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1. Introduction
Airway epithelial cells form a barrier against the environment,
but are also required for the regulated exchange of molecules between the body and its surroundings. Epithelial cells are characterised by a polarization of their plasma membrane, evidenced by
the appearance of structurally, compositionally, and functionally
distinct surface domains [1]. One of these domains is tight junction
(TJ) that restricts paracellular movement of solutes and macromolecules across epithelia. Tight junctions are located in the apical
region of the lateral plasma membrane in epithelial tissue layers.
The essential transmembrane proteins of the TJ are claudin, junction adhesion proteins, as well as cytoplasmic proteins like, ZO-1,
and cingulin [2]. Three main functions have been related to TJs.
These functions are 1) regulation of the passage of ions, water, and
molecules through the paracellular pathway [3]; 2) limiting the
diffusion of proteins and lipids between the apical and basolateral
domains of the plasma membrane [4]; and 3) recruiting
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cytoskeletal and signalling molecules involved in cell polarity,
growth, differentiation and apoptosis [2,5].
Tight junction transmembrane proteins are located in
detergent-insoluble glycolipid (DIG) rafts in the cell membrane [6].
It has also been shown that TJ proteins are in cholesterol-enriched
micro-domains and a rapid reduction of membrane cholesterol by
methyl-b-cyclodextrin decreases transepithelial electrical resistance (TEER) and enhances mannitol paracellular transport,
modifying tight junctions integrity [7,8]. Since TJ proteins are
embedded within the phospholipid bilayer of the membrane, a
change in the structure of cell membrane can affect the structure
and function of these transmembrane proteins. It has been shown
that PUFAs may integrate into phospholipids and modify the
physical properties of cell membranes, thus increasing membrane
ﬂuidity [9,10]. Immunoﬂuorescence staining of embedded proteins
in the cell membrane has shown there are structural changes in the
TJ-related proteins after treating cells with the fatty acids [11].
Among unsaturated fatty acids, PUFAs have the potential to
modulate TJ and enhance the permeation of drugs through the
intestinal epithelial cell barrier via the paracellular route [12e14].
This effect can be attributed to their interaction with lipid rafts and
lipid raft-mediated signalling [10,15]. Speciﬁcally PUFAs can change
the membrane's biophysical property [16] and membrane's
morphology and ﬂuidity [17]. Membrane ﬂuidity plays an important role in cellular functions since the surrounding lipid environment modulates the activity of membrane proteins, such as TJ
proteins. For instance, it was shown that arachidonic acid affects
the cell membrane of Calu-3 lung epithelia cells, inducing changes
in the morphology of the membrane and its ﬂuidity, leading to
changes in the paracellular transport of ﬂuorescein sodium (Na-ﬂu)
[18]. Therefore, it can be assumed that PUFAs can alter TJs by perturbing the lipid environment in which TJ proteins are located.
PUFAs are unsaturated fatty acids with more than one double bond
in their structure and have been classiﬁed in different groups by
their chemical structure. Among PUFAs, omega-3 and 6 are the
most commonly considered essential fatty acids [19]. PUFAs not
only have shown TJ modulatory effect but have also been shown to
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modulate mucus production and immunomodulatory processes.
For example, in vivo [20] and in vitro [21] studies have shown an
inverse association between PUFA and mucus hypersecretion.
Mucus is a viscoelastic and adhesive gel that protects the lung
airways. Most foreign particulates, including conventional inhaled
drug delivery systems, are trapped in mucus. Trapped inhaled
particles are eliminated from the lung within seconds to a few
hours depending on the anatomical location, thereby strongly
hindering the duration of drug delivery [22]. Immunomodulatory
effects of PUFAs have also been demonstrated in many experimental and clinical studies where polyunsaturated fatty acids,
especially n-3 PUFAs, exert immunosuppressive effects making
them potential therapeutic agents for inﬂammatory and autoimmune diseases [23]. The n-3 fatty acids, particularly EPA (Eicosapentaenoic acid) and to a lesser extent DHA (docosahexaenoic
acid), are capable of competing with arachidonic acid to produce
eicosanoids with beneﬁcial effects on inﬂammation [24].
While the effect of PUFAs on intestinal tight junctions has been
investigated previously [12,13], the effect on pulmonary tight
junctions has, to-date, not been explored. As such, in this study the
in vitro effect of PUFAs, speciﬁcally docosahexaenoic acid (DHA)22:6 (n-3) (an omega 3 fatty acid), linoleic acid (LA)-18:2 (n-6),
arachidonic acid (AA) 20:4 (n-6), and gamma-linoleic acids (GLA)18:3 (n-6) (all omega 6 fatty acids) and palmitoleic acid (PA)-16:1
(n-9) (a monounsaturated fatty acid with one double bond) on
airway epithelial cells (Calu-3 cells) with regards to their tight
junction modulatory effect, mucus production and inﬂammatory
response was investigated. In addition, the impact of PUFAs on the
bulk rheological properties of artiﬁcial mucus was investigated
since these long chain molecules have surfactant-like properties
that could potentially alter surface tension and thus viscoelastic
response.
2. Materials and methods
Palmitoleic acid (PA)  98.5%, linoleic acid (LA)  99%, gammalinoleic acid (GLA)  99%, arachidonic acid (AA)  99%, and docosahexaenoic acid (DHA)  98% were all purchased from (SigmaAldrich- Australia) and used as supplied. A stock solution of 10 mM
of each unsaturated fatty acid was prepared in 100% ethanol and
maintained in the dark at 20  C. Samples were freshly dissolved in
complete medium to the required concentration prior to use.
Controls were run in parallel and contained the same percentage of
ethanol used for the sample experiments.
An artiﬁcial mucus (AM) model was modiﬁed from a previously
published mucus model [25]. Artiﬁcial mucus was prepared by
dissolving 500 mg of deoxyribonucleic acid sodium salt from
salmon testes (DNA) (Sigma Aldrich-Australia) in 10 ml water and
addition of 11.3 ml of an autoclaved solution containing 300 mg of
mucin from procine stomach type III (Sigma Aldrich-Australia).
Then 250 mg NaCl, 110 mg KCl, 0.295 mg diethylenetriaminepentaacetic acid (DTPA), 12.5 mg amino acids mixture
(amino acids kit) (all purchased from Sigma Aldrich-Australia) were
mixed with the former solution and ﬁnally complemented with
250 ml of sterile egg yolk emulsion (Thermoﬁsher ScientiﬁcAustralia).
2.1. Cell culture
Calu-3 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco's
Modiﬁed Eagle's medium/F-12 (Gibco-Australia), 1% non-essential
amino acids (Sigma Aldrich-Australia), and 1% L-glutamine solution (Sigma Aldrich-Australia). Cells were maintained in humidiﬁed
atmosphere of 5% CO2/95% air at 37  C. The medium was replaced
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three times a week and cells were passaged at a ratio of 1:3. For
TEER measurement, paracellular permeability and mucus secretion
experiments, Calu-3 cells were seeded at an initial density of
1.65  105 cells/insert on Transwell® polyester inserts (pore size
0.4 mm, surface area 0.33 cm2, Corning-Australia). After 24 h, an airliquid interface (ALI) model was created by aspirating the apical
medium and the cells were maintained with 0.5 ml of culture
medium in the basolateral chamber. The ALI conditions stimulated
differentiation of the cell layer to form a polarized and bioelectrically tight epithelial layer [26].
2.1.1. Cytotoxicity assay
To evaluate the cytotoxicity of the PUFAs, a range of concentration (between 100 nM and 1 M) for each PUFA was prepared
aseptically in complete cell culture medium and tested on Calu3 cells. Cytotoxicity was determined by MTS assay (CellTiter 96®
AQueous One Solution Cell Proliferation Assay from Promega).
Calu-3 cells were seeded into 96-well plate at a density of
5  104 cells/well and incubated overnight. On the second day, the
medium was replaced with 200 ml of pre-warmed PUFAs solution.
After 24 h of incubation with PUFAs, the cells were incubated with
20 ml of MTS solution for another 2 h. After incubation, the plate
was read at 490 nm using a SpectraMax plate reader for optical
density that is directly correlated with cytotoxicity of treatments
and expressed as the IC50 (50% inhibitory concentration) of each
treatment. Considering the viability concentration range of each
PUFA from the MTS assay, the experimental concentration of
100 mM was selected.
The LDH (lactate dehydrogenase) assay measures the cell
membrane damage via released LDH into the cell culture media.
Extracellular LDH in the media can be quantiﬁed by a coupled
enzymatic reaction in which LDH catalyses the conversion of lactate
to pyruvate [27]. LDH release measurements were performed using
a commercial LDH assay kit (RayBio LDH-Cytotoxicity) to monitor
cell membrane damage of each PUFA with the selected concentration (100 mM). Calu-3 cells were seeded into a 96-well plate at a
density of 5  104 cells per well overnight. Then cells were incubated to each PUFA (100 mM) for 24 h, then 100 ml of the cell culture
supernatants were withdrawn and transferred to a new well plate
followed by addition of 100 ml of reaction mixture from LDH kit. The
absorbance was measured with SpectraMax plate reader at
490e500 nm. HBSS and 1% (v/v) Triton®X-100 were used as
negative and positive controls, respectively. Cytotoxicity was
calculated according the following equation and presented as the
percentage of total LDH leakage of each treatment compared to the
positive control:

Total LDH leakage ð%Þ ¼½ðTest sample  Negative controlÞ
= ðPositive control  Negative controlÞ
 100
2.1.2. Cell viability assay
Cell viability assays of Calu-3 after incubation with each PUFA
was performed using trypan blue exclusion test. Calu-3 cells were
grown to conﬂuence on 60 mm culture dishes. Then Cells were
treated with 100 mM of each PUFA for 24 h. Subsequently, the cells
were rinsed in Hanks Balance Salt Solution (HBSS, Gibco Invitrogen,
USA), trypsinised, centrifuged and resuspended in 1 ml of medium.
Then, 100 ml trypan blue (0.4%) and 500 ml cell solution was added
to a centrifuge tube and mixed thoroughly. Solution was allowed to
incubate at room temperature for 5 min. Viable and non-viable cells
were counted using a hemocytometer. Complete medium and 1%
(v/v) Triton®X-100 were used as negative and positive controls,
respectively.
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2.2. Measurement of transepithelial resistance (TEER)
2.2.1. Ohmmeter
The TEER of Calu-3 cells cultured in Transwells was monitored
using an ohmmeter (EVOM; World Precision Instruments, Sarasota,
FL) with chop-stick electrodes. HBSS was added to the apical surface and basolateral compartments and resistance measured between electrodes before and 1 h after cells treatment with each
PUFA. Resistance was normalised by subtracting the blank inserts
and multiplied by the area of the Transwell inserts.
2.2.2. Electric cell-substrate impedance sensing (ECIS)
In addition, epithelial barrier function was also measured using
the electric cell-substrate impedance sensing system (ECIS; Applied
BioPhysics, Troy, NY). This technique records transepithelial resistance changes in real time. Both TEER and ECIS are complimentary
techniques since the former is capable of studying air interface
cultures grown in Transwells while the later studies liquid covered
cultures in real-time. Transepithelial impedance was measured
every 5 min over the course of the experiment. Calu-3 cells were
seeded at 5  105 cells per well in collagen coated 8EW10 þ arrays
(8W10E þ Applied Biophysics, Troy, NY) and allowed to grow for
24 h, until conﬂuent. Conﬂuent Calu-3 cells were incubated with
each PUFA (100 mM) until the resistance was stable. Baseline values
were established with culture media alone and compared to electrodes covered with a monolayer of cells. Three separate experiments were run for each PUFA, data analysed using ECIS software
and resistance normalized by dividing the resistance values from
electrodes conﬂuent with cells by the corresponding quantities for
the cell-free electrodes using ECIS software [28,29].
2.3. Transepithelial cell permeability
Permeation of ﬂuorescein sodium (Na-ﬂu), a marker for paracellular transport, across Calu-3 cells was measured after treatment
with PUFAs to evaluate barrier integrity and paracellular transport
of Na-ﬂu. Brieﬂy, Calu-3 cell layer was treated with 100 mM of each
PUFA for 1 h in the incubator. Then inserts washed three times with
HBSS, followed by adding 250 ml of 2.5 mg/ml Na-ﬂu solution on the
apical chamber, while 600 ml of HBSS were added into the basolateral chamber. At pre-determined time points up to 4 h, 100 ml
samples were taken from the basolateral chamber and subsequently replaced with fresh buffer to maintain sink conditions.
Samples were placed in a black, 96 well plate and ﬂuorescence
reading was subsequently measured using Spectromax plate reader
with excitation and emission wavelengths settings of 485 and
520 nm, respectively. The apparent permeability coefﬁcient (Papp)
of Na-ﬂu across the epithelial cells was calculated using this
equation: Papp ¼ (V/AC0)(dC/dt), where V is the volume of solution
in the basolateral chamber, A is the surface area of the Transwell
membrane (cm2), C0 is the initial concentration in the apical
chamber (mg/mL) and dC/dt is the ﬂux (rate of change in cumulative
mass transport) of Na-ﬂu.
2.4. Pro-inﬂammatory marker expressions
The expression of cytokines IL-6 (Interleukin-6), IL-8 (Interleukin 8) and TNF (Tumour necrosis factor) in Calu-3 cells treated
by PUFAs were evaluated. Brieﬂy, 5  105 cells were seeded in 6
well plates and incubated with 100 mM of each PUFA. After 24 h of
adding PUFAs 1 ml of medium (cell-free) were collected and kept
at 80  C until cytokine assays were conducted. This supernatant
was used to measure all the markers. Cells induced with 5 mg/ml
LPS (lipopolysaccharide) as positive control and cells without any
treatment were expressed as negative control. Finally, IL-8, IL-6 and

TNF markers were measured using enzyme immunoassay kits (BD
Bioscience, Australia) according to the manufacturer's protocol.
2.5. Immunoﬂuorescence staining
To investigate the effect of PUFAs on the structure of TJ related
proteins in Calu-3 cells, Zona occluden-1 (ZO-1) which is one of the
main TJ related proteins from the family of occludins, was labelled
and visualised with confocal microscopy. In brief, Calu-3 cells were
plated in sterile 8 chamber glass slide (Nunc™ Lab-Tek® Chamber
Slides) with the density of 50  104 cells per well and incubated
overnight with one of the PUFAs (100 mM). After treatment for 24 h
cells were rinsed with PBS, ﬁxed in 4% paraformaldehyde for
20 min, permeabilized and blocked for 15 min (0.1% Triton X-100,
1% BSA). Then primary antibody (rabbit anti-ZO-1- Abcam) was
added and incubated for 1 h at room temperature. Cells were rinsed
in 2% BSA/PBS solution three times and then incubated with secondary antibody (Alexa ﬂour 488, goat and rabbit IgG; Invitrogen
by Life Technologies) for 30 min at room temperature in the dark.
Then cells were counterstained with DAPI for 30 min. Following
incubation, coverslips were rinsed in PBS and mounted using ProLong gold (Invitrogen - Life Technologies). Imaging was performed
using an Olympus confocal microscope (Olympus IX71).
2.6. Effect of PUFAs on airway mucus production
Previous in vivo [20] and in vitro [21] studies showed an inverse
association between PUFA and mucus hypersecretion. Therefore, an
in vitro experiment was conducted to investigate the effect of PUFAs
on mucus secretion by Calu-3 cells. In brief, Calu-3 cells were
cultured using the ALI model allowing cells differentiation until day
11. Then PUFAs were added to the basolateral chamber to a concentration of 100 mM. Cells were incubated for 4 days and then
stained for mucus secretion using alcian blue as previously
described [30]. This was performed to allow the visualisation of
mucus on the surface of Calu-3 cells and results compared with
untreated cells (control). Cells were subsequently stained for
mucus using alcian blue (1% w/v alcian blue in 3% v/v acetic acid/
water at pH 2.5) (Fronine Laboratory, Sydney, Australia) followed by
washing until the rinsate ran clear. Afterwards, inserts were air
dried and the ﬁlter membrane cut and mounted onto glass slides
using mounting agent (Glycerol). The slides were imaged using an
Olympus BX60 microscope (Olympus, Hamburg, Germany)
attached to a DP71 camera (Olympus). The images were post processed using Apple Automater (v 2.0.4 Apple Inc, California, USA) to
centre crop 400  300 pixel JPEG images. Each image was analysed
using Image J (v1.42q, NIH) with colour proﬁle (Dimiter Prodanov;
Leiden University Medical Centre, Netherlands) and colour
inspector 3D v2.0 (Kai Uwe Barthel; Internationale, Medien informatik, Berlin, Germany) plugins. A three-dimensional colour space
was produced representing the 8-bit red-green-blue (RGB) value of
each image. The ratio of blue (RGBb) which is a semi-quantitative
scale of mucus secretion was calculated by dividing the average
RGBb by the sum of the RGB values (RGBr þ RGBg þ RGBb) for each
image.
2.7. Rheological analysis
Effect of PUFAs on the rheological property of artiﬁcial pulmonary mucus was assessed using rheometry (Advanced Rheometer
2000, TA Instruments; New Castle, DE). Rheological properties of
AM were measured as previously described [31]. In brief, 100 ml of
AM was incubated for 10 min with each PUFA at room temperature
according to previous publication [32]. Each experiment was conducted on 23 ml aliquot of incubated AM with PUFA using the
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rheometer equipped with 20 mm, 0.5 aluminium cone and plate
with a gap width of 19 mm at room temperature. Stress sweep test
was performed to determine the linear viscoelastic region (LVR)
across a range of oscillatory stresses (0.1e1000 Pa). A frequency
sweep (0.1e10 Hz) was performed at 0.2 Pa within the LVR where
dynamic elasticity (G0 ) and viscosity (G00 ) were determined.
2.8. Statistics
Statistical analysis was performed using GraphPad Prism software (GraphPad, San Diego, CA, USA) version 6.07 for windows by
one-way analysis of variance (ANOVA), followed by Tukey post hoc
analysis for multiple comparisons. Values are presented as
mean ± SD of three independent experiments (n ¼ 3) (**P < 0.01
and ***P < 0.001).
3. Results and discussion
3.1. Cytotoxicity assay
The cytotoxicity of each PUFA on Calu-3 cells was assessed via
changes in cell metabolic activity (MTS assay) and cell membrane
damage (LDH assay). Results obtained from MTS assay are
expressed as IC 50 for each PUFA and were 490, 440, 400, 390,
240 mM for AA, GLA, DHA, LA and PA, respectively. Consequently,
100 mM of each PUFA was selected for the study since this concentration was lower than the measured IC50 of each PUFA on Calurez et al., also reported that 100 mM DHA
3 cells. A study by Roig-Pe
was the lowest concentration that showed signiﬁcant changes in
paracellular permeability assessed via TEER and d-mannitol ﬂux in
Caco-2 cells [33].
Subsequently, the viability of Calu-3 cells was tested in the
presence of 100 mM PUFAs for 24 h (Fig. 1A). In general, the Calu3 cells were viable up to 70% of the non-treated control cells at the
selected concentration studied. The LDH leakage of each PUFA was
measured and data presented in Fig. 1B. The effect of selected
concentration (100 mM) on cell membrane damage was also
investigated. The LDH leakage showed that Calu-3 cells generated
an amount of LDH signiﬁcantly higher (P < 0.001) in the presence of
AA, compared to the other PUFAs. In general, the effect of AA on
high LDH leakage can be related to the fact that PGE2 (prostaglandin E2), a cyclooxygenase, is a metabolite of AA which is a
potent mediator of inﬂammation [34]. Therefore, PGE2 can cause
membrane damage and increase LDH leakage. All other PUFAs did
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not show high LDH release.
3.2. TEER and Na-ﬂu permeability assessment on Calu-3 after
incubation with PUFAs
PUFAs exerted effects on tight junctions by changing the paracellular permeability as measured by Na-ﬂu transport and TEER.
Permeability increased in all PUFA treated cells (Fig. 2A). The increase was prominently higher with GLA and PA treatments
(8.5  106 cm/s) compared to the control with the Papp increasing
1.5 times over control. This increase in Papp mirrored the concurrent drop in TEER to 198 ± 12.7 Ucm2 in Calu-3 cells treated with
GLA (Fig. 2B). The permeability of Na-ﬂu in untreated samples
(control) was 8.5  107 cm/s, and the normalized TEER value was
310 ± 15 Ucm2. Results for control samples were consistent with
ﬁndings by Grainger et al. [35]. Resistance dropped signiﬁcantly
(P < 0.001) after incubating Calu-3 cells with PUFAs compared to
non-treated control cells and permeability increased following the
rank order: GLA  PA > DHA > AA > LA.
While there are no speciﬁc studies focussing on lung epithelia
permeability with respect to PUFAs, our ﬁndings can be compared
to previous studies focussing on intestinal epithelia (since this is a
natural barrier to the adsorption of orally ingested therapeutics).
For example, there are a handful of in vivo [36,37] and in vitro
[37e39] studies on the effect of omega 3 and omega 6 PUFAs on
intestinal tight junctions. These studies demonstrated similar
ﬁndings. Usami et al. reported that a 24-hr treatment of Caco-2 cells
with eicosapentaenoic acid (EPA - 20:5 (n-3)) or alpha linoleic acid
(ALA- 18:3 (n-3)) enhanced tight junction permeability [40]. The
same research group also investigated the effect of PUFA on paracellular permeability of ﬂuorescein sulfonic acid across Caco-2 cell
monolayer and it was demonstrated that GLA and DHA enhanced
ﬂuorescein sulfonic acid permeability, and lowered TEER,
compared to non-treated samples in a concentration-dependent
manner without cell injury [41]. Another study also reported that
high concentrations of DHA, i.e. 5e30 mM for 90 min, decreased
TEER and increased paracellular transport of 14C-mannitol [42]. The
investigations on the effect of PUFAs on tight junctions are not only
limited to intestinal tight junctions; other tight junction forming
cells have also been studied. For instance, in a study on hepatic tight
junctions, the effect of n-3 PUFAs resulted in structural change in TJ
proteins expression and localisation [43]. The levels of tight junction occludin decreased signiﬁcantly, whereas claudin-3 and ZO-1
levels increased 2- or 3-fold over control levels [43]. In a study on

Fig. 1. A- Viability of Calu-3 cells after incubation with 100 mM of PUFAs treatment with Trypan blue exclusion test. B- Cytotoxicity of PUFAs assessed by LDH leakage. Data are
means ± SD of three independent replicates. * (p < 0.05) and *** (p < 0.001) shows statistically signiﬁcant between groups.
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Fig. 2. A- TEER measurements and B- apparent permeability of Calu-3 cells after treatment with PUFAs. Data are means ± SD of three independent replicates. * (P < 0.05) and ***
(p < 0.001) show statistically signiﬁcant difference between groups.

Fig. 3. Dynamic measurement of resistance using electric cellesubstrate impedance
sensing (ECIS) on Calu-3 epithelial cells using pre-coated ECIS electrodes and subsequent monitoring of barrier function before and after addition of PUFA treatments
(dashed line represents time of adding PUFAs to the conﬂuent layer of Calu-3 cells).
This ﬁgure represents single, representative measurements of each PUFA.

Calu-3 cells, the effect of AA was studied on the transport of salbutamol sulphate [18] across airway epithelial cells. It was reported
that transport of SS was signiﬁcantly higher at the presence of AA. It
was claimed that AA increased salbutamol sulphate's transport by
changing cell membrane ﬂuidity. In this study, the IC50 of Calu3 cells treated with AA was reported at 69 mM, which is lower than
our experiment. However, in Haghis' study Calu-3 cells were grown
in a medium supplemented with growth supplements that could
have inﬂuenced the different toxicity value.
Although there are many studies supporting the effect of PUFAs
on paracellular transport enhancement, there are few studies on
the effect of PUFAs on TJ function. For example, Beguin et al. studied
the impact of PUFA (with the ﬁnal concentration ranging from 0 to
150 mM for 7 days) on TJ proteins localisation and on the modulation of epithelial permeability in a model of human intestinal
epithelium (Caco-2 cell model). Results from this study indicated
that n-3 PUFA did not affect the presence of occludin in TJ complexes, while n-6 PUFA decreased its presence. They also reported
that, regardless of PUFAs type, at 30 mM, no distortion of the Caco-2
barrier function was observed. However, 150 mM of docosahexaenoic acid (DHA) affected ZO-1 intensity, but not occludin or the
barrier function parameters [38]. The differences between our

Fig. 4. Immunoﬂuorescence of Calu-3 cells stained with mouse anti ZO-1 Monoclonal Antibody-Alexa Fluor® 488 (Green colour), after treatment for 24 h with 100 mM PUFAs. Arrow
is indicating the presence of tight junctions between cells. DNA is counter stained with DAPI (Blue colour). The bar represents 10 mm. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. A- Expression of pro-inﬂammatory markers IL-6 and, B- IL-8 in Calu-3 cells incubated to 100 mM of PUFAs. Data are means ± SD of three independent replicates. ***
(p < 0.001) shows statistically signiﬁcant difference between groups.

study and the previous reports can be related to differences in cell
type and experimental procedure, i.e. different concentration of
PUFAs or treatment duration.
3.3. Electric cell-substrate impedance sensing (ECIS)

Therefore, in this study the effect of PUFA treatments on expression
of pro-inﬂammatory markers in Calu-3 cells was evaluated (Fig. 5A
and B). Results showed that AA, an omega-6, increased the
expression of IL-6 in Calu-3 cells, but did not affect IL-8 production.
Other PUFAs did not increase inﬂammatory markers, for both IL-6

Results from the ECIS experiments on Calu-3 cells incubated
with PUFAs are presented in Fig. 3 typical experimental read-out is
shown where a growth-phase after cell inoculation occurs (up to
20 h) followed by a plateau-phase when cells reach conﬂuence
(20e25 h). After incubating cells with PUFAs (indicated by dashed
line in the graph), a gradual decrease in the resistance for all PUFA
treatments is observed. The drop in the ﬁrst 30 min happens after
adding the treatment [44]. The resistance value before treatment
with medium alone and 30 min after was the same value, indicating
there is no change in the resistance due to the addition of medium.
However, PA and GLA treatments decreased the resistance transiently in a way that resistance recovered to control level after 1 h.
Other PUFAs; AA, LA and DHA resulted in a decrease in the TEER but
the resistance level after 4 h did not come back to the control level.
The TEER results obtained using the chopstick method and the
ECIS, demonstrated similar trend in reduction of TEER after incubating Calu-3 cells with the PUFAs. It should be stressed out that the
absolute TEER values are not comparable in these two techniques
[45]. The effect of PUFAs on the TJ's structural integrity was
assessed via Immunoﬂuorescence staining of PUFA-treated Calu3 cells with antibodies against ZO-1. This experiment showed no
detectable changes in TJ structural morphology, which is consistent
with a non-destructive, sub-microscopic alteration in TJ function.
The effect of PUFAs treatment on ZO-1 levels and localisation is
illustrated in Fig. 4.
3.4. PUFAs decreased the expression of pro-inﬂammatory markers
in Calu-3 cells
Data from experimental and clinical studies have provided evidence that PUFAs have immunomodulatory effects, speciﬁcally, n3 polyunsaturated fatty acids (PUFA) suppress the production of
pro-inﬂammatory cytokines like tumor necrosis factor (TNF) and
interleukin (IL-1b and IL-6) in human and animal models [46,47].

Fig. 6. A- Images of Calu-3 cells treated with PUFAs and stained with alcian blue. BRGBb ratio of blue colour in each PUFA treatment. Data are means ± SD of three independent replicates. * (p < 0.05) shows statistically signiﬁcant between groups. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

36

M. Ghadiri et al. / Pulmonary Pharmacology & Therapeutics 40 (2016) 30e38

Fig. 7. A- Elastic and B- viscous behaviour of artiﬁcial mucus incubated with 100 mM PUFAs for 10 min. Data are means ± SD of three independent replicates. *** (p < 0.001), **
(p < 0.01) and * (p < 0.5) indicate groups are signiﬁcantly different.

and IL-8. Previous studies on expression of pro-inﬂammatory
markers on a COPD model indicated that two potent inﬂammatory eicosanoids, prostaglandin E2 and LTB4, are produced from AA
(omega-6) and, the metabolism of EPA and docosahexaenoic acid
(omega-3) decreased the production of prostaglandin E2 and LTB4
[48]. TNF expression was also evaluated after treating Calu-3 cells
with PUFAs, but the readout was below detection limits of the kit,
showing that Calu-3 cells did not express detectable amount of TNF,
similar to the results by Journeay et al. [49]. In conclusion, the PUFA
treatment (except AA) did not induce pro-inﬂammatory markers
expression in Calu-3 cells.

has longer chain length (C22) the viscous modulus did not significantly change. The reason for these results could be due to the
inﬂuence of PUFAs on the surface tension of the AM. It has been
reported that surface tension of fatty acids increases as the length
of the carbon chain increase [52]. The viscous modulus was
signiﬁcantly lower in PUFA treated AM compared to the control
(P < 0.5). However, it was not inﬂuenced by PUFAs' chemical
structure. Subsequently, it can be speculated that PUFAs may
reduce the mucus production of Calu-3 cells whilst simultaneously
decreasing its viscoelastic property, meaning it could enhance
mucus clearance in case of patients with mucus hypersecretion.
Further investigation on the effect of PUFAs on mucus rheology and
the mechanism of these changes are needed.

3.5. Effect of PUFAs on airway mucus production and viscoelasticity
4. Conclusions
The ALI Calu-3 cultures produce a layer of mucus [50]. The effect
of different drugs on Calu-3 mucus production has been studied
previously [30] and it has been reported that PUFA treatment can
decrease mucus hypersecretion [21]. However, the effect of PUFAs
on mucus secretion has never been studied on Calu-3 cell line. In
comparison with control, Calu-3 cells incubated with PUFAs
secreted less mucus. Images shown in Fig. 6A depict a visual
decrease in the blue colour (alcian blue mucus stain) for all PUFAs
studied except DHA. The quantiﬁed amount of blue colour (Fig 6B)
also demonstrated the decrease in the mucus secretion after Calu3 cells were treated with PUFAs.
The overall viscoelastic property of AM was characterised using
a sensitive stress-controlled cone and plate rheometer. The dynamic response of AM to shear was tested by applying oscillatory
deformations of small amplitude. The elastic modulus (G0 ) of AM
was signiﬁcantly higher (10 times more) than the viscous modulus
(Gʺ) over the entire tested range of frequency (data not shown),
indicating that the AM used in this study behaves as a viscoelastic
solid [51]. Incubating AM with PUFAs decreased the viscoelasticity
of AM. It was demonstrated that both viscous and elastic modulus
changed signiﬁcantly compared to the control (Fig. 7A and B) and
the effect of PUFAs on elasticity was much greater than viscosity.
The viscos modulus (Gʺ) was signiﬁcantly lower for PA (C16; 1) and
LA (C18; 2) treatments (p < 0.001 and p < 0.01). However, GLA
treatment did not change the viscous modulus signiﬁcantly. In
contrast, viscous modulus was signiﬁcantly higher (P < 0.001) with
the AA treatment (C20; 4). This change in the elastic modulus of AM
had a linear relationship to the PUFAs chain length: the shorter the
chain length of PUFA the lower AM elasticity was. Although, DHA

This study is the ﬁrst to evaluate the effect of PUFAs on airway
epithelial Calu-3 cells in terms of tight junction permeability and
mucus properties. Results indicate that PUFAs do not exert structural changes on Calu-3 cells. However, functional changes can be
observed, presumably by changing membrane ﬂuidity. Functional
effects were mainly on transepithelial resistance of Calu-3 cells,
which resulted in decrease of TEER and therefore increase in the
paracellular transport of Na-ﬂu. It was also observed that PUFAs
could reduce the mucus production of Calu-3 cells and decrease
viscoelastic property of mucus.
5. Acknowledgments
This research was supported under Australian Research Council's Linkage Projects Funding Scheme (project number LP
130101123). The authors acknowledge the facilities and the scientiﬁc and technical assistance of the Australian Microscopy &
Microanalysis Research Facility at the Australian Centre for Microscopy & Microanalysis at the University of Sydney. We also thank
Wing Hin Lee for his assistance in inﬂammation study.
References
[1] S.N. Georas, F. Rezaee, Epithelial barrier function: at the front line of asthma
immunology and allergic airway inﬂammation, J. Allergy Clin. Immun. 134
(2014) 509e520, http://dx.doi.org/10.1016/j.jaci.2014.05.049.
[2] A. Hartsock, W.J. Nelson, Adherens and Tight Junctions: Structure, function
and connections to the actin cytoskeleton, Biochim. Biophys. Acta 1778 (2008)
660e669, http://dx.doi.org/10.1016/j.bbamem.2007.07.012.

M. Ghadiri et al. / Pulmonary Pharmacology & Therapeutics 40 (2016) 30e38
[3] M. Furuse, Molecular basis of the core structure of tight junctions, Csh Perspect. Biol. 2 (2010) a002907, http://dx.doi.org/10.1101/cshperspect.a002907.
[4] W.S. Trimble, S. Grinstein, Barriers to the free diffusion of proteins and lipids
in the plasma membrane, J. Cell Biol. 208 (2015) 259e271, http://dx.doi.org/
10.1083/jcb.201410071.
lez-Mariscal, R. Tapia, D. Chamorro, Crosstalk of tight junction com[5] L. Gonza
ponents with signaling pathways, Biochimica et Biophysica Acta (BBA) Biomembranes
1778
(2008)
729e756,
http://dx.doi.org/10.1016/
j.bbamem.2007.08.018.
[6] A. Nusrat, C.A. Parkos, P. Verkade, C.S. Foley, T.W. Liang, W. Innis-Whitehouse,
K.K. Eastburn, J.L. Madara, Tight junctions are membrane microdomains, J. Cell
Sci. 113 (2000) 1771e1781.
[7] S.A. Francis, J.M. Kelly, J. McCormack, R.A. Rogers, J. Lai, E.E. Schneeberger,
R.D. Lynch, Rapid reduction of MDCK cell cholesterol by methyl-betacyclodextrin alters steady state transepithelial electrical resistance, Eur. J.
Cell Biol. 78 (1999) 473e484.
[8] D. Lambert, C.A. O'Neill, P.J. Padﬁeld, Depletion of Caco-2 cell cholesterol
disrupts barrier function by altering the detergent solubility and distribution
of speciﬁc tight-junction proteins, Biochem. J. 387 (2005) 553e560, http://
dx.doi.org/10.1042/Bj20041377.
[9] X.G. Yang, W.W. Sheng, G.Y. Sun, J.C.M. Lee, Effects of fatty acid unsaturation
numbers on membrane ﬂuidity and alpha-secretase-dependent amyloid
precursor protein processing, Neurochem. Int. 58 (2011) 321e329, http://
dx.doi.org/10.1016/j.neuint.2010.12.004.
[10] M. Ibarguren, D.J. Lopez, P.V. Escriba, The effect of natural and synthetic fatty
acids on membrane structure, microdomain organization, cellular functions
and human health, Bba-Biomembranes 1838 (2014) 1518e1528, http://
dx.doi.org/10.1016/j.bbamem.2013.12.021.
[11] Z. Hossain, T. Hirata, Molecular mechanism of intestinal permeability: interaction at tight junctions, Mol. Biosyst. 4 (2008) 1181e1185, http://dx.doi.org/
10.1039/b800402a.
[12] Y. Duraisamy, D. Lambert, C.A. O'Neill, P. Padﬁeld, Omega-3 polyunsaturated
fatty acids change the permeability characteristics of intestinal monolayers by
remodeling the tight junctions, Gastroenterology 130 (2006) A605eA606.
[13] W.G. Jiang, R.P. Bryce, D.F. Horrobin, R.E. Mansel, Regulation of tight junction
permeability and occludin expression by polyunsaturated fatty acids, Biochem. Bioph Res. Co. 244 (1998) 414e420, http://dx.doi.org/10.1006/
bbrc.1998.8288.
[14] R.A. Siddiqui, L.J. Jenski, K. Neff, K. Harvey, R.J. Kovacs, W. Stillwell, Docosahexaenoic acid induces apoptosis in Jurkat cells by a protein phosphatasemediated process, Bba-Mol Cell Res. 1499 (2001) 265e275, http://
dx.doi.org/10.1016/S0167-4889(00)00128-2.
[15] J. Schumann, A. Leichtle, J. Thiery, H. Fuhrmann, Fatty Acid, Peptide Proﬁles, In
plasma membrane and membrane rafts of PUFA supplemented RAW264.7
macrophages, Plos One 6 (2011) e24066, http://dx.doi.org/10.1371/
journal.pone.0024066.
[16] I.B. Zavodnik, E.A. Lapshina, D. Palecz, M. Bryszewska, The effects of palmitate
on human erythrocyte membrane potential and osmotic stability, Scand. J.
Clin.
Lab.
Inv
56
(1996)
401e407,
http://dx.doi.org/10.3109/
00365519609088794.
[17] G. Lenaz, Lipid ﬂuidity and membrane-protein dynamics, Biosci. Rep. 7 (1987)
823e837, http://dx.doi.org/10.1007/Bf01119473.
[18] M. Haghi, D. Traini, L.G. Wood, B. Oliver, P.M. Young, W. Chrzanowski, A 'soft
spot' for drug transport: modulation of cell stiffness using fatty acids and its
impact on drug transport in lung model, J. Mater Chem. B 3 (2015)
2583e2589, http://dx.doi.org/10.1039/c4tb01928h.
[19] A. Simopoulos, P: omega-3-fatty-acids in health and disease and in growth
and development, Am. J. Clin. Nutr. 54 (1991) 438e463.
[20] E. Shahar, A.R. Folsom, S.L. Melnick, M.S. Tockman, G.W. Comstock,
V. Gennaro, M.W. Higgins, P.D. Sorlie, W.J. Ko, M. Szklo, Dietary N-3 polyunsaturated fatty-acids and smoking-related chronic obstructive pulmonarydisease, New Engl. J. Med. 331 (1994) 228e233, http://dx.doi.org/10.1056/
Nejm199407283310403.
[21] M.G. Binker, M.J. Binker-Cosen, D. Richards, A.A. Binker-Cosen, S.D. Freedman,
L.I. Cosen-Binker, Omega-3 PUFA docosahexaenoic acid decreases LPSstimulated MUC5AC production by altering EGFR-related signaling in NCIH292 cells, Biochem. Bioph Res. Co. 463 (2015) 1047e1052, http://
dx.doi.org/10.1016/j.bbrc.2015.06.056.
[22] M. Stigliani, M.D. Manniello, O. Zegarra-Moran, L. Galietta, L. Minicucci,
R. Casciaro, E. Garofalo, L. Incarnato, R.P. Aquino, P. Del Gaudio, P. Russo,
Rheological properties of cystic ﬁbrosis bronchial secretion and in vitro drug
permeation study: the effect of sodium bicarbonate, J. Aerosol Med. Pulm.
Drug Deliv. (2016), http://dx.doi.org/10.1089/jamp.2015.1228.
[23] H.F. Chung, K.Z. Long, C.C. Hsu, A. Al Mamun, H.R. Jhang, S.J. Shin, S.J. Hwang,
M.C. Huang, Association of n-3 polyunsaturated fatty acids and inﬂammatory
indicators with renal function decline in type 2 diabetes, Clin. Nutr. 34 (2015)
229e234, http://dx.doi.org/10.1016/j.clnu.2014.02.009.
[24] P. Calder, C: omega-3 polyunsaturated fatty acids and inﬂammatory processes: nutrition or pharmacology? British J. Clin. Phar. 75 (2013) 645e662,
http://dx.doi.org/10.1111/j.1365-2125.2012.04374.x.
[25] Y. Yang, M.D. Tsifansky, C.J. Wu, H.I. Yang, G. Schmidt, Y. Yeo, Inhalable
antibiotic delivery using a dry powder Co-delivering recombinant deoxyribonuclease and ciproﬂoxacin for treatment of cystic ﬁbrosis, Pharm. ResDordr 27 (2010) 151e160, http://dx.doi.org/10.1007/s11095-009-9991-2.
[26] M. Haghi, P.M. Young, D. Traini, R. Jaiswal, J. Gong, M. Bebawy, Time- and

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

37

passage-dependent characteristics of a Calu-3 respiratory epithelial cell
model, Drug Develop. Industrial Pharm. 36 (2010) 1207e1214, http://
dx.doi.org/10.3109/03639041003695113.
F.K.-M. Chan, K. Moriwaki, M.J. De Rosa, Detection of necrosis by release of
lactate dehydrogenase (LDH) activity, methods in molecular biology, Clifton,
N.J. 979 (2013) 65e70, http://dx.doi.org/10.1007/978-1-62703-290-2_7.
L. Balasubramanian, K.P. Yip, T.H. Hsu, C.M. Lo, Impedance analysis of renal
vascular smooth muscle cells, Am. J. Physiol-Cell P. H. 295 (2008) C954eC965,
http://dx.doi.org/10.1152/ajpcell.00009.2008.
C.M. Lo, C.R. Keese, I. Giaever, Impedance analysis of MDCK cells measured by
electric cell-substrate impedance sensing, Biophys. J. 69 (1995) 2800e2807.
L. Marin, D. Traini, M. Bebawy, P. Colombo, F. Buttini, M. Haghi, H.X. Ong,
P. Young, Multiple dosing of simvastatin inhibits airway mucus production of
epithelial cells: implications in the treatment of chronic obstructive airway
pathologies, Eur. J. Pharm. Biopharm. 84 (2013) 566e572, http://dx.doi.org/
10.1016/j.ejpb.2013.01.021.
V.J. Broughton-Head, J. Shur, M.P. Carroll, J.R. Smith, J.K. Shute, Unfractionated
heparin reduces the elasticity of sputum from patients with cystic ﬁbrosis,
Am. J. Physiology - Lung Cell. Mol. Physiology 293 (2007) L1240eL1249,
http://dx.doi.org/10.1152/ajplung.00206.2007.
V.J. Broughton-Head, J. Shur, M.P. Carroll, J.R. Smith, J.K. Shute, Unfractionated
heparin reduces the elasticity of sputum from patients with cystic ﬁbrosis,
Am. J. Physiol-Lung C 293 (2007) L1240eL1249, http://dx.doi.org/10.1152/
ajplung.00206.2007.
S. Roig-Perez, F. Guardiola, M. Moreto, R. Ferrer, Lipid peroxidation induced by
DHA enrichment modiﬁes paracellular permeability in Caco-2 cells: protective role of taurine(1), J. Lipid Res. 45 (2004) 1418e1428, http://dx.doi.org/
10.1194/jlr.M300523.
E. Ricciotti, G.A. FitzGerald, Prostagl. Inﬂamm. Arteriosclerosis, thrombosis,
Vasc.
Biol.
31
(2011)
986e1000,
http://dx.doi.org/10.1161/
ATVBAHA.110.207449.
C.I. Grainger, L.L. Greenwell, D.J. Lockley, G.P. Martin, B. Forbes, Culture of
Calu-3 cells at the air interface provides a representative model of the airway
epithelial barrier, Pharm. Res-Dordr 23 (2006) 1482e1490, http://dx.doi.org/
10.1007/s11095-006-0255-0.
J. Zhao, P.L. Shi, Y. Sun, J. Sun, J.N. Dong, H.G. Wang, L.G. Zuo, J.F. Gong, Y. Li,
L.L. Gu, N. Li, J.S. Li, W.M. Zhu, DHA protects against experimental colitis in IL10-deﬁcient mice associated with the modulation of intestinal epithelial
barrier function, Brit J. Nutr. 114 (2015) 181e188, http://dx.doi.org/10.1017/
S0007114515001294.
B. Knoch, W.C. Mcnabb, N. Roy, Inﬂuence of polyunsaturated fatty acids on
intestinal barrier function during colitis, Agro Food Ind. Hi Tec. 21 (2010)
29e32.
P. Beguin, A. Errachid, Y. Larondelle, Y.J. Schneider, Effect of polyunsaturated
fatty acids on tight junctions in a model of the human intestinal epithelium
under normal and inﬂammatory conditions, Food Funct. 4 (2013) 923e931,
http://dx.doi.org/10.1039/c3fo60036j.
L.E.M. Willemsen, M.A. Koetsier, M. Balvers, C. Beermann, B. Stahl, E.A.F. van
Tol, Polyunsaturated fatty acids support epithelial barrier integrity and reduce
IL-4 mediated permeability in vitro, Eur. J. Nutr. 47 (2008) 183e191, http://
dx.doi.org/10.1007/s00394-008-0712-0.
M. Usami, K. Muraki, M. Iwamoto, A. Ohata, E. Matsushita, A. Miki, Effect of
eicosapentaenoic acid (EPA) on tight junction permeability in intestinal
monolayer cells, Clin. Nutr. 20 (2001) 351e359, http://dx.doi.org/10.1054/
clnu.2001.0430.
M. Usami, T. Komurasaki, A. Hanada, K. Kinoshita, A. Ohata, Effect of gammalinolenic acid or docosahexaenoic acid on tight junction permeability in intestinal monolayer cells and their mechanism by protein kinase C activation
and/or eicosanoid formation, Nutrition 19 (2003) 150e156, http://dx.doi.org/
10.1016/S0899-9007(02)00927e9. Pii S0899-9007(02) 00927e9.
B. Aspenstrom-Fagerlund, L. Ring, P. Aspenstrom, J. Tallkvist, N.G. Ilback,
A.W. Glynn, Oleic acid and docosahexaenoic acid cause an increase in the
paracellular absorption of hydrophilic compounds in an experimental model
of human absorptive enterocytes, Toxicology 237 (2007) 12e23, http://
dx.doi.org/10.1016/j.tox.2007.04.014.
X.P. Yan, S. Wang, Y. Yang, Y.D. Qiu, Effects of n-3 polyunsaturated fatty acids
on rat livers after partial hepatectomy via lkb1-ampk signaling pathway,
Transpl.
P
43
(2011)
3604e3612,
http://dx.doi.org/10.1016/
j.transproceed.2011.10.045.
R. Pradhan, S. Rajput, M. Mandal, A. Mitra, S. Das, Electric cell-substrate
impedance sensing technique to monitor cellular behaviours of cancer cells,
Rsc Adv. 4 (2014) 9432e9438, http://dx.doi.org/10.1039/c3ra45090b.
S.C. Thal, C. Luh, E.V. Schaible, R. Timaru-Kast, J. Hedrich, H.J. Luhmann,
K. Engelhard, C.M. Zehendner, Volatile anesthetics inﬂuence blood-brain
barrier integrity by modulation of tight junction protein expression in traumatic brain injury, Plos One 7 (2012) e50752, http://dx.doi.org/10.1371/
journal.pone.0050752.
J. Schwager, N. Richard, C. Riegger, N. Salem, omega-3 PUFAs and resveratrol
differently modulate acute and chronic inﬂannnatory processes, Biomed. Res.
Int. (2015) 535189, http://dx.doi.org/10.1155/2015/535189.
G.E. Caughey, E. Mantzioris, R.A. Gibson, L.G. Cleland, M.J. James, The effect on
human tumor necrosis factor alpha and interleukin 1 beta production of diets
enriched in n-3 fatty acids from vegetable oil or ﬁsh oil, Am. J. Clin. Nutr. 63
(1996) 116e122.
D. Kelley, S: modulation of human immune and inﬂammatory responses by

38

M. Ghadiri et al. / Pulmonary Pharmacology & Therapeutics 40 (2016) 30e38

dietary fatty acids, Nutrition 17 (2001) 669e673, http://dx.doi.org/10.1016/
S0899-9007(01)00576-7.
[49] W.S. Journeay, S.S. Suri, J.G. Moralez, H. Fenniri, B. Singh, Low inﬂammatory
activation by self-assembling rosette nanotubes in human Calu-3 pulmonary
epithelial cells, Small 4 (2008) 817e823, http://dx.doi.org/10.1002/
smll.200700700.
[50] M. Marusic, I. Djurdjevic, K. Draslar, S. Caserman, Calu-3 model under aic and
lcc conditions and application for protein permeability studies, Acta Chim.

Slov. 61 (2014) 100e109.
[51] R. Hamed, J. Fiegel, Synthetic tracheal mucus with native rheological and
surface tension properties, J. Biomed. Mater Res. A 102 (2014) 1788e1798,
http://dx.doi.org/10.1002/jbm.a.34851.
[52] Gros A T, Feuge R O: Surface and interfacial tensions, viscosities, and other
physical properties of some n-aliphatic acids and their methyl and ethyl esters, J. Am. Oil Chem. Soc., 29: pp.313-317. 10.1007/BF02639809

