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Abstract

Sigma1 receptor (S1R) and some aquaporins (AQPs) are involved in controlling oxidative
stress, but only recently has their possible interaction emerged. S1R acts by interacting
with proteins in the plasma membrane and organelles and AQPs by favoring the hydrogen
peroxide (H2O2) cell removal. To date, the possible regulation of peroxiporins by S1R has
not been explored. Using H2O2 HyPer7 biosensors and knockdown techniques, we investi-
gated (1) the AQPs and S1R functional involvement in H2O2 diffusion through the plasma
membrane and in the outer and inner mitochondrial membranes, and (2) the possible inter-
action between S1R and AQPs. Our data showed the functional involvement of different
AQPs in the diffusion of H2O2: AQP3, AQP6, and AQP8 in the plasma membrane; AQP6
in the outer mitochondrial membrane; and AQP6 and AQP8 in the inner mitochondrial
membrane. The knockdown of S1R demonstrated its involvement in the overall diffusion
of H2O2 across the three compartments. The double knockdown of S1R and a single AQP
indicated that AQP8 and AQP6 could be regulated by S1R. These findings demonstrate the
coordinated role of AQPs in the mitochondria and the plasma membranes and that S1R
modulates the AQP-facilitated H2O2 cell removal, thus controlling the oxidative status and,
most likely, the oxidative stress.

Keywords: aquaporins; mitochondrial permeability; HyPer7 biosensor; oxidative stress;
hydrogen peroxide; HeLa

1. Introduction
The sigma1 (S1R) and sigma2 receptors are enigmatic proteins. When discovered, they

had been framed as opioid receptors, but later on, they were shown to have pharmacological
differences. Unlike canonical opioid receptors, the sigma receptors have a divergent ligand
binding profile: they have no affinity for naloxone, naltrexone, and (−) benzomorphans,
while they bind with high affinity to (+)-enantiomers [1,2].

S1R functions mainly as a ligand-operated chaperone that modulates signaling path-
ways inside the cell. Agonists and antagonists were synthesized for this receptor, but to
date, no endogenous ligand has been identified with certainty. In 1996, S1R was cloned,
and curiously, its amino acid sequence was found to be different from known mammalian
proteins [3]. The closest homolog of the S1R is a sterol isomerase of yeast; however, the S1R
has no sterol isomerase activity [3].

In the resting state, it is localized intracellularly in the mitochondrion-associated endo-
plasmic reticulum membrane (MAM). Upon activation, S1R translocates to or interacts with
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more than 49 different proteins, particularly G protein-coupled receptors, and ion channels,
modulating their function (for a complete review, see [4]). The interaction/translocation
can occur with proteins localized in the endoplasmic reticulum but also with proteins
localized at the mitochondrial, nuclear, and plasma membrane levels. Among the func-
tions of S1R, we can include lipid transport and metabolism, modulation of ion channels,
intracellular calcium homeostasis, and control of the cellular oxidative state [5]. Moreover,
S1R is involved in many pathologic conditions characterized by high oxidative stress, such
as neurodegenerative diseases (amyotrophic lateral sclerosis and Alzheimer’s disease)
and different cancers [6,7]. For these reasons, SRs are considered promising therapeutic
targets, and different ligands have been developed. In particular, S1R modulators are under
investigation for treating several diseases involving oxidative stress [8].

Recently, we studied S1R agonists and antagonists as potential aquaporin (AQP)
regulators [9,10]. AQPs are water channel proteins belonging to the major intrinsic pro-
teins superfamily that favor the diffusion of water and small molecules through the cell
membranes. Some of them show additional hydrogen peroxide (H2O2) permeability and
represent the sub-family of the peroxiporins: AQP0, 1, 3, 5, 6, 8, 9, and AQP11 [11–22].
Peroxiporins play a key role in ensuring ROS scavenging, and they are considered an an-
tioxidant system. Variations in the permeability of these AQPs reflect the cellular oxidative
state. It has been observed that oxidative stress reduced the permeability of peroxiporins
to water and H2O2 with a negative feedback mechanism, worsening the oxidative stress
itself, impairing normal cell functions, and leading to cell death [13]. Conversely, oxidative
stress increased AQP-mediated permeability to water and H2O2 of mesothelioma cells by
positive feedback, making these cells resistant to apoptosis [22]. Therefore, the possibility
of regulating the peroxiporin-mediated H2O2 permeability seems important to control cell
signaling and survival during oxidative stress [13,22,23]. Small molecules, heavy metal ions,
antibodies, and nanoparticles were shown to modulate the permeability of AQPs [24,25].

In this scenario, we studied the effect of different S1R ligands on the AQP-mediated
water and H2O2 permeability [10]. The well-established S1R agonists PRE084 and RC33
and three S1R ligands developed by Collina’s Group [26] could protect HeLa cells from
oxidative stress, whereas the S1R antagonist NE100 did not [10]. All the compounds, except
for RC33, were able to counteract the oxidative stress of HeLa cells selectively knocked
down for S1R, demonstrating that the antioxidant mechanism seems mediated by both S1R
and AQP-mediated permeability. Moreover, double-label immunofluorescence experiments
showed a partial colocalization and/or contiguity of S1R and some AQPs in HeLa [10].
As a whole, these results suggest, on the one hand, that S1R ligands can also modulate
the gating of AQPs; on the other hand, S1R could interact and modulate the antioxidant
function of AQPs.

Some intracellular AQPs are located in proximity to S1R. In particular, AQP8 and
AQP11 are expressed in mitochondria [27,28] and endoplasmic reticulum (ER) [12], respec-
tively, and S1R is mainly expressed in MAM [29]. Moreover, S1R can also promote the
translocation of proteins to the plasma membrane [5]. Unfortunately, the existing literature
lacks studies that unequivocally demonstrate a functional role for AQPs in the diffusion of
H2O2 across the plasma membrane and both the outer and inner mitochondrial membranes.
Furthermore, there is no direct experimental evidence of the existence of a modulation
carried out by S1R on AQPs.

This study has a dual purpose: (1) to functionally demonstrate whether and which
AQPs mediate H2O2 diffusion both at the plasma membrane and in the sequential diffusion
of H2O2 across the two mitochondrial membranes and (2) to investigate the possible
interaction between S1R and AQPs in eustress conditions.
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We examined the role of all the peroxiporins previously identified in HeLa cells, AQP3,
AQP6, AQP8, AQP11, and S1R, in facilitating H2O2 permeability across three different cel-
lular compartments using selective gene knockdown and ultrasensitive hydrogen peroxide
indicator HyPer7 targeted to the cytoplasm, to the mitochondrial intermembrane space,
and to the mitochondrial matrix.

The results of the present study provide evidence that different AQPs are involved
in the diffusion of H2O2 in the three compartments, and S1R modulates AQP8 both in the
plasma membrane and in the inner mitochondrial membrane and AQP6 in the inner and in
the outer mitochondrial membranes and probably also in the plasma membrane.

2. Materials and Methods
2.1. Cell Culture

HeLa cells (ATCC CCL-2™, Manassas, VA, USA) were cultured at 37 ◦C under 5%
CO2 in Dulbecco’s modified minimal essential medium–high glucose, supplemented with
10% fetal bovine serum, 1% L-glutamine, 1% penicillin, and 100 µg/mL streptomycin.

2.2. Gene Knockdown

In this study, we investigated peroxiporins (AQP3, AQP6, AQP8, and AQP11), whose
presence in HeLa cells has been confirmed both at the mRNA and protein levels through
Western blotting and immunohistochemistry ([24] and present paper Figures S1, S3–S6).

HeLa cells with reduced S1R and AQP3, AQP6, AQP8, and AQP11 were obtained
as previously described [10,24]. To knockdown AQP6, ON-TARGETplus Human AQP6
(363) siRNA-SMARTpool from Dharmacon™ was used (L-011579-00-0005, Dharmacon™,
Horizon Discovery Group, Waterbeach, UK). HeLa cells with reduced AQP3, AQP8, and
AQP11 were obtained using esiRNA from Merck (human AQP3, EHU071641; human AQP8,
EHU034911; human AQP11, EHU037771; Merck, Milan, Italy). The S1R knockdown in
HeLa cells was achieved using siRNA-SMARTpool from DharmaconTM (ON-TARGETplus
SMARTpool Human SIGMAR1 siRNA; FE5LHUMANXX0005; Dharmacon™, Horizon Dis-
covery Group, Waterbeach, UK). Negative controls were obtained by transfecting cells with
EHUFLUC esiRNA that targets firefly luciferase or with ON-TARGETplus Non-targeting
Pool. INTERFERin siRNA Transfection Reagent (#409-10, Polyplus transfection, Illkirch-
Graffenstaden, France) was utilized to transfect HeLa cells with siRNA-SMARTpool or
esiRNA. Following the manufacturer’s instructions, cells were transfected at the 50%
confluency by adding a culture medium containing siRNAs and esiRNAs solution. Knock-
down solutions were prepared by adding siRNA (20 nM final concentration) and esiRNA
(25 nM final concentration) to 200 µL Opti-MEM™ Reduced Serum Medium (31985070;
Thermofisher Scientific, Monza, Italy) and then mixed with 12 µL INTERFERin siRNA
Transfection Reagent. Then, the knockdown solution was mixed with 2 mL of Opti-MEM™,
added to HeLa cells, and incubated for 24 or 48 h at 37 ◦C. To demonstrate that the cells
were successfully knocked down, qRT-PCR (for AQP1, AQP6, AQP8, and AQP11) and
Western blot analysis (for S1R) were performed 48 h after transfection. Knockdown of
AQP8 was tested after 24 h from transfection. The results are shown in Figures S2–S7.

A double knockdown of single AQP and S1R was performed by diluting the two
siRNAs (40/45 nM in total) in Opti-MEM™ with INTERFERin siRNA Transfection Reagent
to prepare the knockdown solutions. Successively, the knockdown solutions were mixed
with the Opti-MEM™ and added to the cells as indicated above. Consecutive knock-
down was performed in two days to respect the different incubation times for AQP8 and
S1R knockdown.
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2.3. RNA Isolation and Real Time RT-PCR

Extraction of total RNA from HeLa cells, cells mock-transfected, and AQP-knockdown
was performed by using Qiazol (Qiagen, Milan, Italy). cDNA was obtained using MMLV
Reverse Transcriptase M1701 (Promega, Milan, Italy) following the manufacturer’s instruc-
tions. qPCR was carried out with specific primers (Table S1) and QuantiFast SYBRGreen
PCR Master Mix (Qiagen, Milan, Italy) by using StepOnePlus Real-Time PCR System (Life
Technologies Italia, Monza, Italy). The amplification protocol was previously described [22].
In each qPCR reaction, the melting curve analysis was performed to determine the speci-
ficity of the amplicons. Measures were expressed as ∆Cq, calculated by subtracting the Cq
of the housekeeping gene from the Cq of the AQP gene, and it must be remembered that
low ∆Cq values represent high transcript expression values. In experiments involving gene
knockdown, the results were indicated as fold change:

Fold change: −2(∆Cq, Control − ∆Cq, siRNA)

2.4. Western Blot Analysis

Knocked down and mock-transfected HeLa cells were homogenized with RIPA solu-
tion containing (final concentration) 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS,
0.1% Triton X-100, 50 mM Tris-HCl, pH 8, and the protease inhibitor cocktail cOmplete
(cOmplete Tablets EASYpack, 04693116001; Merck, Milan, Italy). The homogenates were
treated with Laemmli buffer, and 30 µg of proteins were subjected to SDS polyacrylamide
gel electrophoresis (4–20% Mini-PROTEAN TGX Stain-Free Gels, Bio-Rad, Segrate, Italy)
and electroluted onto the PVDF Membrane (Trans-Blot Turbo Transfer Pack, #1704156, Bio-
Rad, Segrate, Italy) with the Trans-Blot Turbo Transfer System (#1704150, Bio-Rad, Segrate,
Italy). The membranes were incubated at RT for 1 h with a blocking solution containing 5%
skimmed dry milk and 0.1% Tween in tris-buffered saline. Then, the blots were incubated
overnight with the blocking solution containing anti-Sigma1 Receptor (B-5) (sc-137075,
1:500 dilution; Santa Cruz Biotechnology, Inc., Heidelberg, Germany). After 3 washings
for 10 min at RT, the blots were incubated at RT for 1 h with rabbit anti-mouse antibody
(Dakocytomation, P0260, Agilent, Cernusco sul Naviglio, Italy) and diluted 1:100,000 in
blocking solution. A Westar Supernova Western blotting detection system (CYANAGEN,
Bologna, Italy) was used to visualize the bands, whose molecular weights were measured
using pre-stained markers (ab116028, Abcam, Cambridge, UK). As housekeeping, we
used the anti-β-2-microglobulin rabbit monoclonal antibody (ab75853, 1:10,000; Abcam,
Cambridge, UK). Finally, protein band detection and semiquantitative analysis of the bands
were carried out by the iBright™ CL1000 Imaging System and software (Thermo Fisher
Scientific, Monza, Italy). The amount of S1R expressed in knocked-down and control HeLa
cells was shown as the S1R/β-2-microglobulin ratio.

2.5. HyPer7 Hydrogen Peroxide Indicators Transfection for Optical Imaging

Three plasmids were used to express the ultrasensitive hydrogen peroxide indicator
HyPer7 in the cytoplasm (pCS2+HyPer7-NES), in the mitochondrial intermembrane space
(pCS2+IMS-HyPer7), and in the mitochondrial matrix (pCS2+MLS-HyPer7). The plasmids
were a generous gift from Vsevolod Belousov (IBCh, Moscow, Russia) (Addgene plas-
mid # 136467; Available online: https://n2t.net/addgene:136467; RRID: Addgene_136467;
Addgene plasmid # 136469; Available online: https://n2t.net/addgene:136469; RRID: Ad-
dgene_136469; Addgene plasmid # 136470; Available online: https://n2t.net/addgene:
136470; RRID: Addgene_136470) (accessed on 11 June 2025) [30]. Transfection was per-
formed on HeLa cells at 60–70% confluency in 2 mL Petri dishes as briefly described below.
Transfection solution was prepared by adding 2 µg DNA HyPer7 indicator to 200 µL

https://n2t.net/addgene:136467
https://n2t.net/addgene:136469
https://n2t.net/addgene:136470
https://n2t.net/addgene:136470
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JetOPTIMUS buffer (# 717-60, Polyplus transfection, Illkirch-Graffenstaden, France) and
2 µL JetOPTIMUS DNA Transfection Reagent (# 117-15, Polyplus transfection, Illkirch-
Graffenstaden, France) and left for 10 min at RT. Then, this solution was mixed with 2 mL
Opti-MEM™ and added to the cells. After 4 h at 37 ◦C, the transfection medium was
substituted with a complete DMEM. Cells were used for imaging experiments 24 h after
transfection. When the experiments were performed with HeLa cells with reduced AQP
expression, Hyper7 was transfected one day after the knockdown of AQP3, 6, and 11, while
for AQP8-knockdown (AQP8-KO) cells, the transfection was performed the day before the
knockdown. The experiments were performed at different times after knockdown, 48 h vs.
24 h, because the Western blot experiments to confirm the effectiveness of the knockdown
revealed a different turnover time of the AQP proteins.

2.6. Detection of H2O2 in Cytoplasmic and Mitochondrial Compartments by HyPer7 Imaging

The H2O2 permeability was measured by Hyper7 oxidation with a ratiometric
method [30]. Images were collected every 1–2 s for 1 to 5 min by using a Leica TCS
SP8 DLS confocal microscope (Leica biosystems, Buccinasco, Italy) with dual excitation at
420 nm and 490 nm and the emission at 530 nm. Since the results obtained by ratiometric
estimations were comparable to those acquired by assessing the fluorescence of the HyPer7
biosensors excited at 490 nm and the emission collected at 530 nm, the latter method was
routinely utilized.

HyPer7-transfected cells were washed and incubated at RT for 10 min with the follow-
ing solution: 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, and
1 mM HEPES, pH 7.4.

To visualize the fluorescence of transfected cells, the HyPer7-NES, -IMS, and -MLS
were excited at 490 nm, and the emitted light was detected at 530 nm. Images were detected
using an Olympus BX41 microscope with a 60x water immersion objective (LUMPlanFI
60x/0.90 w, Olympus; Olympus Italia S.r.l., Segrate, Italy) equipped with a CCD camera
(DMK 33UP1300; THE IMAGING SOURCE, Visionlink, Seregno, Italy) and collected at
10 fps by IC capture software (v. 2.5). H2O2 was added to the cells to achieve a final
concentration of 50 µM. Images were analyzed utilizing Image J 1.54f software [31]. The
time course of H2O2 diffusion was then analyzed using a one-phase association equation,
and the relative initial rate constant (k) was obtained using GraphPad Prism (4.00, 2003).

2.7. Double Immunofluorescence

Immunolocalization of AQP3, 6, 8, and 11 and the mitochondrial marker TOMM20
(mitochondrial import receptor subunit) was performed using sub-confluent HeLa cells
grown on 18 mm × 18 mm glass coverslips.

Cells were fixed in 4% paraformaldehyde in PBS for 30 min in a Petri dish and
then were washed in PBS. Antigen retrieval was performed by boiling the coverslips for
10 min in petri dishes containing retrieval buffer (10 mM citrate–HCl, pH 6.0). Then, the
coverslips were blocked with 3% BSA in PBS at RT for 30 min. Successively, the coverslips
were incubated overnight at 4 ◦C with the antibodies anti-AQP and anti-TOMM20. The
antibodies used were the following: affinity pure anti-AQP3 rabbit antibody (ab125045,
1:200 dilution; Abcam, UK), anti-AQP6 rabbit polyclonal IgG (AQP61-A, 1:500 dilution;
Alpha Diagnostic International, San Antonio, TX, USA), anti-AQP8 rabbit antibody (PA1511,
1:200 dilution; BOSTER, Pleasanton, CA, USA), anti-AQP11 rabbit antibody (PB10044,
1:100 dilution; BOSTER, Pleasanton, CA, USA), and anti-TOMM20 [4F3] (ab56783, 1:500
dilution; Abcam, UK). Three 10 min washes with PBS were performed before incubation
at RT for 30 min with the following fluorescent secondary antibodies: Alexa Fluor® 488
AffiniPure® Fab Fragment Goat Anti-Mouse IgG (H+L) (115-547-003, 1:500 dilution; Jackson
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ImmunoResearch Europe Ltd., St. Thomas Place, UK) and Rhodamine (TRITC) AffiniPure®

Goat Anti-Rabbit IgG (H+L) (111-025-045, 1:200 dilution; Jackson ImmunoResearch Europe
Ltd., St. Thomas Place, UK). Nuclei were counterstained with Hoechst (14533, Merck Life
Science S.r.l., Milano, Italy) and washed thrice with PBS.

The coverslips were mounted with FluoroSave reagent (345789, Merck Life Science
S.r.l., Milano, Italy) and examined with a Leica TCS SP8 STED 3X confocal microscopy
system (Leica biosystems, Buccinasco, Italy) equipped with an HC PL APO CS2 63x 1.4 NA
oil-immersion objective and a 2x zoom. Images were analyzed by LAS AF Lite software (Le-
ica Microsystems Application Suite Advanced Fluorescence Lite version 2.6.0, Buccinasco,
Italy). Cells incubated with nonimmune serum were negative controls.

2.8. Statistics

Data were reported as means ± SD (standard deviation) of 3–6 different experiments. In
each live imaging experiment, fluorescence variations were analyzed in more than 20 cells per
condition. The significance of the differences of the means was assessed using Student’s t-test
and ANOVA, followed by Newman–Keuls’s Q test (GraphPad Prism 4.00, 2003).

3. Results
3.1. AQP3, AQP6, AQP8, and AQP11 Facilitate the Diffusion of H2O2 Through the Plasma and
Mitochondrial Membranes

This study aims to evaluate the possible regulation of S1R on the AQP-mediated
permeability to H2O2 through the plasma membrane and the mitochondrial compartments.
In this and previous studies, we found that HeLa cells expressed the following peroxiporins
at both mRNA and protein levels: AQP3, AQP6, AQP8, and AQP11 ([10,23,24] Figure S1).

The first aim of this study was to understand which AQPs were responsible for the
diffusion of H2O2 across the plasma membrane and the external and internal membranes of
the mitochondrion by single gene knockdown of the peroxiporins expressed in HeLa cells.
The effectiveness of AQP3, 6, 8, and 11 knockdown has been established and demonstrated
by qRT-PCR and Western blot ([24] Figures S2 and S3). The initial level of H2O2 was not
significantly different in the different conditions tested. Moreover, the permeability of the
outer mitochondrial membrane was lower compared to that of the inner one (Figures 1–5).

AQP3 is an AQP typically expressed at the plasma membrane. In fact, its knock-
down resulted in a decreased permeability of the plasma membrane to H2O2 (about 40%
reduction in the k relative initial rate constant) but not of the mitochondrial membranes
(Figure 1). HeLa cells with reduced AQP6 showed a significant decrease in H2O2 diffusion
through the outer and inner mitochondrial membranes and through the plasma membrane
(Figure 2). An involvement of AQP8 was demonstrated in AQP8-KO cells in either the
plasma membrane or the inner mitochondrial membrane, with a reduction of 45% and 32%,
respectively (Figure 3).

As for AQP11, its knockdown did not show a decrease in H2O2 permeability in the
plasma membrane and in mitochondrial membranes (Figure 4).

As a whole, the results indicated that AQP3, AQP6, and AQP8 were indeed involved
in the diffusion of H2O2 across the plasma membrane. AQP6 was involved in the diffusion
of H2O2 in the outer mitochondrial membrane, and AQP6 and AQP8 were involved in the
diffusion of H2O2 in the inner mitochondrial membrane.
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Figure 1. Effect of AQP3 knockdown on hydrogen peroxide diffusion through the plasma membrane
(NES), the outer mitochondrial membrane (IMS), and the inner mitochondrial membrane (MLS) of
HeLa cells. (A,D,G) The left and right panels display representative frames extracted from videos
illustrating the time course of H2O2 diffusion into mock-transfected (Ctr) and AQP3-knockdown
(siRNA AQP3) HeLa cells before and after the addition of 50 µM H2O2, respectively. The increase
in HyPer7 fluorescence is shown in pseudocolor in the upper panel, with the scale indicated in
the insert. (B,E,H) The time course of H2O2 fluorescence in mock- and siRNA-transfected HeLa
cells is presented, starting from the addition of 50 µM H2O2. Data represent the mean of at least
three different experiments, with standard deviations omitted for clarity. (C,F,I) Computerized least
squares regression analysis was employed to determine the k relative initial rate values (GraphPad
Prism 4.00, 2003). The experimental points of the H2O2 time course curves were fitted using a
one-phase exponential association equation. a, p < 0.05 compared to Ctr (Student’s t-test).
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Figure 2. Effect of AQP6 knockdown on hydrogen peroxide diffusion through the plasma membrane
(NES), the outer mitochondrial membrane (IMS), and the inner mitochondrial membrane (MLS) of
HeLa cells. (A,D,G) The left and right panels display representative frames extracted from videos
illustrating the time course of H2O2 diffusion into mock-transfected (Ctr) and AQP6-knockdown
(siRNA AQP6) HeLa cells before and after the addition of 50 µM H2O2, respectively. The increase
in HyPer7 fluorescence is shown in pseudocolor in the upper panel, with the scale indicated in
the insert. (B,E,H) The time course of H2O2 fluorescence in mock- and siRNA-transfected HeLa
cells is presented, starting from the addition of 50 µM H2O2. Data represent the mean of at least
three different experiments, with standard deviations omitted for clarity. (C,F,I) Computerized least
squares regression analysis was employed to determine the k relative initial rate values (GraphPad
Prism 4.00, 2003). The experimental points of the H2O2 time course curves were fitted using a
one-phase exponential association equation. a, p < 0.05 compared to Ctr (Student’s t-test).
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Figure 3. Effect of AQP8 knockdown on hydrogen peroxide diffusion through the plasma membrane
(NES), the outer mitochondrial membrane (IMS), and the inner mitochondrial membrane (MLS) of
HeLa cells. (A,D,G) The left and right panels display representative frames extracted from videos
illustrating the time course of H2O2 diffusion into mock-transfected (Ctr) and AQP8-knockdown
(siRNA AQP8) HeLa cells before and after the addition of 50 µM H2O2, respectively. The increase
in HyPer7 fluorescence is shown in pseudocolor in the upper panel, with the scale indicated in
the insert. (B,E,H) The time course of H2O2 fluorescence in mock- and siRNA-transfected HeLa
cells is presented, starting from the addition of 50 µM H2O2. Data represent the mean of at least
three different experiments, with standard deviations omitted for clarity. (C,F,I) Computerized least
squares regression analysis was employed to determine the k relative initial rate values (GraphPad
Prism 4.00, 2003). The experimental points of the H2O2 time course curves were fitted using a
one-phase exponential association equation. a, p < 0.05 compared to Ctr (Student’s t-test).



Cells 2025, 14, 1082 10 of 21

Figure 4. Effect of AQP11 knockdown on hydrogen peroxide diffusion through the plasma membrane
(NES), the outer mitochondrial membrane (IMS), and the inner mitochondrial membrane (MLS) of
HeLa cells. (A,D,G) The left and right panels display representative frames extracted from videos
illustrating the time course of H2O2 diffusion into mock-transfected (Ctr) and AQP11-knockdown
(siRNA AQP11) HeLa cells before and after the addition of 50 µM H2O2, respectively. The increase
in HyPer7 fluorescence is shown in pseudocolor in the upper panel, with the scale indicated in
the insert. (B,E,H) The time course of H2O2 fluorescence in mock- and siRNA-transfected HeLa
cells is presented, starting from the addition of 50 µM H2O2. Data represent the mean of at least
three different experiments, with standard deviations omitted for clarity. (C,F,I) Computerized least
squares regression analysis was employed to determine the k relative initial rate values (GraphPad
Prism 4.00, 2003). The experimental points of the H2O2 time course curves were fitted using a
one-phase exponential association equation.
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Figure 5. Effect of S1R knockdown on hydrogen peroxide diffusion through the plasma membrane
(NES), the outer mitochondrial membrane (IMS), and the inner mitochondrial membrane (MLS) of
HeLa cells. (A,D,G) The left and right panels display representative frames extracted from videos
illustrating the time course of H2O2 diffusion into mock-transfected (Ctr) and S1R-knockdown
(siRNA S1R) HeLa cells before and after the addition of 50 µM H2O2, respectively. The increase
in HyPer7 fluorescence is shown in pseudocolor in the upper panel, with the scale indicated in
the insert. (B,E,H) The time course of H2O2 fluorescence in mock- and siRNA-transfected HeLa
cells is presented, starting from the addition of 50 µM H2O2. Data represent the mean of at least
three different experiments, with standard deviations omitted for clarity. (C,F,I) Computerized least
squares regression analysis was employed to determine the k relative initial rate values (GraphPad
Prism 4.00, 2003). The experimental points of the H2O2 time course curves were fitted using a
one-phase exponential association equation. a, p < 0.05 compared to Ctr (Student’s t-test).

3.2. S1R Modulates the Diffusion of H2O2 Through the Plasma and Mitochondrial Membranes

The involvement of S1R in the modulation of H2O2 diffusion through the plasma
membrane and the outer and inner mitochondrial membrane has been studied by using
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knockdown cells for S1R ([10] and Figure S3) and the successive measure of H2O2 perme-
ability. The results showed that S1R-knockdown (S1R-KO) cells had reduced permeability
to H2O2 with a more pronounced effect at the plasma membrane and inner mitochondrial
membrane, with a decrease of 60 and 50%, respectively (Figure 5). Knockdown of S1R
caused a significant (about 45%) reduction in H2O2 diffusion through the outer mitochon-
drial membrane (Figure 5). This strongly supports the hypothesis of a modulation of
peroxiporins mediated by S1R.

3.3. S1R Facilitates the Diffusion of H2O2 Through the Plasma and Mitochondrial Membranes by
Modulating AQP6 and AQP8

To determine which AQP(s) were regulated by S1R, we performed double-knockdown
experiments of S1R alongside single AQPs expressed in the plasma and mitochondrial
membranes. In HyPer7-NES-transfected cells, the double knockdown of AQP8 and S1R
resulted in a significant decrease in H2O2 permeability (approximately 52%) compared to
AQP8-KO cells (Figure 6).

Figure 6. Effect of double knockdown of AQP3/AQP6/AQP8 and S1R in the hydrogen peroxide
diffusion through the plasma membrane (NES) of HeLa cells. (A) The left and right panels display
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representative frames extracted from videos illustrating the time course of H2O2 diffusion into HeLa
cells that were single knockdown for AQP (siRNA AQP3/AQP6/AQP8) and HeLa cells that were
double knockdown for AQP and S1R (siRNA AQP3/AQP6/AQP8 +S1R) before and after the addition
of 50 µM H2O2, respectively. The increase in HyPer7 fluorescence is shown in pseudocolor in the
upper panel, with the scale indicated in the insert. (B,D,F) The time course of H2O2 fluorescence
in HeLa cells with a knockdown of AQP and in cells with a double knockdown of AQP and S1R
is presented, starting from the addition of 50 µM H2O2. Data represent the mean of at least three
different experiments, with standard deviations omitted for clarity. (C,E,G) Computerized least
squares regression analysis was performed to determine the k relative initial rate values (GraphPad
Prism 4.00, 2003). The experimental points from the time courses of H2O2 curves were fitted using a
one-phase exponential association equation. a, p < 0.05 compared to control (Student’s t-test).

Conversely, the double knockdown of AQP3/AQP6 and S1R did not show any signif-
icant changes compared to control AQP3-KO and AQP6-KO cells. Regarding the AQPs
expressed in the outer mitochondrial membrane, only AQP6 was found to be regulated by
S1R. The double knockdown of AQP6 and S1R led to a decrease of about 43% in H2O2 per-
meability compared to AQP6-KO cells (Figure 7). Finally, using MLS-HyPer7-transfected
HeLa cells, we found that S1R modulated AQP6 and AQP8, as the knockdown of both
AQP6/AQP8 and S1R reduced the permeability of the inner mitochondrial membrane by
59% and 31%, respectively (Figure 8).

Figure 7. Effect of double knockdown of AQP6/AQP11 and S1R on hydrogen peroxide diffusion
through the outer mitochondrial membranes (IMS) of HeLa cells. (A) The left and right panels show
representative frames extracted from videos displaying the time course of H2O2 diffusion into HeLa
cells that were single knockdown for AQP (siRNA AQP6/AQP11) and HeLa cells that were double
knockdown for AQP and S1R (siRNA AQP6/AQP11 + S1R) before and after the addition of 50 µM
H2O2, respectively. The increase in HyPer7 fluorescence is depicted in pseudocolor in the upper
panel, with the scale shown in the inset. (B,D) The time course of H2O2 fluorescence in HeLa cells
knocked down for AQP and in those knocked down for both AQP and S1R is shown, starting from
the addition of 50 µM H2O2. Data are the mean of at least three different experiments, with standard
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deviations omitted for clarity. (C,E) Computerized least squares regression analysis was used to
determine the k relative initial rate values (GraphPad Prism 4.00, 2003). The experimental points
of the time courses of H2O2 curves were fitted with a one-phase exponential association equation.
a, p < 0.05 compared to control (Student’s t-test).

Figure 8. Effect of double knockdown of AQP6/AQP8 and S1R on hydrogen peroxide diffusion
through the inner mitochondrial membranes (MLS) of HeLa cells. (A) The left and right panels show
representative frames extracted from videos displaying the time course of H2O2 diffusion into HeLa
cells that were single knockdown for AQP (siRNA AQP6/AQP8) and HeLa cells that were double
knockdown for AQP and S1R (siRNA AQP6/AQP8 + S1R) before and after the addition of 50 µM
H2O2, respectively. The increase in HyPer7 fluorescence is depicted in pseudocolor in the upper
panel, with the scale shown in the insert. (B,D) The time course of H2O2 fluorescence in HeLa cells
knocked down for AQP and in those knocked down for both AQP and S1R is shown, starting from
the addition of 50 µM H2O2. Data represent the mean of at least three different experiments, with
standard deviations omitted for clarity. (C,E) Computerized least squares regression analysis was
used to determine the k relative initial rate values (GraphPad Prism 4.00, 2003). The experimental
points of the time courses of H2O2 curves were fitted with a one-phase exponential association
equation. a, p < 0.05 compared to control (Student’s t-test).

3.4. Mitochondrial Localization of AQPs in HeLa Cells

To confirm the mitochondrial localization of AQP6, AQP8, and AQP11, double im-
munofluorescence was performed using the mitochondrial marker TOMM20.

Results showed that AQP3, AQP6, and AQP8 are localized in the plasma membrane.
However, only AQP6 and AQP8 are also expressed in mitochondria (Figures 9 and 10). The
staining for AQP3 and TOMM20 (absence of yellow staining) and the corresponding graph,
measured along the white line in panel A, indicated that the fluorescence signals from
AQP3 and TOMM20 are separate (Figure 9). Conversely, AQP6 and AQP8 displayed both
yellow labeling inside the cells and superficial red labeling, suggesting they are localized in
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both mitochondria and the plasma membrane (Figures 9C and 10A). The graphs, measured
along the white line in Figures 9C and 10A, showed that the fluorescence signals from
AQP6 and AQP8 coincided with those from TOMM20 (Figures 9D and 10B), confirming
their colocalization with TOMM20.

Figure 9. Representative immunofluorescence confocal microscopy images of colocalization of AQP3
and AQP6 with TOMM20 in HeLa cells. (A,C) Green labeling indicates the presence of TOMM20,
and red labeling indicates the expression of AQP3 or AQP6 (Hoechst (blue) counterstained nuclei).
Yellow labeling shows colocalization signal of AQP6 with TOMM20. Scale bar, 5 µm. (B,D) The
graph, measured in the white line position in panels (A,C), shows the fluorescence signals of AQP3
or AQP6 and TOMM20 staining.

Figure 10. Representative immunofluorescence confocal microscopy images of colocalization of AQP8
and AQP11 with TOMM20 in HeLa cells. (A,C) Green labeling indicates the presence of TOMM20,
and red labeling indicates the expression of AQP8 or AQP11 (Hoechst (blue) counterstained nuclei).
Yellow labeling shows colocalization signal of AQP8 or AQP11 with TOMM20. Scale bar, 5 µm.
(B,D) The graph, measured in the white line position in panels (A,C), shows the fluorescence signals
of AQP8 or AQP11 and TOMM20 staining.
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AQP11 showed only partial colocalization with TOMM20 at specific intracellular
points (Figure 10C). At these points, the fluorescence signal graphs for AQP11 and TOMM20
displayed two coincidental peaks (Figure 10D). This is not surprising, considering that
AQP11 is expressed in the endoplasmic reticulum, which is closely associated with mito-
chondria (MAM) [12].

4. Discussion
AQPs and S1R have shown antioxidant functions, but only recently has the possibility

of their interaction emerged [10]. The antioxidant properties of AQPs are attributable to
their ability to regulate H2O2 diffusion and, therefore, the cellular oxidative state. Eight
AQPs, namely AQP0, 1, 3, 5, 6, 8, 9, and 11, are H2O2 channels, even though all AQPs
are virtually permeable to H2O2 [11–22,32]. Given that H2O2 is the most abundant ROS,
the scavenging role of AQPs has acquired a growing interest. For this reason, AQPs were
considered promising therapeutic targets for the treatment of diseases characterized by
oxidative stress, such as cancer and degenerative disorders.

Studies carried out using ligands have demonstrated the role of S1R in the control of
oxidative stress. Cells were protected against ER stress by the overexpression of S1R and
by treatment with its agonist, while S1R knockdown and antagonist treatment made cells
more sensitive to stress [29].

Recently, we studied the effect of different S1R ligands on water and H2O2 perme-
ability in the hypothesis that the small molecules already demonstrated to be effective
in modulating S1R could also regulate the gating of AQPs [9,10]. The well-established
S1R agonists PRE084 and RC33, the antagonist NE100, and three S1R ligands developed
by Collina’s Group were tested [26]. The agonists protected HeLa cells from oxidative
stress, whereas the S1R antagonist NE100 did not [10]. Experiments performed with HeLa
cells knocked down for S1R demonstrated that all the compounds, except for RC33, coun-
teracted the oxidative stress with an antioxidant mechanism mediated by both S1R and
AQPs [10]. Interestingly, double-label immunofluorescence experiments showed a partial
colocalization and/or contiguity of S1R and AQP3, 8, and 11 [10]. The effect of other S1R
agonists and antagonists on AQP permeability was also confirmed in other studies [9].

These results prompted us to investigate the relationship between AQPs and S1R, in
particular, to evaluate the possible regulatory function of S1R on AQP-mediated H2O2 per-
meability. S1R is expressed in the MAM, and upon activation, S1R can translocate/interact
with proteins localized at the mitochondrial and plasma membrane levels [4]. Here, we con-
sidered the function of the AQPs expressed in the plasma membrane and the mitochondria.
Given that one-third of total cellular H2O2 is produced by mitochondria, in particular by the
mitochondrial matrix, the presence of proteins such as AQPs that facilitate the diffusion of
H2O2 is highly probable and more than a suggestion [33]. Therefore, we studied, by using
HyPer7 biosensors, the AQP-mediated H2O2 diffusion in a three-compartment system: the
cytosol, the intermembrane space, and the matrix.

First, we functionally identified the contribution of peroxiporins expressed in the
plasma membrane and the outer and inner mitochondrial membranes. The peroxiporins
considered were those identified previously [10,24]. AQP3, AQP6, and AQP8 were found
in the plasma membrane, AQP6 was found in the outer mitochondrial membrane, and
AQP6 and AQP8 were found in the inner mitochondrial membrane.

The functional involvement of AQP3, AQP6, and AQP8 in the plasma membrane was
already demonstrated in previous papers [13,24,34].

It is well-recognized that mitochondria change the volume and morphology in re-
sponse to the water diffusion osmotically driven by the net transport of solutes into and
out of the mitochondria, thus suggesting the existence of AQPs [35]. However, data in the
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literature regarding the existence of functional AQP in mitochondria are conflicting. High
water permeability characterizes the inner mitochondrial membrane of rat liver [27]. Im-
munostaining and immunoblotting experiments showed an AQP9 expression in the inner
mitochondrial membrane of the rat brain [36]. However, another study using mitochondria
isolated from wild-type and KO mice showed that the diffusion of water and glycerol in
the inner mitochondrial membrane takes place with an AQP-independent mechanism [37].

By employing selective single AQP knockdown, we identified AQP6 in the outer
mitochondrial membrane as well as AQP6 and AQP8 in the inner mitochondrial membrane.

The functional involvement of AQP8 in the inner mitochondrial membrane is consis-
tent with the results reported previously [27]. Moreover, Calamita et al. [27] suggested the
presence of an additional AQP, an Hg2+-insensitive one, facilitating the diffusion of water
across the inner mitochondrial membrane that we have here identified as AQP6, whose
permeability is not inhibited but activated by mercurial compounds [38]. Recently, the
involvement of AQP11 in the diffusion of H2O2 from mitochondria to the ER via AQP11
has been demonstrated [39]. Additionally, Bestetti et al. [12] identified AQP11 not only in
the ER but also in small amounts in the MAM. However, in the present study, we show
that H2O2 permeability through the outer and inner mitochondrial membranes is inde-
pendent of AQP11, as its knockdown had no significant effects on IMS- and MLS-HyPer7
activation [39].

Remarkably, AQP6 is the common thread of H2O2 diffusion into and out of the
external fluid and from the cytosol to mitochondria and vice versa. This may be important
because oxidative stress is associated with a decrease in cytosolic and mitochondrial
acidification [40,41] that, in turn, can activate AQP6 gating and promote H2O2 diffusion.

The results of this study, based on immunolocalization experiments using the mi-
tochondrial marker TOMM20, demonstrate that AQP6 and AQP8 are expressed both in
mitochondria and in the plasma membrane. The staining of AQP11 appears to partially
overlap with that of TOMM20, as indicated by the yellow coloration. Its partial localiza-
tion in the MAM makes precise localization challenging, which can only be definitively
demonstrated through immunogold experiments and electron microscopy.

The second aim of this study was to evaluate the possible control of S1R on the
H2O2 scavenging function of peroxiporins in eustress conditions. Unfortunately, we could
not perform the study under oxidative stress conditions because high concentrations of
H2O2 inhibit the permeability of AQPs to H2O2 and water [13]. First, we proved the
involvement of S1R in the modulation of the overall H2O2 permeability of the plasma
membrane and the outer and inner mitochondrial membranes by using S1R-KO cells. Then,
we conducted double-knockdown experiments of S1R along with individual AQPs. The
results highlighted a regulatory effect of S1R on AQP8 in the plasma membrane and inner
mitochondrial membrane and of AQP6 in the outer and in the inner ones. Unfortunately,
the effect of S1R on AQP6 in the plasma membrane cannot be demonstrated because of the
compensatory upregulation of AQP8 [24].

The modulation by S1R on AQPs has been previously suggested by the results of
studies evaluating the effect of S1R agonists and antagonists on AQP permeability [9,10].

Hydrogen peroxide at low physiological concentrations is a signaling molecule [42];
therefore, it is not surprising that S1R can also modulate H2O2 through the gating of
AQPs, given that S1R is recognized as a modulator of other signaling pathways, such as G
protein-coupled receptor and ion channel signaling [4]. Moreover, S1R has been shown to
influence and interact with more than 49 proteins, sometimes by interaction/translocation
with proteins localized in the endoplasmic reticulum itself but also in the mitochondrial,
nuclear, and plasma membranes [4].
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Despite these findings being observed exclusively in HeLa cells so far, it is highly
probable that similar localizations of certain AQPs and S1R regulatory mechanisms are
present in other cell types as well. In particular, the expression of AQP3 in the plasma mem-
brane of cells and tissue is well defined. The localization of AQP6 in the plasma membrane
was observed in other cell types, such as Met-5A, REN, and MSTO-211H [22], and AQP8
localizes in the plasma membrane of OPM2, Caco-2, and murine I. 29 (unpublished results)
and in the inner mitochondrial membranes of rat liver [27]. This is the first report of S1R’s
regulatory function on AQP-mediated permeability to H2O2 despite prior functional data
with S1R agonists and antagonists having suggested this relationship [9,10].

5. Conclusions
A possible schematic model of the functional AQPs in the plasma membrane and

the outer and inner mitochondrial membranes is shown in Figure 11. AQP3, AQP6, and
AQP8 are involved in the diffusion of H2O2 (and water) through the plasma membrane.
AQP6 is present in the outer mitochondrial membrane, while AQP6 and AQP8 are present
in the inner one, being responsible for the exchange of H2O2 with cytosol and, probably,
endoplasmic reticulum (AQP11). The modulation of AQP8 and AQP6 by S1R, highlighted
by arrows, allows for coordination of the H2O2 movement from the mitochondria to the
cytosol and then through the plasma membrane towards the extracellular fluid, favoring
the control of the cellular oxidative state.

Figure 11. A possible schematic model of the functional AQPs in the plasma membrane and in
the outer and inner mitochondrial membranes. AQP3, AQP6, and AQP8 are functionally active in
the plasma membrane, AQP6 is functionally active in the outer mitochondrial membrane, while
AQP6 and AQP8 are functionally active in the inner mitochondrial membrane. Arrows indicate the
modulation of AQP8 by S1R, while the question mark indicates the uncertain modulation of AQP6.

Although this study provided interesting information about the role of S1R in mod-
ulating the function of some peroxiporins, it has some limitations and much more work
is needed. Future studies should investigate the physical interaction between S1R and
AQPs using protein–protein interaction techniques, such as co-immunoprecipitation or
proximity ligation experiments. Unfortunately, it has not been possible to fully clarify the
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role of individual AQPs due to the existence of a compensatory mechanism, as previously
demonstrated. Specifically, the knockdown of AQP6 in HeLa cells led to an increase in the
expression of AQP8 [24]. Furthermore, this mechanism of AQP regulation that promotes
H2O2 removal might be common to many cell types. It would be valuable to confirm this
in other immortalized cell models as well as in normal and pathological primary cells.
Finally, it is important to note that this study was conducted under eustress conditions. A
key question that remains is what happens under oxidative stress conditions. Preliminary
data suggests that the percentage of colocalization of AQPs with S1R increases significantly
under oxidative stress. Consequently, confocal microscopy experiments will be necessary
to examine the colocalization of these proteins and assess their potential trafficking under
oxidative stress conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells14141082/s1, Table S1: Primer sequences are used for real-
time reverse transcription/polymerase chain reaction. Figure S1: Aquaporin -3, -6, -8, and -11 mRNA
expression in HeLa cells; Figure S2: Aquaporin -3, -6, -8, and -11 knockdown in HeLa cells; Figure
S3: AQP 3 knockdown in HeLa cells; Figure S4: AQP6 knockdown in HeLa cells; Figure S5: AQP8
knockdown in HeLa cells; Figure S6: AQP11 knockdown in HeLa cells; Figure S7: Sigma1 receptor
(S1R) knockdown in HeLa cells.

Author Contributions: Conceptualization, U.L. and G.P.; methodology, G.P. and C.P.V.; formal
analysis, U.L. and G.P.; investigation, G.P., G.S. and C.P.V.; resources, U.L.; data curation, G.P.
and U.L.; writing—original draft preparation, U.L.; writing—review and editing, U.L. and G.P.;
visualization, G.P. and U.L.; supervision, U.L.; funding acquisition, U.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Molecular Medicine of the University of
Pavia, Italy, under the initiative Dipartimenti di Eccellenza (2018–2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are included in the
article and its Supplementary Materials.

Acknowledgments: The authors want to express their gratitude to Vsevolod Belousov for the gen-
erous gift of pCS2+HyPer7-NES, pCS2+IMS-HyPer7, and pCS2+MLS-HyPer7 (Addgene plasmid
# 136467; Available online: https://n2t.net/addgene:136467; RRID: Addgene_136467; Addgene
plasmid # 136469; Available online: https://n2t.net/addgene:136469; RRID: Addgene_136469; Ad-
dgene plasmid # 136470; Available online: https://n2t.net/addgene:136470; RRID:Addgene_136470;
accessed on 11 June 2025). The authors thank Patrizia vaghi and Amanda Oldani of “Centro Grandi
Strumenti” Facility for their support and assistance in this work. The graphical abstract was created
by BioRender.com.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Largent, B.L.; Wikström, H.; Gundlach, A.L.; Snyder, S.H. Structural determinants of sigma receptor affinity. Mol. Pharmacol. 1987,

32, 772–784. [CrossRef] [PubMed]
2. Walker, J.M.; Bowen, W.D.; Walker, F.O.; Matsumoto, R.R.; De Costa, B.; Rice, K.C. Sigma receptors: Biology and function.

Pharmacol. Rev. 1990, 42, 355–402. [CrossRef] [PubMed]
3. Hanner, M.; Moebius, F.F.; Flandorfer, A.; Knaus, H.G.; Striessnig, J.; Kempner, E.; Glossmann, H. Purification, molecular cloning,

and expression of the mammalian sigma1-binding site. Proc. Natl. Acad. Sci. USA 1996, 93, 8072–8077. [CrossRef] [PubMed]
4. Schmidt, H.R.; Kruse, A.C. The Molecular Function of σ Receptors: Past, Present, and Future. Trends Pharmacol. Sci. 2019, 40,

636–654. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells14141082/s1
https://www.mdpi.com/article/10.3390/cells14141082/s1
https://n2t.net/addgene:136467
https://n2t.net/addgene:136469
https://n2t.net/addgene:136470
https://doi.org/10.1016/S0026-895X(25)13068-X
https://www.ncbi.nlm.nih.gov/pubmed/2826991
https://doi.org/10.1016/S0031-6997(25)00047-X
https://www.ncbi.nlm.nih.gov/pubmed/1964225
https://doi.org/10.1073/pnas.93.15.8072
https://www.ncbi.nlm.nih.gov/pubmed/8755605
https://doi.org/10.1016/j.tips.2019.07.006
https://www.ncbi.nlm.nih.gov/pubmed/31387763


Cells 2025, 14, 1082 20 of 21

5. Pergolizzi, J.; Varrassi, G.; Coleman, M.; Breve, F.; Christo, D.K.; Christo, P.J.; Moussa, C. The Sigma Enigma: A Narrative Review
of Sigma Receptors. Cureus 2023, 15, e35756. [CrossRef] [PubMed]

6. Soriani, O.; Kourrich, S. The Sigma-1 Receptor: When Adaptive Regulation of Cell Electrical Activity Contributes to Stimulant
Addiction and Cancer. Front. Neurosci. 2019, 13, 1186. [CrossRef] [PubMed]

7. Su, T.P.; Hayashi, T.; Maurice, T.; Buch, S.; Ruoho, A.E. The sigma-1 receptor chaperone as an inter-organelle signaling modulator.
Trends Pharmacol. Sci. 2010, 31, 557–566. [CrossRef] [PubMed]

8. Maurice, T.; Su, T.P. The pharmacology of sigma-1 receptors. Pharmacol. Ther. 2009, 124, 195–206. [CrossRef] [PubMed]
9. Rossino, G.; Marra, A.; Listro, R.; Peviani, M.; Poggio, E.; Curti, D.; Pellavio, G.; Laforenza, U.; Dondio, G.; Schepmann, D.;

et al. Discovery of RC-752, a Novel Sigma-1 Receptor Antagonist with Antinociceptive Activity: A Promising Tool for Fighting
Neuropathic Pain. Pharmaceuticals 2023, 16, 962. [CrossRef] [PubMed]

10. Pellavio, G.; Rossino, G.; Gastaldi, G.; Rossi, D.; Linciano, P.; Collina, S.; Laforenza, U. Sigma-1 Receptor Agonists Acting on
Aquaporin-Mediated H2O2 Permeability: New Tools for Counteracting Oxidative Stress. Int. J. Mol. Sci. 2021, 22, 9790. [CrossRef]
[PubMed]

11. Hara-Chikuma, M.; Chikuma, S.; Sugiyama, Y.; Kabashima, K.; Verkman, A.S.; Inoue, S.; Miyachi, Y. Chemokine-dependent T cell
migration requires aquaporin-3-mediated hydrogen peroxide uptake. J. Exp. Med. 2012, 209, 1743–1752. [CrossRef] [PubMed]

12. Bestetti, S.; Galli, M.; Sorrentino, I.; Pinton, P.; Rimessi, A.; Sitia, R.; Medraño-Fernandez, I. Human aquaporin-11 guarantees
efficient transport of H2O2 across the Endoplasmic Reticulum Membrane. Redox Biol. 2020, 28, 101326. [CrossRef] [PubMed]

13. Medraño-Fernandez, I.; Bestetti, S.; Bertolotti, M.; Bienert, G.P.; Bottino, C.; Laforenza, U.; Rubartelli, A.; Sitia, R. Stress Regulates
Aquaporin-8 Permeability to Impact Cell Growth and Survival. Antioxid. Redox Signal. 2016, 24, 1031–1044. [CrossRef] [PubMed]

14. Bienert, G.P.; Chaumont, F. Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide. Biochim. Biophys. Acta 2014,
1840, 1596–1604. [CrossRef] [PubMed]

15. Miller, E.W.; Dickinson, B.C.; Chang, C.J. Aquaporin-3 mediates hydrogen peroxide uptake to regulate downstream intracellular
signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 15681–15686. [CrossRef] [PubMed]

16. Rodrigues, C.; Mósca, A.F.; Martins, A.P.; Nobre, T.; Prista, C.; Antunes, F.; Cipak Gasparovic, A.; Soveral, G. Rat Aquaporin-5 Is
pH-Gated Induced by Phosphorylation and Is Implicated in Oxidative Stress. Int. J. Mol. Sci. 2016, 17, 2090. [CrossRef] [PubMed]

17. Satooka, H.; Hara-Chikuma, M. Aquaporin-3 Controls Breast Cancer Cell Migration by Regulating Hydrogen Peroxide Transport
and Its Downstream Cell Signaling. Mol. Cell. Biol. 2016, 36, 1206–1218. [CrossRef] [PubMed]

18. Sies, H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress. Redox Biol.
2017, 11, 613–619. [CrossRef] [PubMed]

19. Thiagarajah, J.; Zhao, D.; Verkman, A. Impaired enterocyte proliferation in aquaporin-3 deficiency in mouse models of colitis. Gut
2007, 56, 1529–1535. [CrossRef] [PubMed]

20. Watanabe, S.; Moniaga, C.S.; Nielsen, S.; Hara-Chikuma, M. Aquaporin-9 facilitates membrane transport of hydrogen peroxide in
mammalian cells. Biochem. Biophys. Res. Commun. 2016, 471, 191–197. [CrossRef] [PubMed]

21. Varadaraj, K.; Kumari, S.S. Lens aquaporins function as peroxiporins to facilitate membrane transport of hydrogen peroxide.
Biochem. Biophys. Res. Commun. 2020, 524, 1025–1029. [CrossRef] [PubMed]

22. Pellavio, G.; Martinotti, S.; Patrone, M.; Ranzato, E.; Laforenza, U. Aquaporin-6 May Increase the Resistance to Oxidative Stress of
Malignant Pleural Mesothelioma Cells. Cells 2022, 11, 1892. [CrossRef] [PubMed]

23. Pellavio, G.; Rui, M.; Caliogna, L.; Martino, E.; Gastaldi, G.; Collina, S.; Laforenza, U. Regulation of Aquaporin Functional
Properties Mediated by the Antioxidant Effects of Natural Compounds. Int. J. Mol. Sci. 2017, 18, 2665. [CrossRef] [PubMed]

24. Pellavio, G.; Sommi, P.; Anselmi-Tamburini, U.; DeMichelis, M.P.; Coniglio, S.; Laforenza, U. Cerium Oxide Nanoparticles
Regulate Oxidative Stress in HeLa Cells by Increasing the Aquaporin-Mediated Hydrogen Peroxide Permeability. Int. J. Mol. Sci.
2022, 23, 10837. [CrossRef] [PubMed]

25. Abir-Awan, M.; Kitchen, P.; Salman, M.M.; Conner, M.T.; Conner, A.C.; Bill, R.M. Inhibitors of Mammalian Aquaporin Water
Channels. Int. J. Mol. Sci. 2019, 20, 1589. [CrossRef] [PubMed]

26. Rui, M.; Rossino, G.; Coniglio, S.; Monteleone, S.; Scuteri, A.; Malacrida, A.; Rossi, D.; Catenacci, L.; Sorrenti, M.; Paolillo, M.; et al.
Identification of dual Sigma1 receptor modulators/acetylcholinesterase inhibitors with antioxidant and neurotrophic properties,
as neuroprotective agents. Eur. J. Med. Chem. 2018, 158, 353–370. [CrossRef] [PubMed]

27. Calamita, G.; Ferri, D.; Gena, P.; Liquori, G.E.; Cavalier, A.; Thomas, D.; Svelto, M. The inner mitochondrial membrane has
aquaporin-8 water channels and is highly permeable to water. J. Biol. Chem. 2005, 280, 17149–17153. [CrossRef] [PubMed]

28. Danielli, M.; Marrone, J.; Capiglioni, A.M.; Marinelli, R.A. Data of H2O2 release from AQP8-knockdown rat hepatocyte
mitochondria. Data Brief 2019, 23, 103722. [CrossRef] [PubMed]

29. Hayashi, T.; Su, T.P. Sigma-1 receptor chaperones at the ER-mitochondrion interface regulate Ca(2+) signaling and cell survival.
Cell 2007, 131, 596–610. [CrossRef] [PubMed]

https://doi.org/10.7759/cureus.35756
https://www.ncbi.nlm.nih.gov/pubmed/37020478
https://doi.org/10.3389/fnins.2019.01186
https://www.ncbi.nlm.nih.gov/pubmed/31780884
https://doi.org/10.1016/j.tips.2010.08.007
https://www.ncbi.nlm.nih.gov/pubmed/20869780
https://doi.org/10.1016/j.pharmthera.2009.07.001
https://www.ncbi.nlm.nih.gov/pubmed/19619582
https://doi.org/10.3390/ph16070962
https://www.ncbi.nlm.nih.gov/pubmed/37513874
https://doi.org/10.3390/ijms22189790
https://www.ncbi.nlm.nih.gov/pubmed/34575952
https://doi.org/10.1084/jem.20112398
https://www.ncbi.nlm.nih.gov/pubmed/22927550
https://doi.org/10.1016/j.redox.2019.101326
https://www.ncbi.nlm.nih.gov/pubmed/31546170
https://doi.org/10.1089/ars.2016.6636
https://www.ncbi.nlm.nih.gov/pubmed/26972385
https://doi.org/10.1016/j.bbagen.2013.09.017
https://www.ncbi.nlm.nih.gov/pubmed/24060746
https://doi.org/10.1073/pnas.1005776107
https://www.ncbi.nlm.nih.gov/pubmed/20724658
https://doi.org/10.3390/ijms17122090
https://www.ncbi.nlm.nih.gov/pubmed/27983600
https://doi.org/10.1128/MCB.00971-15
https://www.ncbi.nlm.nih.gov/pubmed/26830227
https://doi.org/10.1016/j.redox.2016.12.035
https://www.ncbi.nlm.nih.gov/pubmed/28110218
https://doi.org/10.1136/gut.2006.104620
https://www.ncbi.nlm.nih.gov/pubmed/17573386
https://doi.org/10.1016/j.bbrc.2016.01.153
https://www.ncbi.nlm.nih.gov/pubmed/26837049
https://doi.org/10.1016/j.bbrc.2020.02.031
https://www.ncbi.nlm.nih.gov/pubmed/32063362
https://doi.org/10.3390/cells11121892
https://www.ncbi.nlm.nih.gov/pubmed/35741021
https://doi.org/10.3390/ijms18122665
https://www.ncbi.nlm.nih.gov/pubmed/29292793
https://doi.org/10.3390/ijms231810837
https://www.ncbi.nlm.nih.gov/pubmed/36142747
https://doi.org/10.3390/ijms20071589
https://www.ncbi.nlm.nih.gov/pubmed/30934923
https://doi.org/10.1016/j.ejmech.2018.09.010
https://www.ncbi.nlm.nih.gov/pubmed/30223122
https://doi.org/10.1074/jbc.C400595200
https://www.ncbi.nlm.nih.gov/pubmed/15749715
https://doi.org/10.1016/j.dib.2019.103722
https://www.ncbi.nlm.nih.gov/pubmed/31372390
https://doi.org/10.1016/j.cell.2007.08.036
https://www.ncbi.nlm.nih.gov/pubmed/17981125


Cells 2025, 14, 1082 21 of 21

30. Pak, V.V.; Ezerin, a, D.; Lyublinskaya, O.G.; Pedre, B.; Tyurin-Kuzmin, P.A.; Mishina, N.M.; Thauvin, M.; Young, D.; Wahni, K.;
Martínez Gache, S.A.; et al. Ultrasensitive Genetically Encoded Indicator for Hydrogen Peroxide Identifies Roles for the Oxidant
in Cell Migration and Mitochondrial Function. Cell Metab. 2020, 31, 642–653.e646. [CrossRef] [PubMed]

31. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

32. Almasalmeh, A.; Krenc, D.; Wu, B.; Beitz, E. Structural determinants of the hydrogen peroxide permeability of aquaporins. FEBS
J. 2014, 281, 647–656. [CrossRef] [PubMed]

33. Fang, J.; Wong, H.S.; Brand, M.D. Production of superoxide and hydrogen peroxide in the mitochondrial matrix is dominated by
site IQ of complex I in diverse cell lines. Redox Biol. 2020, 37, 101722. [CrossRef] [PubMed]

34. Bertolotti, M.; Bestetti, S.; García-Manteiga, J.M.; Medraño-Fernandez, I.; Dal Mas, A.; Malosio, M.L.; Sitia, R. Tyrosine kinase
signal modulation: A matter of H2O2 membrane permeability? Antioxid. Redox Signal. 2013, 19, 1447–1451. [CrossRef] [PubMed]

35. Beavis, A.D.; Brannan, R.D.; Garlid, K.D. Swelling and contraction of the mitochondrial matrix. I. A structural interpretation of
the relationship between light scattering and matrix volume. J. Biol. Chem. 1985, 260, 13424–13433. [CrossRef] [PubMed]

36. Amiry-Moghaddam, M.; Lindland, H.; Zelenin, S.; Roberg, B.A.; Gundersen, B.B.; Petersen, P.; Rinvik, E.; Torgner, I.A.; Ottersen,
O.P. Brain mitochondria contain aquaporin water channels: Evidence for the expression of a short AQP9 isoform in the inner
mitochondrial membrane. FASEB J. 2005, 19, 1459–1467. [CrossRef] [PubMed]

37. Yang, B.; Zhao, D.; Verkman, A.S. Evidence against functionally significant aquaporin expression in mitochondria. J. Biol. Chem.
2006, 281, 16202–16206. [CrossRef] [PubMed]

38. Yasui, M.; Hazama, A.; Kwon, T.H.; Nielsen, S.; Guggino, W.B.; Agre, P. Rapid gating and anion permeability of an intracellular
aquaporin. Nature 1999, 402, 184–187. [CrossRef] [PubMed]

39. Sorrentino, I.; Galli, M.; Medraño-Fernandez, I.; Sitia, R. Transfer of H2O2 from Mitochondria to the endoplasmic reticulum via
Aquaporin-11. Redox Biol. 2022, 55, 102410. [CrossRef] [PubMed]

40. Jin, X.; Zhou, M.; Chen, S.; Li, D.; Cao, X.; Liu, B. Effects of pH alterations on stress- and aging-induced protein phase separation.
Cell Mol. Life Sci. 2022, 79, 380. [CrossRef] [PubMed]

41. Forkink, M.; Manjeri, G.R.; Liemburg-Apers, D.C.; Nibbeling, E.; Blanchard, M.; Wojtala, A.; Smeitink, J.A.; Wieckowski, M.R.;
Willems, P.H.; Koopman, W.J. Mitochondrial hyperpolarization during chronic complex I inhibition is sustained by low activity
of complex II, III, IV and V. Biochim. Biophys Acta 2014, 1837, 1247–1256. [CrossRef] [PubMed]

42. DeYulia, G.J.; Cárcamo, J.M.; Bórquez-Ojeda, O.; Shelton, C.C.; Golde, D.W. Hydrogen peroxide generated extracellularly by
receptor-ligand interaction facilitates cell signaling. Proc. Natl. Acad. Sci. USA 2005, 102, 5044–5049. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cmet.2020.02.003
https://www.ncbi.nlm.nih.gov/pubmed/32130885
https://doi.org/10.1038/nmeth.2019
https://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1111/febs.12653
https://www.ncbi.nlm.nih.gov/pubmed/24286224
https://doi.org/10.1016/j.redox.2020.101722
https://www.ncbi.nlm.nih.gov/pubmed/32971363
https://doi.org/10.1089/ars.2013.5330
https://www.ncbi.nlm.nih.gov/pubmed/23541115
https://doi.org/10.1016/S0021-9258(17)38738-0
https://www.ncbi.nlm.nih.gov/pubmed/4055741
https://doi.org/10.1096/fj.04-3515com
https://www.ncbi.nlm.nih.gov/pubmed/16126913
https://doi.org/10.1074/jbc.M601864200
https://www.ncbi.nlm.nih.gov/pubmed/16624821
https://doi.org/10.1038/46045
https://www.ncbi.nlm.nih.gov/pubmed/10647010
https://doi.org/10.1016/j.redox.2022.102410
https://www.ncbi.nlm.nih.gov/pubmed/35863264
https://doi.org/10.1007/s00018-022-04393-0
https://www.ncbi.nlm.nih.gov/pubmed/35750966
https://doi.org/10.1016/j.bbabio.2014.04.008
https://www.ncbi.nlm.nih.gov/pubmed/24769419
https://doi.org/10.1073/pnas.0501154102
https://www.ncbi.nlm.nih.gov/pubmed/15795385

	Introduction 
	Materials and Methods 
	Cell Culture 
	Gene Knockdown 
	RNA Isolation and Real Time RT-PCR 
	Western Blot Analysis 
	HyPer7 Hydrogen Peroxide Indicators Transfection for Optical Imaging 
	Detection of H2O2 in Cytoplasmic and Mitochondrial Compartments by HyPer7 Imaging 
	Double Immunofluorescence 
	Statistics 

	Results 
	AQP3, AQP6, AQP8, and AQP11 Facilitate the Diffusion of H2O2 Through the Plasma and Mitochondrial Membranes 
	S1R Modulates the Diffusion of H2O2 Through the Plasma and Mitochondrial Membranes 
	S1R Facilitates the Diffusion of H2O2 Through the Plasma and Mitochondrial Membranes by Modulating AQP6 and AQP8 
	Mitochondrial Localization of AQPs in HeLa Cells 

	Discussion 
	Conclusions 
	References

