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Introduction

Allergic asthma is a chronic, inflammatory disorder of the sputum of human asthmatics.

An immune-shift induced by lycopene; from an
eosinophil-dominant type towards an eosinophil/
neutrophil-co-dominant type of airway
inflammationt

Attila Bacsi, €2 Renata Lucas,” Maté Istvan Suts, © @< Monika Szklenar,®
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Lycopene as the main carotenoid from tomatoes is known to have beneficial effects on various inflamma-
tory diseases. In mice, lycopene ameliorates asthma symptoms and in human asthmatic patients serum
lycopene levels are reduced. To further investigate the immunomodulatory effect of lycopene, first, we
used a ragweed pollen extract (RWE)-induced asthma model in mice. In a second approach, we estab-
lished a RWE-induced asthma model in gerbils, because of a more human-like carotenoid absorption in
these animals. In RWE-sensitized/RWE-challenged gerbils (C+) following a basal diet, mainly the number
of eosinophils in the broncho-alveolar lavage (BAL) significantly increased, comparable to RWE-sensi-
tized/PBS-challenged gerbils (C-). In RWE-sensitized/PBS-challenged gerbils with lycopene-supplemen-
tation (L—), an elevated number of mainly neutrophils, in addition to eosinophils, was detected compared
to C—, whereas in RWE-sensitized/RWE-challenged animals with lycopene-supplementation (L+), mainly
increased neutrophil numbers in BAL were detected compared to C+. Furthermore, using LC-MS, we
determined an array of eicosanoids/docosanoids in the lungs and observed that 5-, 8-lipoxygenase (LOX)
and cyclooxygenase (COX) pathways were significantly increased after intranasal RWE-challenge in sensi-
tized mice and just by tendency in gerbils. In PBS- and RWE-challenged animals, lycopene-supplemen-
tation significantly raised COX-pathway metabolites. In conclusion, we found that lycopene-supplemen-
tation resulted in an increased inflammatory influx of neutrophils in combination with increased COX-
pathways metabolites. This pro-inflammatory, pro-neutrophil activity induced by lycopene might be an
important shift from allergic asthma towards an inflammatory symptomatic asthma type, though with the
potential for resolution.

LTC4,>® as well as the prostaglandins E2 and D2,”'° which
are strongly upregulated in bronchoalveolar lavage samples or
»%61L12 These derivatives

airways. Various eicosanoids and docosanoids are strongly mainly originate from the cyclooxygenase-2 (COX-2), and

increased and are considered as markers of this pro-inflamma-  5-lipoxygenase (5-LOX) pathways.

13,14

tory disease." In the focus are the leukotrienes B4 (LTB4) and Asthma incidence was described to be associated with caro-
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tenoid intake.">'® Endogenous carotenoid blood levels of

f-carotene, lutein, p-crytoxanthin and lycopene were described
19724 The major carotenoid in the
western diet is lycopene, the red pigment originating from
tomatoes and tomato based products in the food as well as in
the human body.>” Recent studies describe that especially lyco-
pene supplementation can be beneficial for asthma.**™®
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nutritional and endogenous relevance for these antioxidant
mediated effects are discussed controversially.>® Novel studies
point towards lycopene functioning as a precursor of various
nuclear hormone receptor ligands, ranging from retinoic acid
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receptor (RAR), the retinoid X receptor (RXR) and the peroxi-
some proliferator-activated receptor (PPAR).3*3*
Unfortunately, no specific ligand was identified until now and
was only recently postulated.**

The aim of our study was to investigate the effect of lyco-
pene-supplementation in an appropriate animal model, with
similar carotenoid metabolism and nutri-kinetics as in
humans, the Mongolian gerbil.*® Unfortunately, the mostly
used animal model for asthma is the mouse, with carotenoid
metabolism hardly comparable to humans.*® Initially, we com-
pared these two animal models, using ragweed pollen extract
(RWE) for sensitization and challenge,’”*® and then further
investigated supplemental lycopene effects on inflammatory
cell influx, pro-inflammatory and pro-resolving eicosanoids/
docosanoids and antioxidant response.

Materials and methods
Animal experiments

Mice. Experiments were carried out on 8-week-old female
Balb/c mice (Charles River, Vac, H). Animals were randomly
divided into two groups (6 mice each). Care and handling of
animals followed the Helsinki Declaration, European Union
regulations and adhered to the guidelines of the Committee
for Research and Ethical Issues of IASP. All animal study proto-
cols were approved by the Animal Care and Protection
Committee at the University of Debrecen (#7/2011/DE MAB).
Animals were maintained in the pathogen-free animal facility
of the University of Debrecen.

Sensitization and intranasal challenge of mice. All mice
were sensitized with 2 intraperitoneal administrations (on days
0 and 4) of 150 pg per injection endotoxin-free ragweed
(Ambrosia  artemisiifolia) pollen extract (RWE, Greer
Laboratories, Lenoir, NC, USA), combined in a 3:1 ratio with
alum adjuvant (Pierce Laboratories, Rockford, IL, USA) as pre-
viously described.>” On day 11, mice were challenged intrana-
sally with 100 pg RWE dissolved in 60 pl of phosphate
buffered saline (PBS, PAA Laboratories, Pasching, A), or with
same volumes of PBS as a vehicle. On day 14, mice were eutha-
nized and allergic inflammation was evaluated.

Mongolian gerbils. Female Mongolian gerbils (Meriones
unguiculatus) were also used as experimental animals (Charles
River, Budapest, H). The gerbils were sorted into four groups
12 weeks after birth (n = 6 per group). The body weight of the
animals was measured and the average weight was used for
calculating dosages during the dietetic and experimental treat-
ments. The grouping was based on the specific diet and intra-
nasal challenge.

Dietary supplementation. Two groups of Mongolian gerbils
(n = 6 per group) were treated by oral gavage with Cremophore
EL solution (25%) as control groups. The other two groups (n =
6 per group) were supplemented with purified lycopene (a gift
from CONESA, Badajoz, ES) solubilized in Cremophor EL solu-
tion (25%). The dosages of the solutions were calculated based
on the average body weight of the experimental animals,
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which was 55 g, and was measured one day before the first
gavage treatment. The lycopene dosage was 100 mg per kg bw.
The dietary supplementations of the gerbils were administered
as lycopene or control administration on every second day,
within a period of two weeks.

Sensitization and intranasal challenge of gerbils. The experi-
mental animals were sensitized on the second and the sixth
day with intraperitoneal injections of endotoxin-free ragweed
extract (320 pg RWE per animal), mixed with alum adjuvant
(Pierce Laboratories) in a 3 :1 ratio. On day 13, parallel groups
of animals were treated with RWE solution (240 pg in 120 pl
PBS) intranasally. The control groups receiving the base diet
and the lycopene rich diet fed animals were challenged intra-
nasally with 120 pl PBS per animal by treatment.

Evaluation of allergic inflammation. Inflammatory cell infil-
tration into the airways was assessed by the analysis of the
bronchoalveolar lavage (BAL) fluid at 72 h after intranasal
allergen challenge as previously described.*® To collect BAL
fluid samples, animals were euthanized with ether and their
tracheas were cannulated. Lavage was performed with 2 ali-
quots of 0.7 ml of ice-cold PBS. The BAL fluid samples were
centrifuged (400g for 10 min at 4 °C), the supernatants were
then removed and stored at —80 °C for further analysis. Total
cell counts in the BAL fluid were determined from an aliquot
of the cell suspension. Eosinophils, neutrophils, lymphocytes
and macrophages on Wright-Giemsa-stained cyto-centrifuge
preparations were enumerated by counting at least 400 cells.

After the lavage, lungs were removed and either immedi-
ately frozen at —70 °C until the HPLC-ESI-MS-MS analysis, or
fixed for histology by inflating with formalin as previously
described.”” The formalin-fixed lungs were embedded in
paraffin, sectioned at a thickness of 4 pm, and stained with
hematoxylin and eosin. Stained sections were analyzed by
using a DP21-CU 2-megapixel digital color camera (Olympus
America, Center Valley, PA, USA) mounted on a motorized
IX-81 inverted microscope (Olympus).

HPLC-ESI-MS-MS analysis of free fatty acids, eicosanoids and
docosanoids in the lungs

The previously described procedure for the HPLC-ESI-MS-MS
method was followed, with minor modifications.?**°

Sample preparation. The entire analytical sample prepa-
ration procedure is based on an established method used for
retinoid quantification. In summary, to 50 mg of lung tissue,
150 pl acetonitrile was added and the lung samples were cut
with scissors into small pieces on ice. These mixtures were
shaken for 3 min, the precipitated protein was centrifuged at
15 700g (4 °C, 6 min), 130 pL of the resulting supernatant was
spiked with 10 pl isotope supernatant mix, evaporated in
Eppendorf reaction vials at 30 °C for ~60 min, until the
sample volume was ~10 pl. The Eppendorf concentrator was
flushed with argon to prevent degradation of eicosanoids and
docosanoids. The dried extract was resuspended in approxi-
mately 25 pl of HPLC solvent A (64.3% water (water,
Chromasolv Plus from Sigma-Aldrich, H) and 35.5% aceto-
nitrile (Merck KGaA, D) and 0.2% formic acid (Fluka, H)) to
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yield 35 pl, then vortexed (15 s), shaken (3 min) and trans-
ferred into micro-injection inserts vials (Waters, H). These
glass vials with the 35 pl extract were transferred into brown
screw top vials with PTFE/silicone septa sample (Waters, H)
and placed in the pre-cooled (15 °C) autosampler of the Waters
2695XE separation module.

Chromatographic system. The HPLC system consisted of a
Waters 2695XE separation module (Waters, H) including a gra-
dient pump, autosampler, degasser and a heated column com-
partment. An MS-MS detector with an ESI ionizing option was
used (Micromass Quattro Ultima PT from Waters, UK) as a
detector. The system was controlled via the MassLynx software
(Waters, H).

HPLC conditions. The eluents were degassed in the Waters
2695XE separation module prior to mixing, then passed
through an in-line filter (1-2 pm; Knauer, D) before reaching
the analytical column (LiChroCART, 125 x 2 mm; Superspher
100, RP-18, endcapped) from Merck KgaA (D) embedded in the
column compartment. A multilinear gradient was formed
from solvent A (see above) and solvent B (methanol; Merck
KGaA D). The gradient consisted of the following steps:
0.0 min 20% B, 3.0 min 20% B, 5.0 min 60% B, 15.0 min 100%
B, 15.9 min 100% B and 16.0 min 5% B. The flow rate was
adjusted to 0.4 ml min™" and the column was heated to 40 °C.
From the same biological extract, 10 ul for each HPLC analysis
was used. This step was performed twice, using the same
HPLC conditions and two different MS-MS analysis options
for better resolution and quantification of the various
analytes.

MS options. The Micromass Quattro Ultima PT was con-
trolled via the MassLynx software. Argon with an inlet pressure
of 0.8 bar was used. ESI (electro spray ionization source,
Waters, Hungary) was flushed by nitrogen continuously pro-
duced by the nitrogen generator (Peak Scientific NM30
Nitrogen generator), including the compressor (Waters, H),
with the inlet flow set at 3.6 x 10~ mbar.

Multiple reaction monitoring settings. ESI, with a negative
ESI setting, was performed with the HPLC eluent, following
the ion source temperature of 85 °C. The desolvation gas flow
was 780 1 h™') the desolvation temperature was 400 °C, the
cone gas flow was 10 1 h™", the capillary current was 3 pA, and
the cone voltage was 50 V. Aperture voltage was set at 0 V and
the RF lens voltage was set at 35 V (for 1) and 0.2 V (for 2). The
analyzer settings were LM1 resolution 14.5; HM1 resolution
14.5; Ion energy 1 0.7; entrance —1; collision 0 (collision para-
meters are set for each substance at the MS - method para-
meters); exit 2; LM2 resolution 14.5; HM2 resolution 14.5; ion
energy 25.0 and a multiplier energy of 650 V.

Multiple reaction monitoring settings for PUFA, eicosa-
noids/docosanoids semi-quantification. Method A; from
0.0-9.0 min for PGF2 349.0 — 192.7, collision energy 22 eV;
PD1 and PD1 isomers such as PDX 359.0 — 153.3, collision
energy 17 eV; TXB2 369.0 — 195.0, collision energy 13 eV,
PGE3 349.0 — 233.0, collision energy 17 eV, LXA4/LXB4 351.0
— 115.0, collision energy 12 eV, 8i-PGF3 351.0 — 193.0, col-
lision energy 22 eV, 20-COOH-LTB4 365.0 — 195.0, collision

6536 | Food Funct, 2022,13, 6534-6544

View Article Online

Food & Function

energy 13 eV, RvD1, RvD2 375.0 — 141.3, collision energy 13
eV; RVE1l 375.1 — 141.3, collision energy 13 eV; from
9.0-12.5 min for 13-HODE 294.7 — 170.7, collision energy 16
eV; 9-HODE 294.7 — 194.7, collision energy 16 eV; 5-HEPE
317.0 — 115.0, collision energy 17 eV; 12-HEPE 317.0 — 179.0,
collision energy 17 eV; 15-HEPE 317.0 — 219.0, collision
energy 17 eV, LTC4 623.9 — 272.0, collision energy 14 eV from
12.5-16.0 min for LA 279.3 — 279.0, collision energy 10 eV;
8-HEPE 317.0 — 255.0, collision energy 17 eV, 18-HEPE 317.0
— 259.0, collision energy 17 eV; 5-KETE, 12-KETE and
15-KETE 317.0 — 273.0, collision energy 17 eV, 20-HETE 319.0
> 245.0, collision energy 10 eV; LTC4 623.9 — 272.0, collision
energy 14 eV; from 12.5-16.0 min for LA 279.3 — 59.2, col-
lision energy 25 eV; EPA 301.0 — 203.2, collision energy 12 eV;
AA 303.0 — 259.3, collision energy 11 eV, DHA 327.1 — 29.3,
collision energy 14 eV.

Method B; from 0.0-9.8 min for PGE2, d15d12PGD2, PGD2,
d15d12PGJ2, PGJ2 315.0 — 271.3, collision energy 13 eV; LTB5
333.0 — 195.0, collision energy 13 eV; LTB4 335.0 — 195.0, col-
lision energy 13 eV; RvE1 349.1 — 195.3, collision energy 13
eV; HXA3, HXB3, 20-COOH-AA 335.0 — 273.3, collision energy
13 eV; LXA5 349.0 — 115.0, collision energy 12 eV; 20-OH-LTB4
351.0 — 195.0, collision energy 13 eV; MAR 359.0 — 250.0, col-
lision energy 13 eV; from 9.8-12.5 min for 5-HETE 318.7 —
115.0, collision energy 14 eV; 8-HETE 319.0 — 155.0, collision
energy 14 eV; 11-HETE 319.0 — 167.0, collision energy 14 eV;
12-HETE 319.0 — 179.0, collision energy 14 eV; 15-HETE 319.0
— 218.9, collision energy 11 eV; 4-HDHA 343.0 — 101.0, col-
lision energy 10 eV; 10-HDHA 343.0 — 181.0, collision energy
10 eV; 14-HDHA 343.0 — 205.0, collision energy 10 eV;
17-HDHA 343.0 — 245.0, collision energy 14 eV, 20-HDHA
343.0 — 285.0, collision energy 10 eV; 13-KODE 293.0 — 249.0,
collision energy 17 eV and from 12.5-16.0 min for LA 279.3 —
59.2, collision energy 25 eV; EPA 301.0 — 203.2, collision
energy 12 eV, AA 303.0 — 259.3, collision energy 11 eV, DHA
327.1 - 229.3, collision energy 14 eV.

Standard solutions. Stock solutions of the PUFAs, eicosa-
noids and docosanoids were prepared by dissolving the solu-
tions obtained from Cayman-Chemicals (Tallin, EST), BioMol
International (Kastel-Med KFT, Budapest, H), Sigma-Aldrich
(Budapest, H), Larodan Lipids (Malmo, S) and Dr Charles
Serhan (Harvard University, MS, USA) with methanol to yield a
final concentration of 10 pg ml™'. All stock solutions were
stored in darkness at —80 °C. The reference PUFAs, eicosa-
noids and docosanoids were used for the assay validation.

Quantification. Individual eicosanoids and docosanoids
were quantified based on the determination of the “Area
Under the Curve” (AUC) and compared with the AUC of stan-
dard compounds. To ensure optimal extraction, isotopically
labelled standard compounds were used as described earlier.*
This analytical procedure was established for liquids and
tissue analysis.

Antioxidant activity

To measure total antioxidant capacity of the airways, BAL was
obtained as described above. The BAL fluid samples were cen-
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trifuged (400g for 10 min at 4 °C) and then the total anti- Capacity Assay Kit (Abcam, Cambridge, UK). A standard of
oxidant potential was measured in the supernatants spectro- known 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
photometrically at 570 nm, by using a Total Antioxidant (Trolox, included in the kit) concentration was used to create a
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sum 8LOX >50% up-regulated
sum 12LOX <50% up-regulated
sum 15LOX <20% up-regulated
sum COX * not altered

Fig. 1 (A) Percentile amounts of inflammatory cells (macrophages, eosinophils, neutrophils and lymphocytes) extracted from BAL in RWE-sensi-
tized/PBS-challenged mice (M—, n = 6) and RWE-sensitized/RWE-challenged mice (M+, n = 6). (B) Calculated sums and ratios (M—/M+) originating
from eicosanoid/docosanoid analysis displayed as heat maps. For abbreviations, please see Materials and methods section. Error bars indicate SEM
and * — indicates statistical significance based on p < 0.05.
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Fig. 2 (A) Percentile amounts of inflammatory cells (macrophages, eosinophils, neutrophils and lymphocytes) extracted from BAL in RWE-sensi-
tized/PBS-challenged gerbils (C—, n = 6) and RWE-sensitized/RWE-challenged gerbils (C+, n = 6). (B) Calculated sums and ratios (M—/M+) originat-
ing from eicosanoid/docosanoid analysis displayed as heat maps. For abbreviations, please see Materials and methods section. Error bars indicate
SEM and * — indicates statistical significance based on p < 0.05.
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calibration curve (* = 0.98). The results of the assay were
expressed as nmol pL " Trolox equivalents.

Statistics

Comparisons between two groups were performed using
unpaired two-tailed Student’s ¢test for normally distributed
variables with equal variance and Mann-Whitney rank sum
test for data that did not pass normality or equal variance test.
One-way ANOVA followed by Bonferroni’s post hoc test was
used for comparisons for more than 2 groups. The results were
expressed as mean + SEM. Analyses were performed by using
Excel (Microsoft Corporation) and GraphPad Prism Version 6.0
(GraphPad Software Inc.) software. Differences were considered
to be statistically significant at P < 0.05.

Results
Mouse allergic airway inflammation model

In this well established mouse model of allergic airway inflam-
mation,’” we observed increased percentages of eosinophils
and neutrophils in BAL fluid (Fig. 1A) of sensitized mice chal-
lenged with RWE. In addition, strongly elevated sums of 5-,
8-LOX and COX pathways metabolites, as well as significantly
increased sums of AA-, EPA-, and DHA-pathway metabolites
(Fig. 1B), were detected in the lung of these mice. The ratios of
AA-metabolites/AA and EPA-metabolites/EPA were also signifi-
cantly higher (Fig. 1B). Specific lipid-mediators, such as the 5-,
8-LOX, as well as COX pathway lipid-mediators including
LTB4, LTC4, d15d12PgD2, PGD2, PGJ2, TXB2 and PD1, were
also significantly increased in the lung of RWE-challenged
mice compared to those of PBS-challenged controls (ESI
Table 17).

Gerbil allergic airway inflammation model

In the BAL fluid samples of gerbils sensitized and challenged
with RWE, also increased numbers of eosinophils and neutro-
phils were observed (Fig. 2A). In addition, various eicosanoids
and docosanoids (ESI Table 27), as well as their calculated
sums, were only increased in tendency (Fig. 2B), while the
ratio of DHA-metabolites/DHA was significantly increased in
the lung of these animals (Fig. 2B). Individual lipid-mediators,
such as LTB4, 8-HETE, RvD2 and 14-HDHA as well as maresin
(MAR), were significantly increased in the lung of RWE-chal-
lenged gerbils compared to those of PBS-challenged animals
(ESI Table 27).

Influence of lycopene-supplementation on inflammatory cell
distribution in a gerbil allergic airway inflammation model

Lycopene supplementation resulted in increased numbers of
lymphocytes, eosinophils and neutrophils in BAL fluid of
RWE-sensitized PBS-challenged gerbils (Fig. 3A and B). It also
induced some infiltration of inflammatory cells into the peri-
vascular and peribronchial area of the airways (Fig. 5) com-
pared to the control group. In addition, lycopene-supplemen-
tation in RWE-sensitized/RWE-challenged gerbils mainly
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Fig. 3 (A) Percentile amounts of inflammatory cell numbers (macro-
phages, eosinophils, neutrophils and lymphocytes) extracted from BAL
in RWE-sensitized/PBS-challenged gerbils (C—, n = 6), RWE-sensitized/
RWE-challenged gerbils (C+, n = 6), lycopene-supplemented RWE-sen-
sitized/PBS-challenged gerbils (L—, n = 6) and lycopene-supplemented
RWE-sensitized/RWE-challenged gerbils (L+, n = 6). For abbreviations,
please see Materials and methods section. (B) Total numbers of inflam-
matory cells excluding macrophages from n = 6 animals. For A and B;
the error bars indicate SEM, * — indicates statistical significances versus
base diet fed animals while # — indicates statistical significance vs. RWE-
sensitized/PBS-challenged animals. (C) Calculated ratio of neutrophil/
eosinophil numbers. Statistical significance (p < 0.05) is indicated by a
bar on top of the two compared groups.
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increased neutrophils, besides lymphocytes and eosinophil
numbers in BAL fluid (Fig. 3A and B), as well as triggered a
robust accumulation of inflammatory cells in the lungs
(Fig. 5). Calculation of the ratio between neutrophils/eosino-
phils in the BAL fluid in the four gerbil groups indicated a
strong increase of this ratio in lycopene-administered animals
(Fig. 3C).
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Influence of lycopene-supplementation on lung eicosanoid
levels in a gerbil allergic airway inflammation model

Eicosanoid/docosanoid levels, as well as the calculated sum of
COX-pathway metabolites and the sum of AA-metabolites, were
significantly increased in both PBS-challenged, as well as
RWE-challenged gerbils, after

lycopene-supplementation

sum COX *
oL+
sum 15-LOX
M L-
sum 12-LOX
o C+
sum 8-LOX HC-
sum 5-LOX
1 10 100 1000 10000
sum LA-met oL+
sum DHA-met L-
HC+
sum EPA-met M C-
sum AA-met :
1 10 100 1000 10000
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LTB4 PgD2
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< (o3 C+ L- L+ = ¢ C+ L- L+

Fig. 4 (A) Calculated sums originating from eicosanoid/docosanoid analysis displayed as a bar chart. * — indicates statistical significance based on p
< 0.05. For abbreviations, please see Materials and methods section. (B) Concentrations of LTB4 and PgD2 in lung tissue. A line on top of two bars
indicates statistical significance based on p < 0.05. RWE-sensitized/PBS-challenged gerbils (C—), RWE-sensitized/RWE-challenged gerbils (C+), lyco-
pene-supplemented RWE-sensitized/PBS-challenged gerbils (L—) and lycopene-supplemented RWE-sensitized/RWE-challenged gerbils (L+). For
abbreviations, please see Materials and methods section. For A and B; the error bars indicate SEM.
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Fig. 5 Left panels (CTRL); accumulation of inflammatory cells into the lungs after intranasal PBS- or RWE-challenge of RWE-sensitized gerbils on
base diet. Right panels (LYC); accumulation of inflammatory cells into the lungs after intranasal PBS- or RWE-challenge of RWE-sensitized gerbils on
lycopene-supplementation diet. Lungs from gerbils obtained 72 h after intranasal challenges were embedded in paraffin, sectioned, and stained with

hematoxylin and eosin. Original magnification, x40.

(Fig. 4A). The pro-inflammatory 5-LOX lipid-mediator LTB4
was significantly increased after RWE-challenge in gerbils kept
on base diet and remained low in either RWE-challenged or
PBS-challenged animals on lycopene-supplementation
(Fig. 4B). The COX-pathway lipid-mediators PGD2 (shown in
Fig. 4B), PGE2, d15d12PGD2, PGJ2 and d15d12PG]J2, as well as
pro-resolving lipid-metabolites including LXB4, RvD2 and
MAR, were all significantly increased in lycopene-sup-
plemented RWE-challenged gerbils vs. control PBS-challenged
gerbils (ESI Table 27).

Effect of lycopene-supplementation on the total antioxidant
capacity of the airways in gerbils

Intranasal RWE-challenge of the base diet and the lycopene-
supplemented RWE-sensitized gerbils induced statistically sig-
nificant increases in the antioxidant capacity of the BAL fluid
samples when compared to the PBS challenge (p < 0.01 and
0.03) (Fig. 6). However, lycopene-supplementation did not alter
the antioxidant capacity of the BAL fluid samples either in
RWE-challenged or in PBS-challenged animals (Fig. 6). These
findings suggest that effects of lycopene-supplementation on
inflammatory cell distribution in the airways and lung eicosa-
noid levels are likely independent of antioxidant properties of
lycopene.

6540 | Food Funct., 2022,13, 6534-6544

Discussion

The effects of lycopene on asthma in animal models cannot be
studied well in the commonly used mouse models, because of
strong differences in carotenoid metabolism and nutri-kinetics
compared to humans.?® In this study, we established a gerbil
asthma model; using a similar treatment schedule as in a
mouse model, and we determined comparable influx of
inflammatory cells into the airways. In this gerbil model, we
applied lycopene to RWE-sensitized/PBS-challenged and RWE-
sensitized/RWE-challenged gerbils and observed significant
alterations of the influx of inflammatory cells, including lym-
phocytes, eosinophils and especially neutrophils, into the
lungs. This increased influx of inflammatory cells was associ-
ated with an increase of COX-metabolites, with a pivotal pro-
inflammatory/pro-resolving activity (ref. 41 as reviewed in ref.
9), pointing towards a predominant-neutrophil and COX-
metabolite lycopene-mediated inflammatory pathway.
Neutrophils are usually considered as major prominent
cells in asthma development and maintenance, and its
numbers in BAL are associated with the severity and acute
exacerbation of asthma.””™*> We observed a strong increase of
neutrophils in BAL of non-sensitized animals, as well as in
sensitized animals following lycopene-administration. This
may mean that lycopene is a critical risk factor in asthma

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Antioxidant potential was measured spectrophotometrically in
the supernatant of the BAL fluid samples and expressed as Trolox
equivalents. Data are presented as means + SEM. RWE-sensitized/PBS-
challenged gerbils (C—, n = 6), RWE-sensitized/RWE-challenged gerbils
(C+; n = 6), lycopene-supplemented RWE-sensitized/PBS-challenged
gerbils (L—; n = 6) and lycopene-supplemented RWE-sensitized, RWE-
challenged gerbils (L+; n = 6).

development and chronification, which seems to be in contrast to
many supplementation studies in mice and humans."”>®2%4
The main difference is that (a) we used an animal model with
good carotenoid absorbance and comparable metabolism to
humans in contrast to the less appropriate animal model, Ze.
mouse®® and (b) we employed pure lycopene supplementation,
while all other studies used tomato extracts*>>”*° rich in lycopene
plus other carotenoids and retinoids.

Our previous studies pointed towards lycopene as a precursor
of further still unidentified ligands of nuclear hormone receptors,
such as peroxisome proliferator-activated receptors (PPARS), reti-
noid X receptor (RXR), and most importantly the retinoic acid
receptor (RAR).>'>* RAR-ligands have been described to be
involved in pro-allergic and pro-inflammatory, but also pro-resol-
ving effects.>** We predict that also in the gerbil asthma
model, lycopene can efficiently be converted to lycopene-derived
RAR-activators and thereby stimulate immune responses. It
appears that especially lycopene is a factor responsible specifically
for neutrophil proliferation, confirming the theory that lycopene
is a potent source for endogenous still non-identified RAR-
ligands* and further RAR-mediated signaling.*"*> Another
option is that RAR-mediated signaling induces and favors differ-
entiation towards neutrophils.>>> Alternative studies claim that
lycopene is a potent antioxidant, while its endogenous and nutri-
tional relevance still remains controversial.>® In our studies, we
could find no evidence of altered antioxidant activity upon lyco-
pene administration (Fig. 6), confirming the previous vision of
non-nutritional relevance via this mechanism.

This increase of mainly neutrophils in gerbils goes also
“hand in hand” with strongly increased COX-metabolites, such
as prostaglandins D, F, J and E, as well as thromboxane B2,
indicating a general strong increase of a non-allergy specific
immune response,*>***> but also a potential start of further
pro-resolving activities.”*®®" An allergy specific immune

This journal is © The Royal Society of Chemistry 2022
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response is mainly an eosinophil driven answer,'"*”*** with
additional high 5-LOX pathway metabolites, such as leuko-
trienes and especially LTB4.>°*%* After lycopene-supplemen-
tation, LTB4 levels were significantly lower or remaining low,
which suggests a potential allergy beneficial activity mediated
via increased eosinophil apoptotic effects, induced mainly by
the  neutrophil-originating ~ COX-metabolite ~ PgD2.”®
Eosinophils were described as major cell types expressing
5-LOX and synthesizing leukotrienes,®®” and were described
to have delayed apoptosis in asthmatics.®® Currently, it is
under discussion whether a switch from the acute 5-LOX/LTB4
inflammation towards a prostaglandin-dominant answer is, in
addition to a chronification of inflammation, being also the
starting point for further pro-resolving processes.*"®’
Activation of PPARy-mediated signaling by prostaglandins’®
for the PPAR and by the heterodimer partner RXR by the
endogenous RXR-ligand 9-cis-13,14-dihydroretinoic acid,”*”*
or by alternative non-identified lycopene-metabolites,**”?
seems to be a crucial step for further resolution and is induced
by lycopene-supplementation. This potential mechanism
corresponds to studies where we found that lycopene has ben-
eficial activity for asthma prevalence and severity.

Usually, in asthmatic individuals, lycopene levels are sig-
nificantly reduced,'®**** which may indicate that (a) too low
lycopene is a risk factor for asthma or (b) the human body is
specifically reducing its circulating lycopene levels and thereby
preventing a potential acute asthma exacerbation. In addition,
in human supplementation studies using lycopene-enriched
food, reduced neutrophil numbers were observed in asth-
matics.”®?*® Again, in these studies not pure lycopene, but food
rich in lycopene, retinoids and other carotenoids was given in
nutritional relevant amounts.?® In contrast and in coherence
with our study, alternative studies also found pro-inflamma-
tory effects associated with lycopene.”*”°

In summary, lycopene supplementation to gerbils resulted
in a general increase of neutrophils and COX-metabolites in
lung tissue, indicating inflammatory chronic asthma type vs. a
pro-allergic type of asthma. The previous conclusion to rec-
ommend lycopene-supplementation and tomato-product-sup-
plementation appears rather controversial, and dietary rec-
ommendations regarding lycopene or tomato products for
asthma prevention should still be considered with care.
Human supplementation or treatment studies employing pure
lycopene or tomato products should be studied in further
detail and under long-term supplementation in patients with
chronic asthma or during asthmatic sensitization.
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