European Review for Medical and Pharmacological Sciences 2021; 25: 313-325

Differential response of cardiac aquaporins
to hyperosmotic stress; salutary role of AQP1
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Abstract. - OBJECTIVE: Multiple pathophys-
iological conditions are associated with distur-
bance of myocardial osmotic equilibrium, exert-
ing detrimental effects on cardiac performance.
Cardiac myocytes may encounter hyperosmotic
stress during hyperglycemia, ischemia/reperfu-
sion injury, myocardial infarction, diabetes mel-
litus, severe dehydration, hypoxia or heat stress.
Aquaporins (AQPs) constitute transmembrane
channels that facilitate water transport in re-
sponse to osmotic gradients. Therefore, the
present study aimed at probing into AQPs mode
of response and potential role as effector mole-
cules and sensors, under hyperosmotic stress.

MATERIALS AND METHODS: H9c2 cardiac
myoblasts were left untreated (control) or were
exposed to 0.5 M sorbitol so as to induce hyper-
osmotic stress conditions. After the experimen-
tal treatments, MTT assay was performed to as-
sess cell viability. Endogenous mRNA levels of
AQP1 and AQP7 were assessed by ratiometric
RT-PCR. Their subcellular localization pattern
was revealed by immunofluorescence micros-
copy. Protein levels of AQP1 and AQP7, as well
as of apoptotic markers (cleaved caspase-3 and
PARP), were detected by immunoblot analysis.

RESULTS: Hyperosmotic stress (0.5 M sorbitol)
induced a time-dependent upregulation of AQP7
(but not of AQP1) mRNA in H9c2 cells. Of note,
biochemical and immunocytochemical analyses
revealed the increased membrane-associated
protein expression of AQP1, under these condi-
tions, while AQP7 respective levels remained un-
changed. Interestingly, inhibition of AQP1 by Hg-
Cl,, aggravated the sorbitol-induced apoptosis in
H9c2 cells, as evidenced by chromatin conden-
sation and fragmentation of caspase-3 and PARP.

CONCLUSIONS: AQP1 and AQP7 are differen-
tially regulated under hyperosmotic stress con-
ditions in H9c2 cells. AQP1, acting as an osmotic
stress sensor and response factor, exerts a ben-
eficial effect against the sorbitol-induced apop-
tosis, potentially favoring preservation of cardi-
ac function.
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AQP, aquaporin; BSA, bovine serum albumin; DMSO, di-
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chemiluminescence; MAPK, mitogen-activated protein ki-
nase; PARP, poly(ADP-ribose) polymerase; ROS, reactive
oxygen species; TBS, Tris-buffered saline.

Introduction

Cardiovascular diseases constitute the princi-
pal cause of death in developed countries. Osmo-
tic perturbations may result in impairment of
cardiac performance. This is evidenced in seve-
ral conditions of clinical importance, i.e., hyper-
glycemia, hyperlipidemia, diabetes mellitus,
severe dehydration, hypoxia, heat stress, ische-
mia/reperfusion injury, myocardial infarction,
hypoxia, cardioplegia or cardiopulmonary bypass
surgery’. Even minor imbalances of the osmotic
equilibrium may lead to development of myocar-
dial edema, with detrimental effects on heart mi-
crocirculation and metabolism. The induced myo-
cardial stunning and cell death exacerbate cardiac
function??. Evidently, revealing the salutary role
of any effector molecules that function as osmotic
stress sensors and response factors is of funda-
mental significance.

Water is transported through lipid bilayers by
simple diffusion or via selective water pores. In
2003, Peter Agre was awarded the Nobel Prize in
Chemistry, for the discovery of aquaporins (AQPs),
the transmembrane channels that facilitate water
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transport in response to osmotic gradients*. Thir-
teen isoforms have been identified so far in mam-
mals, with AQP1, -2, -4, -5, -6, -8, -12 and -0 being
selective for water and AQP3, -7, -9, -10 and -11
also allowing passage of glycerol. Certain isoforms
also facilitate transport of ammonia, urea, carbon
dioxide and hydrogen peroxide, thereby contribu-
ting to waste metabolism, gas exchange and traf-
ficking of signaling effectors®. AQPs exist as tetra-
mers with each monomer having its own pore and
a molecular mass of ~28 kDa. Although AQPs are
ubiquitously expressed in many renal and non-re-
nal tissues, those of kidney and brain have mono-
polized the interest of researchers.

Consequently, the role of cardiac AQPs remains
elusive, since reports on their cellular distribution
and expression vary significantly, depending on
species examined and the techniques applied. Wi-
th respect to rat cardiac tissue, transcripts of seve-
ral AQPs have been detected (AQP1, -3, -4, -5, -6,
-7, -11), but only a few at protein level, with AQP1
expression being the most prominent'. So far, most
reports on cardiac AQPs have focused on AQPI
and several on AQP7. In particular, AQP1 has be-
en found to mediate transepithelial water flux and
hydrogen peroxide exchange®. Calcium influx,
calmodulin and PKC-dependent phosphorylation
have been shown to regulate subcellular locali-
zation of AQPI1°. As far as AQP7 is concerned,
its deficiency appears to compromise metabolic
adaptation upon cardiac overload, via limitation
of glycerol uptake and reduction of intracellular
ATP levels’. This is of fundamental significance,
since metabolism of cardiac myocytes relies on
fatty acids, but shifts to glucose and glycerol as
energy substrates, under cardiac overload.

Diverse regulatory mechanisms orchestrate the
activity, function and localization of AQPs. In
particular, abundance and properties of AQPs can
be regulated: a) at gene and/or protein levels, b)
by receptor-mediated mechanisms® and c) by mo-
difications in their membrane expression levels®.
There is also evidence that the potential role of
AQPs in preservation of myocardial water balan-
ce may determine the clinical outcome of several
cardiovascular diseases. Therefore, gaining insi-
ght into the molecular mechanisms that regulate
their responses is critical.

Overall, the present study unveils the diffe-
rential mode of regulation of AQP1 and AQP7
in H9¢2 cardiac myoblasts exposed to hypero-
smotic stress, with emphasis on the beneficial
role of AQP1 against the apoptotic mechanism
triggered. Our findings highlight AQP1 as a
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promising effector molecule that may attenu-
ate myocardial deterioration and progression of
cardiovascular pathologies. H9¢2 cells consti-
tute an established experimental model, widely
used to investigate the signalling mechanisms
and pathways involved in ischemia, ischemia/
reperfusion, hypoxia, autophagy, hypertrophy,
apoptosis, endoplasmic reticulum-mitochon-
dria interactions and cellular stress responses in
cardiac myocytes. In addition, the energy me-
tabolism profile identified in H9¢c2 cells makes
them an excellent experimental alternative in
studies simulating cellular stress conditions,
including osmotic imbalances.

Materials and Methods

Reagent and Antibodies

Dithiothreitol (DTT), phenylmethylsulphonyl
fluoride (PMSF), dimethyl sulfoxide (DMSO), sor-
bitol, thiazolyl blue tetrazolium bromide (MTT)
and Bradford protein assay reagent were purcha-
sed from AppliChem GmbH (Darmstadt, Ger-
many). Leupeptin, trans-epoxy succinyl-L-leu-
cyl amido-(4-guanidino) butane (E-64), Nonidet
P-40 were from Merck (Burlington, MA, USA).
HgCl, was purchased from Acros Organics (part
of Thermo Fisher Scientific, Geel, Belgium).

Nitrocellulose (0.45 pum) was obtained from
Macherey-Nagel GmbH (Duren, Germany). Pre-
stained molecular mass markers were from New
England Biolabs (Beverly, MA, USA). The rabbit
polyclonal antibodies for poly (ADP-ribose) poly-
merase (PARP) (#9542) and caspase-3 (#9662)
were purchased from Cell Signaling Technology
(Beverly, MA, USA), while rabbit polyclonal an-
ti-actin (A2103), as well as anti-Gs alpha (G5040)
antibodies, were from Merck. Rabbit polyclonal
anti-AQP1 antibody (RA3391/2353) and anti-A-
QP7 antibody (RA2900/1246) were a kind gi-
ft from Prof. S. Nielsen (University of Aarhus,
Aarhus, Denmark). The peroxidase-conjugated
goat anti-rabbit IgG secondary antibody was
from Merck (Burlington, MA, USA) and the go-
at anti-rabbit IgG-FITC secondary antibody from
Santa Cruz Biotechnology (Dallas, TX, USA).
The enhanced chemiluminescence (ECL) kit was
from GE Healthcare (Buckinghamshire, UK). Su-
per RX film was purchased from Fuji photo film
GmbH (Dusseldorf, Germany). Cell culture sup-
plies were from PA A Laboratories (Pasching, Au-
stria). Hoechst 33258 was from Invitrogen (part of
Thermo Fisher Scientific, Waltham, MA, USA).
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Cell Culture and Treatments

H9c¢2 rat cardiac myoblasts (passage 18-25;
American Type Culture Collection CRL-1446,
Manassas, VA, USA) were grown in high gluco-
se (4.5g/L) Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Paisley, UK), in the presence
of 10% (v/v) fetal bovine serum (FBS; Thermo-
Fischer Scientific, Waltham, MA, USA) and pe-
nicillin-streptomycin (1:100; Thermo Fischer
Scientific, Waltham, MA, USA), under a humi-
dified atmosphere of 95% air/5% CO, at 37°C,
with mycoplasma testing routinely performed.
Cells were seeded in 60-mm dishes and grown to
approximately 70% confluence. Before any treat-
ment, serum had been withdrawn for at least 18 h.
Sorbitol (0.5 M) was added to the medium for the
times indicated.

Cell Viability Assay

The number of viable cells was determined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. After
seeding cells in 96-well culture plates (5x10°cells/
well), they were treated with various concentra-
tions of HgCl, for 24 h. Untreated cells were used
as controls. Four hours before the end of treat-
ment, 50 ug MTT was added to each well. Next,
the medium was aspirated, cells were lysed in 0.1
M HCl/isopropanol to dissolve the reduced MTT
formazan crystals and absorbance was measured
in an ELISA microplate reader (DENLEY, West
Sussex, UK) using a 545-nm filter. All experi-
ments were performed in triplicate.

RNA Preparation, cDNA Synthesis
and Ratiometric Reverse Transcription
PCR (RT-PCR)

Ratiometric reverse transcription of total RNA
followed by PCR analysis were performed to
analyze the expression of endogenous AQPs. Total
RNA was extracted from H9c2 cells using TRI-
zol (Invitrogen, Carlsbad, CA, USA), followed by
cDNA synthesis in which 2 pg of total RNA was
denatured in the presence of 5 pmoles oligo-dT
primer in a reaction volume of 13.5 pl (65°C, 5
min). PCR for AQP1 was performed using 1.5
Units Taq (Bioron GmbH, Ludwigshafen, Ger-
many) with sense 5>~-CTTACCTCCAGGACCCT-
TCC-3’ and antisense 5-TAGCTCATCCACAC-
GTGCTC-3’ primers, based on the sequence of
rat AQP1 [GenBank Accession No. NM_012778].
These primers amplify a 232-base pair PCR pro-
duct. AQP7 primers were as follows: sense 5’-
ATCCTTGTTTGCGTTCTTGG-3’ and antisense

5’-GCGTGAATTAAGCCCAGGTA-3’ based on
the sequence of rat AQP7, for a 212-base pair PCR
product [GenBank Accession No. NM_ 019157].
PCR was carried out for 27 cycles (94°C for 30
sec, 59°C for 30 sec and 72°C for 30 sec) with the
final extension performed at 72°C (4 min). PCR
(25 cycles) for GAPDH was performed using the
following primers: sense 5’-ACC ACA GTC CAT
GCC ATC AC-3’ and antisense 5’-TCC ACC ACC
CTG TTG CTG TA-3’ [GenBank Accession No.
X02231]. cDNA samples derived from untreated
(control) and treated cells were always amplified
simultaneously. PCR products were separated on
a 2% (w/v) agarose gel and band intensities were
determined using Gel Analyzer v. 1.0. All values
were normalized for the amount of GAPDH mR-
NA. Negative controls included samples where
template was omitted.

Preparation of Protein Extracts

Following treatment, the cells were washed
twice in ice-cold phosphate-buffered saline (PBS)
and harvested by scraping the dishes. To prepa-
re soluble (cytoplasmic) and particulate (mem-
brane) fractions, H9c2 cells were scraped into
ice-cold buffer (12.5 mM Tris-HCI, pH 7.4, 2.5
mM EGTA, 1 mM EDTA, 50 mM NaF, 5 mM
dithiothreitol, and 0.5 mM PMSF, with 2 pg/ml
leupeptin, 2 uM microcystin, and 10 uM E64).
Samples were centrifuged in a BR4i Jouan cen-
trifuge (10.000 g, 10 min, 4°C) and the soluble
fractions were collected. The pellets were resu-
spended in 100 pl of the aforementioned buffer
containing 2% (v/v) Triton X-100. They were next
incubated on ice for 15 min and the solubilized
particulate fractions were collected following
centrifugation (20.800 g, 10 min, 4°C). Protein
concentration was determined using the Bradford
assay. After quantification, 0.33 vol. of Sample
Buffer [SB4X: 0.33 mol/l Tris-HCI (pH 6.8), 10%
(w/v) SDS, 13% (v/v) glycerol, 20% (v/v) 2-mer-
captoethanol, 0.2% (w/v) bromophenol blue] was
added to the samples, which were then boiled and
stored at -20°C until use. For the evaluation of ca-
spase-3 activation, Chaps buffer [SO mM HEPES/
KOH pH 6.5, 2 mM EDTA, 0.1% (w/v) Chaps, 20
pg/ml leupeptin, 5 mM DDT, 1 mM PMSEF, 10 pg/
ml aprotinin and 10 pg/ml pepstatin A] was used.
Next, the samples were repeatedly frozen [-80 °C
(x3)] and left to thaw. Lysates were then centri-
fuged (20.800 g, 4°C, 20 min) and protein con-
centrations were determined using the Bradford
assay. Samples were then boiled with 0.33 vol. of
SB4X. For whole cell extracts, H9¢2 cells were
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lysed in ice-cold buffer [20 mM Tris-HCI pH 7.5,
20 mM B-glycerophosphate, 2 mM EDTA, 10
mM benzamidine, 20 mM NaF, 0.2 mM Na,VO,,
200 puM leupeptin, 10 uM E-64, 5 mM DTT, 300
puM PMSF and 0.5% (v/v) Triton X-100], and then,
incubated on ice for 15 min. Lysates were centri-
fuged (20.800 g, 10 min, 4°C) and the superna-
tant (total protein extract) was collected. Protein
concentration was determined using the Bradford
assay. After quantification, 0.33 vol. of SB4X was
added to the samples, which were then boiled and
stored at -20°C until use.

Chromatin Condensation Assay

HOc2 cells were cultured onto ibidi (Martinsri-
ed, Germany) 4-well p-slides and treated with 0.5
M sorbitol for 1 h in the presence or absence of
HgCl, (25uM). Untreated cells were used as con-
trols. After treatments, medium was removed and
Hoechst 33258 was added to each well (10 pg/ml,
15 min). Nuclear morphology and fluorescence
were visualized using a Zeiss Axioplan microsco-
pe. Digitized images were obtained with a Zeiss
Axiocam MRcS5 digital camera with the Axiovi-
sionRel 4.4 image software.

Immunofiuorescence

Cells were seeded on ibidi (Martinsried, Ger-
many) 4-well p-slides and treated with 0.5 M sor-
bitol for 1 h. Untreated cells served as a control
group. Then, the cells were fixed with 4% (v/v)
formaldehyde in phosphate buffer saline (PBS)
pH 7.4 for 15 min at R , washed in PBS (x3) and
were permeabilized with 0.3 % Triton X-100 for
15 min at R,. Slides were subsequently blocked
with 2% (w/v) BSA for 120 min and incubated
overnight with the rabbit polyclonal anti-AQP1
(RA3391/2353) or anti-AQP7 (RA2900/1246) an-
tibodies (1:50 at 4°C). The anti-rabbit [gG-FITC
secondary antibody was used at a dilution of 1:100
for 90 min at R,. Cells were visualized under a
Nikon Digital Eclipse C1 confocal laser scanning
microscope (Nikon Corporation, Tokyo, Japan).

Light Microscopy

Cells were seeded on ibidi 4-well p-slides and
treated with 0.5 M sorbitol for 1 or 2 h. Untreated
cells served as a control group. After washing in
PBS (x3) slides were observed with a Zeiss Axio-
Observer.Z1 inverted light microscope.

SDS-PAGE and Immunoblot Analysis

Protein samples containing equal amounts of
protein (40 pg) were resolved by SDS-PAGE on
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8% (w/v) or 10% (w/v) polyacrylamide gels and
transferred onto nitrocellulose membranes (0.45
um). After blocking in TBST (Tris-buffered Sali-
ne Tween) containing 5% (w/v) non-fat milk pow-
der (60 min, R,), the membranes were incubated
overnight with the appropriate antibody, accor-
ding to the manufacturer’s instructions (at 1:1000
dilution, except for anti-AQP1 antibody which
was used at 1:200 and for anti-AQP7 antibody
which was used at 1:500). Following incubation
with the respective horseradish peroxidase-conju-
gated secondary antibody (1:5000 dilution), blots
were developed using enhanced chemilumine-
scence (ECL) and quantified by scanning densi-
tometry (Gel Analyzer v. 1.0). Equal protein loa-
ding was verified by re-probing membranes with
an anti-actin antibody. Normalization was carried
out by dividing the average levels of individual
proteins by those of a loading control protein in
each sample.

Statistical Analysis

Western blots shown are representative of at
least three independent experiments. Data shown
correspond to the mean = SEM and were analy-
zed by one-way ANOVA multiple comparison test
(Graph Pad Prism Software, San Diego, CA) with
group comparisons performed using the Bonfer-
roni post-hoc test. p<0.05 was considered to indi-
cate a statistically significant difference.

Results

AQPT and AQP7 mRNA Levels Under
Conditions of Hyperosmotic Stress

In accordance with previous studies!, we first
confirmed the expression of AQP1 and AQP7 in
HO9c¢2 cardiac myoblasts at the RNA level, by RT-
PCR (Figure 1). Sorbitol, at a concentration of 0.5
M, is routinely used as a hyperosmotic stimulus
for gene expression studies in cardiomyocyte
experimental settings’. Interestingly, after trea-
ting H9¢2 cells with 0.5 M sorbitol for increasing
time intervals, ranging from 1 up to 24 hours, we
found no apparent change in AQP1 mRNA levels
(Figure 1 A upper panel). On the other hand, AQP7
mRNA levels were maximally induced at 2 h (5.6
+ 0.47 fold relative to control, p<0.01), remaining
significantly elevated for at least 6 h (4.79+0.35
fold relative to control, p<0.01) (Figure 1A mid-
dle panel, B). As a house-keeping gene GAPDH
(glyceraldehydes-3-phosphate ~ dehydrogenase)
mRNA levels were monitored (Figure 1A bot-
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Figure 1. A, Kinetics of hyperosmotic stress-induced AQP1 and AQP7 mRNA upregulation in H9¢2 cardiac myoblasts. H9¢c2
cells were exposed to 0.5 M sorbitol for the times indicated. RNA was extracted and expression of AQP1 (A upper panel),
AQP7 (A middle panel) and GAPDH (A bottom panel) mRNA was analyzed by ratiometric RT-PCR. The size of each PCR
product is indicated next to the respective panel. After densitometric analysis of the AQP7 PCR product, results were norma-
lized for GAPDH and the data is presented (B) as fold stimulation. Results are means + SEM for at least three independent

experiments. * p<0.01 compared to control values.

tom panel). Data shown represents densitometric
analysis of AQP7 PCR product bands normalized
for the respective GAPDH values (Figure 1B).

Protein Expression Pattern of AQP1
and AQP7 Under Conditions
of Hyperosmotic Stress

Previous reports® have demonstrated AQP1
membrane localization in mouse heart and enhan-
ced AQP1 membrane expression under hypotoni-
city. Therefore, in light of our ratiometric RT-PCR
results, we next examined the protein distribution
pattern of the AQPs under investigation. Intere-
stingly, immunoreactivity of AQP1 was found to
be maximal in the particulate fraction of H9¢c2
cells treated with sorbitol for 1 hour (2.8+0.30
fold relative to control) (Figure 2A upper panel
and B). Antibodies against actin and Gs alpha
subunit were used as markers for the cytoplasmic
(soluble) and membrane (particulate) fractions,
respectively (Figure 2A bottom panels). We did
not observe enhanced localization of AQP7 pro-
tein to the membrane (Figure 2C).

Immunocytochemical analysis was subse-
quently performed so as to further investigate and
visualize AQP1 and AQP7 protein expression. In
accordance with the aforementioned results, the
basal immunofluorescent signal corresponding to
AQPI in untreated cells (Figure 3, control), was

significantly enhanced after treatment with 0.5
M sorbitol for 1 h (Figure 3, sorbitol 1 h). AQP1
immunoreactivity was detected in the cytoplasm
and appeared particularly increased in the pe-
ri-nuclear region, possibly indicating its enhanced
presence in the endoplasmic reticulum. On the
other hand, no significant change was detected in
AQP7 immunofluorescent signal, after exposure
of H9¢2 cells to sorbitol for 1 h (Figure 3).

Hyperosmotic Stress Induces Apoptosis
in H9c2 Cells

Studying the morphology of H9¢2 cells un-
der conditions of hyperosmotic stress (exposure
to 0.5 M sorbitol for 1 and 2 h), we observed
their extensive cell shrinkage, due to water ef-
flux (Figure 4).

In line with previous findings reporting in-
duction of apoptosis in cardiac myocytes under
these conditions'®, in our hands, exposure of
HO9c2 cells to 0.5 M sorbitol also triggered apop-
tosis, as evidenced by cleavage, thus activation,
of caspase-3 (Figure 5). In particular, caspase-3
fragmentation was detected from as early as 0.5
h of sorbitol treatment and was maximized after
2 h (3.940.3 fold relative to control, p<0.001; Fi-
gure 5 A upper panel, B). Equal protein loading
was verified by re-probing the membrane with
an anti-actin antibody (Figure 5A bottom panel).
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Figure 2. Hyperosmotic stress induces an increase in AQP1 membrane expression but not in that of AQP7. H9¢2 cells were
exposed to 0.5 M sorbitol for the times indicated. A, and C, upper panel: Soluble and particulate extracts (40 pg/lane) were
subjected to SDS-PAGE and immunoblotted with an antibody for AQP1 (A) and AQP7 (C). A and C bottom panels: Identical
samples were subjected to SDS-PAGE and immunoblotted with an antibody against actin (left) as a marker for soluble extracts
and against Gs alpha (right) as a marker for particulate extracts. Western blots presented are representative of at least three in-
dependent experiments with overlapping results. Immunoreactive bands were quantified by scanning densitometry and plotted
(B). Results are means = SEM for at least three independent experiments. ¢ p<0.001 compared to control values.

AQP1T Inhibition Aggravates
Apoptosis Triggered by Hyperosmotic
Stress in H9c2 Cells

Controversy exists regarding the role of AQP1
in preservation of cell survival, since it can either
be beneficial or detrimental, depending on spe-
cies, cell type and the experimental conditions
studied'"*. Given the detected enhanced protein
expression of AQP1 in sorbitol-treated H9¢2 cel-
Is, we next sought to determine the anti-survival
or pro-survival role of AQP1 in our experimen-

318

tal setting. We thus used HgCl, which selectively
blocks AQP1 activity by binding to Cys' of the
protein pore entrance'. To avoid any cytotoxic
effect, MTT analysis was performed to determi-
ne the concentration range of HgCl, that did not
impair H9¢2 survival (less than 50 uM, Table I).
Accordingly, H9¢2 cells were treated for 30
min with 1 or 25 uM HgCl,, before their expo-
sure to 0.5 M sorbitol. As illustrated in Figure 6
(A upper panel, B), sorbitol-induced PARP pro-
teolysis, an established apoptotic marker", was
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Figure 3. Hyperosmotic stress enhances the membrane localization profile of AQP1 in H9¢c2 cells. H9¢c2 cells were left un-
treated (control) or exposed to 0.5 M sorbitol for 1 h. Cells were then subjected to immunofluorescent analysis with antibodies
directed against AQP1 or AQP7 protein levels (green fluorescence). Slides were visualized under a Nikon Digital Eclipse C1
confocal laser scanning microscope. The Figure shows representative photographs for each group, from at least 3 independent
experiments. Images were taken at 60x magnification and scale bar: 10 um.
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Figure 4. Hyperosmotic stress induces shrinkage and death of H9c2 cells. Cells grown on p-slides were treated with 0.5
M sorbitol for 1 or 2 h. Untreated cells served as control. Slides were observed with a Zeiss AxioObserver.Z1 inverted light
microscope. The Figure shows representative photographs for each group, from at least 3 independent experiments. Images
were taken at 10x magnification (scale bar: 100 pm) in upper images or 20X magnification (scale bar: 50 um) in bottom images.
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Figure 5. Time-dependent profile of caspase-3 cleavage in response to hyperosmotic stress. A, H9c2 cells were exposed to
0.5 M sorbitol for the times indicated. Extracts from cells lysed with Chaps buffer (40 pg) were subjected to SDS-PAGE and
immunoblotted with an antibody that recognizes cleaved caspase-3 (A upper panel). Equal protein loading was verified by
immunoblotting identical samples with a specific anti-actin antibody (A bottom panel). Western blots are representative of at
least three independent experiments with overlapping results. Immunoreactive bands were quantified by scanning densitome-
try and plotted (B). Results are means = SEM for at least three independent experiments. ® p<0.001 compared to control values.

enhanced in the presence of 1 uM as well as 25
uM of HgCl,. Equal protein loading was verified
by re-probing the membrane with a specific an-
ti-actin antibody (Figure 6A bottom panel). The
deleterious effect of AQP1 inhibition was also ob-
served when we probed into caspase-3 fragmen-
tation. In particular, cleaved-caspase-3 protein le-
vels were considerably increased in samples from
HO9c2 cells treated for 30 min with 25 uM HgCl,,
before being exposed to 0.5 M sorbitol (Figure
7 A upper panel, B). Equal protein loading was
once again verified by re-probing the membrane
with a specific anti-actin antibody (Figure 7A bot-
tom panel). Since apoptosis is also characterized
by chromatin condensation'’, we investigated this
further by staining H9¢2 cells with Hoechst 33258
and observing their nuclear morphology. Indeed,
treatment with 0.5 M sorbitol induced a notable
upregulation of nuclear fluorescence, compared
with the untreated control cells (Figure 8). Chro-
matin condensation was further enhanced when
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cells were pre-treated with 25 uM HgCl, before
being exposed to 0.5 M sorbitol (Figure 8).

Discussion

A stable osmotic environment involves normal
transport of water and solutes among intracellu-
lar and interstitial compartments. Disturbance of
osmotic equilibrium results in pathophysiological
conditions affecting multiple tissues and organs,
including the heart, with myocardial contractility
and function being severely compromised'”'®. No-
tably, aquaporins are not only important for car-
diac water homeostasis, but also for cardiac exci-
tation-contraction coupling, via interacting with
a number of ion channel proteins and connexins.
They have also been tightly associated with in-
fective endocarditis, which can potentially pro-
mote human heart valvular destruction, leading to
acute heart failure”. AQPI and AQP7 have been
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Figure 6. Inhibition of AQP1 activity enhances sorbitol-in-
duced PARP fragmentation in H9¢2 cells. A, H9c2 cells we-
re left untreated (C: control), or treated with 0.5 M sorbitol
(sorb), or incubated with HgCl, (1 uM or 25uM), or were
pre-incubated with HgCl, (1 uM or 25uM) for 30 min and
then exposed to 0.5 M sorbitol (sorb) in the presence of HgCl,.
Whole cell extracts (40 pg/lane) were subjected to SDS-PA-
GE and immunoblotted with an antibody that detects endoge-
nous levels of full length PARP as well as the large 89 kDa
PARP fragment (A upper panel). Equal protein loading was
verified by immunoblotting identical samples with a specific
anti-actin antibody (A bottom panel). Western blots are re-
presentative of at least three independent experiments with
overlapping results. Immunoreactive bands were quantified
by laser scanning densitometry and plotted (B). Results are
means + SEM for at least three independent experiments.
*p<0.001 compared to control values; ¢p <0.05 compared to
sorbitol-treated cells in the absence of HgCl,.

demonstrated to exert a significant homeostatic
role in human cardiovascular physiology. In parti-
cular, large scale RNAseq analyses have revealed
increased expression of AQP1, AQP7 and AQP3
in samples from healthy donors and patients with
dilated cardiomyopathy®. In addition, AQP1 has
been reported to play a central role in regulation of
human heart contractility via transport of CO,*.

Thus, evaluating the potential of AQPs as stress
sensors, prognostic markers or cytoprotective ef-
fectors, is of exquisite clinical importance in the
context of cardiac cells exposed to the deleterious
effects of hyperosmotic stress.

In the present study, in agreement with pre-
vious reports'®, we detected expression of AQP1
and AQP7 transcripts in H9¢2 cardiac myoblasts
(Figure 1). Of note, only AQP7 mRNA levels were
upregulated significantly after exposure of H9¢2
cells to the osmotic insult (Figure 1A middle pa-
nel, B). This finding is indicative of a time-depen-
dent regulation of AQP7 mRNA expression under
conditions of hyperosmotic stress, not reported
before. As far as AQP1 is concerned, in accordan-
ce with our results, multiple studies"** have found
AQP1 mRNA Ievels to be constitutive in rat heart.
Nevertheless, Rutkovskiy et al** have shown that
intraperitoneal injection of mice with a hypero-
smotic solution, stimulates AQP1 mRNA but not
total protein levels in heart. In addition, Jonker
et al** have demonstrated that both AQPI mRNA
and protein levels are stimulated by hemodilu-
tion-induced hypotonic stress in fetal sheep heart.

Subsequently, an effort was made to investigate
the protein expression profile of AQP1 and AQP7.
We detected enhanced presence of AQP1 in the
membrane-associated fraction of H9¢2 cells, after
treatment with 0.5 M sorbitol (Figure 2A upper
panel, B). In addition, our immunocytochemistry
experiments demonstrated a significant increase
in AQP1 immunofluorescence intensity, in sor-
bitol-treated H9c2 cells (Figure 3). In agreement
with our findings, Umenishi et al*® showed AQP1
protein expression to be time-dependent, in renal
medullar cells exposed to hypertonicity. Further-
more, these results are in accordance with data
generated from immunohistochemical studies on
primary astrocytes and HEK?293 cells treated wi-
th hypotonic medium?®.

Noticeably, sorbitol-induced AQP7 mRNA
levels were not correlated with an analogou-
sly increased protein expression (Figure 2C up-
per panel). The mechanistic explanation behind
this discrepancy remains to be resolved and is a
subject of ongoing investigation. Nevertheless,
we would like to point out that apoptosis has be-
en previously shown to affect protein synthesis,
via caspase-mediated cleavage of various factors
with translational activity, i.e., polypeptide chain
initiation factors (eIF2, elF4G, eIF4E)*. In addi-
tion, in a recent study?’, certain short upstream
open reading frames (WUORFs) were demonstrated
to preferentially downregulate translation of spe-
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Figure 7. Inhibition of AQP1 activity enhances sorbitol-induced cleavage of caspase-3 in H9c2 cells. A, H9c2 cells were left
untreated (C: control), or treated with 0.5 M sorbitol (sorb), or incubated with HgCl, (25uM), or were pre-incubated with HgCl,
(25uM) for 30 min and then exposed to 0.5 M sorbitol (sorb) in the presence of HgCl,. Extracts from cells lysed with Chaps
buffer (40 pg) were subjected to SDS-PAGE and immunoblotted with an antibody that recognizes cleaved caspase-3 (A upper
panel). Equal protein loading was verified by immunoblotting identical samples with a specific anti-actin antibody (A bottom
panel). Western blots are representative of at least three independent experiments with overlapping results. Immunoreactive
bands were quantified by scanning densitometry and plotted (B). Results are means + SEM for at least three independent expe-
riments. * p<0.001 compared to control values; ® p<0.05 compared to sorbitol-treated cells in the absence of HgCl,.

cific mammalian mRNAs, under hyperosmotic
stress (i.e., of e[F2D). Failure to correlate mRNA
levels with protein expression could thus be attri-
buted to delayed translation of a subset of tran-
scripts, or to the complex and varied post-tran-
scriptional mechanisms that orchestrate mRNA
translation?, particularly under stress. Overall, in
our experimental setting, the expression of aqua-
porin family members is upregulated by hypero-
smotic stress, either at the transcriptional (AQP7),
or at the translational (AQPI) level.

After verifying that the hyperosmotic insult
triggers apoptosis in our experimental setting
(Figure 5), we looked into the role of the highly
expressed AQP1 under these conditions, using
HgCl,. Mercuric chloride, in concentrations
varying from 5 up to 300 uM?*°, constitutes a ge-
neral inhibitor of most AQPs*. AQP1 and AQP2
are specifically sensitive to HgCL,, in contrast to
AQP7 and AQP4, which are insensitive to this
compound”. With AQP2 being the principal
aquaporin in kidney and AQP1 and AQP7 being
expressed and active in cardiac muscle’, any effect
seen in H9¢c2 cells in the presence of HgCl,, can
be attributed to blockade of AQP1 activity. Thus,
the enhancement of sorbitol-induced apoptosis in
the presence of HgCl,, as evidenced by a conside-
rable increase in PARP (Figure 6) and caspase-3
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fragmentation (Figure 7), as well as in chromatin
condensation (Figure 8), is indicative of a salutary
role of AQPI, in our experimental setting. This
finding is of fundamental significance, since it
underlies the cytoprotective function of AQP1, as
a sensor of- and responder to hyperosmotic stress
in H9¢2 cells. In agreement with our observation,
AQPI1 has been found to exert a cytoprotective
effect by alleviating myocardial edema after car-
diopulmonary bypass in sheep® and by reversing
LPS-induced apoptosis in HK-2 renal epithelial
cells*2. In addition, AQP1 overexpression sup-
presses hyperglycemia-induced apoptosis in en-
dothelial cells*. Inhibition of AQP1 expression
also augments apoptosis of human lens epithelial
cells, promoting development of cataracts’>. On
the other hand, Li et al®> have found AQPI defi-
ciency to protect against myocardial infarction in
mice. AQP1 ablation also exerts a pro-survival ef-
fect in ischemic goat heart** as well as in rat heart
after cardiopulmonary bypass®.

Collectively, our study unveils the response me-
chanisms of AQP1 and AQP7 in H9c2 cells expo-
sed to hyperosmotic stress, as well as the salutary
effect of AQPI against the apoptotic death triggered
(Figure 9). Promoting cardiac cells survival is nodal
in preservation of cardiac homeostatic equilibrium.
Therefore, future researches are required in order
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Figure 8. Hyperosmotic stress stimulates chromatin condensation in H9¢2 cells. Chromatin condensation, indicative of
apoptosis, was detected using the Hoechst staining method. Cells were cultured onto p-slides and treated with 0.5 M sorbitol
for 1 h in the presence or absence of 25 uM HgCl,. Untreated cells served as a control group. Hoechst 33258 (10 pg/ml) was
added and after cells were washed three times with PBS, nuclear morphology and fluorescence were visualized using a Zeiss
Axioplan microscope. The Figure shows representative photographs for each group from at least 3 independent experiments.

Scale bar: 20 or 15 um, as indicated.

to further clarify and define the physiological roles
that aquaporins play in the context of the human
myocardium. In light of the numerous pathophy-
siological conditions involving osmotic imbalances
(ischemia/reperfusion, diabetes, myocardial edema,
septic shock etc.), designing and promoting novel
therapeutic strategies is of outmost importance, so
as to limit patients’ morbidity and mortality. Given
the complexity of the molecular mechanisms medi-
ating aquaporins expression, localization and func-
tion, data from different experimental settings (cell
lines, primary cells and ex vivo models) are needed
before extrapolating any scientific outcome to the
milieu of the human myocardium.

Conclusions
In the present study, AQPs were found to be

differentially regulated under hyperosmotic stress
conditions induced by sorbitol, in H9¢2 cardiac

myoblasts. The core findings of this study are as
follows:

— Hyperosmotic stress upregulates AQP7 ex-
pression at the transcriptional level, in a
time-dependent manner.

— Hyperosmotic stress enhances AQP1 mem-
brane-associated protein levels, in a time-de-
pendent manner.

— AQP1 functions as a response factor and sen-
sor of osmotic stress in H9¢2 cells.

— AQPI1 exerts a salutary role against apopto-
sis conferred by hyperosmotic stress in H9¢2
cells.
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