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Introduction

Unveiling the anti-inflammatory potential of
11p,13-dihydrolactucin for application in
inflammatory bowel disease managementf

Melanie S. Matos, (2 #° Maria Angeles Avila-Galvez, < Antonio Gonzalez-Sarrias,
Nuno-Valério Silva,* Carolina Lage Crespo, (2 © Anténio Jacinto, (2 ©¢

Ana Teresa Serra,®® Ana A. Matias® and Claudia Nunes dos Santos () x2b.ce
Management of inflammatory bowel disease (IBD) poses significant challenges, and there is a need for
innovative therapeutic approaches. This study investigates the anti-inflammatory properties of the dietary
sesquiterpene lactone (SL) 11p,13-dihydrolactucin, which can be found in chicory, in three distinct comp-
lementary models of intestinal inflammation (two cell models and a zebrafish model), offering compre-
hensive insights into its potential application for IBD treatment alternatives. In a triple cell co-culture com-
posed of Caco-2, HT29-MTX-E12, and Raji B, 11p,13-dihydrolactucin demonstrated remarkable anti-
inflammatory activity at several levels of the cellular inflammatory response. Notably, 11p,13-dihydrolactu-
cin prevented the activation of critical signalling pathways associated with inflammation, namely NF-xB
and MAPK p38. This SL also decreased the release of the neutrophil-recruiting chemokine IL-8.
Additionally, the compound reduced the gene expression of IL-6 and TNF-a, as well as the gene and
protein expression of the inflammatory inducible enzymes iINOS and COX-2. In a myofibroblast-like
human cell model, 11p,13-dihydrolactucin decreased the release of the cytokine TNF-a and the COX-2-
derived inflammation mediator PGE,. Finally, in a zebrafish model of gut inflammation, 11f,13-dihydrolac-
tucin effectively reduced neutrophil infiltration, further supporting its anti-inflammatory efficacy in a phys-
iological context. Collectively, our findings highlight the promising anti-inflammatory potential of 11p,13-
dihydrolactucin across various facets of intestinal inflammation, providing a foundation for the consider-
ation of chicory as a promising candidate for incorporation in food or nutraceutical products for the
potential prevention of IBD.

the two main manifestations of IBD, leading to a substantially
impaired quality of life, due to clinical relapses, recurrent

Chronic inflammation, generally characterized by the sus-
tained release of pro-inflammatory mediators, has been impli-
cated in the pathogenesis of several diseases." Inflammatory
Bowel Disease (IBD) is an example of such and is characterized
by chronic, self-destructive inflammation of the gastrointesti-
nal tract. Crohn’s disease (CD) and ulcerative colitis (UC) are
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need for surgery, and increased risk of developing colon
cancer.” It is estimated that IBD affected nearly 5 million
people globally in 2019, and the worldwide incidence and
prevalence have been rapidly increasing.® The disease was first
more prevalent in Western Europe and North America but, in
the past decades, the incidence has grown in countries from
Asia, Eastern Europe, and Africa, in line with emerging altera-
tions in dietary habits and industrialization.>* IBD can arise
in all ages, and there seems to be a gender distinction in
terms of susceptibility, with females being more likely to
develop CD, while males have a higher likelihood of being
diagnosed with UC.”

Current therapeutic approaches, such as immunosuppres-
sants, present many drawbacks, including risk of relapse or
failure to induce remission, as well as side effects and high
costs.® Consequently, there is a pressing need to identify novel,
effective compounds that can mitigate intestinal inflammation
while minimizing side effects. The exact cause of IBD remains

This journal is © The Royal Society of Chemistry 2024
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elusive, but it is believed to stem from a complex interplay of
factors, encompassing genetic predisposition, microbiota
alterations, and environmental triggers that can precipitate
abnormal immune reactions.® The association between dietary
patterns and the pathogenesis of IBD has been extensively
documented. This recognition has spurred the exploration of
diverse dietary interventions in both animal models and
human subjects, aimed at assessing the influence of different
diet constituents on the course of IBD.*”'° Given the recog-
nized role of diet in mitigating non-communicable diseases,
considerable attention has been directed toward the potential
benefits of various plant-derived foods in preventing con-
ditions such as IBD. Indeed, there are several reports on the
potential of natural extracts to decrease intestinal inflam-
mation. For instance, extracts from cactus pear, or blackcur-
rant and bilberry, were shown to decrease inflammation bio-
markers in differentiated Caco-2 cells,'"'* while an olive leaf
extract has been reported to reduce intestinal inflammation in
a mice model of colitis.”* In this regard, dietary plant-derived
bioactive compounds, such as sesquiterpene lactones (SLs),
have been attracting attention due to their potential to modu-
late inflammation.'*

SLs constitute a diverse group of lipophilic terpenoids
mainly found in the Asteraceae family. These compounds are
consumed through our diet, sourced from plants such as
chicory (Cichorium intybus L.), and exhibit promising health-
promoting properties.’**® The usage of chicory is popular for
culinary and industrial applications. The leaves are mainly
used for salads, and the roots are commercially exploited to
produce inulin, which is used as a sugar substitute and dietary
fibre to promote gut health.'® Inulin processing comprises the
removal of terpenes, including sesquiterpene lactones, due to
their bitter taste. However, due to the inherent value of these
discarded SLs, there is a compelling opportunity to harness
the full potential of chicory as a dietary source of numerous
compounds with health benefits. SLs are known to combat
inflammation by blocking the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and nuclear factor
of activated T-cells (NFAT) pathways, both of which have a
central role in the expression of genes involved in inflam-
mation, including the pro-inflammatory cytokines interleukin-
1B (IL-1p), interleukin-6 (IL-6), interleukin-8 (IL-8), and tumour
necrosis factor o (TNF-o)."” There are also reports demonstrat-
ing the ability of SLs to prevent the expression of inflammatory
enzymes, such as inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2), as well as the phosphorylation of
mitogen-activated protein kinase (MAPK) proteins, namely
p38.17’18

Although there are not many reports on chicory SLs, we
recently reported that the guaianolide 11p,13-dihydrolactucin,
a lactucin derivative present in chicory, significantly reduced
inflammation in a yeast reporter system based on the activity
of Crz-1, the yeast orthologue of the human NFAT.'® Due to the
promising results obtained in our previous research, we
decided to further explore the anti-inflammatory potential of
11p,13-dihydrolactucin, thus embarking on the quest to ident-
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ify novel therapeutic agents for the treatment of IBD. For this
purpose, we performed an initial evaluation of the ability of
the four major chicory SLs to prevent IL-8 release in a triple
cell co-culture of the inflamed intestinal mucosa, and after
confirming the anti-inflammatory potential of 11p,13-dihydro-
lactucin, the impact of this SL on the release and expression of
key inflammatory players was further analysed, using three
physiologically relevant models of the inflamed intestinal
mucosa: (1) a triple cell co-culture composed of absorptive
enterocytes, mucus-secreting goblet cells, and antigen-uptake
facilitator microfold cells; (2) a myofibroblast-like human cell
line; and (3) a zebrafish in vivo physiological model of gut
inflammation, triggered by a high-cholesterol diet. These
complementary models provide the means to seek information
regarding the different stages of the intestinal inflammatory
response and will contribute to elucidating the mechanisms of
action of 11f,13-dihydrolactucin in IBD.

Experimental section
Chemicals

Parthenolide and costunolide were acquired from Sigma-
Aldrich (SML0417, P0667) (Gillingham, UK). Lactucin, lactuco-
picrin, 11f,13-dihydrolactucin, and 11p,13-dihydrolactucopi-
crin were acquired from Extrasynthese (3809, 3813, 3810, 3811)
(Genay Cedex, France). BMS-345541 was purchased from
Abcam (ab144822) (Cambridge, UK).

Cell culture

Human colon carcinoma Caco-2 cells (DSMZ, Braunschweig,
Germany), mucus-secreting HT29-MTX-E12 subclone (ECACC,
Dublin, Ireland), and human Burkitt’s lymphoma Raji B cells
(ECACC, Oxford, UK) were routinely grown separately in high
glucose, high pyruvate, Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Life Technologies, Grand Island, NY, USA),
supplemented with 10% (v/v) of heat-inactivated fetal bovine
serum (FBS) (Biowest, Nuaill¢, France), 100 units per mL peni-
cillin, 100 pg mL™" streptomycin (Gibco, Life Technologies,
Grand Island, NY, USA), and 10 mM nonessential amino acids
(Gibco, Life Technologies, Paisley, UK). These three cell lines
were cultured in a humidified atmosphere at 37 °C with 5%
CO,. The myofibroblast-like human cell line (CCD-18Co) was
obtained from the American Type Culture Collection (ATCC,
Rockville, USA) and cultured as described elsewhere.*

Caco-2 cells were used between passages 13 and 47, HT29-
MTX-E12 between passages 55 and 75, Raji B between pas-
sages 11 and 36, and CCD-18Co cells were from passages 27 to
32.

Caco-2:HT29-MTX-E12:Raji B triple cell co-culture

Triple cell co-culture preparation. As reported by Cankar
et al,** a co-culture system comprising Caco-2 and HT29-
MTX-E12 cells was seeded on 12 mm Transwell® inserts (poly-
ester membrane, 0.4 pm pore size, Corning CoStar Corp., NY,
USA), in a proportion of 9:1, respectively, and at a total
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density of 1.0 x 10° cell per cm®. After a 14-day co-culture
period, Raji B cells were introduced into the basolateral com-
partment at a concentration of 4.0 x 10* cell per mL, and this
triple co-culture system was maintained for 7 days. To ensure
cell growth and viability, the culture medium was renewed
thrice weekly throughout the entire culture period. This
approach for the development of a model of the inflamed
intestinal mucosa using an already established triple co-
culture®>?® was adapted from prior studies utilizing only Caco-
2 cells,"" and its validity was confirmed through various meth-
odologies, including LDH release and resazurin metaboliza-
tion evaluation, TEER monitoring, fluorescein permeability
assessment, and determination of IL-8 release.>!

To ensure the establishment and integrity of the monolayer,
trans-Epithelial Electrical Resistance (TEER) was monitored
using an EVOM voltmeter (WPI, Berlin, Germany) throughout
the entire culture duration and before each experiment. Only
monolayers exhibiting values of at least 400 Q cm® after a
21-day culture period were selected for the subsequent inflam-
mation assays.

Anti-inflammatory assays in the human triple cell co-
culture. Prior to conducting the inflammation assays, the cells
were washed with PBS (Corning, VA, USA). Subsequently, the
co-culture was exposed, on the apical side, to either a pure SL
or the IKK-1/IKK-2 inhibitor BMS 345541 (Abcam, Cambridge,
UK) in the presence of a pro-inflammatory stimulus, composed
of 10 ug mL ™" lipopolysaccharide (LPS) from Escherichia coli
055:B5 (Sigma-Aldrich, MO, USA) on the apical compartment,
and 25 ng mL™' interleukin-1B (IL-1B) (Sino Biological,
Eschborn, Germany) along with 50 ng mL™' tumor necrosis
factor-alpha (TNF-a) (Peprotech, NJ, USA) on the basolateral
compartment.>!

Primarily, the anti-inflammatory potential of four chicory
SLs (lactucin, lactucopicrin, 11f,13-dihydrolactucin, and
11B,13-dihydrolactucopicrin), along with their precursor costu-
nolide, and the established anti-inflammatory parthenolide,
applied in the apical side of the model, was assessed in the
intestinal cell triple co-culture, in terms of IL-8 release deter-
mination by ELISA. These SLs were tested at a concentration of
10 pM, a non-cytotoxic concentration as determined else-
where.' As an anti-inflammatory positive control targeting the
NF-«xB pathway, the effect of 5 pM BMS 345541 was also
assessed. Then, 11p,13-dihydrolactucin was selected for
further assessment of other inflammation biomarkers by
western blot and RT-PCR.

For the activation of signalling pathways, a 15-minute time-
point was selected after an incubation period screening
aiming at determining the timepoint in which the phosphoryl-
ation levels of NF-kB subunit p65 and MAPK p38 were highest
(ESI Fig. S17).

For IL6 (IL-6), TNF (TNF-a), IL1B (IL-1B), NOS2 (iNOS), and
PTGS2 (COX-2) gene expression, the cells were co-incubated
with the pro-inflammatory stimulus and 11p,13-dihydrolactu-
cin or BMS 345541 for 3 hours, an incubation period shown to
induce a significant increase in the gene expression of these
inflammation-related biomarkers (ESI Fig. S27).
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Following gene expression, 12 hours was the selected time-
point for evaluating the impact of 11p,13-dihydrolactucin on
the protein expression levels of the inflammatory inducible
enzymes iNOS and COX-2. The 12-hour timepoint was selected
following the testing of a range of incubation periods carried
out to determine the moment in which the protein expression
of iNOS and COX-2 was highest (ESI Fig. S37).

Quantification of IL-8 secretion by ELISA. For the evaluation
of IL-8 levels secreted into the cellular supernatants, the triple
co-culture was incubated for 48 hours with the pro-inflamma-
tory stimulus in combination with each of the test compounds,
which were introduced into the apical compartment. The cell
media from both the apical and basolateral chambers were col-
lected, promptly snap-frozen with liquid nitrogen, and stored
at —80 °C until the day of analysis.

The levels of IL-8 were determined using the Human IL-8
(CXCLS8) standard TMB ELISA development kit (Peprotech, NJ,
USA) following the manufacturer’s guidelines. The results were
quantified by measuring absorbance at 450 and 620 nm in a
microplate spectrophotometer (EPOCH 2, Biotek Instruments,
Wonooski, VT, USA). For analysis, each cell media sample was
diluted with PBS to fit within the IL-8 calibration curve
(ranging from 0 to 200 pg mL™") and tested in at least two tech-
nical replicates for each biological replicate (n > 3).

RNA isolation and c¢cDNA preparation. Following a 3-hour
incubation of the triple co-culture with 11p,13-dihydrolactucin
or BMS 345541 in combination with the stimulus, total RNA
was extracted from cells using a High Pure RNA Isolation Kit
(Roche Diagnostics, Mannheim, Germany), following the man-
ufacturer’s guidelines. RNA samples were quantified by
measuring the absorbance at 260 nm in a NanoDrop™ One®
Microvolume UV-Vis Spectrophotometer (Thermo Scientific™,
Thermo Fisher Scientific, MA, USA), and RNA purity was
ensured through the 260/280 nm and 260/230 nm ratios.
Preparation of cDNA was accomplished with the employment
of the ReadyScript™ c¢DNA Synthesis Mix kit (Sigma-Aldrich,
MO, USA) to the RNA samples. All samples were stored at
—80 °C until further analysis.

Evaluation of TNF, IL1B, IL6, NOS2, and PTGS2 gene
expression levels by real-time quantitative PCR. Gene
expression evaluation by real-time quantitative PCR (RT-qPCR)
was performed for the pro-inflammatory cytokines TNF-a,
IL-1f, and IL-6, and the inducible enzymes iNOS and COX-2,
using GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as
a housekeeping gene.

The cDNA obtained in the previous step, by reverse tran-
scription of the extracted RNA, was amplified in a
LightCycler® 480 System (Roche Diagnostics, IN, USA), using
the LightCycler® 480 SYBR Green I Master mix (Roche
Diagnostics, IN, USA), following the manufacturer’s instruc-
tions. The PCR protocol consisted of an initial 10-minute pre-
incubation at 95 °C, followed by 40 amplification cycles com-
prised of 10-second denaturation at 95 °C, 20-second anneal-
ing at a primer-dependent temperature, and 30-second exten-
sion at 72 °C. KiCqStart™ SYBR® Green Primers (Sigma-
Aldrich, MO, USA) were employed: FH1_TNF/BH1_TNF for

This journal is © The Royal Society of Chemistry 2024
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TNF; FH2_IL1B/BH2_IL1B for IL1B; FH1_IL6/BH1_IL6 for IL6;
FH1_NOS2/BH1_NOS2 for NOS2; and FH1_PTGS2/BH1_PTGS2
for PTGS2.

The annealing temperatures used in the PCR amplification
protocol were 58 °C for GAPDH, TNF, IL1B, and IL6; and 55 °C
for GAPDH, NOS2, and PTGS2. The specificity of the amplifica-
tion was confirmed by performing a melting curve.

Gene expression levels were normalized to the expression of
the housekeeping gene GAPDH for each condition, and the
fold change relative to the control was calculated based on the
comparative cycle threshold (Ct) using the Pfaffl method,**
which considers primer efficiency values (E). Data are pre-
sented as the mean + standard deviation (SD) from at least
three independent biological replicates. The following
equation was used:

Fold change = E ~44C

Protein extraction and quantification. For total protein
extraction, the RIPA lysis and extraction buffer (Thermo
Scientific, IL, USA) was employed, in combination with the
Halt™ protease and phosphatase inhibitor cocktail, EDTA-free
(Thermo Scientific, IL, USA) (dilution 1:100 in RIPA). Protein
quantification was then accomplished using the Micro BCA
Protein Assay Kit (Thermo Scientific, IL, USA), following the
guidelines specified by the manufacturer. Protein extracts were
diluted in PBS to fit within the bovine serum albumin (BSA)
calibration curve (ranging from 0 to 20 ug mL™") and tested in
at least two technical replicates for each biological replicate (n
> 3).

Assessment of iNOS and COX-2 protein expression levels
and phosphorylation of NF-kB p65 and MAPK p38 by western
blot. For the analysis of iNOS and COX-2 protein expression
levels, the anti-inflammatory assay was carried out for
12 hours, followed by protein extraction and quantification.
For the evaluation of the NF«xB and MAPK pathways, two
approaches for the phosphorylation analysis were used: (1) co-
incubation approach in which the cells were simultaneously
exposed to the selected compound (BMS 345541 or 11f,13-
dihydrolactucin) and the inflammatory stimulus for
15 minutes; and (2) pre-incubation approach, in which the
cells were incubated with the selected compound for 4 hours
before the induction of a 15-minute inflammatory stimulus.

Samples were separated by SDS-PAGE and proteins were
transferred onto nitrocellulose membranes, as previously
described."® Rabbit anti-iINOS (1:1000), rabbit anti-p65 and
rabbit anti-phospho-p65 (1:1000), rabbit anti-p38 and rabbit
anti-phospho-p38 (1:1000) (E2M9F, D14E12, 93H1, D13E1,
D3F9, Cell Signalling Technology, Inc., MA, USA), and rabbit
anti-COX-2 (1:1000) (EP1978Y, Abcam, Cambridge, UK) were
used as primary antibodies for the proteins of interest. Mouse
anti-f-actin (1:1000) (8H10D10, Cell Signalling Technology,
Inc., MA, USA) was employed as a primary antibody for the
loading control in all cases. Species-specific HRP-conjugated
secondary antibodies, namely sheep anti-rabbit (1:2000) and
horse anti-mouse (1:3000) (7074 and 7076, Cell Signalling
Technology, Inc., MA, USA), were then applied. The ensuing
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signal was detected using the Clarity Western-enhanced che-
miluminescence (ECL) (Bio-Rad Laboratories, Inc., CA, USA)
on an iBright FL1500 transilluminator (Invitrogen, Thermo
Fisher Scientific, MA, USA). Protein levels for all proteins
under study were normalized to the loading control in the
same membrane. For NF-«kB p65 and MAPK p38, results are
presented as the ratio between the normalized forms of phos-
phorylated and non-phosphorylated protein. Data are pre-
sented as the mean + standard deviation (SD) from at least
three independent biological replicates.

IL-1f-treated human colon-derived CCD-18Co myofibroblast
cells

Cytotoxicity evaluation. The MTT assay was used to evaluate
the ICs, of 11p,13-dihydrolactucin to select non-cytotoxic doses
in this inflammatory model. CCD-18Co cells were seeded at a
total density of 1.0 x 10* cell per cm® in 96-well plates in
normal culture medium and incubated for 3 days before treat-
ments. 11p,13-Dihydrolactucin was solubilized in DMSO
(<0.5% in the culture medium) and filter-sterilized (0.2 pm)
before addition to the culture media. The treatments consisted
of a range of 9 concentrations between 0.1 and 100 pM (ESI
Fig. S47) to calculate the concentration that inhibited cell
growth by 50% relative to the control condition (0.5% DMSO),
L.e., the IC5, value, at 24 hours of incubation. After treatments,
a mixture of 50 pL of MTT (5 mg mL™") and 200 pL of serum-
free medium was added to PBS-washed cells and then incu-
bated at 37 °C for 4 hours. Then, the MTT reaction agent was
removed, and 100 pL. DMSO was added to the cell culture
plates and incubated at 37 °C for 15 minutes to allow for the
dissolution of purple formazan products. The optical density
(OD) of the coloured solution was measured at 570 nm using a
multimode microplate reader (FLUOstar Omega, BMG
Labtech, Ortenberg, Germany). Data are presented as the
mean + standard deviation (SD) of at least three independent
experiments (n = 6 wells for each compound, dose, and time-
point, per experiment). Finally, the IC5, antiproliferative value
was determined using a four-parameter logistic regression fit.
The calculations were performed using the online tool Quest
Graph™ IC50 Calculator (AAT Bioquest, Inc., Sunnyvale, CA,
USA, https://www.aatbio.com/tools/ic50-calculator).

Inflammatory assay and quantification of TNF-«, IL-6, and
PGE, secretion by ELISA. Once non-toxic doses of SLs were
selected, CCD-18Co cells were seeded at a total density of 1.0 x
10* cell per cm® in 96-well plates in normal culture medium
and incubated for 3 days. Once 80% confluence was attained,
cells were washed twice with PBS and incubated for 24 hours
with fresh medium containing 0.1% serum prior to interleukin
treatment. After 24 hours, cells were treated with 1 ng mL™" of
IL-1p alone or in combination with 11,13-dihydrolactucin (1,
5, or 10 uM) or BMS 345541 (5 pM) for 18 hours. Afterward,
media were collected and frozen at —80 °C until the measure-
ment of inflammatory markers. The assays were repeated 3
times (n = 3) and each experiment was performed in eight
wells. Cell media samples were used for the analysis of TNF-«
and IL-6 using commercially available ELISA kits from
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Peprotech (Rocky Hill, NJ, USA). Besides, the PGE, levels were
measured using an immunoenzymatic method (Cayman
Chemicals, San Diego, CA, USA) according to the manufac-
turer’s instructions. Analysis of the colour intensity at 405 nm,
which is proportional to the concentration of the biomarker,
was measured using a spectrophotometer microplate reader
(Infinite M200, Tecan).

Zebrafish intestinal inflammation model

The in vivo experiments were carried out in a zebrafish model,
as described by Silva et al.®® In brief, transgenic zebrafish
embryos bearing fluorescently labelled neutrophils were raised
with E3 medium supplemented with 0.03% methylene blue in
Petri dishes, at a density not exceeding 50 embryos per dish.
Larvae with homogeneous fluorescent reporter expression,
spontaneous inflammation, and suitable development were
sorted and maintained in a container with E3 medium (sup-
plemented with 0.03% methylene blue) for six days at 28 °C.

Larvae were transferred to 12-well microplates containing
E3 medium without methylene blue (12-15 larvae per well)
and fed with either a 10% w/w cholesterol-enriched diet (HCD)
as the inflammatory insult or a control feed (SPE) three times
over a 24-hour period. To avoid food deposition, media is
replaced before the second feeding time. Handling was made
carefully with a glass Pasteur pipette to avoid wounding or
larvae damage. To allow for intestine emptying, larvae were
then kept in E3 medium for 15 hours without feeding. Larvae
mortality after this procedure, at the end of the whole assay
period, was minor or none, which allowed us to have at least
circa 12 larvae to image and obtain statistical power. Following
these steps, larvae were anesthetized, fixed on 4% paraformal-
dehyde, and imaged in an automated motorized inverted
microscope (Zeiss Axio Observer) using a 10x objective (NA 0.3)
and a mercury lamp. Z-Stack acquisition was performed in 49
focal planes (149 pm range; 3 pm 2 step) to allow for full-depth
visualization of the gut. Neutrophils were imaged in the
mCherry channel (Aex/Aem = 585 nm/610 nm), and brightfield
images were taken to detect the whole area of the gut. The neu-
trophilic inflammation index (NII) was calculated as described
by Silva et al.>® and corresponds to the area fraction occupied
by neutrophils in the defined area of the intestine.

The animal study was reviewed and approved by Animal
User and Ethical Committees at Centro de Estudos de Doencas
Croénicas (CEDOC) - NOVA Medical School, following the
guidelines from the Portuguese National Authority for Animal
Health (DGAV) (approval reference 0421/000/000/2021).

Statistical analysis

All results for the anti-inflammatory effects in vitro are the
averages of at least three independent biological replicates and
are reported as mean + standard deviation (SD). Statistical ana-
lyses of the results were conducted using GraphPad Prism
10.0.2 software (GraphPad Software, San Diego, CA, USA). To
determine whether the means were significantly different (a <
0.05), the results were compared through either a one-way ana-
lysis of variance (ANOVA), followed by the Dunnet test for mul-
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tiple comparisons, or through individual Student ¢-tests, fol-
lowed by the Holm-Sidak test for correction of multiple
comparisons.

Results from in vivo experiments in zebrafish were statisti-
cally analysed by the Kruskal-Wallis test (one-way ANOVA on
ranks) for multiple comparisons.

Results

Anti-inflammatory effects of 11f,13-dihydrolactucin and other
chicory SLs in an intestinal triple cell co-culture

An initial anti-inflammatory screening based on the release of
IL-8 was carried out for four major chicory SLs (lactucin, lactu-
copicrin, 11f,13-dihydrolactucin, and 11p,13-dihydrolactucopi-
crin), along with their precursor costunolide and the already
validated anti-inflammatory SL, parthenolide.®

Following the same rationale as in our previous publi-
cation," a non-cytotoxic concentration (10 uM) of each pure
SL was tested in the triple co-culture model of the inflamed
intestinal mucosa. For each condition, the SL was added to the
apical side for 48 hours in co-incubation with the inflamma-
tory insult, as previously described.”" Chicory SLs lactucin, lac-
tucopicrin, 11p,13-dihydrolactucin, and 11p,13-dihydrolactuco-
picrin, delivered to the apical side, displayed an ability to
decrease IL-8 release to some extent, either on the apical or on
the basolateral side of the cell monolayer (Fig. 1A). However,
the two latter were the most promising compounds, having
caused a decrease in IL-8 release of 20-25% in both the apical
and basolateral sides of the mucosa. The effect of these
chicory SL dihydro-derivatives seemed even more pronounced
than that of the SLs costunolide and parthenolide. In fact, the
prevention of IL-8 release caused by 11p,13-dihydrolactucin
and 11pB,13-dihydrolactucopicrin came close to the results
obtained for the positive control BMS 345541 (5 pM), with the
overall best results being displayed by 11f,13-dihydrolactucin.

11p,13-Dihydrolactucin had previously demonstrated the
most marked anti-inflammatory effect in a yeast reporter
system based on the activity of Crz1, the yeast orthologue of
the human NFAT,'® an effect that has been confirmed in the
human triple co-culture model of the inflamed intestinal
mucosa presented in this study. Based on these data, this SL
was selected for further evaluation. Accordingly, a dose-
response assay was carried out for 11p,13-dihydrolactucin,
between 0.625 and 20 pM (Fig. 1B). Results show that the
reduction of IL-8 release, in both apical and basolateral cell
media, is not potentiated further with increasing concen-
tration higher than 10 pM of the compound. Considering
these results, 10 pM was the concentration chosen for
additional assessment of the anti-inflammatory effects of
11p,13-dihydrolactucin.

To wunderstand if 11p,13-dihydrolactucin specifically
hampers the inflammatory response induced by the mediators
that composed the cocktail individually, these were tested
independently in the co-culture to better understand which
mediator’s inflammatory response is most significantly

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 11p,13-Dihydrolactucin shows anti-inflammatory potential in the human intestinal triple co-culture. (A) IL-8 release assessed by ELISA in both
apical and basolateral cell media of cells treated with an IKK-1/IKK-2 inhibitor (BMS 345541 at 5 uM) or 10 pM of the indicated pure SLs, delivered to
the apical side, for 48 h in co-incubation with the pro-inflammatory stimulus (10 pg mL™ LPS in the apical compartment; 25 ng mL™* IL-1p and 50
ng mL™! TNF-« in the basolateral compartment). (B) IL-8 release assessed by ELISA in both apical and basolateral cell media of cells treated with
BMS 345541 at 5 pM or a range of concentrations of 11f,13-dihydrolactucin, in the apical compartment, for 48 h in co-incubation with the pro-
inflammatory stimulus. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the stimulated control.

affected by 11p,13-dihydrolactucin (Fig. 2). In particular, the
effect of this chicory SL, delivered in the apical side, on the
release of IL-8 into both apical and basolateral cell media was
assessed in cells stimulated with the pro-inflammatory cock-
tail, consisting of 10 pg mL™" LPS on the apical compartment,
and 25 ng mL™"' IL-1f and 50 ng mL~' TNF-a on the basolat-
eral compartment, or with each of these inflammatory
mediators individually.

When the cells were stimulated with the pro-inflammatory
cocktail, 11p,13-dihydrolactucin led to a significant decrease
in IL-8 release to both apical and basolateral compartments
(Fig. 2A). For cells stimulated with IL-1p alone on the basolat-
eral compartment, the IL-8-decreasing effect was much more
pronounced in the basolateral side of the cell monolayer
(Fig. 2B). When TNF-a was used as the sole inflammation
inducer on the basolateral compartment (Fig. 2C), 11p,13-dihy-
drolactucin had a significant anti-inflammatory result in both
sides of the intestinal mucosa, though the percentage of IL-8
decrease was more marked on the apical side. Finally, for
inflammation induced solely by LPS on the apical compart-
ment (Fig. 2D), 11p,13-dihydrolactucin was able to reduce the

This journal is © The Royal Society of Chemistry 2024

percentage of IL-8 release to the apical supernatant but failed
to do so for the basolateral compartment.

IL-6, TNF-a, and IL-1p are also key players in the cellular
inflammatory response. As such, gene expression levels of
these cytokines were also assessed after treatment with 10 pM
of 11p,13-dihydrolactucin in co-incubation with the pro-
inflammatory stimulus for 3 hours (Fig. 3). The effects of
11p,13-dihydrolactucin varied according to the cytokine.
Similarly to BMS 345541, 11p,13-dihydrolactucin caused a
strong reduction (65%) of IL-6 gene expression levels to values
below the ones displayed by the non-inflamed control
(Fig. 3A). In the case of TNF-a, both compounds led to a gene
expression decrease exceeding 60% when compared to the
stimulated control (Fig. 3B). On the other hand, and despite
the apparent reduction tendency, 11p,13-dihydrolactucin failed
to induce a significant gene expression decrease of IL-1p
(Fig. 3C).

To further check the anti-inflammatory potential of 114,13-
dihydrolactucin, the gene and protein expression of two
enzymes induced upon inflammation (iNOS and COX-2) were
analysed (Fig. 4). The reduced gene expression caused by

Food Funct., 2024, 15, 9254-9271 | 9259
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Fig. 2 Anti-inflammatory effect of 11p,13-dihydrolactucin in the human intestinal triple co-culture after inflammation induction with different pro-
inflammatory stimuli. IL-8 release assessed by ELISA in both apical and basolateral cell media of cells treated with BMS 345541 (5 uM) or 118,13-dihy-
drolactucin (10 uM), delivered to the apical side, for 48 h in co-incubation with: (A) the pro-inflammatory cocktail containing 10 ug mL™* LPS in the
apical compartment, and 25 ng mL™ IL-1p and 50 ng mL™* TNF-a in the basolateral compartment; (B) 25 ng mL™* IL-1p in the basolateral compart-
ment; (C) 50 ng mL™ TNF-a in the basolateral compartment; and (D) 10 ug mL™ LPS in the apical compartment. *p < 0.05, ***p < 0.001 relative to
the stimulated control.
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Fig. 3 11p,13-Dihydrolactucin decreases gene expression of pro-inflammatory cytokines IL-6 and TNF-a but does not affect IL-1p gene expression
in the human intestinal triple co-culture. Gene expression levels of IL-6 (A), TNF-a (B), and IL-1p (C) assessed by RT-qPCR after treatment of cells
with BMS 345541 (5 pM) or 11p,13-dihydrolactucin (10 pM), in the apical compartment, for 3 h in co-incubation with the pro-inflammatory stimulus
(10 pg mL~* LPS in the apical compartment; 25 ng mL~* IL-1p and 50 ng mL™ TNF-« in the basolateral compartment). In all cases, gene expression
levels were normalized to the housekeeping gene (GAPDH). *p < 0.05, **p < 0.01, ***p < 0.001 relative to the stimulated control.

11p,13-dihydrolactucin was significant in the case of iNOS
(51%) (Fig. 4A). Concerning COX-2 (Fig. 4B), 11f,13-dihydrolac-
tucin led to a decreased gene expression to approximately 33%
of the inflamed control. Concomitantly with the reduction in
gene expression induced by 11f,13-dihydrolactucin, there was
also a significant reduction in the protein expression of iNOS
and COX-2 in the presence of the inflammatory stimulus
(Fig. 4C and D), to an extent similar to that achieved by the
positive control BMS 345541 in both cases. In particular, when
compared to the stimulated control, 11p,13-dihydrolactucin
led to a reduction of 66% of iNOS protein expression, and 47%
of COX-2 protein expression.

To try to unravel the mechanisms of action by which
11p,13-dihydrolactucin exerts its anti-inflammatory effects, the
impact of this chicory SL was evaluated in two relevant signal-
ling pathways enrolled in the inflammatory response, the NF-
kB and MAPKs pathways (Fig. 5). The phosphorylation status
of the p65 subunit of NF-xB and the MAPK p38 were evaluated
after co-incubation of cells with the test compound and the
inflammatory stimulus for 15 minutes (Fig. 5A and B).
However, the effect observed was very limited, 11p,13-dihydro-
lactucin was unable to prevent phosphorylation of either NF-
KB p65 or MAPK p38. BMS 345541 did not prevent NF-kB p65
phosphorylation but caused a slight decrease in the phos-
phorylation levels of MAPK p38 (Fig. 5B). It is possible that

This journal is © The Royal Society of Chemistry 2024

cells need to be exposed to BMS 345541 for longer periods
than 15 minutes, to allow for an anti-inflammatory effect.
Indeed, we only found literature reports assessing the effect of
BMS 345541 for incubation periods of at least 1 hour before
inflammatory stimulation.””>® To ascertain whether the
reduced time of exposure to compounds could be limiting
their effects we decided to test a prolonged exposure period, in
which the cells were pre-incubated with the test compounds
for 4 hours prior to a 15-minute inflammatory induction
(Fig. 5C and D). This pre-incubation approach led to a signifi-
cant decrease in the phosphorylation levels of both NF-xB p65
(~30%) and MAPK p38 (~20%) by 11p,13-dihydrolactucin.

Effect of 11f,13-dihydrolactucin in an IL-1p-induced intestinal
myofibroblast-like human cell line

Given the important role played by colonic fibroblasts in intes-
tinal inflammation, the anti-inflammatory potential of 11f,13-
dihydrolactucin was also assessed in a human myofibroblast-
like cell line isolated from healthy colon tissue (Fig. 6). In this
experiment, the human cell line CCD-18Co was stimulated
with IL-1p for 18 hours and then the levels of the pro-inflam-
matory cytokines TNF-o and IL-6 were measured in the cell
media, along with the levels of prostaglandin E2 (PGE,), a
major inflammatory molecule resulting from COX-2 activity.
The levels of TNF-« released to the cell media were diminished

Food Funct., 2024, 15, 9254-9271 | 9261
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Fig. 4 11B,13-Dihydrolactucin decreases gene and protein expression of inflammatory inducible enzymes iNOS and COX-2 in the human intestinal
triple co-culture. Gene expression levels of (A) INOS and (B) COX-2 assessed by qRT-PCR after treatment of cells with BMS 345541 (5 uM) or 11p,13-
dihydrolactucin (10 uM), in the apical side, for 3 h in co-incubation with the pro-inflammatory stimulus (10 pg mL™ LPS in the apical compartment;
25 ng mL™ IL-1p and 50 ng mL~* TNF-« in the basolateral compartment). Protein expression levels of (C) iNOS and (D) COX-2 assessed by western
blot after treatment of cells with BMS 345541 (5 uM) or 114,13-dihydrolactucin (10 pM), in the apical side, for 12 h in co-incubation with the pro-
inflammatory stimulus. The gene expression levels of INOS and COX-2 were normalized to the housekeeping gene (GAPDH); the protein expression
levels of the two enzymes were normalized to the loading control (B-actin) in the same membrane. *p < 0.05, ***p < 0.001 relative to the stimulated

control.

by more than 40% upon treatment with non-toxic doses of
11p,13-dihydrolactucin (1-10 pM) (Fig. 6A), similar to what was
observed for BMS 345541 (5 pM). The release of PGE, was also
decreased by the studied SL at the highest dose tested (10 pM)
(Fig. 6B). Conversely, 11p,13-dihydrolactucin was unable to
interfere with IL-6 levels in any of the tested concentrations
(Fig. 6C).

Anti-inflammatory effect of 11f,13-dihydrolactucin in a
zebrafish model of intestinal inflammation

The anti-inflammatory potential of 11p,13-dihydrolactucin was
ultimately validated in vivo in a whole organism setting, using
a transgenic zebrafish model with a fluorescent reporter
expression system in neutrophils.? In this assay, an inflamma-
tory phenotype was induced by a high-cholesterol diet (HCD),
and the ability of 11f,13-dihydrolactucin to prevent neutrophil
infiltration into the gut in zebrafish larvae was measured.
Concentrations of 25 pM and 100 pM were chosen for testing
11p,13-dihydrolactucin in zebrafish. The decision to include
25 pM is supported by the common use of this concentration

9262 | Food Funct, 2024, 15, 9254-9271

in zebrafish drug screens,*® while the higher concentration of
100 uM proves valuable for assessing natural compounds with
low toxicity and potentially lower activity. Results show that
11p,13-dihydrolactucin can significantly decrease neutrophil
infiltration in the gut at a concentration as low as 25 pM, with
no further intensification of such effect with a higher concen-
tration (100 pM) (Fig. 7).

Discussion

In this study, by using different and complementary models of
the inflamed intestinal mucosa, and assessing the effect on
gene and protein expression, as well as the impact on cell sig-
nalling pathways, culminating with a whole organism
response, we attempted to elucidate the anti-inflammatory
mechanisms of action of 11f,13-dihydrolactucin. This study
confirms our previous results revealing 11p,13-dihydrolactucin
as an anti-inflammatory molecule, as was shown in a yeast
reporter system based on the activity of Crz1, the yeast ortholo-
gue of the human NFAT."

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 11$,13-Dihydrolactucin modulates NF-kB and MAPKs signaling pathways in the human intestinal triple co-culture. (A) NF-kB p65 subunit and
(B) MAPK p38 phosphorylation ratio assessed by western blot after treatment of cells with the positive control BMS 345541 (5 uM) or 11p,13-dihydro-
lactucin (10 uM) in co-incubation with the pro-inflammatory stimulus (10 pg mL™ LPS in the apical compartment; 25 ng mL™* IL-1p and 50 ng mL™*
TNF-a in the basolateral compartment) for 15 min. (C) NF-xB p65 subunit and (D) MAPK p38 phosphorylation ratio assessed by western blot after
treatment of cells with the positive control BMS 345541 (5 uM) or 11,13-dihydrolactucin (10 pM) for 4 h followed by 15 min with the pro-inflamma-
tory stimulus. In both phosphorylated and non-phosphorylated states of p65 and p38, the protein expression levels were normalized to the loading
control (B-actin) in the same membrane. *p < 0.05, **p < 0.01, ***p < 0.001 relative to the stimulated control.

In a physiologically representative human triple co-culture
cell model, composed of absorptive enterocytes (Caco-2),
mucus-secreting goblet cells (HT29-MTX-E12), and antigen-
uptake facilitator microfold (M)-cells (Raji B-induced),*
11p,13-dihydrolactucin had a noteworthy effect on the gene
and protein expression levels of several pro-inflammatory cyto-
kines, as well as inflammatory inducible enzymes, relevant for
the pathobiology of IBD.

IL-8 is a pro-inflammatory chemokine capable of attracting
neutrophils into the site of inflammation and is commonly
used as an inflammation biomarker.>® The percentage
increase of IL-8 levels for the inflamed control in the basolat-

This journal is © The Royal Society of Chemistry 2024

eral compartment (representing the systemic circulation) of
the cell model is notably higher than that observed in the
apical compartment (representing the intestinal lumen) when
inflammation was induced with either the pro-inflammatory
cocktail (IL-1p, TNF-a, and LPS), IL-1B, or TNF-a. Similarly, in a
study on a Caco-2:HT29-MTX-E12 co-culture in Transwell®, the
inflammatory response in terms of IL-8 release tended to be
stronger in the basolateral compartment.** There are also
studies on human epithelial cells showing that the secretome
of polarized cells can significantly differ on each side of the
epithelium, both qualitatively and quantitatively, thus influen-
cing the behaviour and response of mucosal immune
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human cell line. Release of (A) TNF-a, (B) PGE,, and (C) IL-6 assessed by ELISA in the cell media of cells treated with BMS 345541 (5 uM) or 11p,13-
dihydrolactucin (1-10 pM) for 18 h in co-incubation with a pro-inflammatory stimulus composed of 1 ng mL™* IL-1p. *p < 0.05, **p < 0.01, ***p <

0.001 relative to the stimulated control.

cells.>*™%*

In one of these studies, the release of IL-8 occurred
mainly in the basolateral side of the monolayer of pulmonary
epithelial cells, a result that has been associated with the sys-
temic role of this chemokine in the recruitment of neutro-
phils.>® These observations may be a result of the placement
and concentration of the stimulus, which is intimately con-
nected with the presence of different membrane receptors on
each side of polarized epithelial cells.

In this study, the treatment of cells with 11f,13-dihydrolac-
tucin, in the apical side to mimic a dietary exposure, in the
presence of the pro-inflammatory cocktail, was able to cause a
significant reduction of IL-8 release into both apical and baso-
lateral cell media, suggesting that 11p,13-dihydrolactucin influ-
ences intestinal inflammation not only locally, but also sys-
temically. Notably, 11p,13-dihydrolactucin did not show a
dose-dependent effect, since the prevention of IL-8 release was
not further incremented for concentrations of 11p,13-dihydro-
lactucin above 10 pM.

The impact of 11f,13-dihydrolactucin on IL-8 release in the
human triple co-culture after stimulation with the individual
inflammation mediators that compose the cocktail was also

9264 | Food Funct., 2024, 15, 9254-9271

assessed, to elucidate which mediator’s
response is mostly affected by this chicory SL. IL-1f and TNF-a

were applied on the basolateral side since these two cytokines

inflammatory

have been detected in the systemic circulation in subjects with
IBD.>***” LPS, an inflammation mediator present in bacterial
cell walls, was added to the apical side. The results were
notably different depending on the inflammatory stimulus
used. When compared to the non-stimulated control, the cock-
tail containing all three inflammation mediators caused the
highest response in terms of IL-8 release, followed by inflam-
mation induced by IL-1p, TNF-a, and finally LPS.

When the inflammation was induced by incubation with
IL-1p on the basolateral side of the co-culture, 11p,13-dihydro-
lactucin strongly inhibited the IL-8 release into the basolateral
cell media, to similar extent as the positive control BMS
345541. However, neither of these compounds had a remark-
able effect on the apical supernatant. The effect of 11f,13-dihy-
drolactucin on the basolateral environment of the mucosa,
having significantly decreased IL-8 release, might translate
into a lower neutrophil recruitment. Notably, the imbalance of
IL-1B levels has been associated with IBD, being responsible

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 11B,13-Dihydrolactucin decreases neutrophil infiltration into the gut in a zebrafish model of intestinal inflammation based on a high-chole-
sterol diet (HCD). (A) Representative images of the distal intestine in 11p,13-dihydrolactucin or DMSO-treated larvae. mCherry fluorescence image
(left) and BF — mCherry composed images (right) are shown. White arrows represent mCherry* neutrophils in the intestine; yellow arrows point to
autofluorescence signals caused by the pigments; the intestinal tube is outlined in green; scale bars, 100 pm. (B) Neutrophilic inflammation index
(NI1) analysis in 11p,13-dihydrolactucin or DMSO-treated larvae. Data were aggregated from two screening replicates and pools of n biologically
independent animal experiments indicated inside parenthesis. Data are presented as mean values + SEM. Kruskal—Wallis test for multiple compari-
sons, *p < 0.05, ****p < 0.0001. SPE stands for the control diet; HCD stands for high-cholesterol diet.

for intestinal barrier dysfunction, due to apoptosis of epi-
thelial cells and interference with tight and adherens junction
proteins,*®?° thereby facilitating the passage of biomolecules
and immune cells involved in the inflammatory response.* In

This journal is © The Royal Society of Chemistry 2024

fact, we reported that the pro-inflammatory cocktail causes a
TEER decrease in the human triple co-culture,>* which may be
a direct consequence of IL-1f. The fact that 11f,13-dihydrolac-
tucin was able to counteract the inflammatory response
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caused by IL-1f may signify that this SL could potentially be
able to prevent the phenotypic consequences of this cytokine.

Following TNF-a-induced inflammation, 11f,13-dihydrolac-
tucin significantly decreased IL-8 release into both apical and
basolateral sides. This result suggests that 11p,13-dihydrolactu-
cin may be able to lessen the resulting phenotype of TNF-
a-induced responses, such as the activation of macrophages
and effector T cells, and regulation of numerous inflammatory
pathways including the expression of COX-2 and iNOS.*"*?
TNF-a can also activate several cellular signalling pathways cul-
minating in the activation of transcription factors, including
NF-xB."

In the case of LPS stimulation, 11p,13-dihydrolactucin had
a more local anti-inflammatory effect, having been able to
cause a significant decrease in IL-8 release only in the apical
side of the mucosa. This could be explained by the need for
epithelial cells to directly activate mucosal immune cells, to
neutralize bacteria present in the intestinal lumen. Indeed,
LPS from Escherichia coli can lead to a pro-inflammatory
response in intestinal epithelial cells.**

Concerning other pro-inflammatory cytokines, 11f,13-dihy-
drolactucin reduced the gene expression of IL-6, TNF-a, and
IL-1B, when cells were treated with the SL in co-incubation
with the pro-inflammatory cocktail. The expression of IL-6 is a
result of the activity of several possible transcription factors,
among which the NF-«xB.** Since the effect of 11p,13-dihydro-
lactucin on IL-6 gene expression was comparable to that of the
IKK-1/-2 inhibitor BMS 345541, one might infer that the SL
may also interfere with the NF-xB pathway. Moreover, IL-6 is a
pleiotropic cytokine involved in cellular defense against patho-
gens and tissue damage, and it is also associated with chronic
intestinal inflammation through complexation with the
soluble form of its receptor (SIL6R) leading to resistance of
mucosal T-cells to apoptosis.*>*°

In the case of TNF-a, one of the most significant cytokines
in the pathogenesis of IBD,*” the gene expression was remark-
ably increased in the human triple co-culture upon stimulation
with the pro-inflammatory cocktail. Following this increase in
gene expression, increased levels of this pro-inflammatory
cytokine in intestinal epithelial cells are expected and could be
triggering an augmented inflammatory response, thus poten-
tially initiating a positive feedback loop.*” This phenomenon
would elucidate the notable surge in gene expression observed
(50-fold increase in comparison to the non-inflamed control).
11p,13-Dihydrolactucin caused a marked decrease in the TNF-
o gene expression levels, achieving a similar result to the one
obtained for BMS 345541, the positive control.

As for IL-1f gene expression, the pro-inflammatory cocktail
caused a 10-fold increase relative to the non-inflamed control,
probably resulting in an increased expression of the cytokine
itself. Similarly to TNF-a, and considering the presence of the
IL-1 receptor in epithelial cells,® these increased levels of the
cytokine might have led to a positive feedback loop, further
increasing its expression. Despite the promising effect of 11f,13-
dihydrolactucin on other inflammation biomarkers, the SL did
not have a significant effect on the gene expression of IL-1f, as
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opposed to BMS 345541, suggesting that the two compounds
have different mechanisms of action. BMS 345541 is an inhibitor
of the NF«xB pathway, but there are other transcription factors
involved in the expression of IL-B,** upon which 11p,13-dihydro-
lactucin may not have a strong inhibitory effect.

The co-incubation of either BMS 345541 or 11f,13-dihydro-
lactucin with the pro-inflammatory stimulus for 15 minutes
did not have a promising outcome when it comes to NF-xB
and MAPK signalling modulation. p65 is the main player in
the canonical activation of the NF-xB pathway. During this
process, p65 undergoes phosphorylation, a transformation
commonly measured experimentally to monitor the pathway
activation.>® The positive control (inhibitor of IKK-1/-2) failed
to prevent NF-kB p65 subunit phosphorylation, whereas the
treatment with 11p,13-dihydrolactucin seemed to increase this
phosphorylation even further when compared with the
untreated control. Due to the very short incubation period and
the co-stimulation condition, the rapid activation of the NF-«xB
pathway, one of the initial events in the cellular inflammatory
response, may have occurred swiftly and overwhelmed the
potential anti-inflammatory activity of the compounds.
Conversely, when the human triple co-culture was incubated
with the compounds for 4 hours prior to a 15-minute inflam-
mation induction, both positive control and SL prevented NF-
kB p65 phosphorylation. It has also been stated in the litera-
ture that SLs can inhibit the phosphorylation of IkB, which
may be contributing to the prevention of NF-«xB phosphoryl-
ation and translocation into the nucleus, as well as its binding
to the DNA."” These results may explain the ability of 11p,13-
dihydrolactucin to decrease the gene expression of the cyto-
kines IL-6 and TNF-«, and the release of the chemokine IL-8.

p38 is a stress-activated MAPK that is involved in IBD,
playing an important role in the regulation of pro-inflamma-
tory cytokines and inducible enzymes.”"**> In the 15-minute
co-incubation, BMS 345541 apparently prevented p38 phos-
phorylation to some extent, but 11f,13-dihydrolactucin had no
effect under the tested conditions. When the incubation
period with the SL was increased from 15 minutes to 4 hours,
its anti-inflammatory effect on the MAPK pathway was also
improved, similar to what was observed for the NF-xB pathway,
resulting in a modest but significant decrease in p38 phos-
phorylation levels. This modest decrease may be linked to the
lack of effect observed for 11f,13-dihydrolactucin in terms of
the gene expression of IL-1f, a cytokine that could result from
the activation of the MAPK p38 pathway."***

These results suggest that 11p,13-dihydrolactucin could be
effective in a prophylactic approach, potentially preventing the
onset of intestinal inflammation in individuals susceptible to
the development of IBD. This preventive approach would align
with the dietary intake of 11f,13-dihydrolactucin through
chicory, for health-promoting purposes.

Furthermore, the impact of 11f,13-dihydrolactucin on the
inducible enzymes iNOS and COX-2 was assessed in terms of
gene and protein expression. In this study, the pro-inflamma-
tory cocktail promoted a significant increase in the gene
expression of iNOS, which translated into an increased protein

This journal is © The Royal Society of Chemistry 2024
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expression of the enzyme. The effect of 11f,13-dihydrolactucin
on the inhibition of the gene and protein expression of iNOS
was significant. Nitric oxide (NO), the lipophilic and highly
diffusible product of iNOS, plays a role in the regulation of cel-
lular signalling pathways, participating in the activation and
regulation of immune cell function."”” Hence, the ability of
11p,13-dihydrolactucin to prevent the expression of this induci-
ble enzyme contributes to counteracting the inflammatory
effects of its product NO.

Conversely, when it comes to COX-2, the inflammatory
stimulus produced a much higher response in the gene
expression than in the protein levels of the enzyme. This is not
a surprising outcome, since many regulation steps at the post-
transcriptional, translational, and post-translational levels can
take place, contributing to this lack of correlation.>
Nonetheless, 11f,13-dihydrolactucin led to a significant
decrease of COX-2 gene and protein expression, to levels iden-
tical to those of the non-inflamed control, or even below the
control in the case of protein expression. COX-2 is mainly
responsible for the production of lipid mediators of inflam-
mation, including prostaglandins such as PGE,, from arachi-
donic acid.’® Notably, a link between iNOS and COX-2 in the
context of chronic inflammation has been discussed, since the
products of these enzymes, NO and PGE, respectively, can
cause mutual activation.’® Additionally, the products of these
enzymes are also involved in the expression of inflammatory
cytokines like IL-6, IL-8, and TNF-o.’® Considering that NF-«B
plays a key role in transcription regulation of both iNOS and
COX-2,% the ability of 11p,13-dihydrolactucin to prevent the
phosphorylation and activation of NF-xkB p65 may partly
explain the capacity of this SL to decrease the expression of the
two inflammatory inducible enzymes. Since these inflamma-
tory events are all woven together, the anti-inflammatory effect
of 11B,13-dihydrolactucin on one inflammation biomarker
may be influencing the biological outcomes of other intercon-
nected inflammation mediators, which in turn may result in
an overall improvement of the inflammatory phenotype.

On another note, since intestinal myofibroblasts are key
players in the inflammatory phenotype of IBD, due to the
excessive production of extracellular matrix as a result of
chronic inflammation, leading to fibrosis,>®>° a cell model of
inflammation with human intestinal myofibroblast-like cells
was also used. After stimulation of these cells with IL-1f, the
levels of PGE, and IL-6 were markedly increased. Indeed, intes-
tinal myofibroblasts play a crucial role in the renewal of intesti-
nal epithelial cells, and in the maintenance of epithelial
homeostasis, through the production of several cytokines,
among which IL-6.>® Moreover, COX-2 production is upregu-
lated in these cells, leading to high amounts of PGE,.**
Conversely, the levels of TNF-o were more modestly, but still
significantly, increased. 11f,13-Dihydrolactucin was only able
to produce a significant decreasing effect on TNF-a and PGE,.
The prevention of PGE, release by 11f,13-dihydrolactucin is in
line with what was observed in the human triple co-culture,
where the SL could decrease the gene and protein expression
of COX-2, the enzyme responsible for the production of PGE,.

This journal is © The Royal Society of Chemistry 2024
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Similar results to those obtained for 11f,13-dihydrolactucin
in the cell models studied herein have been reported for
another SL belonging to the guaianolide subclass in brain
immune cells (microglia) stimulated with LPS.°* In the
referred study, Sun et al® described an anti-inflammatory
effect of micheliolide, where the SL decreased the gene and
protein expression of the inducible enzymes iNOS and COX-2,
and the pro-inflammatory cytokines TNF-a, IL-6, and IL-1p,
along with a decrease in the activation of the MAPK and NF-kB
pathways.

Finally, a zebrafish model of intestinal inflammation® was
employed to validate the in vivo anti-inflammatory potential of
11p,13-dihydrolactucin. Acute intestinal inflammation was
induced by an HCD, which is a physiological and targeted
trigger. It has been reported that the HCD causes infiltration
of neutrophils into the intestines of zebrafish larvae, recapitu-
lating the first stages of intestinal inflammation.®"** In the
present study, 11B,13-dihydrolactucin significantly inhibited
the neutrophilic infiltration caused by the HCD, reaching
levels close to those of the non-inflamed control. This result is
consistent with those obtained in the human triple co-culture
model, in which the SL decreased the release of IL-8, the most
relevant chemokine responsible for neutrophil recruitment. In
the zebrafish animal model, we observed that an increased
concentration of 11f,13-dihydrolactucin does not necessarily
lead to an improved anti-inflammatory effect.

Other SLs, belonging to the SL subclass of heliangolides
(Iychnopholide, eremantholide C, and goyazensolide), were
also reported to prevent neutrophil migration to the inflamed
site in a mouse model of acute gout.*® Another study in a
mouse model of colitis also showed the potential of the guaia-
nolide micheliolide to prevent neutrophil infiltration.®*
However, to the best of our knowledge, there are still no pub-
lished studies concerning the ability of 11p,13-dihydrolactucin,
the guaianolide studied herein, to prevent neutrophil infiltra-
tion in vivo.

Overall, our results show that one of the anti-inflammatory
mechanisms of 11p,13-dihydrolactucin is based on the preven-
tion of neutrophil migration to the site of inflammation, most
probably through the modulation of IL-8 release. 11f,13-
Dihydrolactucin was also able to modulate the NF-«B and
MAPK p38 signalling pathways, leading to a lower expression
of the pro-inflammatory cytokines TNF-a, IL-1p, and IL-6, as
well as the inducible inflammatory enzymes iNOS and COX-2.
These findings hold significant clinical relevance in the
context of IBD. By modulating key signaling pathways, and
reducing the expression of cytokines and inflammatory
enzymes, while inhibiting neutrophil migration, 11p,13-dihy-
drolactucin demonstrates potential as a therapeutic agent for
managing inflammation associated with IBD, potentially
offering patients relief from symptoms.

Further preclinical research in more complex in vivo
models of intestinal inflammation will allow for the explora-
tion of the full therapeutic potential of 11p,13-dihydrolactu-
cin in the context of intestinal inflammation. The effect of
long-term dietary exposure to 11f,13-dihydrolactucin as a
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prophylactic, adjuvant, or therapeutic approach to IBD treat-
ment could be assessed, along with the impact of such
exposure on individuals with different risk factors or severity
of the disease.

Conclusions

In our study, we have shown that 11f,13-dihydrolactucin, a
guaianolide sesquiterpene lactone present in chicory, exhibits
great potential as a natural anti-inflammatory molecule with
the ability to influence several stages of the intestinal cellular
inflammatory response. In vitro, 11p,13-dihydrolactucin can
effectively modulate crucial inflammatory signalling by inhibit-
ing the phosphorylation of MAPK p38 and NF-kxB p65, while
reducing the release and expression of IL-8, IL-6, TNF-a, IL-1f,
and PGE,. This naturally occurring SL was also found to down-
regulate both the gene and protein expression of iNOS and
COX-2, inducible enzymes with significant roles in the inflam-
matory process. The promising anti-inflammatory potential of
11p,13-dihydrolactucin was validated in vivo, through the pre-
vention of neutrophil infiltration into the inflamed gut of zeb-
rafish larvae.

In sum, our study indicates that this dietary sesquiterpene
lactone, naturally occurring in chicory, may help alleviate
colonic inflammation. As such, the incorporation of chicory
products into the diet could be further explored for their
potential in preventing inflammatory bowel disease (IBD).
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