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Abstract: Aquaporin-1 (AQP1), a water channel, and the hypoxia-inducible factor 1o« (HIF1A) are
implicated in acute lung injury responses, modulating among others pulmonary vascular leakage.
We hypothesized that the AQP1 and HIF1A systems interact, affecting mRNA, protein levels and
function of AQP1 in human pulmonary microvascular endothelial cells (HPMECs) exposed to
lipopolysaccharide (LPS). Moreover, the role of AQP1 in apoptosis and wound healing progression
was examined. Both AQP1 mRNA and protein expression levels were higher in HPMECs exposed
to LPS compared to untreated HPMECs. However, in the LPS-exposed HIF1A-silenced cells, the
mRNA and protein expression levels of AQP1 remained unaltered. In the permeability experiments,
a statistically significant volume increase was observed at the 360 s time-point in the LPS-exposed
HPMECs, while LPS-exposed HIF1A-silenced HPMECs did not exhibit cell swelling, implying a
dysfunctional AQP1. AQP1 did not seem to affect cell apoptosis yet could interfere with endothelial
migration and/or proliferation. Based on our results, it seems that HIF1A silencing negatively affects
AQP1 mRNA and protein expression, as well as AQP1 function, in the setting of lung injury.

Keywords: AQP1; HIF1A; HPMEC; lung injury; LPS

1. Introduction

Diffuse endothelial injury, intense promotion of the coagulation system, increased
capillary permeability, hyaline membrane formation, and hypoxemia comprise the main
pathological characteristics of acute respiratory distress syndrome (ARDS) [1,2]. ARDS is
caused by a number of both direct and indirect lung injury etiologies, and most commonly
develops in the setting of sepsis. Sepsis is characterized by a dysregulated immune response
to the invading pathogens; when this response becomes overwhelming, sepsis-induced
organ dysfunction can be established [3]. The administration of endotoxins is one of the
most commonly used techniques for mimicking clinical sepsis in experimental models.
Lipopolysaccharide (LPS), a glycolipid present in gram-negative bacteria’s outer membrane,
is the most widely utilized endotoxin [4].

When injury is present in the lungs, the damage caused to the endothelium results in
a diffuse inflammatory response and edema formation in the alveolar space. To eliminate
the expansion of inflammation, endothelial cells become active, and alter their shape and
function to facilitate the innate and adaptive immunity responses [5]. Endothelial leakage
of protein-rich fluid from the capillary to the alveolar area causes hyper-inflammatory re-
sponses and disrupts the physiological osmotically-driven water transport in the lungs [6].

Aquaporin 1 (AQP1), a water channel, is expressed in the majority of endothelial
cells and epithelial barriers in healthy humans [7]. In the respiratory system, AQP1 is
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expressed in the lung endothelium, in particular in the microvascular endothelium, and
in pneumocytes [8]. AQP1 expression is modified in septic patients and patients with
pulmonary diseases [9-11]. Moreover, AQP1 is also known to participate in a plethora of
biological functions, namely cell proliferation, migration, apoptosis, and in inflammatory
processes [12-15].

On the other hand, the degree of hypoxemia is the main parameter for the ARDS
severity classification [2]. Hypoxia-inducible factors (HIFs) are transcription factors that,
under hypoxic conditions, act as main mediators in the hypoxia response. In particular,
the hypoxia-inducible factor 1« (HIF1A), is involved in acute lung injury responses, modu-
lating pulmonary vascular leakage [16]. Bacteria and bacterial components promote the
stabilization of the HIF system, resulting in the activation of HIF-dependent signaling
pathways, including pro-inflammatory and immune responses [17]. HIF signaling and
particularly HIF1A have been implicated in different phases of inflammatory responses
during sepsis progression [18].

In this study, we aimed to investigate the interaction between AQP1 and HIF1A
in lipopolysaccharide (LPS)-exposed human pulmonary microvascular endothelial cells
(HPMECs). We examined how the silencing of HIF1A affects AQP1 mRNA and protein
expression levels, as well as the water permeability function of AQP1. Additionally,
we investigated whether, in our model, AQP1 is implicated in other biological processes,
including cell apoptosis and wound healing, apart from its principal role as a water channel.

2. Results
2.1. HIF1A Silencing Abrogates the LPS-Induced Increase in AQP1 mRNA and Protein
Expression

AQP1 mRNA expression levels were measured in untreated HPMECs (ctr), HPMECs
exposed to LPS for 24 h, and HIF1A-silenced HPMECs either exposed or not to LPS. The
changes in AQPT mRNA expression levels are presented in Figure 1A. AQP1 mRNA levels
in HPMECs exposed to LPS for 24 h were elevated 175-fold compared to untreated HPMECs
(p < 0.001). However, in the HIF1A-silenced HPMECs, exposure to LPS did not affect AQP1
mRNA expression (p > 0.05).

We also examined the protein expression levels of AQP1. The AQP1 relative protein
expression is presented in Figure 1B,C. In HPMECs exposed to LPS for 24 h, the protein
expression of AQP1 was statistically significantly elevated when compared to untreated
HPMECs [2.83 (2.02—4.61) vs. 0.80 (0.79-0.96), respectively, p < 0.01). The AQP1 protein
levels in the HIF1A-silenced HPMECs exposed to LPS were not significantly increased
compared to untreated HPMECs [1.68 (0.83-1.74) vs. 0.80 (0.79-0.96), respectively, p > 0.05;
Figure 1C].
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Figure 1. (A) AQP1 relative mRNA expression, (B) Representative expression of AQP1 and actin
proteins in LPS-exposed HPMECs and LPS-exposed HIF1A-silenced HPMECs, (C) AQP1 relative
protein expression. (A) AQPI mRNA expression was measured in untreated HPMECs (ctr), HIF1A-
silenced HPMECs, LPS-exposed HPMECs (ctr + LPS), HIF1A-silenced HPMECs exposed to LPS, and
in HPMECSs transfected with a universal scrambled negative control siRNA duplex (siRNA negative
ctr). Data are presented as box plots. Analysis was performed by one-way ANOVA followed by
the Kruskal Wallis posthoc test. Line in the middle, median value; lower and upper lines, 25th and
75th centiles; whiskers, range of values; ***, p < 0.001 compared to ctr. Results from 4 independent
experiments. (B) Protein expression was analyzed by SDS-PAGE and immunoblotting. Relative
protein expression was performed using densitometry with actin as a loading control. (C) AQP1
protein expression was measured in untreated HPMECs (ctr), LPS-exposed HPMECs (ctr + LPS),
HIF1A-silenced HPMECs exposed to LPS, and in HPMECs transfected with a universal scrambled
negative control siRNA duplex (siRNA negative ctr). Data are presented as box plots. Analysis was
performed by one-way ANOVA followed by the Kruskal Wallis posthoc test. Line in the middle,
median value; lower and upper lines, 25th and 75th centiles; whiskers, range of values; **, p < 0.01
compared to ctr. Results from 3 independent experiments.

2.2. Osmotic Challenge of Untreated and HIF1A-Silenced HPMECs Exposed to LPS

AQP1, as mentioned above, is a water channel and among others, its main function
is water movement. Therefore, we examined whether LPS exposure and HIF1A silencing
promote functional changes in HPMECs by interfering with AQP1 activity. The results of
the permeability assay are presented in Figure 2. The HPMECs exposed to LPS exhibited a
statistically significant cell volume increase compared to untreated HPMECs at the 360 s
time-point (1.69 & 0.11 vs. 1.26 & 0.05, p < 0.0001), indicating an increase in AQP1 function.
On the contrary in the LPS-exposed HIF1A-silenced HPMECs there was no increase in
cell volume at the 360 s time-point (0.99 & 0.09 vs. 1.26 £ 0.05, p > 0.05). When HPMECs
were exposed to HgCl, (0.3 mmoL/L for 5 min), an AQP1 blocker, the cells exhibited cell
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volume shrinkage compared to untreated HPMECs (0.76 & 0.04 vs. 1.26 £ 0.05, p < 0.0001),
as expected.
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Figure 2. (A,B) Time-course of the osmotic swelling of HPMECs. (A) Representative images of
the osmotically challenged untreated HPMECs (ctr), the LPS-exposed HPMECs (ctr + LPS), HIF1A-
silenced HPMECs exposed to LPS, and HPMECs exposed to HgCl,, an AQP1 blocker (B) Time-course
representation of the osmotically challenged untreated HPMECs (blue line with circles), HIF1A-
silenced HPMEC:s (yellow line with squares), the LPS-exposed HPMECs (brown line with squares),
HIF1A-silenced HPMECs exposed to LPS (green line with triangles), HPMECs exposed to 0.3 mmoL/L
HgCl, for 5 min (black line with triangles), HPMECs transfected with a universal scrambled negative
control siRNA duplex (red line with triangles). Analysis was performed by 2-way ANOVA followed
by Tukey’s posthoc test. ****, p < 0.0001 compared to ctr. Results from 4 independent experiments.

2.3. The Role of AQP1 in Apoptosis

We next aimed to examine whether dysregulated AQP1 expression affects apoptosis
in HPMECs. Therefore, we measured the activity of caspase 3 in untreated HPMECs,
HPMECs exposed to LPS, AQP1-silenced HPMECs, HPMECs exposed to either the AQP1
inducer, phorbol 12-myristate 13-acetate (PMA), or its inhibitor HgCl,, and in HIF1A-
silenced HPMECs exposed to LPS. As presented in Figure 3A, we observed no statistically
significant caspase 3 activity difference between the conditions examined. The results
are presented in Table 1. From the results, we can conclude that dysregulated AQP1
expression does not have any impact on apoptosis in our human pulmonary microvascular
endothelium cell line.
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Figure 3. (A) Caspase 3 activity, (B,C) Time-course of wound healing of HPMECs. (A) In order
to examine apoptosis in HPMECs, caspase 3 activity was measured in untreated HPMECs (ctr),
AQP1-silenced HPMECs, HPMECs exposed to 0.3 mmoL/L HgCl, for 5 min, HPMECs exposed
to 100 nM PMA for 2 h, LPS-exposed HPMEC:s (ctr + LPS), LPS-exposed HIF1A-silenced HPMECs
and HPMECs transfected with a universal scrambled negative control siRNA duplex. Data are
presented as boxes. Each box represents the mean values and the bars represent the standard de-
viation values. Analysis was performed by one-way ANOVA followed by Kruskal Wallis. Results
from 3 independent experiments. (B,C) Time-course representation of the percentage of wound
closure measured in untreated HPMECs (yellow line with circles), LPS-exposed HPMECs (pink
line with squares), HIF1A-silenced HPMECs exposed to LPS (green line with triangles), and HP-
MECs transfected with a universal scrambled negative control siRNA duplex (blue line with circles).
**, p <0.01 compared to untreated cells. Analysis was performed by 2-way ANOVA followed by the
Wilcoxon test. Results from 3 independent experiments.

Table 1. Caspase 3 activity in HPMECs.

Sample Caspase 3 Activity
(umoL pNA/min/mL)

ctr 274+ 14
AQP1-silenced 190+ 13
HgCl, 3.24 +£0.18
PMA 334+1.6
ctr + LPS 233+ 15
HIF1A-silenced + LPS 277 £ 1.6
siRNA negative ctr 218 £1.9

Mean values with the standard deviation are presented. Analysis was performed by one-way ANOVA followed
by Kruskal Wallis. Results from 3 independent experiments. ctr = untreated HPMECs.
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2.4. Wound Healing Assay

The impact of AQP1 was explored in a wound healing assay. Alongside, we also
examined whether LPS exposure and HIF1A silencing interfere with the postulated role of
AQP1 in wound healing. The migration rate was calculated as the percentage of wound
closure over time. Eighteen (18) hours following wound creation, the untreated HPMECs
exhibited 63% wound closure, while at 24 h closure reached 72%. The rate of wound closure
in the HPMECs treated with LPS and the LPS-exposed HIF1A-silenced HPMECs, at 18 h
was 39% and 40%, respectively, while at 24 h closure reached 55% and 57%, respectively.
Hence, as seen in Table 2 and Figure 3B,C, LPS-exposed and HIF1A-silenced HPMECs
exhibited a slower wound healing rate compared to untreated HPMECs (p < 0.01).

Table 2. Wound healing assay in HPMECs.

Sample 18 h (%) 24 h (%)

ctr 63 + 20 72+19

ctr + LPS 39 £17** 55 £20
HIF1A-silenced + LPS 40 £ 16** 57 £19
siRNA negative ctr 59 4+ 22 69 £ 20

Mean values with the standard deviation are presented. **, p < 0.01 compared to untreated HPMECs (ctr). Analysis
was performed by 2-way ANOVA followed by the Wilcoxon test. Results from 3 independent experiments.

3. Discussion

In the present study, we demonstrated that the AQP1 and HIF1A systems interact
under inflammatory conditions. The exposure of HPMECs to LPS resulted in an upregula-
tion of the mRNA and protein expression of AQP1. Moreover, LPS treatment increased the
relative cell volume when compared to untreated HPMECs. However, in the LPS-exposed
HIF1A-silenced HPMECsS, no increase in the mRNA and protein expression of AQP1 was
observed. In the same manner, at the functional level, silencing of HIF1A once again abol-
ished the effect of LPS on the osmotic cell challenge. Our results could indicate a possible
role of HIF1A in the LPS-induced changes observed in the mRNA and protein expression
levels and function of AQP1.

LPS is a component of the outer membrane of Gram-negative bacteria and a known
immunostimulatory agent inducing pro-inflammatory responses [19]. Many experimental
studies have examined how LPS affects AQP1 expression. Based on the results of these
studies, it can be concluded that AQP1 is differentially regulated by LPS [8,20-23]. In our
study, the 24 h exposure of HPMECs to LPS resulted in induction of both mRNA and
protein expression, and function of AQP1, suggesting that LPS may act as an upregulator
of AQP1 under inflammatory stimuli in pulmonary microvascular endothelial cells.

Inflammatory stimuli such as bacteria and bacterial components, including LPS, are
known to upregulate HIF1A. HIFs are transcription factors that under normoxia are in-
activated; however, under hypoxic conditions become activated. In particular, hypoxia
enables HIF1A stabilization, enabling it to form heterodimers with the HIF1B subunit.
In the nucleus, the heterodimeric transcription factor HIF1A /HIF1B binds to promoters
containing the hypoxia-response element (HRE), inducing the HIF-dependent transcription
of target genes [24,25].

Several studies, examining both in vitro and in vivo septic lung inflammation models,
revealed that following lung injury HIF1A is activated in endothelial cells; hence, inducing
HIF signaling pathways has a protective role, by promoting cell proliferation, vascular
repair, and resolution of inflammation. These studies imply a potential treatment strategy
based on the therapeutic activation of HIF1A signaling pathways [26-28]. Other studies
using in vitro and in vivo models of LPS-induced lung injury, have suggested that inhibiting
HIF1A activity and the related signaling pathways could provide therapeutic effects on
acute lung injury [29-32]. Our results showed that silencing of HIF1A in HPMECs seems to
abrogate the LPS-induced AQP1 upregulation. HIF1A-silenced HPMECs exposed to LPS
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did not exhibit increased mRNA and protein expression of AQP1, indicating a possible
interplay between the two systems.

The role of AQP1 in water permeability and edema formation, and the effect of HIF1A
silencing on the hypoxia-induced AQP1 upregulation was studied in an in vitro model
of primary cells [33]. To examine the role of AQP1 in water transport, Zhang et al. either
silenced or overexpressed AQP1. Silencing of AQP1 caused cell shrinkage, whereas AQP1
overexpression caused cell swelling [33]. These results agree with our findings; exposure
of cells to LPS promoted cell swelling, while treatment with HgCl, an AQP1 blocker,
promoted cell shrinkage. Moreover, Zhang et al. investigated the involvement of HIF1A in
AQP1 regulation. In agreement with our results, they concluded that silencing of HIF1A
decreased the hypoxia-induced mRNA and protein AQP1 upregulation. In our study,
we also demonstrated that HIF1A silencing abrogated the LPS-induced increase in AQP1
mRNA and protein levels, and the water permeability function of AQP1.

Many studies have underlined the importance of AQP1 in cell survival and cell
migration. However, the exact role of AQP1 in the abovementioned processes differs based
on the model examined. In an in vitro model of septic acute kidney injury, overexpression
of AQP1 promoted cell viability and reduced apoptosis [34], while in Chinese hamster
ovary K1 cells, AQP1 overexpression induced apoptosis [35]. In human pulmonary artery
smooth muscle cells, silencing of AQP1 decreased proliferation and migration ability
and induced apoptosis, while the overexpression of AQP1 enhanced the migration and
proliferation rates [36]. In our model, based on our results that AQP1 is upregulated by
LPS treatment, we examined whether AQP1 upregulation or inhibition affects apoptosis in
HPMECs. Caspase 3 activity remained unaltered in both HPMECs exposed to LPS and/or
PMA, and in HPMECs silenced for AQP1 or exposed to HgCl,, compared to untreated
HPMECs. Moreover, the apoptosis rate remained stable in the HPMEC:s silenced for HIF1A
and treated with LPS. We conclude that in our model, AQP1 does not affect cell apoptosis.

Endothelial cell migration is important in injury repair and vascular integrity mainte-
nance, while it also occurs during vasculogenesis and angiogenesis [37]. AQP1 expression
has been linked to angiogenesis and tumor migration in different types of cancer, including
lung cancer, in in vivo and in vitro experiments [38-43]. Moreover, the effect of LPS on
HPMEC migration is dose-dependent [44]. In our model, in the LPS-exposed HPMECs and
the LPS-exposed HIF1A-silenced HPMECs, wound closure was slower than the closure rate
observed in untreated HPMECs. This might suggest that in pulmonary microvascular en-
dothelial cells, overexpression of AQP1 possibly interferes with the processes of endothelial
migration and/or proliferation, which could result in the loss of vascular integrity.

4. Materials and Methods

Since the pulmonary endothelium has been recognized as a key modulator of lung
disorders, such as ARDS, we performed our experiments on human pulmonary microvas-
cular endothelial cells. It should be noted that widespread vascular endothelial injury is
thought to be a major mechanism for multiorgan dysfunction in sepsis, and pulmonary
microvascular endothelial injury in ARDS [4]. The cell line used for the experiments
was the HPMEC-ST1.6R, which was a generous gift from Dr. Ronald E. Unger, Johannes
Gutenberg-Universitiat Mainz [45]. The SiTran2.0 transfection reagent from Origene (Ori-
gene, Rockville, MD, USA) was used. The transfection assay was performed according to
the manufacturer’s instructions. Prior to LPS (Sigma-Aldrich, St Louis, MO, USA) exposure,
cells were starved for 2 h in serum-free culture media. Freshly prepared LPS was diluted to
a final concentration of 100 ng/mL in serum-free culture media. Cells were incubated for
24 h in the presence of LPS.

RNA was extracted, using the TRI reagent (Sigma-Aldrich, Saint Louis, MO, USA),
reverse transcribed (Nippon Genetics, Diiren, Germany), and the resulting cDNA was
used as a template for the real-time PCR analysis (Kapa SYBR® Fast PCR Master Mix,
Merck KGaA, Darmstadt, Germany), which was carried out on a BioRad CFX Connect
thermocycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Primers were designed
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for specific genes using information from the NCBI Sequence database. The primers’
sequences are listed in Table 3. The untreated cells were used as a calibrator, and the
relative quantification of the expression analysis of treated cells was performed using the
comparative CT method 2~#4CT [46]. The expression of the housekeeping gene, GAPDH
was used to normalize the levels of expression of the target genes.

Table 3. Sequences of the primers used and the amplicon sizes.

Gene Forward Primer Reverse Primer Amplicon Size (Base Pairs)
AQP1 5'-CTG-GGC-ATC-GAG-ATC-ATC-GG-3' 5-ATC-CCA-CAG-CCA-GTG-TAG-TCA-3’ 158
HIF1A 5-GGC-GCG-AAC-GAC-AAG-AAA-AAG-3  5-CCT-TAT-CAA-GAT-GCG-AAC-TCA-CA-3 154

GAPDH 5'-ATG-GGG-AAG-GTG-AAG-GTC-G-3' 5-TAC-ATG-AGG-GCA-CGG-AAG-ATG-3' 108

Using a hand-held homogenizer, cells were homogenized on ice in phosphate-buffered
saline (PBS) with the addition of 1 mM dithiothreitol (DTT) (Sigma-Aldrich, St Louis,
MO, USA), 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich, St Louis, MO,
USA) in isopropanol, and 1% protease inhibitors (Sigma-Aldrich, St Louis, MO, USA). The
homogenate was centrifuged at 4 °C for 5 min at 1000 g, and the resultant supernatant,
titled “total protein,” was collected and stored at —80 °C until used. For the total protein
concentration determination, the bicinchoninic acid (BCA) method [47] was used. SDS-
polyacrylamide gel electrophoresis was performed on 15% polyacrylamide slab gels on a
“Biorad Mini Protean II” electrophoresis apparatus (Bio-Rad Laboratories, Inc., Hercules,
CA, USA), followed by western transfer onto an Immobilon-P PVDF membrane (0.45 pL
pore size, MilliporeSigma, Burlington, MA, USA). Immunological detection of AQP1 was
performed with a polyclonal antibody from MilliporeSigma (MilliporeSigma, Burlington,
MA, USA). Protein detection was performed using enhanced chemiluminescence (ECL)
(MilliporeSigma, Burlington, MA, USA), while the Image] 1.52a software (National Insti-
tutes of Health, Madison, WI, USA) [48] was used to determine relative protein expression
using densitometry with actin as a loading control.

Osmotic swelling was measured as previously reported [11]. HPMECs were trans-
ferred in a low osmolarity solution and photos were collected at 1-min intervals for a total
of 780 s, or until HPMEC rupture occurred. The relative volume V/Vo was calculated as
the ratio of measured volume at various time points during the osmotic challenge to the
baseline volume. The Image] software was used to calculate volume changes.

Apoptosis was measured using the caspase 3 kit from Sigma-Aldrich (Sigma-Aldrich,
Saint Louis, MO, USA), following the manufacturer’s instructions. Briefly, cells were
incubated in the presence of 1 ug/mL staurosporine (Cayman Chemical, Ann Arbor, MI,
USA) for 3 h to induce apoptosis, and cell lysates were collected for the measurement of
caspase 3 activity.

Twenty-eight thousand (28,000) HPMECs were seeded in 24-well cell culture plates
(60-70% confluency the next day). When cells reached 100% confluence, a wound in the
shape of a cross was created using a 200 pL pipette tip. Cells were then washed once
with PBS to remove cell debris and were observed on a Zeiss Axiovert 25-phase contrast
microscope (Carl Zeiss AG, Oberkochen, Germany) when the first image was retrieved
(time-point 0 h) using a Canon digital camera (Canon Inc., Ota City, Tokyo, Japan). The
second image was retrieved after 18 h, while the last image was retrieved after 24 h.
Images were analyzed using the Image] software. The migration rate was expressed as the
percentage of wound closure over time.

Data are presented either as means + standard deviation (SD) or medians with the
interquartile range (IQR), accordingly. Statistical analysis was performed by one-way or
2-way ANOVA followed by Kruskal Wallis, Tukey’s, or Wilcoxon tests, as appropriate. For
the statistical analysis, the GraphPad Prism 6 for Windows (GraphPad Software, San Diego,
CA, USA) statistical program was used. p-values under 0.05 were considered significant.
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5. Conclusions

Our results indicate a possible role of HIFIA in the LPS-induced changes observed
in the mRNA and protein expression levels and function of AQP1, in the setting of lung
injury. A better understanding of the emerging roles of AQP1 in both physiological
and pathological lung processes could mark the beginning of the investigation of new
therapeutic strategies, which could eliminate the overwhelming edema formation and
inflammatory responses induced by the infectious injury present in the lungs.
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