAV3 primary Ab. Scale bars, 50 uM. The experiment was repeated in
three different preparations with similar results (N = 3). (B) Top: Representative image of PLA showing colocalization of
p47P"°* and AQP1 in adult cardiac myocytes from Agp1*/* mice treated or not with Ang Il (1 uM). PLA was performed
30 min after Ang Il. Scale bars, 50 uM. Negative controls in Agp1~~ myocytes (Neg Ctl 1) or Agp1™* myocytes incubated
with secondary antibodies (but in absence of one of the primary antibodies; Neg Ctl 2) are shown in parallel. Bottom:
Quantification of PLA expressed in dots per cardiac myocyte in Agp 1+ myocytes, from independent preparations.
Means + SEM; N = 3. *P < 0.05 by Mann-Whitney test. (C) Effect of VAS2870, a pan-NOX inhibitor [at 0.77 uM, i.e.,
half-maximal inhibitory concentration for NOX2 inhibition] incubated for 18 hours on the hypertrophic response of

AQP8), a histidine (His'® in AQP1 and
His’? in AQPS), and aromatic phenyl-
alanine residues (Phe®® and Phe** in
AQP1 and Phe* in AQP8); AQPS con-
tains two additional sulfur-containing
residues (Cys*®® and Met*®). The nega-
tive control AQP4 shows some similar-
ity to AQP8 but lacks the two cysteines,
which are replaced by a leucine (Leu™)
and a serine (Ser'!). Analysis of the in-
terresidue interactions in AQP1 reveals
that Cys'*” makes polar interactions with

adult cardiac myocytes from Agp1** mice exposed to prohypertrophic agonists (in vitro, 18 hours). Each dot is mean
cell surface area from 30 to 70 cells per culture per condition from independent preparations. Means + SEM; N=3
Agp1** mice. *P < 0.05 compared to Ctl by one-way ANOVA, followed by Dunnett’s correction for multiple comparisons.

to oxidant stress in isolated cardiac myocytes (31). Upon stimu-
lation with phenylephrine, the abundance of transcripts for Tgfb2
and Ctgf, two major cytokines involved in the paracrine activa-
tion of fibroblasts, was clearly attenuated in cardiac myocytes
isolated from Agpl™'~ mice compared to Agp1*"* controls (fig. S4,
A and B). Moreover, when cardiac fibroblasts cultured separately
were incubated with medium conditioned by phenylephrine-
treated primary cardiac myocytes from the two genotypes, we
observed a reduction of COL1A1 protein expression, as well as
of smooth muscle actin, alpha-2 (ACTA2), indicative of reduced
myofibroblast differentiation, in fibroblasts exposed to the secretome
of Agp1™'~ myocytes compared to Agp1** controls (fig. S4, C to
F). Therefore, in addition to regulating hypertrophy, AQP1 modu-
lates cardiac myocyte production of profibrotic mediators acting on
cardiac fibroblasts in a paracrine fashion.

Montiel et al., Sci. Transl. Med. 12, eaay2176 (2020) 7 October 2020

Arg'®>, as well as a sulfur-His interac-
tion with His'®, which makes a His-n
interaction with Phe>®. The latter, in
turn, makes a cation-w interaction with
Arg'” and a n-m interaction with Phe?*
(Fig. 7A). Similar interactions are identified in rat (identical to
mouse) AQP1, as well as in human AQP8 (albeit involving residues
at different spatial and sequence positions; see Fig. 7A and fig. S5).
Conversely, AQP4 exhibits no cysteine residue in contact with the
pore, only a methionine that forms a sulfur-His interaction (Met*'*-
His”""), and no sulfur-Arg contact. This structural analysis supports
AQP1 permeability to H,O,, akin to the peroxiporin AQPS.

To test this hypothesis, we explored the effect of Bacopaside II
on the DCFDA fluorescence signal of human erythrocytes (with
known high membrane expression of AQP1) exposed to extracellular
H,0, (Fig. 7B). Exposure to H,O, dose-dependently increased fluo-
rescence in untreated erythrocytes. By contrast, pretreatment with
Bacopaside II strongly decreased the fluorescence induced by exposure
to H,O,, showing that native human AQP1 also facilitates the transport
of H,0; across erythrocyte membranes through its water channel.
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Fig. 5. AQP1 modulates the prohypertrophic signaling mediated by extracellular H,0,. (A and B) Effect of extra-
cellular (non-PEGylated) catalase (incubated for 2 or 20 hours) on the hypertrophic response of cultured adult (A) or
neonatal (B) murine cardiac myocytes to phenylephrine (in vitro, 18 hours). Means + SEM of 30 to 70 cells per condi-
tion per mouse. (A) N=4 adult Agp7** and Agp1™~ mice each and N = 3 Agp1*~ mice. (B) N=3 preparations from
each genotype. *P < 0.05 by two-way ANOVA, followed by Tukey'’s correction for multiple comparisons. (C to E) Com-
parative time-dependent phospho-immunoblotted signals for P-ERK (C and D) in membrane protein extracts from
isolated adult cardiac myocytes from Agp1*/* mice with or without incubation with extracellular catalase (C) or from
Aqp1™~ mice (D), exposed in vitro to PE, (C and D) representative phosphoblots, and (E) densitometric data.
Means + SEM; N = 8 preparations from Agp1**, N= 4 from Agp1*’* with catalase, and N = 4 from Agp1~~ mice.
*P < 0.05 compared to time 0 by one-way ANOVA, followed by Dunnett’s test for multiple comparisons. (F and
G) Comparative time-dependent phospho-immunoblotted signals for P-p38MAPK in membrane protein extracts
from isolated adult cardiac myocytes from Agp1** or Agp1™~ mice, exposed in vitro to PE. (F) Representative
phosphoblot and (G) densitometric data. Means + SEM; N = 5 mice from each genotype.*P < 0.05 compared to time 0

relationship (Fig. 7E) and contraction/
relaxation times (fig. S6)] were unaf-
fected by AQP1 blockade.

Attenuated hypertrophy by
pharmacologic blockade of

AQP1 invivo

To determine the applicability of AQP1
blockade as a strategy to block the hy-
pertrophic response in vivo, we tested
the effect of a standardized extract of
the dried plant Bacopa monnieri in a
pharmaceutical compound that is avail-
able for clinical use (KeenMind) (34) on
Ang IT-induced hypertrophy. This com-
pound contains about 30% by weight of
mixed bacosides, including Bacopaside
II (~3% by weight) (35). We used a Xenopus
oocyte expression system to first confirm
the efficacy of the Bacopa extract (BE) to
block human AQP1-mediated osmotic
water permeability (Fig. 8, A to C).
AQP1-expressing oocytes incubated in
saline vehicle showed a robust swelling
response as a function of time in 50%
hypotonic media, whereas oocytes in-
cubated in BE showed a reduction in
the swelling rates (Fig. 8A). The dose
causing half-maximal block was about
290 pg/ml of BE (Fig. 8B), correspond-
ing roughly to 9.4 uM Bacopaside II.
Trend plots comparing paired swelling
rates for each AQP1-expressing oocyte
in a first and second swellings assays
(Fig. 8C and fig. S7) show that incuba-
tion in vehicle saline did not apprecia-
bly affect the second swelling response,
in contrast to consistent decreases in
swelling rate seen after incubation in
increasing doses of BE. The inhibitory

by one-way ANOVA, followed by Dunnett’s test for multiple comparisons.

Expression of AQP1 in human induced pluripotent stem
cell-derived engineered heart muscle and regulation

of hypertrophy

We next used human induced pluripotent stem cell (iPSC)-derived
engineered heart muscle (EHM) (33) to confirm the role of AQP1 in
hypertrophy of human cardiac myocytes. Upon their differentiation
into EHM, iPSCs increase their expression of AQPI to a level simi-
lar to that observed in human adult cardiac muscle (Fig. 7C). Differ-
entiated EHM was treated with norepinephrine for 1 week with or
without Bacopaside II (10 uM). The size of cardiac myocytes disso-
ciated from the EHM was then measured using a validated flow cytom-
etry assay as described previously (33). Although norepinephrine
produced hypertrophy in the solvent-treated control myocytes,
the response was attenuated when Bacopaside II was coapplied
(Fig. 7D). Additional parameters of contractility [e.g., force-frequency

Montiel et al., Sci. Transl. Med. 12, eaay2176 (2020) 7 October 2020

effect of BE was statistically significant
(P <0.05) at the two higher doses tested
(Fig. 8C), with the highest correspond-
ing to about 15 uM Bacopaside II. This
concentration is in line with the efficient inhibitory concentration
of pure Bacopaside II (20 pM) observed in parallel in the same assay
(Fig. 8C), as well as on H,O, permeability and hypertrophy in
mouse and human cardiac myocytes.

Last, we tested the efficacy of AQP1 inhibition on the develop-
ment of hypertrophy in vivo by giving BE in the food of mice sub-
mitted to minipump infusion of Ang II. On the basis of previous
pharmacokinetic/pharmacodynamic data in rodents, BE was given
at 1600 and 2400 mg/kg of body weight 1 week before and during
the 14 days of infusion of Ang II until euthanasia. BE alone had
no effect on cardiac morphometric indexes in saline-treated mice.
In control mice, Ang II infusion reproduced the hypertrophic re-
sponse as observed previously, but we found that cotreatment
with BE dose-dependently attenuated the hypertrophic remodel-
ing, measured as the ventricular mass (Fig. 8D) and myocyte size
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0
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xanthine oxidoreductase, mitochondrial
respiratory complexes, NOSs, and mono-
amine oxidases) can generate H,O, af-
ter O, dismutation in these cells (37);
its subcellular distribution has been poorly
characterized. In particular, NOX2 is
activated by prohypertrophic agonists,
but the enzyme’s flavocytochrome sub-
unit transfers electrons across the plas-
ma membrane to produce O, in the
extracellular space (28, 38). It had been
postulated that H,O, would freely diffuse
back into the cell to exert downstream

20 30 Time (min)

(B) at 100 uM]; independent preparations from N=6 Agp1** and N=4 Agp1™"~ mice. (C) Comparative concentration-
dependent increase in H,0,-specific HyPer-3 fluorescence ratio (measured with a caveolae-targeted sensor) in isolated
adult cardiac myocytes from Agp1™* and Agp1™~ mice exposed to extracellular H,0,. Mean of 10 cells each from
N=6Aqgp1*/* and N=6 Agp1~~ mice. Note the absence of signal in cardiac myocytes expressing the SyPher2 probe
(insensitive to H,0,). (D) Concentration-dependent inhibitory effect of the AQP1 water channel blocker, Bacopaside
II, on intracellular ROS (DCFDA fluorescence) of Agp 1*/* adult cardiac myocytes exposed to extracellular H,0, (50 uM);
independent preparations from N =4 Agp1** mice. (E and F) Comparative increase in intracellular ROS (DCFDA
fluorescence) in isolated adult cardiac myocytes from Agp1™* and Agp1~~ mice after time-dependent exposure to
extracellular phenylephrine [(E) 5 uM and (F) 50 uM]; independent preparations from N=8 Agp1™*and N=6Aqp1™~
mice. Means + SEM; * or #P < 0.05 compared to Agp1*/* by two-way ANOVA for repeated measures, followed by Sidak

signaling (39), and we now provide evi-
dence for facilitated H,O, transport through
AQP1 confined to the same subcellular
compartment. Despite our use of VAS2870
at a concentration that preferentially
inhibits NOX2 (27), note that the drug
is a pan-NOX inhibitor with potential
off-target effects on other isoforms, e.g.,
on NOX4. However, aside from the low

correction for multiple comparisons.

(Fig. 8E), with a more variable effect on interstitial fibrosis
(Fig. 8, Fand G).

DISCUSSION

We identified the water channel AQP1 as a critical modulator of the
cardiac myocyte hypertrophy that is integral to myocardial remod-
eling that leads to heart failure. AQP1 is robustly expressed in human
cardiac myocytes, and its expression correlates with the severity of
cardiac hypertrophy in patients undergoing surgery to treat aortic
stenosis. Genetic deletion or pharmacologic blockade of AQP1 in
mouse and human iPSC-derived cardiac myocytes is sufficient to
attenuate hypertrophy induced by neurohormones or hemodynamic
stress. This protective effect is due to loss of transmembrane trans-
port of H,O,, but not water, through the intrasubunit pore of AQP1I,
which is necessary for downstream hypertrophic signaling. Molecular

Montiel et al., Sci. Transl. Med. 12, eaay2176 (2020) 7 October 2020

probability of efficient inhibition of NOX4

at the concentration used here, the in-

volvement of NOX4 is unlikely, given
the cytosolic localization of this enzyme and its constitutive produc-
tion of H,O; intracellularly, which contrast with the stimulus de-
pendency and sensitivity to extracellular catalase of the H,O, signals
observed here.

Among the 13 known AQP isoforms, AQP3 (12), AQP8 (13), and
AQP9 (14) have also been proposed to transport H,O, in heterol-
ogous expression systems, akin to specific isoforms of plant AQPs
(11). The role of human AQP1 in the facilitated transport of H,O, had
not been tested in cells endogenously expressing the native protein.

Structural analysis of human AQP1 supports its ability to trans-
port H,O; and water. The diameter of H,O, relative to H,0, its
neutral charge at physiological pH, and its dipole moment all are
compatible with AQP1 permeation by H,O; (40). Our analysis of
the lining of amino acid side chains surrounding the extracellular
entrance of the pore reveals the presence of a conserved thiol group
(in Cys189 of AQP1), aromatic residues (Phe® and Phe??), a histidine
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Fig. 7. Human AQP1 transports H,O, and regulates the hypertrophy of human cardiac A

myocytes. (A) Graphical representation of the pore in human AQP1, rat AQP1 (modeled with
4c¢sk as template), human AQP8 (modeled with 5i32 as template), and human AQP4: Critical
residues lining the pore of the water channel are represented (see the main text for details).
(B) Inhibition of H,0x-induced fluorescence increase in human AQP1-expressing erythrocytes
by the AQP1 water channel blocker, Bacopaside Il. DCFDA-loaded human erythrocytes were
exposed to extracellular H,0, and fluorescence measured by fluorescence-activated cell sort-

Human AQP1

Rat AQP1

ing (FACS). Means + SEM; N =8 volunteers. *P < 0.05 compared to each control group without
Bacopaside Il (two-way ANOVA with Tukey correction for multiple comparisons). (C) Comparative
expression of AQP1 transcripts (by RNA-seq) in human induced pluripotent stem cells (iPSCs;
N = 3; minimal signal equated to 0), differentiated human engineered heart muscle (EHM) cells
(N=4), human fetal (N =3), and adult heart muscle (N =4). (D) Inhibition of noradrenaline (NA)-
induced hypertrophy in human EHM by Bacopaside Il. EHM were matured for 2 weeks and

subsequently subjected to NA exposure for 1 week with or without Bacopaside Il (10 uM);
cardiac myocyte size was determined by flow cytometry after enzymatic dispersion of EHM
(n=minimum of 10,000 cells counted per EHM; six EHM per condition from two separate exper-
imental series). Means = SEM; *P < 0.05 versus vehicle; #P < 0.05 versus NA-treated EHM in
absence of Bacopaside, two-way ANOVA with Tukey correction for multiple comparisons.
(E) Contractile properties of human EHM after treatments as in (D) and assessed by measure-
ments of force-frequency relationship (Bowditch effect) upon gradual increase in frequency of
electrical stimulation from 1 to 3 Hz; force of contraction (FOC) normalized to values obtained
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at 1 Hz for each EHM. Means + SEM; eight EHM per condition from two separate experiments.

(His'*"), and an arginine (Argl%) allowing a network of sulfur-n,
His-m, cation-wt, and nt-7 interactions critical for protein conforma-
tion and channel conductance. Sulfur-n and cation-n interactions
in the motif may protect the thiol from oxidation (41, 42), whereas
the conformation of the His may change according to its envi-
ronment and act as a gate. This motif and orientation of aromatic
residues close to the entrance of the pore bear a high degree of sim-
ilarity with the peroxiporin AQP8 but are notably different in AQP4,
where a missing cysteine and the absence of the sulfur-Arg-His triad
may explain a different sensitivity to oxidation driving conforma-
tional changes in the channel. The propensity of the sulfur residues
to be oxidized is influenced by the surrounding microenvironment.
The thiol group in cysteine and the sulfide group in methionine can
interact with aromatic rings of phenylalanine, tyrosine, and trypto-
phan in sulfur-aromatic interactions. These interactions contribute
to manipulating the orientation of the aromatic rings and provide
protein stability and protection against ROS. The role of sulfur aro-
matic interactions is likely to be important in biological processes
based on the high degree of conservation across members of the
same protein family (43). Proteins carrying motifs of tryptophan,
phenylalanine, histidine, and the sulfur aromatic residues can
undergo modifications of these amino acids and modification of the
protein structure under the actions of ROS (44). Oxidation of cysteine
and methionine results in modification of sulfur-aromatic interac-
tions and is associated with the disruption of native protein confor-
mation and alteration of function (45, 46).

Changes in the interactions between sulfur-His residues may re-
sult in changes of the spatial orientation of histidine, a mechanism
compatible with the gating control of the channel under H,O,-
induced stress. A similar mechanism was proposed for the H,O,-
induced gating of human AQP8 (47). The presence of any cation-n
interactions in the motif surrounding the extracellular entrance of
the pore may be another important protection factor against oxida-
tion (41).

n-n Interactions are important for protein folding and play a role
in protection from oxidation (48). His- interactions are similar to
cation-w interactions and play a role in the stabilization of the pro-
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tein structure. Different interactions with the aromatic rings were
observed between the protonated and neutral form of the histidine,
with differences related to the protein’s biological function (49).
Analysis of the amino acid composition showed high-sequence
similarity between human and rat AQPI, including the residues
lining the pore region. In addition, the two proteins share the same
residues within the motif surrounding the extracellular entrance of
the pore. Interesting results were detected in human AQPS, in which
Cys™, Cys’®, and Met*® belong to a motif that may play a key role
in the protection of cells against ROS damage. The analysis of the
sulfur-aromatic-arginine-histidine motif close to the entrance of
the pore showed a very high degree of similarity between AQP1 and
AQPS8, in contrast to differences in the position and interactions of
the equivalent motif residues in human AQP4. In AQP4, the lack of
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Fig. 8. A standardized extract of B. monnieri inhibits the intrasubunit water
channel of human AQP1 and attenuates cardiac hypertrophy in vivo. (A to
C) Dose-dependent inhibition by the Bacopa extract (BE) of osmotic water perme-
ability in Xenopus oocytes expressing human AQP1 channels. (A) Volumes of AQP1-
expressing oocytes as a function of time after introduction into 50% hypotonic saline
at time 0, standardized as a percentage of the initial volume. Data are means + SEM
for n =4 oocytes per treatment group. (B) Comparative inhibitory effects of
Bacopaside Il and the Bacopa extract, added during a second swelling assay. Rela-
tive block was calculated per oocyte from the difference in swelling rates between
the first (untreated) and second hypotonic assays, divided by the rate in the first
assay. Data are means + SEM; values from (n) oocytes are above the x axis. (C) Histo-
gram summary of swelling rates in the first untreated assay (S1) and the second
postincubation assay (S2) conditions. Values from (n) oocytes are below the x axis;
differences analyzed by ANOVA (P < 0.0001), and post hoc paired one-way T tests
(¥*P < 0.05). (D to G) Oral administration of the BE attenuates Ang Il-induced cardiac
hypertrophy. Mice fed with the BE (1600 or 2400 mg/kg; or inactive excipient, were
treated with osmotic minipump infusion of Ang II; 2 mg/kg per day) for 2 weeks and
then euthanized for measurements of (D) left ventricle weight, normalized to tibial
length. (E) Myocyte surface area (after WGA staining; each dot is mean from >200
myocytes per heart). (F) Fibrosis (Picrosirius red staining; % section area; each dot
is mean from three sections per heart). (G) Collagen content using polarized light
microscopy on Picrosirius red-stained heart sections; values from (N) mice as indi-
cated in bars or below the x axis; *P < 0.05 compared to untreated Ctl, by one-way
ANOVA, followed by Tukey's correction for multiple testing.
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a cysteine in the motif prevents an interaction between arginine and
sulfur residue, thought to be important for regulation of its reactivity
(50), which might explain the differences in permeability to H,O,.
Therefore, chemical and physical interaction between the cysteine,
methionine, and histidine residues within this motif unique to the
peroxiporins may explain protection from oxidative stress allowing
permeation of the channel by H,O,.

Our structural analysis is supported by the presented evidence
for AQP1-dependent transmembrane passage of H,O, in primary
mouse cardiac myocytes. The mouse is an appropriate model sys-
tem, because mouse and human AQP1 are identical in amino acid
composition in the pore constriction site, and we verified H,O,
transport in human erythrocytes. Osmotically driven rapid water
transport is not affected by AgpI deletion in myocytes, suggesting
that AQP4, coexpressed in the same cells, compensates AQP1 loss
for water movements. However, the fact that AQP4 may not trans-
port H,O; both explains the dependence on AQP1 for hypertrophy
and suggests that its transport of H,O,, rather than water, is critical
for the initiation of hypertrophic signaling. This is corroborated by
the abrogation of hypertrophy with extracellular catalase. The
observed colocalization of AQP1 with NOX2 and specific receptors
in caveolae-enriched membrane fractions would facilitate localized
signaling to effectors, such as ROS-sensitive kinases (51), that, in
turn, relay the signal to induction of a hypertrophic response. This
does not exclude the participation of cardiac AQP1 (and other AQP
isoforms, e.g., AQP4) in water exchanges at later stages of tissue
remodeling. Myocardial fibrosis may also result from H,O, signal-
ing in myocytes with oxidative up-regulation and paracrine release
of profibrotic factors (31), such as transforming growth factor p2
(TGFB2) and connective tissue growth factor (CTGF) as observed here,
with subsequent activation of collagen production by neighboring
fibroblasts. AQP1 may also “channel” the H,O; signal from other
cells surrounding cardiac myocytes, such as endothelial and inflam-
matory cells.

Neuroendocrine stimulation, hemodynamic stress, and aging all
converge to produce concentric hypertrophic remodeling, which
ultimately may lead to altered diastolic (and, later, systolic) dys-
function and heart failure (52). Despite less concentric hypertrophy,
AgpI-deficient mice did not develop signs of heart failure, suggest-
ing compensatory adaptive mechanisms. qul_/_ mice may present
hypovolemia secondary to polyuria that they normally compensate
with a higher water intake (10, 53). However, afterload (i.e., blood
pressure by telemetry and post-TAC gradients) was strictly con-
trolled in our experimental mice. Previous studies in mice had
shown that cardiac hypertrophy is dispensable to sustain the hemo-
dynamic overload after TAC (54). Human EHM also maintained
their contractility despite AQP1 blockade and inhibition of hyper-
trophy. Therefore, AQP1 inhibition may be a viable treatment of
some forms of hypertrophic cardiomyopathies.

Our use of the B. monnieri extract (KeenMind) with its newly
validated inhibitory effects on the human AQP1 intrasubunit channel
extends the applicability and efficacy of this pharmacological ap-
proach in vivo. Extract of the water hyssop B. monnieri (also known
as brahmi) is an ancient Ayurvedic remedy used to improve memory
and treat anxiety and depression (55). A meta-analysis of human
clinical studies in which B. monnieri was administered over several
months indicated improvements in response time, attention, and
possibly memory (56). Serious adverse events were not noted; lesser
side effects included dry mouth and diarrhea. Previous randomized
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and controlled clinical trials with the same BE had established its
efficacy to improve the course of several neurodegenerative diseases
associated with increased oxidant stress, although a mechanistic
connection with AQP1 had not been identified (57). Beneficial out-
comes ascribed to brahmi are consistent with the block of AQP1
channels as being one of the potential mechanisms of action, but
additional effects on other targets are likely, due to the complexity
of the Bacopaside molecule. Bacopasides administered in vivo are
thought to exert effects via diverse metabolites and the original
structures.

We chose the BE rather than Bacopaside II in our experiments
due to cost/availability of the pure extract. Bacopaside II was shown
to reversibly block AQP1, but not AQP4 water channel activity,
without cytotoxicity (23). In silico docking based on the structure
for human AQP1 [Protein Data Bank (PDB) ID: 1FQY; available at
National Center for Biotechnology Information Structure] indicated
an energetically favored binding site (9.3 kcal/mol) that allowed
Bacopaside II to effectively occlude the intrasubunit water pore
(23). Polar sugar groups of the Bacopaside II molecule appeared
to nest well into the intracellular vestibule of the AQP1 (but not
AQP4) water pore (fig. S8). Candidate AQP1 residues in the bind-
ing pocket might include serine-71 and tyrosine-97, but these re-
main to be confirmed (23). Bacopaside I1 is classified as a triterpene
glycoside, characterized by a hydrophobic terpene structure presumed
to facilitate transmembrane entry, and three linked saccharides
(arabinofuranosyl-glucopyranosyl-glucopyranoside) that appear to
serve as the AQP1-binding ligand (fig. S8B). AQP1 water channel
activity showed half-maximal block after 0.5-hour preincubation
with Bacopaside II and maximum block by 1.3 hours (23). Other
AQPI ligands such as AqB013, AqB011, and AqF026 also are pos-
tulated to bind intracellularly (22, 58, 59) and have similarly slow
rates for the onset of block, supporting the proposed intracellular
site of action for Bacopaside II. Theoretical considerations note
shortcomings of Bacopaside II as a therapeutic agent in that it
exceeds Lipinski’s Rule of Five limits for size, hydrophobicity, and
hydrogen bond sites. However, using Bacopaside II as a lead com-
pound, ongoing work is exploring polysaccharides as possible endog-
enous modulators of AQP channels, which could offer new lines of
therapeutics not previously considered.

Despite our observation of an antihypertrophic effect of Bacopaside
in mice and iPSC-derived human cardiac myocytes, similar protective
properties against myocardial remodeling remain to be demonstrated
in patients. This can be prospectively tested with this low-cost, stan-
dardized, and clinically available extract. Together, our studies open
the way to complement the therapeutic armamentarium with spe-
cific blockers of AQP1 for the prevention of adverse remodeling in
cardiovascular diseases leading to heart failure.

MATERIALS AND METHODS

Study design

We tested the hypothesis that AQP1 regulates myocardial remodel-
ing by controlling the plasmalemmal transport of H,O in cardiac
myocytes. We compared the hypertrophic and fibrotic response to
hemodynamic stress (transaortic constriction) and to neurohormonal
stimuli in vivo by quantitative histomorphometry between Agpl-
deficient mice and their wild-type littermates. We used primary
adult cardiac myocytes from Agp1™* and Agp1™~ mice to compare
their hypertrophic response to neurohormonal stimuli in vitro, as
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well as their transmembrane passage of H,O,. Similar experiments
were repeated in human iPSC-derived EHM and human erythro-
cytes expressing native human AQPI. The effect of Bacopaside ex-
tracts that inhibit AQP1 was measured on hypertrophy and H,O,
transport in the same models.

The number of animals in experimental studies using adult mice
was calculated on the basis of a Bayesian principle of noninforma-
tive a priori, i.e., supposing a P = 0.5 on the probability of an exper-
imental response, a minimum of five animals per group need to be
considered to maintain a basis of 5% on the type I error. For in vitro
experiments, primary isolates were obtained from at least three
independent preparations from three different animals (N). Cell
measurements were obtained from >200 cells per animal (12 to
14 myocytes measured in each of six randomly chosen microscopic
fields in each of three histological sections per heart) and 30 to
70 cells per condition (three to seven myocytes measured in each of
10 randomly taken photomicrographs from each in vitro culture).
All experiments were conducted in a blinded fashion, i.e., the oper-
ators treating mice or cells, and assessing that the end points were
blinded to the mouse genotype. Before unblinding, raw data were
examined for normal distribution using the Shapiro-Wilk test; when
outliers were identified, they were excluded from analysis if justified
on the basis of confirmed technical failure in parameter acquisition.
All experiments on Agpl~'~ mice were compared to their Agp1*'*
littermate controls. Individual subject-level data are reported in data
files S1 and S2.

Animals

Breeding pairs of heterozygous Agpl*™~ mice in the Sv129 back-
ground were obtained from O. Devuyst (Division of Nephrology,
UCLouvain, Belgium). Heterozygous mice were crossbred to obtain
homozygous Agpl~'~ mice and their Agp1*'* littermate controls.
All studied mice were at least 16 weeks old at the time of banding
and age-matched between genotypes. Experimental procedures, in-
cluding aortic banding, minipump infusion of Ang II, echocardio-
graphic, telemetry measurements, and isolation of isotypic primary
cells, as well as measurements of remodeling parameters, are described
in the Supplementary Materials. All protocols were carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health (NIH)
and the European Directive 2010/63/EU and were approved by
local ethical committees.

Oxidation of caveolae-targeted HyPer-3 by H,0,

Fluorescence measurements were performed with the H,O,-specific
HyPer-3 fluorescent reporter. The first 97 amino acids of eNOSs,
which are responsible for the protein’s targeting to the caveolae,
were fused to the N terminus of HyPer-3 with a NEBuilder HiFi
DNA Assembly system (New England Biolabs). The resultant com-
plementary DNA (cDNA) was subcloned into an AAV expression
vector (StrataGene), where expression was driven by the cytomega-
lovirus promoter. This construct was then packaged into AAV9 viral
particles by the Children’s Hospital Boston Viral Vector Core. The
cDNA coding the SyPher2 probe, which is insensitive to H,O,, was
processed similarly to serve as control for the HyPer-3 probe. Agp1™*
and Agp1™’~ mice were infected with about 5 x 10" genome copies
of virus via retro-orbital injection. After 5 weeks of infection, cardiac
myocytes were isolated as described above and plated on coverslips.
After a few hours or overnight culture, the coverslip was mounted
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in a chamber maintained at 37°C and placed on the stage of an
inverted microscope equipped with a 40x oil immersion objective.
The cells were perfused at a flow rate of ~1 ml/min with a bicarbonate-
buffered Krebs solution containing 120 mM NaCl, 4.8 mM KCl, 2.5 mM
CaCly, 24 mM NaHCO3, bovine serum albumin (1 g/liter; Fraction
V, Roche), and 10 mM glucose. This solution was continuously
gassed with O,/CO; (94/6) to maintain the pH value around 7.4.
The fluorescence ratio of HyPer-3 was measured every 30 s after
double excitation, at 480 and 400 nm, using an emission filter cen-
tered at 535 nm. After 10-min perfusion, cardiac myocytes were
exposed to a stepwise increase in hydrogen peroxide concentration
(7.5-min steps at 1, 2.5, 5, 10, and 15 uM H,05). To allow comparison
between experiments and genotypes, the fluorescence ratio of each
cell was normalized to the initial ratio measured during the first
2 min. After exclusion of cardiac myocytes (from Agp1** or Agpl™~
mice) that detached from the coverslip during the experiment or
that displayed no HyPer-3 response to 15 uM H,O, because of too
low expression of the sensor, 10 of 18 cells from six Agp1** mice
and 10 of 14 cells from six Agp1™~ mice were used to compute the
mean trace.

Preparation of EHM from human iPSCs

Human iPSC-derived cardiac myocytes

Human cardiac myocytes were derived from the TC1133 line [lot
number: 50-001-21 from LiPSC-GR1.1 line reported in (60)] by
directed differentiation according to Tiburcy et al. (33) with slight
modifications. Briefly, PSCs were plated at 1.3 x 10* cells/cm* on
1:120 Matrigel in phosphate-buffered saline (PBS)-coated plates and
cultured in StemMACS iPS-Brew XF (Miltenyi Biotec) for 4 days.
To induce cardiac differentiation, cells were rinsed with RPMI
1640 and then treated with RPMI 1640, 2% B27 minus insulin, 200 uM
L-ascorbic acid-2-phosphate sesquimagnesium salt hydrate (Sigma-
Aldrich), activin A (9 ng/ml; R&D Systems), bone morphogenetic
protein 4 (5 ng/ml; R&D Systems), 1 pM CHIR99021 (Stemgent),
and fibroblast growth factor-2 (FGF-2; 5 ng/ml; PeproTech) for
3 days. After another wash with RPMI 1640, cells were cultured from
days 4 to 10 with 5 uM inhibitor of Wnt production-4 (IWP4)
(Stemgent), followed by RPMI 1640, 2% B27, and 200 pM r-ascorbic
acid-2-phosphate sesquimagnesium. Cardiac myocytes were meta-
bolically purified by glucose deprivation from days 13 to 17 in
RPMI 1640 without glucose (Thermo Fisher Scientific), 2.2 mM sodium
lactate (Sigma-Aldrich), 100 uM B-mercaptoethanol (Sigma-Aldrich),
penicillin (100 U/ml), and streptomycin (100 pg/ml).

EHM generation

Defined, serum-free EHM was generated from high-purity cardio-
myocytes (>95% actinin®) and human foreskin fibroblasts (American
Type Culture Collection) at a 70:30% ratio as previously described
(33). The cells were reconstituted in a mixture of pH-neutralized
medical grade bovine collagen (LLC Collagen Solutions; 0.4 mg per
EHM), concentrated serum-free medium [2x RPMI 1640, 8% B27
without insulin, penicillin (200 U/ml), and streptomycin (200 pg/ml)],
and cultured for 3 days in Iscove medium with 4% B27 without
insulin, 1% nonessential amino acids, 2 mM glutamine, 300 pM
ascorbic acid, insulin-like growth factor 1 (100 ng/ml; AF-100-11),
FGF-2 (10 ng/ml; AF-100-18B), vascular endothelial growth factor
165 (5 ng/ml; AF-100-20), TGF-P1 (5 ng/ml; AF-100-21C; all
growth factors are from PeproTech), penicillin (100 U/ml), and
streptomycin (100 ug/ml). After a 3-day condensation period, EHM
were transferred to flexible holders for auxotonic loading and
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cardiomyocyte maturation as previously described (61). Treatment
with L-norepinephrine hydrochloride (Sigma-Aldrich; prepared in
distilled water containing 200 uM L-ascorbic acid-2-phosphate
sesquimagnesium salt hydrate) and Bacopaside II (Sigma-Aldrich;
10 mM stock prepared in methanol) was initiated on week 3 of
EHM maturation. EHMs were treated with indicated concentra-
tions for 7 days.

Analysis of contractile function

Contraction experiments were performed under isometric condi-
tions in organ baths at 37°C in gassed (5% CO,/95% O,) Tyrode’s
solution (containing 120 mM NaCl, 1 mM MgCl,, 0.2 mM CaCl,,
5.4 mM KCl, 22.6 mM NaHCOj3, 4.2 mM NaH,POy, 5.6 mM glu-
cose, and 0.56 mM ascorbate). EHMs were electrically stimulated at
1.5 Hz with 5-ms square pulses of 200 mA. EHMs were mechanically
stretched at intervals of 125 um until the maximum systolic force
amplitude [force of contraction (FOC)] was observed according to
the Frank-Starling law. Force-frequency measurements were per-
formed at half-maximal effective concentration calcium concentra-
tions determined individually for each EHM.

Flow cytometry hypertrophy assay

EHMs were digested in collagenase 1 solution (2 mg/ml in calcium-
containing PBS in the presence of 20% fetal bovine serum) at 37°C
for 90 min. EHMs were then washed with PBS (without calcium)
and further incubated in Accutase (Millipore), 0.0125% Trypsin (Life
Technologies), and deoxyribonuclease (20 pg/ml; Calbiochem) for
30 min at room temperature. Cells were then mechanically separated,
and single-cell suspensions were obtained by passing the cells through
a 70-um cell strainer. Cell were fixed in with 70% ice-cold ethanol
and stained for sarcomeric a-actinin (Sigma-Aldrich) and Hoechst-
3342 (10 pg/ml; Life Technologies). The following gating strategy
was applied, as described previously (33), to assess cardiac myocyte
volume: (i) gating of cells based on forward scatter area (FSC-A)
and sideward scatter area, (ii) gating of live cells (nuclear DNA con-
tent), (iii) gating of single cells (based on DNA signal width), (iv)
gating of actinin® cardiac myocytes, and (v) assessment of cardiac
myocyte size based on median FSC-A. Cells were run on the LSRII
SORP Cytometer (BD Biosciences) and analyzed using DIVA soft-
ware. At least 10,000 live cells were analyzed per sample.

Myocardial samples from patients

Human endomyocardial biopsies from patients with aortic stenosis
were obtained during surgery from patients suffering of aortic ste-
nosis (n = 26) in accordance with the local ethics committee (Comité
éthique hospitalo-facultaire des Cliniques Universitaires St Luc,
Brussels, Belgium) with signed informed consent obtained before
surgery. Cardiac biopsies were immediately frozen in liquid nitro-
gen and stored at —80°C. For cardiac myocyte-isolated nuclei,
human heart specimens from hypertrophic and healthy myocardial
tissue were provided by the Department of Forensic Medicine in
Stockholm, Sweden. Ethical permissions were obtained from local
ethical committees. Individual patient details are listed in table S1. All
procedures for immunohistochemistry, cardiac myocyte nuclear isolation,
and RNA analysis are described in the Supplementary Materials.

Structural analysis of AQPs

The sequence and structure of the target AQP (P29972, PDB code
4CSK) were aligned with the sequence and structure of other mam-
malian AQPs sharing at least 40% identity with the target using
PDBeFOLD (62). For the proteins with no experimental structure
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in the PDB (63), the structures were modeled using the comparative
modeling webserver SWISS-MODEL (64). Analysis of the amino
acids lining the pore was performed using the web-based resource
PoreWalker (65), whereas the analysis of solvent accessibility and
that of interactions were performed for each protein structure using
the MuSiC suite (66), Protein Interaction Calculator web server (67),
and an in-house program (68). PYMOL was used as a visualization
tool of the protein structure (The PyMOL Molecular Graphics System,
version 2.0 Schrodinger LLC).

Statistical analysis

All results of continuous variables are expressed as means + SEM.
Raw data were first analyzed to confirm their normal distribution
and then analyzed by unpaired Student’s ¢ test, one-way analysis of
variance (ANOVA), two-way ANOVA, or two-way ANOVA for
repeated measures where appropriate. Dunett or Sidak correction
(one-way ANOVA) and Tukey or Sidak correction (two-way ANOVA)
were applied to correct for multiple comparisons. In the absence of
a normal distribution, a nonparametric Krukal-Wallis or Mann-
Whitney test were used, followed by Dunn’s correction for multiple
comparisons if appropriate. P < 0.05 was considered statistically
significant.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/564/eaay2176/DC1

Materials and Methods

Fig. S1. Expression of AQP4 in mouse cardiac myocytes and AQP in pericentriolar material 1-
positive nuclear RNA from control and hypertrophic human myocardium.

Fig. S2. Afterload control in Agp1 mice under TAC or Ang Il infusion and effect of endothelin-1
on ["*Cl-phenylalanine incorporation in adult cardiac myocytes from Agp1** and

Agp1™'~ mice.

Fig. S3. Fluorescence-based measurements of cell water intake in adult mouse cardiac
myocytes exposed to hypo-osmotic buffer.

Fig. S4. Reduced expression of profibrotic mediators in Agp1
paracrine effect in cardiac fibroblasts.

Fig. S5. Protein sequence alignment using AQP1 as target.
Fig. S6. Effect of Bacopaside Il on contractile properties of EHM with or without noradrenaline.
Fig. S7. Inhibitory effect of the standardized extract of B. monnieri on AQP1-mediated water
permeability in Xenopus oocytes.

Fig. S8. Schematic diagram summarizing the proposed mechanism of AQP1 inhibition by
Bacopaside Il.

Table S1. Clinical characteristics of donors with normal versus hypertrophic left ventricular
remodeling.

Table S2. Sequences of primers used in RT-qPCR.

Data file S1. Individual subject-level data for main figures.

Data file S2. Individual subject-level data for supplementary figures.
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Help for hypertrophy

One way that cardiomyocytes respond to injury or stress is by increasing in size (hypertrophy). Montiel et
al. studied the role of oxidative stress in myocardial hypertrophy. They saw that the water channel aquaporin-1
(AQP1) was increased in mouse and human hypertrophic heart tissue and that AQP1 regulated hydrogen peroxide
transport within myocytes. Deletion or pharmacological blockade of AQP1 abrogated hypertrophy in response to d
ifferent stressors in cells and in a mouse model of angiotensin ll-induced cardiac hypertrophy, identifying a
potential therapeutic target for hypertrophic cardiomyopathy.
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