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Abstract.
BACKGROUND: Hypothermia with xenon gas has been used to reduce brain injury and disability rate after perinatal
hypoxia-ischemia. We evaluated xenon gas therapy effects in an in vitro model with or without hypothermia on cultured
human airway epithelial cells (Calu-3).
METHODS: Calu-3 monolayers were grown at an air-liquid interface and exposed to one of the following conditions: 1)
21% FiO2 at 37◦C (control); 2) 45% FiO2 and 50% xenon at 37◦C; 3) 21% FiO2 and 50% xenon at 32◦C; 4) 45% FiO2

and 50% xenon at 32◦C for 24 hours. Transepithelial resistance (TER) measurements were performed and apical surface
fluids were collected and assayed for total protein, IL-6, and IL-8. Three monolayers were used for immunofluorescence
localization of zonula occludens-1 (ZO-1). The data were analyzed by one-way ANOVA.
RESULTS: TER decreased at 24 hours in all treatment groups. Xenon with hyperoxia and hypothermia resulted in greatest
decrease in TER compared with other groups. Immunofluorescence localization of ZO-1 (XY) showed reduced density of
ZO-1 rings and incomplete ring-like staining in the 45% FiO2–50% xenon group at 32◦C compared with other groups.
Secretion of total protein was not different among groups. Secretion of IL-6 in 21% FiO2 with xenon group at 32◦C was
less than that of the control group. The secretion of IL-8 in 45% FiO2 with xenon at 32◦C was greater than that of other
groups.
CONCLUSION: Hyperoxia and hypothermia result in detrimental epithelial cell function and inflammation over 24-hour
exposure. Xenon gas did not affect cell function or reduce inflammation.
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1. Introduction

Perinatal hypoxic-ischemic brain injury occurs in
one to six neonates every 1000 live births. Despite
remarkable advances in medicine, the rate of peri-
natal mortality of neonates with hypoxic-ischemic
brain injury remains at 15% to 20% [1–5]. In recent
years, therapeutic hypothermia has shown beneficial
effects in animal hypoxic-ischemic models and clin-
ical trials of either selective head cooling with mild
systemic hypothermia [6] or total body cooling [7,
8]. In animal hypoxia-ischemia models, hypothermia
(rectal temperature of 33.5◦C) has shown promising
neuroprotection [9–12]. Clinical studies show that
hypothermia within 24 hours of birth in neonates
reduced death and disability from 66% to 50% [11,
13–15]. However, a meta-analysis revealed that mod-
erate hypothermia significantly increased the risk of
thrombocytopenia and cardiac arrhythmia [7], which
limited its application in the preterm infant [8, 16].
To further reduce brain injury and the rate of dis-
ability after perinatal hypoxia-ischemia events, it is
important to explore new therapies. One recent ther-
apeutic intervention in perinatal hypoxic-ischemic
brain injury is the use of hypothermia induction with
inhalation of xenon gas via a closed-circuit neona-
tal xenon delivery system [17]. Hypothermia with
xenon gas has been used to treat newborn infants
with hypoxic-ischemic encephalopathy to reduce
brain damage and long-term complications. The
combination of hypothermia and xenon gas offers
better neuroprotection than xenon gas or hypothermia
alone, evident by global histological neuroprotection,
as well as improved regional neuroprotection [18].
Xenon, a noble gas, is a noncompetitive inhibitor of
the N-methyl D-aspartate (NMDA) glutamate recep-
tor in the brain and an anti-apoptotic agent [18–20].
Most importantly, xenon has great water solubility
and a higher fat-water solubility ratio [8, 21]. When
inhaled, xenon can be absorbed effectively into the
system, and it crosses the blood–brain barrier and dif-
fuses into injury areas of the central nervous system
rapidly. In 1939, its anesthetic properties were recog-
nized [22]. Stable xenon is radio dense and has been
used to enhance computed tomography (xenon/CT)
since the late 1970s [23, 24]. There are no aller-
gies, toxicities, adverse hemodynamic clinical side
effects, or renal effects associated with xenon inhala-
tion [15, 16, 18, 25–27]. The effects of xenon gas
are dependent upon its concentration [19, 28, 29].
Alveolar xenon concentrations of 50% have proven
neuroprotective in vitro and in vivo in the rat hypoxia

model; alveolar concentration of 60% to 70% xenon
acts as an anesthetic in humans [16, 30], and 80%
xenon inhibits the maximum NMDA receptor [21, 31,
32]. Furthermore, xenon prevents secondary cellular
damage after primary neuron damage by reducing
the over-release of neurotransmitters [6, 33]. In addi-
tion, early intervention with 30% to 50% inhaled
xenon and moderate whole-body hypothermia
for 3 to 24 hours in neonates with hypoxic-
ischemic brain injury [31, 32] showed anticonvulsant
effects and long-term additive neuroprotection
[21, 31].

While the effects of both localized hypothermia
and inspired xenon gas are documented in regard
to preventing brain damage in neonates experienc-
ing hypoxic-ischemic events (in the form of clinical
and animal studies), little is known regarding the
pulmonary effects of xenon with or without hyper-
oxia on human airway epithelium during inhalation
treatment. In this study, we sought to evaluate the
effects of xenon gas therapy in an in vitro model
with or without hypothermia on cultured human
airway epithelial cells (Calu-3). In this regard, we
hypothesized that the combination of xenon and
hypothermia would not have a deleterious effect
on lung cell function, biochemical response, or
structure.

2. Materials and methods

2.1. Calu-3 cell culture

As previously described, cell culture reagents
were purchased from Invitrogen (Carlsbad, CA).
Transwell permeable supports (0.4 �m polyester
membrane) were purchased from Corning Incorpo-
rated Life Sciences (Acton, MA). Calu-3 cells were
cultured at 37◦C and 5% CO2 in a 50%/50% mix-
ture of Dulbecco’s modified Eagle’s medium/Ham’s
F-12 (DMEM/F12) supplemented with 13% fetal
bovine serum, 500 u/ml penicillin, and 50 �g/ml
streptomycin. Calu-3 cells were grown in 75 cm2

tissue culture flasks and split when 90% to 95%
confluent.

Calu-3 cell air-liquid interface culturing was car-
ried out as previously described [34]. For the
present study, Calu-3 cells were plated at 2 × 106

cells/mL onto Costar transwell inserts (0.4 �m pore
size, 12 mm diameter, clear polycarbonate mem-
brane; Costar plate; Corning, Acton, MA) that had
been coated with human type I collagen (Southern
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Biotech, Birmingham, AL). Apical culture medium
was removed on the second day after plating, and
monolayers were grown at an air-liquid interface
by feeding the cells from the basolateral side with
DMEM/F12 with 13% fetal bovine serum, and
the apical side was exposed to air. The medium
on the basolateral side was changed on alternate
days.

After 11 days of transwell culture, full conflu-
ence was verified by measurement of transepithelial
resistance (TER) with STX2 electrodes and an epithe-
lial volt ohm meter (World Precision Instruments,
Sarasota, FL). Calu-3 monolayers that exhibited
TER values of at least 800 to 1,000 ohm·cm2

were exposed to one of the following conditions
in a modified modular incubator chamber (MIC-
101; Billups-Rothenberg, Del Mar, CA): 1) 21%
FiO2 at 37◦C (normoxia and normothermia); 2)
21% FiO2 and 50% xenon at 32◦C (normoxia and
hypothermia with xenon); 3) 45% FiO2 and 50%
xenon at 37◦C (hyperoxia and normothermia with
xenon); or 4) 45% FiO2 and 50% xenon at 32◦C
(hyperoxia and hypothermia with xenon) for 24
hours (Fig. 1). To achieve the desired gas concen-
trations listed above, gases containing 21% FiO2
(FiO2 = 21%, FiCO2 = 5%, balance nitrogen) and
95% FiO2 (FiO2 = 95%, FiCO2 = 5%) were blended
using a Servo O2-air 960 mixer (Siemens-Elema,
Sweden), then the blended gas and 100% xenon were
connected with a Cole-Parmer Flow meter (Cole-
Parmer, Vernon Hills, IL). The appropriate gases were
conditioned to 32◦C or 37◦C, humidified with an MR
730 respiratory humidifier (Fisher & Paykel Health-
care, Laguna Hills, CA), and then flushed through the
airtight chamber at a flow rate of 5 L/min for 10 min-
utes. The chamber oxygen level was monitored with
an oxygen analyzer (MAXO2) (OM-25AE; Maxtec,
Salt Lake City, UT). After purging, the chamber
was disconnected from the gas source and sealed.
To avoid pressurizing the chamber, the inlet clamp
was closed first, then the outlet clamp. The cham-
ber was placed in an incubator at 32◦C or 37◦C for
24 hours.

2.2. Collection of Calu-3 apical surface fluid
washings (ASF)

In each of the experimental conditions, Calu-3 ASF
was collected from six monolayers for each condition
at 24 hours. As previously described [35], the apical
surface of monolayer was washed twice with 140 �l
of normal saline, which was combined for a total of

Fig. 1. Calu-3 monolayers and transwell insert. Calu-3 cell
monolayers were grown at an air-liquid interface to full con-
fluence before exposure to one of four conditions as described
above.

280 �l per sample. Samples were centrifuged for 15
minutes at 13,000 rcf and 4◦C to remove the cellular
debris, and the supernatants were stored in aliquots at
–70◦C for subsequent total protein, interleukin (IL)-
6, and IL-8 assays.

2.3. Measurement of TER

As previously described [35], TER of Calu-3
monolayers was measured using STX2 electrodes
and an epithelial volt ohm meter. At baseline and
after treatment, 0.5 mL of medium was added api-
cally, 1 mL of medium was added basolaterally, and
electrodes were inserted into each pool of medium
to measure TER for each Calu-3 monolayer. The
resistance of four transwell inserts without Calu-3
monolayers was measured as control.

2.4. Immunofluorescence localization of ZO-1
(XY) and confocal microscopy

Four monolayers were used for immunofluores-
cence localization of zonula occludens-1 (ZO-1)
using permeabilized technique (cold methanol fix-
ation) [36]. Monolayers were washed once using
phosphate-buffered saline (PBS) with 100 �M
CaCl2–1 mM MgCl2 (CM) and fixed with cold
methanol (–20◦C) for 20 min at –20◦C. The methanol
was aspirated and the monolayers were rehydrated
with PBS-CM-bovine serum albumin (BSA) three
times for 10 minutes each. The monolayers were
incubated with primary antibody anti-ZO-1 (1 : 100)
and PBS (negative control) overnight at 4◦C. The
next day, the monolayers were washed again three
times for 10 minutes each with PBS-CM-BSA
then incubated with the secondary antibody, Flu-
orescein (FITC)-AffiniPure Goat Anti-Rabbit IgG
(H + L) (Jackson Immuno Research, West Grove, PA)
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(1 : 200), for 1 hour in a humidified chamber. Mono-
layers were washed, cut from the transwell inserts,
and mounted in a Vectashield (Vector Laboratories,
Burlingame, CA).

Tight junction images were captured and viewed
with a Leica SP-2 confocal microscope (Leica,
Oberkochen, Germany). The images were obtained
either by a single scan with averages (if the image
was considered level enough) or by a series scan with
image averages.

2.5. Measurement of total protein in Calu-3 ASF

Total protein concentration of Calu-3 ASF was
measured in duplicate using a DC protein assay kit
(Bio-Rad, Hercules, CA). BSA (standard II) was
selected as a reference protein standard at 3–5 dilu-
tions from 0.2 mg/ml to about 1.5 mg/ml protein.
Absorbance was read at 655 nm.

2.6. Measurement of IL-6 and IL-8 level in
Calu-3 ASF

The levels of IL-6 and IL-8 in Calu-3 ASF
were measured with quantitative enzyme-linked
immunosorbent assay (ELISA) using human IL-6
and IL-8 Quantikine ELISA kits (R & D Systems,
Minneapolis, MN). Calu-3 ASF washings used in the
assay were appropriately diluted. All standards and
samples were assayed in duplicate. The test sensi-
tivity for respective immunoassays was as follows:
IL-6 (0.039 pg/ml) and IL-8 (10 pg/ml). Inter-assay
and intra-assay coefficients of variance are less than
10%.

2.7. Statistical analysis

After 11 days of air-liquid interface culturing,
Calu-3 cells developed a stable baseline TER as
shown previously [35] for all monolayers prior to
hyperoxic exposure. At 24 hours, summarized data
were presented as mean and standard error (SEM).
On the basis of a number of our epithelial airway
studies, [35, 37–40] to mention a few, we have found
that our cell preparations of 6–8 samples/group gave
significant results and variances with respect to our
primary outcomes and supported earlier power analy-
ses. Differences among conditions for each parameter
compared with control samples were analyzed using
one-way analyses of variance (ANOVA) at 24 hours,
and post-hoc analyses were done using Bonferroni
correction. All tests were compared with a level of

Fig. 2. TER (% decrease) for Calu-3 monolayers exposed to one
of four conditions as described above. TER decreased at 24 hours
in all treatment groups. There was difference between control and
other treatment groups (p < 0.001); at 32◦C, there was difference
between xenon with normoxia and xenon with hyperoxia group
(p < 0.05). Data are mean ± SEM. *Group effect (p < 0.05). N = 6
for each condition. Xe = xenon.

significance of p < 0.05. Statistical software SPSS
version 23 (IBM, Armonk, NY) and Excel 2016
(Microsoft, Redmond, WA) were used to perform the
statistical analysis and data plotting.

3. Results

3.1. Measurement of TER

Transepithelial resistance data are shown in Fig. 2.
After 11 days in culture, Calu-3 cells developed a
baseline TER of 1026.4 ± 59 ohm·cm2 for all mono-
layers prior to hyperoxic exposure. At 24 hours, a
one-way ANOVA revealed that TER decreased in all
treatment groups. There was a difference between
control (21% FiO2–37◦C) and other treatment groups
(p < 0.001); at 32◦C, the decrease in TER was greater
for hyperoxia and xenon than normoxia and xenon
(p < 0.05).

3.2. Immunofluorescence localization of ZO-1
(XY)

Immunofluorescence localization of ZO-1 showed
incomplete and reduced density of the ZO-1 rings in
room air and hyperoxia with hypothermia groups at
24 hours compared with control group (Fig. 3).
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Fig. 3. Representative tight junction images. Immunofluorescence
localization of ZO-1 (XY) showed reduced density of the ZO-1
rings and the incomplete ring-like staining in the 45% FiO2-50%
xenon group at 32◦C compared with other groups. The intensity
of the cytoplasm in this group was greater than that in the other
groups.

3.3. Measurement of total protein in Calu-3 ASF

Data for ASF total protein concentration from
monolayers are presented in Fig. 4. Secretion of total
protein was not different among groups (p > 0.05).

3.4. Measurement of IL-6 and IL-8 level in
Calu-3 ASF

Data for ASF IL-6 concentration from monolayers
exposed to different conditions are presented in Fig. 5.
Secretion of IL-6 in 21% FiO2/xenon group at 32◦C
was less than that of the control group (p < 0.05). Data
for ASF IL-8 concentration are presented in Fig. 6.
The secretion of IL-8 in 45% FiO2/xenon at 32◦C
was greater than that of the 45% FiO2/xenon group at
37◦C and 21% FiO2/xenon group at 32◦C (p < 0.05).

4. Discussion

In this study, we evaluated the direct effects of
xenon gas with mild hypothermia (32◦C) in compar-
ison with normothermia (37◦C) on cultured human
airway epithelial cells (Calu-3 cell line) as an in vitro
model over 24 hours. We chose to use 50% xenon
in this study for the following reasons: first, alveolar
concentrations from 35% to 50% of xenon gas com-
bined with hypothermia have shown neuroprotective
function in hyperoxic-ischemic animal models and
clinical studies [21, 31]; second, 50% xenon is
achievable in this in vitro cell culture model while

Fig. 4. The secretion of total protein in ASF from Calu-3 monolay-
ers. There was no difference among groups at 24 hours (p > 0.05).
Data are mean ± SEM (N = 6). Xe = xenon.

Fig. 5. Pro-inflammatory cytokines in ASF from Calu-3 monolay-
ers. Secretion of IL-6 in 21% FiO2/xenon group at 32◦C was less
than that of the control group (p < 0.05). Data are mean ± SEM
(N = 6). Xe = xenon.

providing 45% oxygen and 5% CO2 to culture Calu-3
cells.

The Calu-3 cell line (American Type Culture Col-
lection, ATCC HTB-55) is a well-differentiated and
characterized cell line that is derived from human
bronchial submucosal glands [41]. Calu-3 cells have
been used to screen drug candidates delivered to the
respiratory epithelium and to evaluate oxidant stress
in respiratory disease. Other potential in vitro cell
models have been employed for pulmonary research.
Alveolar epithelial cells, such as A549 cells, lack
many important secretory characteristics, do not form



474 Y. Zhu et al. / Xenon and human airway epithelial cells

Fig. 6. Pro-inflammatory cytokines in ASF from Calu-3 mono-
layers. The secretion of IL-8 in 45% FiO2/50% xenon at 32◦C was
greater than that of other groups (p < 0.05). *Group effect. Data
are mean ± SEM (N = 6). Xe = xenon.

functional tight junction structures, and generate very
low epithelial resistance [42]. Some studies showed
that primary cells developed an inconsistent experi-
mental phenotype and highly variable levels of TER.
By contrast, Calu-3 cells formed high-resistance
monolayers and expressed similar markers to pri-
mary cells, indicating that Calu-3 cells may be the
most suitable model cell line for air-liquid interface
experiments [43].

The TER measurement has been used to assess
the permeability of tight junctions or the integrity of
Calu-3 monolayer. At the 24-hour time point, for each
of the experimental conditions, the TER values were
normalized with the baseline TER values of the same
group. The TER decreased at 24 hours in all treat-
ment groups. Xenon with hyperoxia and hypothermia
resulted in greatest decrease in TER compared with
other groups. In our previous study, the Calu-3 cells
exposed to 40% FiO2 oxygen did not demonstrate a
decrease in TER at 24 hours [37]. In this regard, we
speculate that hypothermia played an important role
in the reduction of TER.

Airway epithelial integrity is maintained by para-
cellular tight junctions, a complex of intracellular and
membrane proteins. The three major trans membrane
proteins are occludin, claudins, and junction adhe-
sion molecule proteins. Zonula occludens-1 (ZO-1),
also known as tight junction protein-1, is a peripheral
membrane protein, which was found on the cytoplas-
mic surface and endothelial cell membranes, and it
is one of three major scaffold proteins concentrated

at the cytoplasmic surfaces of the intercellular junc-
tional complexes [38].

In this study, ZO-1 protein was densely local-
ized at the boundary of the cells in the control
group of Calu-3 cells. After Calu-3 cells were
exposed to hyperoxia, hypothermia, and xenon for
24 hours, immunofluorescence localization of ZO-1
(XY) showed reduced density of the ZO-1 rings and
incomplete ring-like staining in the hyperoxia with
xenon group at 32◦C compared with other groups.
These results indicated that hyperoxia and hypother-
mia disrupt tight junction ZO-1 protein structure and
result in redistribution of tight junction protein to
cytoplasma.

Calu-3 cells demonstrate many of the characteris-
tics of the bronchiolar epithelium. Previous studies
have shown that, like the intact airway, the protein
secretions in Calu-3 ASF are similar to those from
primary airway cultures and bronchoalveolar lavage
fluid [34, 35]. The level of total protein reflects the
cell membrane dysfunction and injury [39, 40]. In
this experiment, the treatment of xenon gas, moder-
ate level of oxygen exposure, and mild hypothermia
did not trigger the Calu-3 monolayers to secrete a
high level of total protein compared with the control
group over 24 hours.

IL-6, a pro-inflammatory cytokine, is produced
at the site of inflammation and is an indica-
tor of tissue damage and infection [44]. It has
been described as both a pro-inflammatory and
anti-inflammatory molecule [45]. IL-8, a leukocyte
chemotactic-activating cytokine (chemokine), is pro-
duced by various types of cells in the presence
of inflammatory stimuli such as lipopolysaccharide,
IL-1, and tumor necrosis factor. It plays a causal
role in the acute inflammatory cascade [46]. As
shown herein, Calu-3 cells exposed to normoxia,
xenon, and hypothermia secreted less IL-6 com-
pared with the other groups. Moderate levels of
oxygen with xenon and mild hypothermia triggered
airway epithelial cells to secrete higher levels of
IL-8 than the other groups, and xenon did not
appear to be additive. Interestingly, in a study using
primary human umbilical vein endothelial cells,
the secretion of IL-6 increased, and IL-8, mono-
cyte chemoattractant protein-1, and cyclooxygenase
(COX)-2 protein expression decreased, after 6 hours
of mild hypothermia. These findings are new mech-
anisms of hypothermia-induced cell protection in
endothelial cell biology [47].

In conclusion, compared with control conditions,
hyperoxia and hypothermia result in detrimental
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epithelial cell function and inflammation over a
24-hour exposure. The combination of xenon gas
and hypothermia did not demonstrate a confounding
effect on cell function or inflammation in an in vitro
cell model.

4.1. Limitations

This cell model is useful for the study of respira-
tory diseases, airway injury related to environmental
gas concentrations (e.g., oxygen toxicity), and bio-
physical stresses (positive mechanical ventilation).
In many cases, isolated cell preparations allow for
very careful control of cell environment (e.g., tem-
perature and gas concentrations). In addition, the
air-liquid interface culture enables the direct sam-
pling and measurement of luminal airway secretions
in the absence of systemic factors. However, it should
be noted that the absence of systemic inflamma-
tion, circulatory factors, and other paracrine systemic
influences is a potential limitation of the isolated cell
system and should be carefully considered for certain
investigations. It is unfeasible to directly measure the
concentrations of xenon gas because of the limitations
of conventional anesthetic gas analyzers, although an
ultrasonic method and laser refractometry have been
used to measure xenon concentrations in breathing
circuits [48]. As noted above, we indirectly mea-
sured the concentration of xenon gas in proportion to
the concentration of oxygen in the inhaled gas mix-
tures using an oxygen analyzer (MAXO2). In this
regard, we have confidence in the accuracy of xenon
gas concentration measurements.
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