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Abstract: Septic shock is the most severe complication of sepsis, being characterized by a systemic in-
flammatory response following bacterial infection, leading to multiple organ failure and dramatically
high mortality. Aquaporin-9 (AQP9), a membrane channel protein mainly expressed in hepatocytes
and leukocytes, has been recently associated with inflammatory and infectious responses, thus trig-
gering strong interest as a potential target for reducing septic shock-dependent mortality. Here, we
evaluated whether AQP9 contributes to murine systemic inflammation during endotoxic shock. Wild
type (Aqp9+/+; WT) and Aqp9 gene knockout (Aqp9−/−; KO) male mice were submitted to endotoxic
shock by i.p. injection of lipopolysaccharide (LPS; 40 mg/kg) and the related survival times were
followed during 72 h. The electronic paramagnetic resonance and confocal microscopy were em-
ployed to analyze the nitric oxide (NO) and superoxide anion (O2

−) production, and the expression
of inducible NO-synthase (iNOS) and cyclooxigenase-2 (COX-2), respectively, in the liver, kidney,
aorta, heart and lung of the mouse specimens. LPS-treated KO mice survived significantly longer
than corresponding WT mice, and 25% of the KO mice fully recovered from the endotoxin treatment.
The LPS-injected KO mice showed lower inflammatory NO and O2

− productions and reduced iNOS
and COX-2 levels through impaired NF-κB p65 activation in the liver, kidney, aorta, and heart as
compared to the LPS-treated WT mice. Consistent with these results, the treatment of FaO cells, a
rodent hepatoma cell line, with the AQP9 blocker HTS13268 prevented the LPS-induced increase of
inflammatory NO and O2

−. A role for AQP9 is suggested in the early acute phase of LPS-induced
endotoxic shock involving NF-κB signaling. The modulation of AQP9 expression/function may
reveal to be useful in developing novel endotoxemia therapeutics.

Keywords: membrane transport; hydrogen peroxide; peroxiporins; aquaglyceroporins; LPS; sepsis;
inflammation; nitric oxide; superoxide anion; NF-κB pathway; redox signaling; drug targets

1. Introduction

A major challenge in intensive care medicine is the treatment of sepsis, a critical
condition has been defined as a life-threatening organ dysfunction that is caused by a
dysregulated host response to infection according to the Sepsis-3 guideline [1]. In modern
medicine, sepsis remains associated with high rates of morbidity and mortality and the
associated costs in the intensive care units worldwide [2,3].

Gram-negative bacteria are the most common cause of septic shock. The noxious
effects of Gram-negative bacteria are triggered by the lipopolysaccharide (LPS), a non-
secreted, heat-stable endotoxin [4,5].

Aquaporins (AQPs), a family of membrane channel proteins, are emerging as key
players in sepsis exerting roles in inflammation [6], redox-depending signaling [7,8], and in
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different processes of sepsis [9]. Mammalian AQPs are composed of 13 distinct homologues
(AQP0-12) which are subdivided into three main groups: (i) orthodox aquaporins (AQP0,
AQP1, AQP2, AQP4, AQP6, and AQP8), members that were initially believed to transport
only water, (ii) aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10), isoforms allowing
for the permeation of small solutes, particularly glycerol, in addition to water, and (iii)
superaquaporins (AQP11 and AQP12), two homologues that are characterized by their
distinct evolutionary pathway and intracellular localization, and whose substrate selectivity
is still object of debate. However, this classification is not exhaustive since additional solutes
can be transported, sometimes even more efficiently than the molecules that were initially
considered to be the only substrates. AQP3, AQP6, AQP8, and AQP9 are also permeable
to ammonia and they are termed ammoniaporins [10]. AQP1, AQP3, AQP5, AQP8, AQP9,
and, as recently reported [11], also AQP11 allow the transport of hydrogen peroxide, and,
for this biophysical feature, are called peroxiporins [12–15]. Moreover, AQP7 and AQP9
have been reported to carry arsenite, AQP6 to transport nitrate/halide ions and AQP9 to
facilitate monocarboxylate transport [16]. Some AQP channels have also been reported to
facilitate the transmembrane exchange of physiologically important gases, such as CO2,
NO, or O2 [17–19]. Expression, transport properties, and chemical gating [20,21] of AQPs
are matter of intense investigation in all areas of the body and a number of important roles,
some of them even unexpected [22], have been described, both in health and disease (for
review, see [23]).

In the last few years, physiological roles also in the immune system are emerging
for AQPs. AQP3 is reported to regulate T cell function and macrophage migration [24],
AQP9 is required for CD8+ T cell longevity and fast response to rechallenge [25] while
AQP5 and AQP9 seem to be involved in neutrophil and macrophage cell migration [26–28].
The inflammasome is an important key modulator of the immune response and it affects
the immune response by the release of proinflammatory cytokines. AQP expression is
altered during inflammation [6,29] and AQP-mediated molecular transport in macrophages
seems to be a common element unifying the variety of NLR family pyrin-domain con-
taining protein 3 (NLRP3) inflammasome activators [30,31]. NLRP3 inflammasome is
upregulated in sepsis [32]. Therefore, it is not surprising that studies with patients and
animal models indicate involvement of AQPs in many dysfunctions in sepsis where their
expression appears to be differently regulated, depending on the noxious stimuli, including
bacterial infection [for review see ref. 9]. Therefore, the interest about the role of AQPs
in sepsis is rapidly growing. Thus, assessing their regulatory mechanisms of differential
expression and functional meaning may be of translational value in developing novel
sepsis therapeutics.

In rodents, AQP9 is an aquaglyceroporin that is mostly known for its relevance in
maintaining the energy balance [33]. In the liver, AQP9 is the primary route through which
glycerol is imported from portal blood to hepatocytes during short-term fasting [34–36].
As said above, roles for AQP9 have also been reported in the immune system in regulating
T cell longevity [25], the establishment of contact hypersensitivity [27], and neutrophil and
macrophage cell migration [26]. In a recent in vitro study, AQP9 expression was also found
to affect murine bone marrow dendritic cells maturation in response to inflammatory stim-
ulation [37]. Following LPS administration, the absence of AQP9 resulted in a decreased
release of pro-inflammatory cytokines and chemokines, including the interleukins (IL)
1α, 1β, 6, and 12, the tumor necrosis factor alpha (TNF-α), the chemokine (C-C motif)
ligands 3-5 (CCL3-5), and the keratinocytes-derived chemokine (KC). Furthermore, Aqp9
knock-down led to a perturbed chemokine receptor switch following LPS treatment.

In this study, we use both a murine model of LPS-induced endotoxemia in the presence
or absence of AQP9 (Aqp9−/− knockout mice) and a cell model that was treated with LPS,
with or without blocking AQP9 to evaluate whether this AQP is involved in the systemic
inflammation that is caused by endotoxins and to study the signaling pathways involved.
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2. Materials and Methods
2.1. Animals

Aqp9−/− gene knockout (KO) mice that were generated by targeted replacement of
part of exon 2 sequence by a 1.7-kb sequence coding for the neomycin phosphotransferase
expression cassette were obtained from the Nielsen group [38]. Aqp9 KO mice were crossed
with isogenic C57BL/6J Aqp9+/+ wild type (WT) mice obtained from Envigo RMS srl
(S. Pietro al Natisone, Italy) at regular intervals. The experimental animals were littermates.
Mouse genotyping was performed by a standard PCR method, as described in a previous
study [38]. Figure S1 reports a representative profile of the PCR bands amplified by
genotyping. All of the animals were housed in air-conditioned room with 12/12 h dark–
light cycle with free access to a standard laboratory rodent diet (Altromin-Rieper, Vandoies,
Italy) and water ad libitum. Animal experiments were carried out in accordance with
Directive 2010/63/UE and with the approval of the French and Italian animal care and
use Committees of the University of Nantes (SBEA of Nantes) and the French Ministry of
the Agriculture (authorization n. 2687) and University of Bari (OPBA di Ateneo) and the
Italian Ministry of Health (authorization n. 996/2015-PR), respectively.

2.2. LPS-Induced Endotoxic Shock

LPS (from Escherichia coli 0111:B4; Sigma, St. Louis, MO, USA) was administered
intraperitoneally at a dose of 40 mg/kg in AQP9 WT (Aqp9+/+) and KO (Aqp9−/−) male
mice that were aged 8–12 weeks to induce endotoxic shock. The control mice received an
equivalent volume of vehicle represented by physiological saline solution (0.9% NaCl).
Survival rates were assessed in the 72 h following the i.p. injection. In another set of
experiments mice were sacrificed after 6 h of LPS i.p. administration by cervical dislocation
to harvest organs in order to study the systemic inflammatory and oxidative responses to
the endotoxic shock. Buprenorphine 0.1 mg/kg was administrated against animal pain.

2.3. Cell Culture

Rat hepatoma FaO cells [The European Collection of Authenticated Cell Cultures
(ECACC)] were grown in Coon’s modified Ham’s F12 with 10% fetal bovine serum (FBS)
until 80% confluence [39]. Cell incubations were made in humidified atmospheric air at
37 ◦C with CO2 added to 5%. Cell monolayers that were composed of about 5 × 105 cells
were exposed for 6 h at 37 ◦C to the culture medium (1% DMSO) containing 25 µM
HTS13286, 1 µg/mL LPS or 25 µM HTS13286 plus 1 µg/mL LPS. The basal condition
cells were exposed to the culture medium containing 1% DMSO. At the end of the treat-
ment, cell samples of each condition were harvested and handled to prepare the spin
traps for the subsequent nitric oxide (NO) and superoxide anion (O2

−) measurements,
as reported below.

The cytotoxicity of HTS13286 in FaO cells was evaluated by a MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay (Abcam, Milan, Italy). FaO cells were seeded
in a 96-well plate and then incubated 24 h in humidified atmospheric air at 37 ◦C with CO2
added to 5%. After being treated with the vehicle alone (1% DMSO) or HTS13286 (25 µM in
1% DMSO) for 24 h, the cells were analyzed by adding MTT. The colorimetric absorbance was
measured by an iMarkTM microplate reader (Biorad, Tokyo, Japan) at 490 nm.

2.4. Electronic Paramagnetic Resonance (EPR) Studies for NO and O2
− Measurements

NO production was evaluated using Fe2+ diethyldithiocarbamate (Fe(DETC)2) as spin
trap. In order to obtain the NO-spin-trap solution, Na-DETC (3.6 mg; Sigma, Saint Quentin
Fallavier, France) and FeSO4-7H2O (2.3 mg; Sigma, France) were separately dissolved
under nitrogen gas bubbling in equal 10 mL volumes of ice-cold Krebs–Hepes buffer or
distilled water, respectively. The solutions were rapidly mixed to obtain a pale yellow-
brown opalescent colloid Fe(DETC)2 solution (0.4 mM), which was immediately used to
incubate mouse pieces of organs (liver, kidney, aorta, heart, and lung) or FaO cells. After
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incubation, 45 min. at 37 ◦C, spin trap was removed, thus the pieces of organs and cells
were frozen in liquid nitrogen.

For O2
− measurements, the pieces of mouse organs (liver, kidney, aorta, heart, and

lung) and FaO cells were allowed in a Krebs-Hepes solution containing 500 µM 1-hydroxy-
3methoxycarbonyl-2,2,5,5-tetramethylpyrrolidin (CMH; Noxygen, Denzlingen, Germany),
25 µM deferoxamin (Sigma), and 5 µM DETC (Sigma) under constant temperature (37 ◦C)
for 45 min. Subsequently, organs or cells were frozen in liquid nitrogen. All of the samples
were analyzed using a table-top x-band spectrometer Miniscope (Magnettech, MS5000,
Berlin, Germany). Recordings were made in liquid nitrogen, using a Dewar flask.

For NO determination the instrument settings were 10 mW of microwave power, 1 mT
of amplitude modulation, 100 kHz of modulation frequency, 150 s of sweep time, and three
scans. Signals were quantified by measuring the total amplitude of the spectra obtained,
after correction of baseline. For superoxide anion evaluation, the instrument settings were
the same as for the NO measurement, except of the sweep time, which was 60 s. The
signals were quantified by calculating the height of the central peak of the spectra, after the
correction of baseline, as previously described [40].

2.5. Staining and Confocal Microscopy Imaging

Frozen sections of livers, kidneys, aortas, and hearts (7 µm thick) on glass slides were
fixed with cold 100% methanol for 5 min. and then incubated (2 h at room temperature) in
blocking buffer [(5% non-fat dry milk or 5% bovine serum albumin in phosphate-buffered
saline (PBS)]. Tissue sections were then incubated overnight (4 ◦C) with either a monoclonal
murine anti-iNOS or anti-COX-2 (1:50; BD Transduction Laboratories, Null, San Jose, CA,
USA), or a polyclonal antibody that was directed against the p65 subunit of the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB p65) (1:100; Cell Signaling,
Danvers, MA, USA), for iNOS, COX-2 or NF-κB p65 immunostaining, respectively. Three
washes were followed by incubation (1 h, at room temperature, in the dark) with the
secondary mouse or rabbit fluorescent Alexa fluor-647-conjugated antibody (1:500; Thermo
Fisher Scientific, Illkirch, France). Washes and antibody incubation were performed with a
1:10 dilution of BD Perm/WashTM buffer (BD Biosciences Transduction Laboratories, Null,
San Jose, CA, USA). In another set of experiments, frozen sections were used for the in situ
detection of O2

− with the oxidative fluorescent dye dihydroethidine (DHE; Sigma, France)
in PBS. DHE oxidizes to EtBr in the presence of O2

− and it shows a red fluorescence. A
Nikon A1-RS inverted laser scanning confocal microscope (Nikon Instruments Europe BV,
Amsterdam, Netherlands) was used for the optical sectioning of the tissue. Digital image
recording was performed using the NIS element software (Nikon Instruments Europe
BV, Amsterdam, Netherlands). The images were analyzed and processed by ImageJ-
win32 software (https://imagej.net/ (accessed on 17 February 2021)) by merging the red
fluorescence of iNOS, COX-2, NF-κB p65/Rel A or DHE and the blue fluorescence of nuclei
stained with DAPI. For aortas, the green autofluorescence of elastin was also merged to
better localize the inflammatory protein immunostaining or oxidative stress staining in
the vascular wall. The presence of the NF-κB subunit p65/Rel A within cell nuclei was
evidenced by the white spots that the software that were interpreted as co-localization of
red and blue staining.

Semi-quantitative analysis of liver, kidney, aorta, and heart iNOS and COX-2 im-
munostainings was performed by ImageJ-win32 software evaluating the red fluorescence
of the confocal microscopy images that were acquired from the sections of the organs
harvested from the WT or KO mice sacrificed 6 h after i.p. injection of saline solution or
LPS (40 mg/kg). Red fluorescence was expressed in arbitrary units.

2.6. Data Analysis

The results of the experiments with mice were expressed as a mean ± SD of n, where
n represents the number of animals or plate wells with FaO cells used for each experi-
ment. The survival curves were compared with a log-rank test. The levels of NO and

https://imagej.net/
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O2
− were compared using a one-way analysis of variance, followed by a Bonferroni mul-

tiple comparison post-hoc test. In all cases, a p value of less than 0.05 was considered to
be significant.

3. Results
3.1. Aqp9 Deletion Improves Survival of Mice after LPS Exposure

The relevance of AQP9 in septic shock was evaluated by assessing the effect of the
injection of a lethal dosage of LPS, a bacterial endotoxin inducing severe systemic inflam-
mation, on mouse survival during the following 72 h. Only 7% of Aqp9+/+ mice survived
after 24 h and all of the Aqp9+/+ mice were dead before 48 h, while about 25% of Aqp9−/−

mice survived after 72 h of LPS challenge (Figure 1). All of the control Aqp9+/+ animals
receiving only physiological saline solution survived to the survival test.
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Figure 1. Effect of AQP9 ablation on survival rate in lipopolysaccharide (LPS)-induced sepsis in mice.
Survival curves of Aqp9+/+ (wild type (WT)) mice after i.p. injection of saline solution (dotted black
line, n = 6) or LPS (40 mg/kg) (solid black line, n = 14) and Aqp9−/− (knockout (KO)) mice after i.p.
injection of LPS (solid red line) (n = 12; ** p < 0.01).

3.2. Deletion of AQP9 Protein Protects Against LPS Induced Inflammation

In order to study the involvement of AQP9 in the early phase of systemic inflammation
during endotoxic shock, in another set of experiments, the mice were sacrificed at 6 h after
the injection of LPS (or saline solution) and lungs, liver, kidneys, aorta, and heart were
collected to measure the NO production, iNOS, and COX-2 expression. The 6-h time
point after the injection of LPS (or saline solution) was chosen close to, but safely before,
some of the animals died, so that the events leading to death (as shown in Figure 1, most
LPS-treated WT mice die after 12–20 h of LPS) could be studied without losing some of the
experimental mice that would be expected to be the mice with the clearest phenotype.

As expected, a significant increase of NO was observed in the liver, kidney, aorta, and
heart harvested from WT mice treated with LPS as compared to the control WT animals
injected with the vehicle alone due to the noxious insult induced by LPS (Figure 2A–D).
Interestingly, when compared to vehicle controls, LPS treatment did not increase NO
levels in any of the tested Aqp9−/− mouse tissues, i.e., liver, kidney, aorta, heart, and lung
(Figure 2A–E). These data were fully consistent with the immunocytochemical analysis of
iNOS expression and the localization in the liver, kidney, aorta, and heart of the analyzed
mouse specimens. Aqp9+/+ mice that were challenged with LPS showed much higher levels
of iNOS staining than the control WT animals only receiving the vehicle. No significant
increase in NO production was seen in the lungs of both LPS-injected WT and KO mice
when compared to the control animals that only received the vehicle (Figure 2E).
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Figure 2. Analysis of inflammatory nitric oxide (NO) production. Electronic paramagnetic resonance
measurement of the NO levels of liver (A), kidney (B), aorta (C), heart (D), and lung (E) of Aqp9+/+ or
Aqp9−/− mice 6 h after i.p. injection of physiological saline solution or LPS (40 mg/kg) (see Materials
and Methods for details) (3–4 animals/group). * p < 0.05, ** p < 0.01 Aqp9+/+ vs. Aqp9+/+ +LPS. a.u.,
arbitrary units; dw, dry weight.

iNOS immunoreactivity in the organs of the Aqp9−/− mice that were treated with
LPS was slightly higher when compared to the control KO animals but significantly lower
than that of the LPS-injected WT mice (Figure 3A–D; Table 1). Accordingly, the levels
of COX-2, another inflammatory inducible protein, were increased in the liver, kidney,
aorta, and heart of the Aqp9+/+ LPS mice, whereas weak or no detectable immunolabeling
was found in the corresponding organs harvested from the Aqp9−/− LPS-treated animals
(Figure 4A–D; Table 1).
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Figure 3. Immunocytochemical analysis of inducible NOS (iNOS) expression. iNOS immunoreac-
tivity (red staining) of liver (A), kidney (B), aorta (C), and heart (D) harvested from Aqp9+/+ (WT)
or Aqp9−/− (KO) mice sacrificed 6 h after i.p. injection of saline solution (CTRL) or LPS (40 mg/kg)
(4 animals/group). The green fluorescence seen in aortas corresponds to elastin autofluorescence.
Nuclei are stained by DAPI (blue fluorescence). C(−), negative (no primary antibody).

Table 1. Red fluorescence semi-quantitative evaluation of iNOS and COX-2 immunostaining.

WT CTRL WT + LPS KO CTRL KO + LPS

iNOS (a.u.)

liver 4.48 ± 1.23 26.97 ± 5.23 *** 3.32 ± 0.32 7.69 ± 0.96 ###, ++

kidney 3.07 ± 1.03 50.56 ± 16.39 *** 1.79 ± 0.33 9.63 ± 1.49 ##

aorta 1.16 ± 0.50 69.35 ± 14.02 *** 1.43 ± 0.27 1.26 ± 0.35 ###

heart 2.42 ± 0.40 20.37 ± 2.80 *** 1.98 ± 0.42 4.53 ± 1.17 ###, +

COX-2 staining
(a.u.)

liver 0.17 ± 0.07 8.37 ± 1.88 *** 0.82 ± 0.80 0.44 ± 0.18 ###

kidney 0.014 ± 0.01 27.31 ± 6.00 *** 0.02 ± 0.01 0.02 ± 0.004 ###

aorta 0.29 ± 0.19 15.80 ± 2.84 *** 0.50 ± 0.17 3.37 ± 0.44 ###

heart 0.10 ± 0.11 18.49 ± 6.62 *** 0.95 ± 0.27 1.68 ± 1.34 ###

*** p <0.001, WT + LPS vs. WT CTRL; ## p < 0.01, ### p < 0.001, KO + LPS vs. WT + LPS; + p < 0.05, ++ p < 0.01, KO CTRL vs. KO + LPS; a.u.,
arbitrary units.
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Figure 4. Immunohistochemical analysis of inducible COX (COX-2; red fluorescence) in liver (A),
kidney (B), aorta (C), and heart (D) from untreated (saline solution) Aqp9+/+ or Aqp9−/− mice (WT
CTRL and KO CTRL, respectively) or LPS-treated (40 mg/kg) WT or KO mice (WT+LPS and KO+LPS,
respectively) (four animals/group), 6 h after the i.p. injection. The green fluorescence seen in aortas
corresponds to elastin autofluorescence. Cell nuclei were stained by DAPI (blue fluorescence). C(−),
negative controls (no primary antibody).

3.3. Aqp9 Deletion Reduces NF-κB p65 Elevation by LPS

Inflammation that is associated with iNOS and COX-2 expressions is regulated by the
transcription factor NF-κB p65 [41]. Thus, we decided to investigate the expression of the
p65 subunit of this nuclear factor by immunofluorescence labeling. Under inflammatory
stimuli triggered by extracellular signals, such as LPS, p65 translocates into the nucleus,
where it binds to target genes inducing the transcription of genes coding for several pro-
inflammatory proteins [42]. The depletion of AQP9 was associated to a reduced expression
of the inflammatory transcription factor NF-κB p65, since weak immunostaining and
reduced translocation were seen in the nuclei in the kidney and aorta tissues harvested from
the LPS-treated Aqp9−/− mice as compared to the respective organs from the endotoxic
Aqp9+/+ mice (Figure 5A,A’,B,B’). In both kidneys and aorta, the extent of p65/Rel A
immunoreactivity measured into the nuclei of LPS-treated KO specimens was significantly
lower than that of the WT counterpart (Figure 6A,B). This profile suggests that the lower
mortality in LPS treated Aqp9−/− mice involve reduced NF-κB p65 expression and activity.
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Figure 5. Immunohistochemical analysis of the p65/Rel A subunit of NF-κB in kidney (A,A’) and aorta (B,B’) from untreated
(saline solution) Aqp9+/+ or Aqp9−/− mice (WT CTRL and KO CTRL, respectively) or LPS-treated (40 mg/kg) WT or KO
mice (WT+LPS and KO+LPS, respectively) (four animals/group), 6 h after the i.p. injection. The red fluorescence seen in the
cells is related to the cytoplasmic localization of p65/Rel A. Cell nuclei are visualized by DAPI (blue fluorescence). The
white spots seen in cell nuclei correspond to the overlapping of DAPI fluoresce and p65/Rel A immunostaining. The green
fluorescence in aortas corresponds to elastin autofluorescence. C(−), negative (no primary antibody). The number of white
spots seen in the cell nuclei of kidney and aorta of KO+LPS animals appears to be considerably lower than that of WT+LPS
animals (A’,B’).
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Figure 6. Immunofluorescence evaluation of NF-κB p65 in cell nuclei. The number and intensity of white spots corresponding
to the DAPI/p65 overlap in cell nuclei was evaluated by the ImageJ-win32 software using confocal microscopy images of
kidneys (A) and aortas (B) harvested from Aqp9+/+ (WT) or Aqp9−/− (KO) mice sacrificed 6 h after the injection of saline
solution (control) or LPS (40 mg/kg) (4 animals/group) (see Materials and Methods for details). In WT mice, LPS treatment
induced a significant increase of the NF-κB p65 extent compared to WT control mice (** p < 0.01 Aqp9+/+ vs. Aqp9+/++LPS).
No significant increase of the intranuclear level of NF-κB p65 was seen in the kidney and aorta of KO mice that were treated
with LPS as compared to the KO control animals (### p < 0.001).
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3.4. Lack of AQP9 Protects Against LPS Induced Oxidative Stress

Because LPS is also reported to induce systemic oxidative stress we decided to assess
the superoxide anion production during the endotoxic shock in WT and Aqp9 KO mice.

As expected, the O2
− measurements that were obtained using CMH as spin-probe

(see Materials and Methods) showed a significant increase of superoxide anion in the liver,
kidney, aorta, and heart of Aqp9+/+ WT mice, following LPS treatment (Figure 7A–D). This
increase was not observed in Aqp9−/− mice (Figure 7A–D). This result was confirmed
by considerably higher levels of oxidized DHE (Figure 8; red staining), a fluorescent dye
detecting O2

− in LPS-treated Aqp9+/+ WT mice when compared to the respective Aqp9−/−

mice. No significant changes in O2
− production were seen between the lungs of the KO

and WT animals receiving LPS (Figure 7E).
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Figure 7. Analysis of superoxide anion (O2
−) production. Electronic paramagnetic resonance

measurements of O2
− in liver (A), kidney (B), aorta (C), heart (D), and lung (E) of Aqp9+/+ (WT)

or Aqp9−/− (KO) mice receiving i.p. injection of saline solution alone or LPS (40 mg/kg i.p) for 6 h
(see Materials and Methods for details) (n = 3–4 animals/group). * p <0.05; *** p < 0.001, Aqp9+/+ vs.
Aqp9+/+ +LPS. a.u., arbitrary units; dw, dry weight.
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Figure 8. Detection of superoxide anion by dihydroethidine (DHE) (red fluorescence) in liver (A), kidney (B), aorta (C), and
heart (D) from Aqp9+/+ or Aqp9−/− mice after 6 h of i.p. injection of saline solution (WT CTRL and KO CTRL, respectively)
or LPS (40 mg/kg) WT or KO mice (WT+LPS and KO+LPS, respectively) (four animals/group). The green fluorescence
seen in aortas corresponds to elastin autofluorescence. Cell nuclei are stained by DAPI (blue fluorescence). C(−), negative
controls (no DHE).

3.5. Inhibition of AQP9 in Rat Hepatoma Cells Reduces the LPS-Induced NO and Superoxide
anion Production

FaO cells, a rodent hepatoma cell line expressing AQP9 [43], were utilized to further
investigate these observations. FaO cells were challenged with LPS and HTS13286, a
selective and potent inhibitor of AQP9 [34] that was utilized to study the role of AQP9 in
NO and O2

− production after LPS exposure.
As expected, LPS increased the levels of both NO and O2

− in the FaO cell specimens
that were treated with LPS when compared to the vehicle treated control cells (Figure 9A,B).
Interestingly, the inhibition of AQP9 by HTS13286 prevented the increase of both free
radicals in the cells that were treated with LPS (Figure 9A,B), suggesting the involvement
for AQP9 in the signaling pathways stimulated by the endotoxin. HTS13286 did not show
any toxic effect on FaO cells (Figure S2).
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FaO cells incubated or not for 6 h with LPS (1 µg/mL) in absence or in presence of the AQP9 selective inhibitor HTS13286
(25 µM) (see Materials and Methods for details). * p < 0.05, *** p < 0.001 control cells vs. LPS-treated cells in absence of
HTS13286; ### p < 0.001, LPS-treated cells in absence of HTS13286 vs. LPS-treated cells that were exposed to HTS13286;
n = 5–6 experiments for each condition.

4. Discussion

Here, we provide evidence for an important role of AQP9 in LPS-induced endotoxic
shock. Aqp9−/− mice showed significantly improved survival after LPS administration.
The ablation of AQP9 exerted an anti-inflammatory effect with significant attenuation of
the inflammatory NO and O2

− production, following LPS challenge. Furthermore, we
observed at the protein level reduced expression of NF-κB p65, and its transcriptionally
dependent inflammatory markers, iNOS and COX-2 [44]. In general, many additional
pro-inflammatory mediators controlled by NF-κB p65 are known (e.g., TNF-α, IL-1β, IL-6
and MCP-1 [45]) and their contribution to the observed effects of Aqp9 deletion on the
survival to endotoxemia can be anticipated. However, it seems likely that the reduced
production of the vasodilator NO may, in part, explain the increased survival of Aqp9−/−

mice in endotoxemia.
Importantly, the effects of Aqp9 deletion on NO and O2

− production at the whole organism
level could be confirmed in FaO rodent hepatoma cells. There, the LPS-induced elevation of
NO and O2

− was prevented by blocking AQP9 with the selective inhibitor HTS13286 [34].
While important functions of AQP9 in leukocytes during endotoxemia cannot be ruled

out, these results suggest that at least part of the altered LPS response in Aqp9−/− mice
is due to AQP9 functions in hepatocytes, a major expression site of AQP9 in rodents and
humans e.g., [38,46].

All of the functional components of the canonical LPS receptor, the toll-like re-
ceptor 4 (TLR-4), including the CD14 and MD2 co-receptors, have been detected in
hepatocytes [47–49], and LPS activation of MAPK signaling, NF-κB nuclear translocation,
and activation of acute phase protein production have been described [47,48]. Previous
work showed that LPS exerts a strong synergistic effect with cytokines, but it was not alone
sufficient to induce iNOS expression in primary rat hepatocytes [50]. This suggests that
FaO cells may already be in a primed state, which allows enhanced NO production in
response to LPS alone.

A working model is proposed to explain how AQP9 intervenes in the early acute
phase of the inflammatory reactions that are triggered by LPS in endotoxemia.

In analogy to AQP involvement in several recently discovered cell signaling pathways,
LPS binding to a combination of its cognate co-receptors CD14, MD2, and TLR-4 [51–54],
may lead to the activation of a plasma membrane localized member of the NADPH oxidase
(NOX) superfamily (e.g., NOX2) [55]. In this model, H2O2, which results from dismutation
(e.g., through extracellular superoxide dismutase-3, SOD3) of NOX generated O2

−, may
enter cells through AQP9 acting as second messenger to inactivate a protein-tyrosine
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phosphatase (PTP) at an active site cysteine [56]. This PTP typically functions as a negative
regulator of a tyrosine kinase (TK) signal. Thus, the inactivation of PTP by AQP9-facilitated
H2O2 uptake may result in the amplification of the TK signal and consequent enhancement
of NF-κB pathway stimulation and related functional output.

It is known that AQP9 functions as a peroxiporin [57]. Examples for AQP modulation
of the NF-κB pathway include AQP3 dependent NF-κB activation in keratinocytes during
psoriasis [58], in LPS-induced inflammation in macrophages during liver injury [59], and
in B-cell activation [60]. Interestingly, in the latter example, a role for AQP8 in LPS
stimulated tyrosine phosphorylation downstream of TLR-4 has been demonstrated, while
canonical TLR signaling relies on serine/threonine kinases [61]. AQP-facilitated uptake
of extracellular H2O2 has, at this point, been invoked in several additional downstream
signaling cascades [7,12,24,62–66].

The mechanism of AQP9 involvement in inflammatory responses may be different,
depending on the type of the noxious stimulus. A role for AQP9 in the extracellular
signal-regulated kinase1/2 pathway was suggested in the inflammatory response that is
associated with myocardial infarction in rats [67]. Patients with systemic inflammatory
response syndrome (SIRS) have enhanced AQP9 expression in activated polymorphonu-
clear leukocytes as compared to healthy control subjects [68]. A function for AQP9 in
human macrophage motility, migration, and phagocytosis was suggested after observing
that Gram-negative bacteria, such as P. aeruginosa, induce enhanced expression of AQP9
and re-organization in primary monocyte-derived macrophages accompanied by changes
in cell size and morphology [26]. Because AQP9 features broad selectivity, its physiological
involvement in inflammatory responses may be as pleiotropic as the channel’s function,
carrying, among others, water, H2O2, and glycerol.

Immune cell migration is an important mechanism that occurs in sepsis [69,70] and
another potential mechanism linking AQP9 to survival in sepsis may relate to the suggested
implication of this AQP in neutrophil cell migration [71]. Neutrophils always appear
at an early stage of infection and decreased neutrophil cell migration to the infected
organs has been associated with a bad outcome of sepsis, due to incomplete bacterial
eradication [72]. However, neutrophils secrete large amounts of proteases and reactive
oxygen species, which not only kill bacteria, but also damage host tissues [73]. Hence, an
exceedingly neutrophil cell migration to the tissues can cause multiple organ failure, leading
to death [73]. AQP5 expression in mouse and human neutrophils has been suggested to
influence survival following LPS by altering cell migration [28]. The potential role of AQP9
in neutrophil cell migration in tissues after septic insults is a matter for future studies.

5. Conclusions

Altogether, our results suggest a role of AQP9 in the early stage of LPS-induced
endotoxic shock, involving the NF-κB pathway, potentially through facilitating uptake of
extracellular H2O2, and PTP dependent signaling. However, further work is needed to
fully understand the AQP9 dependent signal transduction in hepatocytes, as well as the
potential involvement of other cell types, such as neutrophils, in the LPS-induced systemic
inflammatory reaction in mice.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
409/10/2/435/s1, Figure S1: Representative agarose gel showing the cDNA fragments amplified
by PCR in the genotyping of wild type (Aqp9+/+) and Aqp9 gene knockout (Aqp9−/−; KO) mice;
Figure S2: Effect of HTS13286 on the viability in FaO cells.

Author Contributions: Conceptualization, G.C. and A.T.; methodology, A.T. and G.C.; software,
A.T.; validation, A.T., P.G. and G.C.; formal analysis, A.T., G.C. and M.R.; investigation, A.T., P.G.
and G.C.; resources, G.C. and A.T.; data curation, A.T., P.G., M.R. and G.C.; writing—original draft
preparation, G.C. and A.T.; writing—review and editing, G.C., A.T. and M.R.; visualization, A.T.;
supervision, A.T. and G.C.; project administration, G.C. and A.T.; funding acquisition, G.C. and A.T.
All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/2073-4409/10/2/435/s1
https://www.mdpi.com/2073-4409/10/2/435/s1


Cells 2021, 10, 435 14 of 17

Funding: This research was funded by PRIN2017 Programmi di Ricerca Scientifica di Rilevante
Interesse Nazionale 2017 (grant # 2017J92TM5) by Italian MIUR to G.C. and partially funded by
Genavie Foundation (grant #20190222) to A.T.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the French and Italian animal care and use Committees of
the University of Nantes (SBEA of Nantes) and the French Ministry of the Agriculture (authorization
n. 2687) and the University of Bari (OPBA di Ateneo) and the Italian Ministry of Health (authorization
n. 996/2015-PR), respectively.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank Philippe Hulin and Steven Nedellec and the platform MicroPicell
(SFR Francois Bonamy, Nantes) for the technical assistance in confocal microscopy. We also thank
Chantal Gautier, Benjamin Lauzier, Bertrand Rozec (UMR 1087, Nantes) for interesting scientific
discussions and Lorena Di Toma for preliminary tests realized to solubilize the HTS13286 compound.
Helpful suggestions from Marcello Chieppa are acknowledged. Financial support to G.C. from
Italian “Programmi di Ricerca Scientifica di Rilevante Interesse Nazionale 2017” (PRIN2017; grant #
2017J92TM5) is gratefully acknowledged. This work was partially financed by Genavie Foundation
(grant #20190222-AT) to A.T.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.D.;

Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016,
315, 801–810. [CrossRef] [PubMed]

2. Mayr, F.B.; Yende, S.; Angus, D.C. Epidemiology of severe sepsis. Virulence 2014, 5, 4–11. [CrossRef] [PubMed]
3. Schorr, C.A.; Zanotti, S.; Dellinger, R.P. Severe sepsis and septic shock: Management and performance improvement. Virulence

2014, 5, 190–199. [CrossRef] [PubMed]
4. Erridge, C.; Bennett-Guerrero, E.; Poxton, I.R. Structure and function of lipopolysaccharides. Microbes Infect. 2002, 4, 837–851.

[CrossRef]
5. Van Amersfoot, E.S.; Van Berkel, T.J.C.; Kuiper, J. Receptors, mediators, and mechanisms involved in bacterial sepsis and septic

shock. Clin. Microbiol. Rev. 2003, 16, 379–414. [CrossRef] [PubMed]
6. Mariajoseph-Antony, L.F.; Kannan, A.; Panneerselvam, A.; Loganathan, C.; Shankar, E.M.; Anbarasu, K.; Prahalathan, C. Role of

Aquaporins in Inflammation—A scientific curation. Inflammation 2020, 43, 1599–1610. [CrossRef]
7. Di Marzo, N.; Chisci, E.; Giovannoni, R. The Role of Hydrogen Peroxide in Redox-dependent signaling: Homeostatic and

pathological responses in mammalian cells. Cells 2018, 7, 156. [CrossRef]
8. Tamma, G.; Valenti, G.; Grossini, E.; Donnini, S.; Marino, A.; Marinelli, R.A.; Calamita, G. Aquaporin Membrane Channels in

Oxidative Stress, Cell Signaling, and Aging: Recent Advances and Research Trends. Oxid. Med. Cell. Long. 2018, 2018, 1501847.
[CrossRef]

9. Rump, K.; Adamzik, M. Function of aquaporins in sepsis: A systematic review. Cell Biosci. 2018, 8, 10. [CrossRef]
10. Jahn, T.P.; Møller, A.L.; Zeuthen, T.; Holm, L.M.; Klaerke, D.A.; Mohsin, B.; Kühlbrandt, W.; Schjoerring, J.K. Aquaporin

homologues in plants and mammals transport ammonia. FEBS Lett. 2004, 574, 31–36. [CrossRef] [PubMed]
11. 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]
12. Bienert, G.P.; Møller, A.L.B.; Kristiansen, K.A.; Schulz, A.; Møller, I.M.; Schjoerring, J.K.; Jahn, T.P. Specific aquaporins facilitate

the diffusion of hydrogen peroxide across membranes. J. Biol. Chem. 2007, 282, 1183–1192. [CrossRef] [PubMed]
13. Marinelli, R.A.; Marchissio, M.J. Mitochondrial aquaporin-8: A functional peroxiporin? Antioxid. Redox Signal. 2013, 19, 896.

[CrossRef]
14. 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]
15. Sies, H. Role of metabolic H2O2 generation: Redox signaling and oxidative stress. J. Biol. Chem. 2014, 289, 8735–8741. [CrossRef]

[PubMed]
16. Tsukaguchi, H.; Weremowicz, S.; Morton, C.C.; Hediger, M.A. Functional and molecular characterization of the human neutral

solute channel aquaporin-9. Am. J. Physiol. 1999, 277, F685–F696. [CrossRef] [PubMed]

http://doi.org/10.1001/jama.2016.0287
http://www.ncbi.nlm.nih.gov/pubmed/26903338
http://doi.org/10.4161/viru.27372
http://www.ncbi.nlm.nih.gov/pubmed/24335434
http://doi.org/10.4161/viru.27409
http://www.ncbi.nlm.nih.gov/pubmed/24335487
http://doi.org/10.1016/S1286-4579(02)01604-0
http://doi.org/10.1128/CMR.16.3.379-414.2003
http://www.ncbi.nlm.nih.gov/pubmed/12857774
http://doi.org/10.1007/s10753-020-01247-4
http://doi.org/10.3390/cells7100156
http://doi.org/10.1155/2018/1501847
http://doi.org/10.1186/s13578-018-0211-9
http://doi.org/10.1016/j.febslet.2004.08.004
http://www.ncbi.nlm.nih.gov/pubmed/15358535
http://doi.org/10.1016/j.redox.2019.101326
http://www.ncbi.nlm.nih.gov/pubmed/31546170
http://doi.org/10.1074/jbc.M603761200
http://www.ncbi.nlm.nih.gov/pubmed/17105724
http://doi.org/10.1089/ars.2013.5505
http://doi.org/10.1089/ars.2013.5330
http://doi.org/10.1074/jbc.R113.544635
http://www.ncbi.nlm.nih.gov/pubmed/24515117
http://doi.org/10.1152/ajprenal.1999.277.5.F685
http://www.ncbi.nlm.nih.gov/pubmed/10564231


Cells 2021, 10, 435 15 of 17

17. Nakhoul, N.L.; Davis, B.A.; Romero, M.F.; Boron, W.F. Effect of expressing the water channel aquaporin-1 on the CO2 permeability
of Xenopus oocytes. Am. J. Physiol. 1998, 274, C543–C548. [CrossRef]

18. Herrera, M.; Hong, N.J.; Garvin, J.L. Aquaporin-1 Transports NO Across Cell Membranes. Hypertension 2006, 48, 157–164.
[CrossRef]

19. Wang, Y.; Tajkhorshid, E. Molecular Mechanisms of Conduction and Selectivity in Aquaporin Water Channels. J. Nutr. 2007, 137,
1509–1515. [CrossRef] [PubMed]

20. Soveral, G.; Casini, A. Aquaporin modulators: A patent review (2010-2015). Expert Opin. Ther. Pat. 2017, 27, 49–62. [CrossRef]
[PubMed]

21. Calamita, G.; Perret, J.; Delporte, C. Aquaglyceroporins: Drug Targets for Metabolic Diseases? Front. Physiol. 2018, 9, 851.
[CrossRef] [PubMed]

22. Verkman, A.S. More than just water channels: Unexpected cellular roles of aquaporins. J. Cell Sci. 2005, 118, 3225–3232. [CrossRef]
[PubMed]

23. Agre, P. Aquaporin Water Channels (Nobel Lecture). Angew Chem. Int. Ed. Engl. 2004, 43, 4278–4290. [CrossRef] [PubMed]
24. 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]
25. Cui, G.; Staron, M.M.; Gray, S.M.; Ho, P.C.; Amezquita, R.A.; Wu, J.; Kaech, S.M. IL-7-Induced Glycerol Transport and TAG

Synthesis Promotes Memory CD8+ T Cell Longevity. Cell 2015, 161, 750–761. [CrossRef] [PubMed]
26. Holm, A.; Karlsson, T.; Vikström, E. Pseudomonas aeruginosa lasI/rhlI quorum sensing genes promote phagocytosis and

aquaporin 9 redistribution to the leading and trailing regions in macrophages. Front. Microbiol. 2015, 6, 915. [CrossRef]
27. Moniaga, C.S.; Watanabe, S.; Honda, T.; Nielsen, S.; Hara-Chikuma, M. Aquaporin-9-expressing neutrophils are required for the

establishment of contact hypersensitivity. Sci. Rep. 2015, 5, 15319. [CrossRef]
28. Rump, K.; Unterberg, M.; Bergmann, L.; Bankfalvi, A.; Menon, A.; Schäfer, S.; Scherag, A.; Bazzi, Z.; Siffert, W.; Peters, J.; et al.

AQP5-1364A/C polymorphism and the AQP5 expression influence sepsis survival and immune cell migration: A prospective
laboratory and patient study. J. Transl. Med. 2016, 14, 321. [CrossRef]

29. Meli, R.; Pirozzi, C.; Pelagalli, A. New Perspectives on the Potential Role of Aquaporins (AQPs) in the Physiology of Inflammation.
Front. Physiol. 2018, 9, 101. [CrossRef]

30. Rabolli, V.; Wallemme, L.; Lo Re, S.; Uwambayinema, F.; Palmai-Pallag, M.; Thomassen, L.; Tyteca, D.; Octave, J.N.; Marbaix, E.;
Lison, D.; et al. Critical role of aquaporins in interleukin 1β (IL-1β)–induced inflammation. J. Biol. Chem. 2014, 289, 13937–13947.
[CrossRef]

31. da Silva, I.V.; Cardoso, C.; Martìnez-Banaclocha, H.; Casini, A.; Pelegrìn, P.; Soveral, G. Aquaporin-3 is involved in NLRP3-
inflammasome activation contributing to the setting of inflammatory response. Cell Mol. Life Sci. 2020. Online ahead of print.
[CrossRef]

32. Esquerdo, K.F.; Sharma, N.K.; Brunialti, M.K.; Baggio-Zappia, G.L.; Assunção, M.; Azevedo, L.C.P.; Bafi, A.T.; Salomao, R.
Inflammasome gene profile is modulated in septic patients, with a greater magnitude in non-survivors. Clin. Exp. Immunol. 2017,
189, 232–240. [CrossRef]

33. Rodríguez, A.; Marinelli, R.A.; Tesse, A.; Frühbeck, G.; Calamita, G. Sexual dimorphism of adipose and hepatic aquaglyceroporins
in health and metabolic disorders. Front. Endocrinol. (Lausanne) 2015, 6, 171. [CrossRef] [PubMed]

34. Jelen, S.; Wacker, S.; Aponte-Santamaría, C.; Skott, M.; Rojek, A.; Johanson, U.; Kjellbom, P.; Nielsen, S.; de Groot, B.L.; Rützler, M.
Aquaporin-9 protein is the primary route of hepatocyte glycerol uptake for glycerol gluconeogenesis in mice. J. Biol. Chem. 2011,
286, 44319–44325. [CrossRef]

35. Calamita, G.; Gena, P.; Ferri, D.; Rosito, A.; Rojek, A.; Nielsen, S.; Marinelli, R.A.; Frühbeck, G.; Svelto, M. Biophysical assessment
of aquaporin-9 as principal facilitative pathway in mouse liver import of glucogenetic glycerol. Biol. Cell 2012, 104, 342–351.
[CrossRef] [PubMed]

36. Gena, P.; Del Buono, N.; D’Abbicco, M.; Mastrodonato, M.; Berardi, M.; Svelto, M.; Lopez, L.; Calamita, G. Dynamical modeling of
liver Aquaporin-9 expression and glycerol permeability in hepatic glucose metabolism. Eur. J. Cell Biol. 2017, 96, 61–69. [CrossRef]
[PubMed]

37. De Santis, S.; Serino, G.; Fiorentino, M.R.; Galleggiante, V.; Gena, P.; Verna, G.; Liso, M.; Massaro, M.; Lan, J.; Troisi, J.; et al.
Aquaporin 9 contributes to the maturation process and inflammatory cytokine secretion of murine dendritic cells. Front. Immunol.
2018, 9, 2355. [CrossRef] [PubMed]

38. Rojek, A.M.; Skowronski, M.T.; Füchtbauer, E.M.; Füchtbauer, A.C.; Fenton, R.A.; Agre, P.; Frøkiaer, J.; Nielsen, S. Defective
glycerol metabolism in aquaporin 9 (AQP9) knockout mice. Proc. Natl. Acad. Sci. USA 2007, 104, 3609–3614. [CrossRef] [PubMed]

39. Clayton, D.F.; Weiss, M.; Darnell, J.E., Jr. Liver-specific RNA metabolism in hepatoma cells: Variations in transcription rates and
mRNA levels. Mol. Cell Biol. 1985, 5, 2633–2641. [CrossRef] [PubMed]

40. Coué, M.; Tesse, A.; Falewée, J.; Aguesse, A.; Croyal, M.; Fizanne, L.; Chaigneau, J.; Boursier, J.; Ouguerram, K. Spirulina
liquid extract protects against fibrosis related to non-alcoholic steatohepatitis and increases ursodeoxycholic acid. Nutrients 2019,
11, 194. [CrossRef]

41. Tesse, A.; Martínez, M.C.; Hugel, B.; Chalupsky, K.; Muller, C.D.; Meziani, F.; Mitolo-Chieppa, D.; Freyssinet, J.M.; Andriantsito-
haina, R. Upregulation of proinflammatory proteins through NF-kappaB pathway by shed membrane microparticles results in
vascular hyporeactivity. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 2522–2527. [CrossRef] [PubMed]

http://doi.org/10.1152/ajpcell.1998.274.2.C543
http://doi.org/10.1161/01.HYP.0000223652.29338.77
http://doi.org/10.1093/jn/137.6.1509S
http://www.ncbi.nlm.nih.gov/pubmed/17513417
http://doi.org/10.1080/13543776.2017.1236085
http://www.ncbi.nlm.nih.gov/pubmed/27622909
http://doi.org/10.3389/fphys.2018.00851
http://www.ncbi.nlm.nih.gov/pubmed/30042691
http://doi.org/10.1242/jcs.02519
http://www.ncbi.nlm.nih.gov/pubmed/16079275
http://doi.org/10.1002/anie.200460804
http://www.ncbi.nlm.nih.gov/pubmed/15368374
http://doi.org/10.1084/jem.20112398
http://doi.org/10.1016/j.cell.2015.03.021
http://www.ncbi.nlm.nih.gov/pubmed/25957683
http://doi.org/10.3389/fmicb.2015.00915
http://doi.org/10.1038/srep15319
http://doi.org/10.1186/s12967-016-1079-2
http://doi.org/10.3389/fphys.2018.00101
http://doi.org/10.1074/jbc.M113.534594
http://doi.org/10.1007/s00018-020-03708-3
http://doi.org/10.1111/cei.12971
http://doi.org/10.3389/fendo.2015.00171
http://www.ncbi.nlm.nih.gov/pubmed/26594198
http://doi.org/10.1074/jbc.M111.297002
http://doi.org/10.1111/boc.201100061
http://www.ncbi.nlm.nih.gov/pubmed/22316404
http://doi.org/10.1016/j.ejcb.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28049557
http://doi.org/10.3389/fimmu.2018.02355
http://www.ncbi.nlm.nih.gov/pubmed/30386332
http://doi.org/10.1073/pnas.0610894104
http://www.ncbi.nlm.nih.gov/pubmed/17360690
http://doi.org/10.1128/MCB.5.10.2633
http://www.ncbi.nlm.nih.gov/pubmed/3841793
http://doi.org/10.3390/nu11010194
http://doi.org/10.1161/01.ATV.0000189298.62240.5d
http://www.ncbi.nlm.nih.gov/pubmed/16210570


Cells 2021, 10, 435 16 of 17

42. Hobbs, S.; Reynoso, M.; Geddis, A.V.; Mitrophanov, A.Y.; Matheny, R.W., Jr. LPS-stimulated NF-κB p65 dynamic response marks
the initiation of TNF expression and transition to IL-10 expression in RAW 264.7 macrophages. Physiol. Rep. 2018, 6, e13914.
[CrossRef]

43. Baldini, F.; Portincasa, P.; Grasselli, E.; Damonte, G.; Salis, A.; Bonomo, M.; Florio, M.; Serale, N.; Voci, A.; Gena, P.; et al.
Aquaporin-9 is involved in the lipid-lowering activity of the nutraceutical silybin on hepatocytes through modulation of
autophagy and lipid droplets composition. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 2020, 1865, 158586. [CrossRef] [PubMed]

44. Yamamoto, Y.; Gaynor, R.B. IkappaB kinases: Key regulators of the NF-kappaB pathway. Trends Biochem. Sci. 2004, 29, 72–79.
[CrossRef]

45. Moon, D.O.; Choi, Y.H.; Kim, N.D.; Park, Y.M.; Kim, G.Y. Anti-inflammatory effects of beta-lapachone in lipopolysaccharide-
stimulated BV2 microglia. Int. Immunopharmacol. 2007, 7, 506–514. [CrossRef]

46. Lindskog, C.; Asplund, A.; Catrina, A.; Nielsen, S.; Rützler, M. A Systematic Characterization of Aquaporin-9 Expression in
Human Normal and Pathological Tissues. J. Histochem. Cytochem. 2016, 64, 287–300. [CrossRef] [PubMed]

47. Liu, S.; Khemlani, L.S.; Shapiro, R.A.; Johnson, M.L.; Liu, K.; Geller, D.A.; Watkins, S.C.; Goyert, S.M.; Billiar, T.R. Expression of
CD14 by hepatocytes: Upregulation by cytokines during endotoxemia. Infect. Immun. 1998, 66, 5089–5098. [CrossRef]

48. Vodovotz, Y.; Liu, S.; McCloskey, C.; Shapiro, R.; Green, A.; Billiar, T.R. The hepatocyte as a microbial product-responsive cell. J.
Endotoxin. Res. 2001, 7, 365–373. [CrossRef]

49. Liu, S.; Gallo, D.J.; Green, A.M.; Williams, D.L.; Gong, X.; Shapiro, R.A.; Gambotto, A.A.; Humphris, E.L.; Vodovotz, Y.; Billiar,
T.R. Role of toll-like receptors in changes in gene expression and NF-kappa B activation in mouse hepatocytes stimulated with
lipopolysaccharide. Infect. Immun. 2002, 70, 3433–3442. [CrossRef] [PubMed]

50. Geller, D.A.; Nussler, A.K.; Di Silvio, M.; Lowenstein, C.J.; Shapiro, R.A.; Wang, S.C.; Simmons, R.L.; Billiar, T.R. Cytokines,
endotoxin, and glucocorticoids regulate the expression of inducible nitric oxide synthase in hepatocytes. Proc. Natl. Acad. Sci.
USA 1993, 90, 522–546. [CrossRef]

51. Wright, S.D.; Ramos, R.A.; Tobias, P.S.; Ulevitch, R.J.; Mathison, J.C. CD14, a receptor for complexes of lipopolysaccharide (LPS)
and LPS binding protein. Science 1990, 249, 1431–1433. [CrossRef] [PubMed]

52. Shimazu, R.; Akashi, S.; Ogata, H.; Nagai, Y.; Fukudome, K.; Miyake, K.; Kimoto, M. MD-2, a molecule that confers lipopolysac-
charide responsiveness on Toll-like receptor 4. J. Exp. Med. 1999, 189, 1777–1782. [CrossRef] [PubMed]

53. Qureshi, S.T.; Larivière, L.; Leveque, G.; Clermont, S.; Moore, K.J.; Gros, P.; Malo, D. Endotoxin-tolerant mice have mutations in
Toll-like receptor 4 (Tlr4). J. Exp. Med. 1999, 189, 615–625. [CrossRef]

54. Poltorak, A.; He, X.; Smirnova, I.; Liu, M.Y.; Van Huffel, C.; Du, X.; Birdwell, D.; Alejos, E.; Silva, M.; Galanos, C.; et al. Defective
LPS signaling in C3H/HeJ and C57BL/10ScCr mice: Mutations in Tlr4 gene. Science 1998, 282, 2085–2088. [CrossRef]

55. Jiang, J.X.; Török, N.J. NADPH Oxidases in Chronic Liver Diseases. Adv. Hepatol. 2014, 2014, 742931. [CrossRef]
56. Rhee, S.G. Cell signaling. H2O2, a necessary evil for cell signaling. Science 2006, 312, 1882–1883. [CrossRef]
57. 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]
58. Hara-Chikuma, M.; Satooka, H.; Watanabe, S.; Honda, T.; Miyachi, Y.; Watanabe, T.; Verkman, A.S. Aquaporin-3-mediated

hydrogen peroxide transport is required for NF-κB signalling in keratinocytes and development of psoriasis. Nat. Commun. 2015,
6, 7454. [CrossRef]

59. Hara-Chikuma, M.; Tanaka, M.; Verkman, A.S.; Yasui, M. Inhibition of aquaporin-3 in macrophages by a monoclonal antibody as
potential therapy for liver injury. Nat. Commun. 2020, 11, 5666. [CrossRef]

60. Bertolotti, M.; Farinelli, G.; Galli, M.; Aiuti, A.; Sitia, R. AQP8 transports NOX2-generated H2O2 across the plasma membrane to
promote signaling in B cells. J. Leukoc. Biol. 2016, 100, 1071–1079. [CrossRef] [PubMed]

61. Abram, C.L.; Lowell, C.A. Shp1 function in myeloid cells. J. Leukoc. Biol. 2017, 102, 657–675. [CrossRef] [PubMed]
62. Lennicke, C.; Rahn, J.; Lichtenfels, R.; Wessjohann, L.A.; Seliger, B. Hydrogen peroxide–production, fate and role in redox

signaling of tumor cells. Cell Commun. Signal. 2015, 13, 39. [CrossRef]
63. 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]
64. Vieceli Dalla Sega, F.; Zambonin, L.; Fiorentini, D.; Rizzo, B.; Caliceti, C.; Landi, L.; Hrelia, S.; Prata, C. Specific aquaporins

facilitate Nox-produced hydrogen peroxide transport through plasma membrane in leukaemia cells. BBA Mol. Cell Res. 2014,
1843, 806–814. [CrossRef]

65. Takashi, Y.; Tomita, K.; Kuwahara, Y.; Roudkenar, M.H.; Roushandeh, A.M.; Igarashi, K.; Nagasawa, T.; Nishitani, Y.; Sato, T.
Mitochondrial dysfunction promotes aquaporin expression that controls hydrogen peroxide permeability and ferroptosis. Free.
Radic. Biol. Med. 2020, 161, 60–70. [CrossRef]

66. Medraño-Fernandez, I.; Sitia, R. Chapter 11–Aquaporins: Gatekeepers in the borders of oxidative stress and redox signaling. In
Oxidative Stress. Eustress and Distress; Sies, H., Ed.; Academic Press: Cambridge, MA, USA, 2020; Volume 1, pp. 167–171.

67. Huang, X.; Yu, X.; Li, H.; Han, L.; Yang, X. Regulation mechanism of aquaporin 9 gene on inflammatory response and
cardiac function in rats with myocardial infarction through extracellular signal-regulated kinase1/2 pathway. Heart Vess. 2019,
34, 2041–2051. [CrossRef] [PubMed]

68. Matsushima, A.; Ogura, H.; Koh, T.; Shimazu, T.; Sugimoto, H. Enhanced expression of aquaporin 9 in activated polymorphonu-
clear leukocytes in patients with systemic inflammatory response syndrome. Shock 2014, 42, 322–326. [CrossRef] [PubMed]

http://doi.org/10.14814/phy2.13914
http://doi.org/10.1016/j.bbalip.2019.158586
http://www.ncbi.nlm.nih.gov/pubmed/31816412
http://doi.org/10.1016/j.tibs.2003.12.003
http://doi.org/10.1016/j.intimp.2006.12.006
http://doi.org/10.1369/0022155416641028
http://www.ncbi.nlm.nih.gov/pubmed/27026296
http://doi.org/10.1128/IAI.66.11.5089-5098.1998
http://doi.org/10.1177/09680519010070050401
http://doi.org/10.1128/IAI.70.7.3433-3442.2002
http://www.ncbi.nlm.nih.gov/pubmed/12065483
http://doi.org/10.1073/pnas.90.2.522
http://doi.org/10.1126/science.1698311
http://www.ncbi.nlm.nih.gov/pubmed/1698311
http://doi.org/10.1084/jem.189.11.1777
http://www.ncbi.nlm.nih.gov/pubmed/10359581
http://doi.org/10.1084/jem.189.4.615
http://doi.org/10.1126/science.282.5396.2085
http://doi.org/10.1155/2014/742931
http://doi.org/10.1126/science.1130481
http://doi.org/10.1016/j.bbrc.2016.01.153
http://www.ncbi.nlm.nih.gov/pubmed/26837049
http://doi.org/10.1038/ncomms8454
http://doi.org/10.1038/s41467-020-19491-5
http://doi.org/10.1189/jlb.2AB0116-045R
http://www.ncbi.nlm.nih.gov/pubmed/27256569
http://doi.org/10.1189/jlb.2MR0317-105R
http://www.ncbi.nlm.nih.gov/pubmed/28606940
http://doi.org/10.1186/s12964-015-0118-6
http://doi.org/10.1073/pnas.1005776107
http://doi.org/10.1016/j.bbamcr.2014.01.011
http://doi.org/10.1016/j.freeradbiomed.2020.09.027
http://doi.org/10.1007/s00380-019-01452-8
http://www.ncbi.nlm.nih.gov/pubmed/31218464
http://doi.org/10.1097/SHK.0000000000000218
http://www.ncbi.nlm.nih.gov/pubmed/24978896


Cells 2021, 10, 435 17 of 17

69. Filep, J.G. Impaired neutrophil migration during sepsis: Paying the toll. Crit. Care Med. 2012, 40, 2712–2722. [CrossRef] [PubMed]
70. Zonneveld, R.; Molema, G.; Plötz, F.B. Analyzing neutrophil morphology, mechanics, and motility in sepsis: Options and

challenges for novel bedside technologies. Crit. Care Med. 2016, 44, 218–228. [CrossRef] [PubMed]
71. Loitto, V.-M.; Forslund, T.; Sundqvist, T.; Magnusson, K.-E.; Gustafsson, K. Neutrophil leukocytes motility requires directed water

influx. J. Leukoc. Biol. 2002, 71, 212–222. [PubMed]
72. Alves-Filho, J.C.; de Freitas, A.; Spiller, F.; Souto, F.O.; Cunha, F.Q. The role of neutrophils in severe sepsis. Shock 2008, 30, 3–9.

[CrossRef] [PubMed]
73. Craciun, F.L.; Schuller, E.R.; Remick, D.G. Early enhanced local neutrophil recruitment in peritonitis-induced sepsis improves

bacterial clearance and survival. J. Immunol. 2010, 185, 6930–6938. [CrossRef] [PubMed]

http://doi.org/10.1097/CCM.0b013e31825bc852
http://www.ncbi.nlm.nih.gov/pubmed/22903100
http://doi.org/10.1097/CCM.0000000000001266
http://www.ncbi.nlm.nih.gov/pubmed/26296143
http://www.ncbi.nlm.nih.gov/pubmed/11818441
http://doi.org/10.1097/SHK.0b013e3181818466
http://www.ncbi.nlm.nih.gov/pubmed/18704017
http://doi.org/10.4049/jimmunol.1002300
http://www.ncbi.nlm.nih.gov/pubmed/21041722

	Introduction 
	Materials and Methods 
	Animals 
	LPS-Induced Endotoxic Shock 
	Cell Culture 
	Electronic Paramagnetic Resonance (EPR) Studies for NO and O2- Measurements 
	Staining and Confocal Microscopy Imaging 
	Data Analysis 

	Results 
	Aqp9 Deletion Improves Survival of Mice after LPS Exposure 
	Deletion of AQP9 Protein Protects Against LPS Induced Inflammation 
	Aqp9 Deletion Reduces NF-B p65 Elevation by LPS 
	Lack of AQP9 Protects Against LPS Induced Oxidative Stress 
	Inhibition of AQP9 in Rat Hepatoma Cells Reduces the LPS-Induced NO and Superoxide anion Production 

	Discussion 
	Conclusions 
	References

