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Lycopene enrichment of cultured airway epithelial cells decreases the
inflammation induced by rhinovirus infection and lipopolysaccharide
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Abstract

Rhinovirus infection results in increased release of inflammatory mediators from airway epithelial cells in asthma. As an antioxidant,
lycopene offers protection from adverse effects of inflammation. The aim of this study was to find an appropriate method of lycopene
enrichment of airway epithelial cells and to determine the effects of lycopene enrichment on the inflammatory response of cells infected by
rhinovirus or exposed to lipopolysaccharide. Lycopene enrichment of airway epithelial cells using solubilisation in tetrahydrofuran versus
incorporation in liposomes was compared. After determining that solubilisation of lycopene in tetrahydrofuran was the most suitable method
of lycopene supplementation, airway epithelial cells (Calu-3) were incubated with lycopene (dissolved in tetrahydrofuran) for 24 h, followed
by rhinovirus infection or lipopolysaccharide exposure for 48 h. The release of interleukin-6, interleukin-8 and interferon-gamma induced
protein-10 (IP-10) and their messenger RNA levels were measured using enzyme linked immunosorbent assay and reverse transcription
polymerase chain reaction, respectively. Viral replication was measured by tissue culture infective dose of 50% assay. Lycopene
concentration of cells and media were analysed using high-performance liquid chromatography. Preincubation of airway epithelial cells with
lycopene (dissolved in tetrahydrofuran) delivered lycopene into the cells and resulted in a 24% reduction in interleukin-6 after rhinovirus-1B
infection, 31% reduction in IP-10 after rhinovirus-43 infection and 85% reduction in rhinovirus-1B replication. Lycopene also decreased the
release of IL-6 and IP-10 following exposure to lipopolysaccharide. We conclude that lycopene has a potential role in suppressing rhinovirus
induced airway inflammation.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Rhinovirus (RV) is themost common cause of the common
cold [1] and the major cause of exacerbation in asthma among
adults [2] and children [2,3]. Rhinovirus infection can also
worsen airway obstruction in asthmatics [4], though this
mechanism is incompletely understood [5]. RVs target
epithelial cells, in which they replicate [6] and initiate innate
immune responses [7,8]. As a result, epithelial cells produce
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various inflammatory mediators that contribute to the host
defense and result in increased airway inflammation [5]. This
includes, interleukin-6 (IL-6) [6,9,10], interleukin-8 (IL-8)
[6,10–14] and interferon-gamma induced protein-10 (IP-10)
[5]. Rhinovirus infection also increases oxidative stress in
airway epithelial cells with an increase in production of
reactive oxygen species (ROS) [15,16]. This directly leads to
the translocation of nuclear factor-κB (NF-κB) [16], which
mediates the transcription of IL-6 and IL-8 [9,14,17]. During
acute clinical infections, RV leads to increased permeability
and the recruitment of neutrophils to the airways [18], with
increased levels of IL-8 and neutrophils closely correlated to
symptoms [19,20]. In asthma, we have previously shown that
acute virus exacerbations are also associated with increased
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levels of sputum IL-8, neutrophils and neutrophil degranula-
tion, and the degree of neutrophil mediated inflammation is
associated with more severe symptoms and greater impair-
ment of lung function [20].

Carotenoids are natural fat-soluble compounds [21], which
act as antioxidants [22–26]. Among them, lycopene, which
can be found in high concentrations in tomatoes [27], has the
most potent antioxidant potential [28–30]. Lycopene has been
shown to decrease inflammation in vivo [31–33] and in vitro
[33,34]. Of particular interest is the ability of lycopene to
reduce airway inflammation, including both neutrophil influx
and activation [35]. There is a limited evidence regarding the
effect of lycopene on viral infections; however, in vivo studies
have reported that lycopene decreases human papillomavirus
persistent risk and also decreases its clearance time [36,37].
There is no evidence regarding the effect of lycopene on the
inflammatory response of airway epithelial cells when
exposed to common triggers, such as rhinovirus infection
and lipopolysaccharide (LPS) exposure.

The poor water solubility of lycopene has affected the
ability to study its in vitro effects on cultured cells.
Tetrahydrofuran (THF) has been used as a lycopene
cosolvent [38,39]. Liposomes, which are spherical particles
containing hydrophilic compounds in the surface and
hydrophobic compounds in the core, have also been used
as lycopene carriers [40,41]. THF can dissolve considerable
amounts of lycopene (more than 4 mg/ml lycopene) [40]. A
previous study also successfully reported using liposomes
for lycopene enrichment of human umbilical vein endothelial
cells and had a greater carrying capacity with a longer half
life compared to THF [40,42]. However, other researchers
have criticized the use of liposomes for lycopene enrichment
due to carotenoid instability [43,44].

Our aim was to determine an effective means of
delivering and enriching epithelial cells with lycopene. We
then hypothesised that lycopene supplementation would
decrease inflammation in airway epithelial cells following
infection by rhinovirus.
2. Materials and methods

2.1. Airway epithelial cell culture

Airway epithelial cells (Calu-3 cells from ATCC,
Manassas, VA, USA) were cultured in minimum essential
medium containing 10% foetal calf serum (FCS/MEM),
containing 2% penicillin-streptomycin, 1% sodium pyruvate,
1% nonessential amino acids, 1% L-glutamine and 2.2 g/L
NaHCO3 (all from Invitrogen, Carlsbad, CA, USA) in plastic
culture plates at 37°C in the presence of 5% CO2. All
experiments were carried out in cells with N80% confluence.

2.2. Lycopene enrichment of cultured epithelial airway cells,
THF versus liposomes

Two methods for delivery of lycopene were compared.
Confluent Calu-3 cells (Passage 28–30) were incubated (for
24 h) with lycopene (0, 2.5, 5, 10 and 25 μg/ml) dissolved in
THF (0%, 0.5%, 1%, 2% and 5% THF in cell culture
medium). This was compared to lycopene (0, 5 and 10 μg/ml)
carried by liposomes. The final concentration of each
component in the liposome was: 100 μM monoolein,
33.3 μM oleic acid, 2 μM sodium taurocholate and 16.7
μM L-α-phosphatidylcholine, after removing THF under
nitrogen steam, (Organomation Associates, Berlin, MA,
USA) and sonication in 37°C water bath (Sanophon,
Ultrasonic Industries, Dayton, OH, USA). After 24 h, cells
were visually inspected using a microscope and both the
media, and the cells were collected.

2.3. Lycopene analysis

In order to measure the extracellular and intracellular
concentration of lycopene, Barua's method for high-
performance liquid chromatography (HPLC) was employed
[45]. All of the extraction processes were undertaken in a
darkened laboratory under red light. Extracellular (500 μl of
media) and intracellular (cell pellets of cell count of
20 million) lycopene were extracted from the samples by
adding (a) ethanol:ethyl acetate (1:1) containing canthax-
anthin as an internal standard, (b) ethyl acetate (2 times 1 ml)
and (c) hexane (1 ml). After each step, samples were
vortexed and centrifuged (3000×g, 4°C, for 5 min), and
supernatants were transferred to a 10-ml tube placed in ice.
Next 1-ml ultra pure water was added to the combination of
supernatants in ice, vortexed and centrifuged. The super-
natants were then collected in glass high-recovery 10-ml
tubes and placed in a nitrogen evaporator (Organomation
Associates) to evaporate ethyl acetate and hexane. Dry
lycopene samples were resuspended in 100 μl of injection
solvent (dichloromethane: methanol; 1:2 v/v). Samples were
analysed by HPLC 1100 series (Agilent Technologies, Santa
Clara, CA, USA) by injecting (5 μl, flow rate: 0.3 ml/min)
into Hypersil ODS C18 column (Thermo Electron, Belle-
fonte, PA, USA) and detecting by the diode array detector
(Agilent Technologies) at a preset 450-nm wavelength.

2.4. Rhinovirus and LPS exposure of calu-3 cells

After removing the supplementation media (as mentioned
above) from Calu-3 cells (Passage 31–33), they were either
infected with (a) rhinovirus-43 (RV-43) [multiplicity of
infection: (MOI)=0.32] (b), rhinovirus-1B (RV-1B)
(MOI=0.56) (viruses were laboratory strain provided by
Woolcock Research Institute, Sydney, Australia), (c) lipo-
polycaccharide 1 μg/ml (from Escherichia coli strain 026:
B6, Sigma, St Louis, MO, USA) and also (d) ultraviolet
inactivated RVs. Plates were incubated for 48 h at 37°C in
the presence of 5% CO2.

2.5. Cytokine analysis

IL-6, IL-8 and IP-10 concentrations of media were
measured by ELISA (R&D Systems Minneapolis, MN,
USA) according to manufacturer's instructions.



579A. Saedisomeolia et al. / Journal of Nutritional Biochemistry 20 (2009) 577–585
2.6. Messenger RNA analysis

In order to measure mRNA levels of cytokines, the
method of Grissell et al was employed, as previously
described [46]. In this method the reverse transcriptase–
polymerase chain reaction (RT-PCR) was used. RNA was
extracted (RNeasy kit, Qiagen, Carlsbad, CA, USA), and
reverse transcripted to cDNA (Qiagen) to be measured by
RT-PCR according to the manufacturer's instructions.

2.7. Viral titration assay

Tissue culture infective dose of 50% (TCID50) experi-
ments were performed using confluent RD-ICAM-1 cells
seeded in 96-well tissue culture plates (NUNC, Roskilde,
Denmark). Cells were infected by either media alone or virus-
containingmedia at varying dilutions. Serial 10-fold dilutions
of the samples were prepared, and four individual wells were
infected with each dilution. For titration of samples 6
dilutions were prepared. Additionally, for every dilution,
two control wells were prepared with media alone. After 4
days, the plates were read, and TCID50 was calculated.
Infected wells were scored based on the cytopathic effect
(CPE) seen; N50% CPE demonstrated by light microscopy
was considered a positive result. Viral titers of the samples
were determined by cell titration assay using RD-ICAM-1
cells, and the viral titer was calculated and expressed as tissue
culture infectious dose at 50% in log value (TCID50 log10)
[47] and using the Karber formula for the tissue culture
infective dose 50% (TCID50) [48].
Fig. 1. Images of the Calu-3 cells before and after lyco
2.8. Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) concentration in the media
was measured by the enzymatic method on the Dade Behring
RXL Dimension platform (Dade Behring, Deerfield, IL,
USA). The assay had a coefficient of variation of 4.9% at
350 U/L.

2.9. Statistics

Differences between lycopene supplemented and
unsupplemented groups were analysed using paired t
tests and differences between different concentrations of
LDH and lycopene uptake were analysed using analysis
of variances using Graphpad software (Graphpad Prism 4,
San Diego, CA, USA). P values less than .05 were
considered as statistically significant.
3. Results

Visual inspection of the cells after 24 h confirmed that
lycopene enrichment with all concentrations of liposomes
killed Calu-3 cells (Fig. 1). Cells cocultured with 0.5% and
1% THF/lycopene (v/v) appeared viable; however, 2% THF/
lycopene (v/v) appeared to cause considerable cell death, and
5% THF/lycopene appeared to cause complete cell death
(Fig. 1). This was confirmed by the progressive increase in
LDH activity seen (Fig. 2). A small increase in LDHwas even
seen with THF at 0.25%. Treatment of cells with lycopene
pene supplementation using THF and liposomes.



Fig. 2. Lactate dehydrogenase levels released by Calu-3 cells after 24 h
incubation with 1% FCS/MEM containing different concentrations of THF/
lycopene (n=3).
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and THF resulted in a progressive increase in intracellular
lycopene (Fig. 3). However, there was no significant
difference between lycopene uptake at 1.25 or 2.5 μg/ml.

Infection with RV-43 failed to induce a significant
release of IL-6; however, there was significant release
following infection with RV-1B and exposure of cells to
LPS (Fig. 4). Cells supplemented with lycopene showed a
significant reduction in IL-6 release following infection
with RV-1B and exposure to LPS (Fig. 4). Infection with
RV-43, RV-1B and treatment with LPS all failed to
Fig. 3. Intracellular and extracellular lycopene concentrations of Calu-3 cells af
THF (n=3).
significantly increase IL-8 release (data not shown).
Infection with RV-43, RV-1B as well as LPS exposure
led to a significant increase in IP-10 release (Fig. 5).
Supplementation with lycopene led to a significant decrease
in IP-10 release following RV-43 infection and LPS
treatment. There appeared to also be a reduction in IP-10
release following RV-1B infection and treatment with
lycopene, but this was nonsignificant (P=.13) (Fig. 5).
Table 1 shows the IL-6, IL-8 and IP-10 mRNA levels
(relative expression ratio %) in cells enriched with and
without lycopene, before and after infection induced by
RV-43, RV-1B and LPS exposure.

As shown in Fig. 6, TCID50 results showed that lycopene
supplementation significantly decreased viral replication of
RV-1B by 85% (P=.025), and there was a trend to reduced
RV-43 replication by 53%, which failed to reach signifi-
cance (P=.18).
4. Discussion

This is the first study to assess the feasibility of enriching
airway epithelial cells with lycopene and to assess its
subsequent effect on the inflammatory response following
RV infection or stimulation with LPS.We determined that (2.5
μg/ml) lycopene/THF (at 0.5% of media) was able to increase
intracellular lycopene levels with minimal cellular toxicity.We
then demonstrated that pretreatment of airway epithelial cells
with lycopene reduced the release of IL-6 and IP-10 following
RV-43 and RV-1B infection. Similarly, pretreatment with
lycopene also reduced the release of IL-6 and IP-10 from cells
ter 24 h incubation with different concentrations of lycopene dissolved in



Fig. 4. IL-6 (mean±S.E.M.) released by Calu-3 cells with and without
lycopene, before and after infection induced by (A) RV-43, (B) RV-1B and
(C) LPS exposure.
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exposed to LPS. Finally, we demonstrated that lycopene
pretreatment led to a reduction inRV-1B replication and a trend
to reduced RV-43 virus replication.

Although, it has been reported that lycopene enrichment
of human prostate tumour cells, human lung tumour cells and
ig. 5. IP-10 (mean±S.E.M.) released by Calu-3 cells with and without
copene, before and after infection induced by (A) RV-43, (B) RV-1B and
) LPS exposure.
F
ly
(C



Table 1
mRNA levels of IL-6, IL-8 and IP-10 (relative expression ratio %) in cells with and without lycopene, before and after infection induced by RV-43, RV-1B and
LPS exposure

Treatments IL-6 expression
RER% (duplicate)

IL-8 expression
RER% (duplicate)

IP-10 expression
RER% (duplicate)

Cell alone (control) 45.5±19 97±8 1355±238
Cell+RV-43 1277±333⁎ 110±11 5699±1571
Cell+0.5% THF+RV-43 1073±4 93±14 32467±2861
Cell+0.5% THF/lycopene +RV-43 1541±277 110±17 4917±1146†

Cell+RV-1B 2318±473⁎ 95±7 70217±3096⁎

Cell+0.5% THF+RV-1B 3069±1229 92±17 98872±21973
Cell+0.5% THF/lycopene+RV-1B 341±56† 176±40 18813±4261†

Cell+LPS 7353±898⁎ 1242±67⁎ 364805±192314
Cell+0.5% THF+LPS 5991±1709 1458±200 115967±2314
Cell+0.5% THF/lycopene +LPS 692±128† 312±6† 104364±25819

RER%, relative expression ratio %.
⁎ Pb.05 compared to cell alone (control).
† Pb.05 compared to the infected cells with no lycopene (carrier only).
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human umbilical vein endothelial cells using liposomes is
safe [40,42], our results showed that liposomes were toxic to
cultured airway epithelial cells (Calu-3). The presence of
erupted cells in the medium may be due to the presence of
sodium taurocholate salt crystals (one of the liposome
components), which increases the hypertonicity of the
medium. A toxic effect of sodium taurocholate in cell
culture experiments has previously been reported [40]. After
24 h incubation of Calu-3 cells with different concentrations
of lycopene carried by THF, it was found that cells enriched
with low levels of lycopene/THF (0.5% and 1% v/v) were
viable, and cells enriched with 2% and 5% lycopene/THF (v/
v) showed progressive loss of viability. This is in agreement
with previous studies which suggest doses of THF in excess
of 0.7% may be toxic to cultured cells [40]. We confirmed
this observation by measuring LDH and observing a dose-
Fig. 6. TCID50 (mean±S.D.) of RV-43 and RV-1B in the Calu-3 cells with
and without lycopene (50% tissue culture infective dose).
dependent increase in LDH levels after incubation with
higher THF/lycopene levels [49].

Our data showed lycopene uptake by Calu-3 cells from
the medium was also dose-dependant. In keeping with this
absorption from the medium, there was decrease in the
concentration of lycopene in the medium after 24 hours of
exposure to the cells. This may be due to (1) cellular uptake
of lycopene, (2) degradation and oxidization of lycopene in
cell culture conditions, (3) changing of all-trans isomers of
lycopene (in fresh medium) to cis isomers during incubation
(which makes lycopene undetectable at its usual retention
time in the detector of HPLC) and (4) destabilization of
lycopene due to the use of polystyrene flasks and plates for
cell incubation (compared to glass containers) [40]. It has
been reported that lycopene can be delivered to the cell
monolayers and its uptake after 24 h enrichment is almost
twice of its uptake after 12 h, but it does not show any further
increase after 48 h [50]. It has also been reported that after
48 h incubation, more than 30% of the lycopene in the
medium has been reduced, and cells can obtain only 1% of
the lycopene in suspension [42]. These results confirm that
24 h of incubation is most appropriate for this study. It has
also been reported that high doses of lycopene may have
adverse effects on cells, with lycopene concentrations more
than 5 μM decreasing cell growth [50]. Therefore, in this
experiment, we have optimised conditions by enriching
Calu-3 cells with lycopene at a concentration of 2.5 μg/ml
(that is equivalent to 4.65 μM), dissolved in 0.5% THF, for
24 h prior to exposure to RV and LPS. This amount of
lycopene in the medium is almost two times higher than
circulating plasma lycopene levels in healthy people, which is
reported to be 0.8–1.34 μg/ml [51–53]. Therefore, the
intracellular dose we achieved after our recommended method
is likely to be biologically relevant to human physiologic
systems. It is important to note that our study uses an
experimental model of the airways. This model achieves entry
of lycopene into the cells using a low concentration of THF.
However, this is just a vehicle for entry of lycopene into cells in
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water-based cell culture media. In the human body, lycopene is
carried by natural lipoproteins into cells. In vivo, oral
supplementation of lycopene is effective in increasing airway
lycopene concentrations [51].

Our data showed that IL-6 and IP-10 concentrations in the
media and their mRNA expression in cells increased
significantly after 48 h of infection with RV-43, RV-1B as
well as following LPS exposure (Pb.05). Other researchers
have found similar results after infecting cultured airway
cells with rhinovirus [5,6,9]. IL-8 levels, however, were not
significantly changed by virus infection or LPS exposure.
This probably reflects the low MOI of RV used in the
experiments [54], and higher doses may be needed to elicit
release of mediators of neutrophil chemotaxis in confluent
Calu-3 cells.

As an antioxidant, lycopene can reduce cellular oxidative
stress [30] and acts as one of the most probable prohibitors
of cytokine production via NF-κB inactivation [16,33,34].
Our results showed that lycopene significantly decreased the
expression of IL-6 following RV-1B infection (P=.026), IL-
8 after LPS exposure (P=.01) and IP-10 after both RV-43
infection (P=.001) and LPS exposure (P=.023). The
expression of IL-6 and IL-8 proteins are mediated by NF-
κB [9,14]. NF-κB has a central role in expression of IL-6
and IL-8 protein by up-regulating the transcription of a
specific set of cytokine genes, in response to inflammatory
stimuli [17]. Activation and translocation of NF-κB into the
nucleus leads to its binding to DNA in the promoter regions
of target genes, resulting in the induction of their release and
the production of these proteins [55]. Similarly, inhibition of
NF-κB activity can down-regulate protein expression of
these cytokines [9,14]. It has also been found that other
dietary antioxidants such as β-carotene and ascorbic acid
can inhibit NF-κB activity in LPS-exposed cells [56,57].
This effect is attributed to their redox-based as well as non-
redox-based effects on NF-κB suppression [56–59].
Lycopene has also been shown to decrease the nuclear
translocation of NF-κB p65 subunit in LPS-stimulated
dendritic cells [33]. Lycopene is expected to have even
greater effects on the redox-based NF-κB activation, as it is
a stronger inhibitor of the formation of thiobarbituric acid-
reactive substances than β-carotene [30]. Thus, lycopene
may reduce the release of IL-6 and IL-8 via suppression of
NF-κB.

IP-10 is an important chemotactic factor for TH-1 T
cells, and its release is increased following RV infection
[60]. IP-10 release is also dependent upon intracellular
virus replication occurring and correlates closely with RV
replication [5]. It has been reported that response elements
of NF-κB in the promoter region of the IP-10 gene are
involved in transcriptional activation of IP-10 [61–63] and
may be modified by the intracellular redox status [64]. It is
also likely that virus replication, perhaps through pathways
mediated by TLR-3, also induces IP-10 transcription [5].
Therefore, the decreased IP-10 levels that we have
demonstrated may be a direct result of the antioxidant
property of lycopene and or a direct inhibitory effect on
RV replication.

We also hypothesised that lycopene would reduce RV
replication in cultured airway epithelial cells. It has been
reported that some nutrients such as flavones [65], vitamin A
[66] and ascorbic acid [67,68] reduce the replication of some
viruses. This occurs by interference with the viral replication,
between viral uncoating and the initiation of viral RNA
synthesis [65]. Our TCID50 results showed that lycopene
significantly decreased viral replication of RV-1B by 85%
(Pb.05). There was also a trend suggesting that lycopene
decreased RV-43 replication (nonsignificant). Therefore, by
decreasing viral replication, lycopene could indirectly lead to
a decrease in the release of inflammatory mediators from
infected cells. Decreased IP-10 production by cells is
reportedly associated with low rhinovirus replication in the
cells [5] that is consistent with our finding of decreased IP-10
levels due to lycopene.

In summary, we have demonstrated a method that
effectively delivers and enriches lycopene into cultured
human airway epithelial cells. We have also shown that
presupplementation of these cells with lycopene reduces the
release of IL-6 and IP-10 following RV infection and is
associated with a reduction in viral replication. We also
demonstrated that lycopene reduced the release of IL-6
following exposure to LPS. These results suggest that
lycopene is likely to be working in two ways. Firstly, it
may have a direct inhibitory effect on the formation of ROS
that occur following infection and thereby reduce the
activation of NF-κB via lycopene's redox-based activity.
However, it is also likely that it is causing a reduction in viral
replication directly and thereby reducing the release of IP-10,
the mechanism by which remains unclear. This work
demonstrates that the use of lycopene may potentially reduce
the inflammatory effects of RV infection on the airway
epithelium. The implication being that relative deficiency in
lycopene or other carotenoids may be important in suscept-
ibility to the effects of RV infection. Furthermore, manipula-
tion of lycopene may have a preventive or treatment role in
RV infection especially in the context of asthma.
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