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Anti-inflammatory activity of plant sterols in a
co-culture model of intestinal inflammation: focus
on food-matrix effect†
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This study investigates the gut anti-inflammatory activity of a plant sterol (PS) food supplement (PS-FS),

alongside PS-enriched milk-based fruit beverage and PS-enriched rye bread. A co-culture model based

on a dual-chamber system with differentiated intestinal-like Caco-2 cells (apical) and

RAW264.7 macrophages (basolateral) was used. The bioaccessible fractions (BF) of the samples were

obtained after INFOGEST 2.0 simulated gastrointestinal digestion. The BF were added to the apical part

(diluted 1/20 v/v with culture medium to avoid cytotoxicity) for 90 min, followed by stimulation with lipo-

polysaccharide (LPS) (1 µg mL−1, 24 h) on the basolateral side. The pharmacological interaction between

samples and budesonide (1 µM, 90 min) was evaluated. Results indicate that PS-FS significantly attenuated

LPS-induced secretion of IL-8 (28%) by Caco-2 cells, and TNF-α (9%) and IL-6 (54%) by

RAW264.7 macrophages, whereas PS-enriched beverage and bread did not exhibit protective effects.

Additionally, PS-FS demonstrated an improvement in oxidative status in Caco-2 cells, evidenced by

reduced levels of reactive oxygen species (47%), iNOS protein expression (27%), and nitrite/nitrate

secretion (27%). Mechanistically, PS-FS inhibited the NF-κB-COX-2-PGE2 signaling pathway in macro-

phages, resulting in decreased NF-κB p65 nuclear translocation (39%), COX-2 protein expression (32%),

and PGE2 production (27%). Co-treatment with budesonide and PS-FS displayed an antagonistic effect

(combination index 0.38–0.63). This study demonstrates the potent intestinal anti-inflammatory activity of

a PS-FS, positioning it as a promising nutraceutical product for the management of inflammatory bowel

diseases. However, the food matrix of the milk-based fruit beverage and rye bread appear to interfere

with the anti-inflammatory activity of PS.

1. Introduction

Plant sterols (PS) constitute a group of bioactive compounds
naturally found in plant-based foods, demonstrating notable
health benefits.1 Among the recognized effects of PS consump-
tion is their capacity to reduce blood cholesterol levels,2

although they may exert other biological effects at the gastroin-
testinal level due to their low rates of absorption (0.2–2%).3 In
murine models, it has been indicated a protective role of PS

against inflammatory bowel diseases using a mix of PS,4 indi-
vidual PS, specifically, β-sitosterol and stigmasterol,5–7 as well
as a PS-enriched milk-based fruit beverage.8 Studies in cell
models involving macrophages or intestinal cells have reported
the ability of a mix of PS, as well as β-sitosterol and guggulster-
one individually, to modulate the immune response and
reduce pro-inflammatory parameters.9–12 Only in one study in
differentiated Caco-2 cells it was demonstrated the anti-inflam-
matory activity of a PS-enriched milk-based fruit beverage,
although the effect observed cannot be attributed only to PS,
but also to other compounds present in the beverage such as
vitamin C, polyphenol glucosides and carotenoids.13 Although
cellular models have been used to evaluate the anti-inflamma-
tory activity of PS, they present limitations, such as the
absence of cellular diversity and intracellular interactions
typical of complex organisms.14 To overcome these limitations,
a model involving a co-culture system was developed, in which
Caco-2 intestinal epithelial cells are placed on the apical side
of a Transwell® plate, while RAW264.7 macrophages occupy
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the basolateral side.15 This configuration allows to replicate
the natural arrangement of cell types that are part of the intes-
tine, with epithelial cells in the outer layer and underlying
immune cells. Likewise, through a porous membrane, this
model facilitates intercellular communication between these
different types of cells, replicating the intercellular interaction
that could be found in living organisms. This co-culture model
has been employed to evaluate the anti-inflammatory activity
of bioactive compounds,15 extracts from plants,16 and fruit
juice enriched with pine bark extract.17 To our knowledge, this
co-culture model has not been tested with PS or PS-enriched
food matrices.

Given that natural foods may not supply a considerable
amount of PS to claim associated health effects, the necessity
of food fortification or supplementation is emphasized and
approved by the European Union in milk-based fruit beverages
and rye bread.18–20 PS-enriched foods represent an integrated
approach to incorporating these compounds into the daily
diet, while food supplements, available in various forms such
as capsules or powders, offer a convenient option for obtaining
a concentrated dose of PS.21 Exploring the potential effects of
bioactive compounds within a food matrix following gastroin-
testinal in vitro digestion could provide insights after their
uptake in a closer real context under physiological conditions.
For this, this study aimed to assess the anti-inflammatory
activity of PS food supplement (PS-FS) and PS-enriched foods
(milk-based fruit beverage and rye bread) using a co-culture
model of intestinal inflammation with Caco-2 intestinal cells
and RAW264.7 macrophages. The potential pharmacological
interaction between budesonide (a drug widely used in the
management of intestinal inflammation) and the samples was
also evaluated.

2. Materials and methods
2.1 Reagents

The PS standards used were 5β-cholestan-3α-ol (epicoprosta-
nol) as internal standard (IS) at 99.8% purity, sourced from
Merck LifeScience S.L.U. (Madrid, Spain). Additionally, 5,22-
cholestadien-24-ethyl-3β-ol (stigmasterol) at 97.4% purity and
24α-ethyl-5α-cholestan-3β-ol (sitostanol) at 67.5% purity were
purchased from Merck LifeScience S.L.U. (Madrid, Spain). The
5-cholesten-24β-ethyl-3β-ol (β-sitosterol) at 98.8% purity and
24α-methyl-5-cholesten-3β-ol (campesterol) at 98.6% purity
were purchased from Chengdu Biopurify Phytochemicals Ltd
(Sichuan, China). Anhydrous pyridine (from Acros Organics,
Geel, Belgium) and N,O-bis(trimethylsilyl)-trifluoroacetamide
(BSTFA) [1% trimethylchlorosilane (TMCS)] (from Merck
LifeScience S.L.U., Madrid, Spain) were used. Potassium
hydroxide and hydrogen chloride (purity 37%) were acquired
from Merck LifeScience S.L.U. (Madrid, Spain). Ethanol was
provided by VWR (Briare, France), while hexane, diethyl ether,
and cyclohexane were purchased from Scharlau (Barcelona,
Spain). Water purification was conducted using a Milli-Q
system (Milford, MA, United States). N-(1-Naphthyl)ethylene-

diamine (NED), dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), 2′,7′-
dichlorofluorescein diacetate (DCFDA), LPS from Escherichia
coli O127, phosphatase inhibitor cocktail (100 mM sodium
orthovanadate, 115 mM sodium molybdate, 400 mM sodium
tartrate, and 200 mM imidazole), and protease inhibitor cock-
tail (50 mM benzenesulfonic fluoride, 15 mM aprotinin,
100 mM E-65, 50 mM EDTA, and 100 mM leupeptin) were pur-
chased from Merck Lifescience S.L. (Madrid, Spain). VCl3
(>99%, w/w) was from Cymit Química (Barcelona, Spain).

2.2 Samples

PS-FS (Lipophytol® P Dispersible, Lipofoods), a food ingredi-
ent used for food fortification, was used. The PS content in
PS-FS was determined following the methodology described
previously (see Table 1S in ESI†).22 Food matrices such as a
milk-based fruit beverage and wholemeal rye bread were used,
both enriched with PS (0.9 and 2.3% w/w, respectively) to
provide the dose of PS for which its hypocholesterolemic effect
has been demonstrated (1.5–3 g day−1) in a consumption
serving (200 and 80 g, respectively).23 PS content in beverage24

and bread25 are described in previous studies (see Table 1S in
ESI†).

2.3 Simulation of gastrointestinal digestion

A simulation of the gastrointestinal digestion of the samples
has been carried out, with the purpose of obtaining bioaccessi-
ble fraction (BF) that would subsequently be used to evaluate
its effects on cell culture. Briefly, an aqueous suspension was
prepared by combining 2.3 g of PS-FS (equivalent to the daily
dose of 2 g PS, according to its purity) and 200 mL of water.
Then, 5 mL of PS-FS suspension or beverage, or 5 g of bread,
were digested following the harmonized INFOGEST
2.0 method adapted for PS, either liquid24 and solid
matrices.25 The digesta was centrifuged (3100g, 4 °C for
90 min) to obtain the BF, which was subsequently sterilized by
filtration with a 0.22 µm filter. To assess the potential harmful
effects of digestion reagents on cell culture and following the
recommendations for biocompatibility when using food
digesta and downstream cell assays, a blank of digestion was
performed by digesting 5 g of water as control.26 The PS con-
centration in the BF of digestion blank, PS-FS, PS-enriched
beverage24 and PS-enriched rye bread25 was quantified using a
previously established method.

2.4 PS determination in BF

Sterol determination in the BF of beverage and PS-FS was per-
formed as described in Makran et al.24 with modifications.
Addition of epicoprostanol as IS (200 μg) to 5 g of BF was
carried out before hot saponification (2 mL of 2 M potassium
hydroxide in ethanol: water (9 : 1, v : v) in a water bath (1 h,
65 °C)). The extraction of the unsaponifiable fraction was per-
formed with 3 × 10 mL of diethyl ether.

For the BF of WRB, the methodology used was as described
in Faubel et al.25 Addition of epicoprostanol as IS (200 μg) to
2 mL of the BF and 1 mL of absolute ethanol was carried out.
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To perform hot saponification, 0.5 mL of saturated aqueous
KOH was added, and samples were heated (30 min, 80 °C) in a
shaker water bath at 100 rpm. The unsaponifiable fraction was
extracted by adding 12 mL of water and 20 mL of cyclohexane
and shacking it for 10 min, followed by evaporation of the
organic phase to dryness with a rotary evaporator (50 °C), then
dissolved in 1 mL of hexane. Solid-phase extraction using
silica cartridges (Finisterre SPE tube Si, 500 mgper 6 mL,
Teknokroma, Barcelona, Spain) was employed for purification
of the organic extract, and sterols were eluted using 5 mL of
hexane : diethyl ether (1 : 1, v : v).

For all samples, the solvent was removed under a stream of
nitrogen and the derivatization process was carried out by
using 200 μL of pyridine: BSTFA + 1% TMCS (3 : 10, v : v) at
65 °C (SBH200D Blockheater, Stuart, Staffordshire, United
Kingdom) for 1 h. Subsequently, samples were dissolved in
100 μL (for BF of beverage or PS-FS) or 500 μL (for BF of WRB)
of hexane and subjected to analysis (0.7 μL) using FAST gas
chromatography-flame ionization detector (Shimadzu
GC-2025, Kyoto, Japan) equipped with a capillary column
Restek Rxi-5Sil MS (10 m × 0.10 mm × 0.10 μm film thickness,
Bellafonte, Pennsylvania, USA). The oven temperature was
initially set at 220 °C, rising up to 300 °C at a rate of 15.5 °C
min−1, then further increased to 325 °C at a rate of 46.6 °C
min−1, and held for 0.65 min. Hydrogen was used as the
carrier gas (28.7 mL min−1). The split ratio employed was
1 : 40, and both the injector and detector temperatures were
maintained at 325 °C. Quantification was achieved using cali-
bration curves with PS standards. The calibration curves were:
cholesterol (range: 12.7–203.1 μg, y = 0.0066x − 0.0234, r =
0.9997), campesterol (range: 53.2–321.4 μg; y = 0.0049x −
0.0594, r = 0.9990), stigmasterol (range: 3.8–18.7 μg; y =
0.0045x − 0.0031, r = 0.9982), β-sitosterol (range:
1067.0–2766.4 μg; y = 0.0073x − 2.0724, r = 0.9995), β-sitosterol
(range: 0.3–29.8 μg; y = 0.005x + 0.0008, r = 0.9998), sitostanol
(range: 230.3–474.3 μg; y = 0.0041x − 0.3085, r = 0.9999), sitos-
tanol (range: 12.8–127.9 μg; y = 0.0026x + 0.0006, r = 0.9975).
For quantifying Δ5-avenasterol, Δ5,24-stigmastadienol, Δ7-stig-
mastenol, and Δ7-avenasterol in the BF of WRB, the
β-sitosterol calibration curve ranged 0.3–29.8 μg was developed
since commercial standards were unavailable. Additionally,
campestanol was quantified using sitostanol curve ranged
12.8–127.9 μg.

2.5 Cell lines

Human colonic epithelial adenocarcinoma cells (Caco-2) and
murine macrophage/monocyte (RAW264.7) cell lines were pro-
cured from the American Type Culture Collection (HTB-37 and
TIB-71, respectively; Rockville, MD, USA). Both cell lines were
cultured in Dulbecco’s modified Eagle’s Medium High
Glucose (4.5 g L−1 glucose), supplemented with 10% (v/v) fetal
bovine serum, 100 U mL−1 penicillin, and 100 µg mL−1 strepto-
mycin. The cells were cultured in a controlled environment at
37 °C with 5% (v/v) CO2 at a constant level of 95% relative
humidity.

2.6 Cell viability assay

To evaluate the anti-inflammatory properties of BF in the cellu-
lar model, the appropriate dilution of BF and incubation time
(i.e., no cytotoxic effects) was determined using the MTT assay,
according to methodology described previously.27 For this
purpose, Caco-2 cells were seeded at a density of 26 500 cells
per well in a 96-well plate and incubated for 8 days to promote
their differentiation.13 Then, the cells were exposed to BF
diluted with culture medium (1/10, 1/20, and 1/30, v/v) during
different times (30, 60, and 90 min). Subsequently, the BF was
removed, and cells were incubated with MTT solution (0.1 mg
mL−1) during 2 h. After discarding MTT, the resulting forma-
zan salts were dissolved in DMSO, and the absorbance of the
resulting-coloured solution was measured with a multi-well
spectrophotometer at 570 nm (LTEK A-302 plate reader, INNO,
Seongnam, Republic of Korea).

2.7 Co-culture model of intestinal inflammation

The co-culture system of Caco-2 cells and
RAW264.7 macrophages was carried out as indicated by
Tanoue et al.15 with some modifications. The concentration
and exposure time of LPS was modified with respect to that
indicated by Tanoue et al.15 to achieve significant stimulation
in the cellular model (data not shown). Briefly, Caco-2 cells
were seeded in the apical compartment of Transwell® 12-well
plates (with a membrane area of 1.12 cm2 and a pore size of
0.4 µm; Corning CoStar Corp., Cambridge, MA) at a density of
9 × 104 cells per well. One day before the 8-day differentiation
of Caco-2 cells, RAW264.7 cells were seeded in a 12-well plate
at a density of 3.4 × 105 cells per well and were maintained for
24 h. Then, Transwell® insert (on which the Caco-2 cells had
been grown) were added into the 12-well plate preloaded with
RAW264.7 macrophages. Following this, appropriately diluted
BF from samples and digestion blank (1/20, v/v), were intro-
duced into the apical compartment and incubated for 90 min.
For the evaluation of pharmacological interaction between
budesonide and the sample, budesonide (1 µM) was added in
the apical compartment, both as a standalone treatment and
in combination with the BF. After 90 min-incubation, treat-
ments were replaced with culture medium and RAW264.7 cells
were subjected to an inflammatory stimulus by exposing them
to LPS at 1 µg mL−1 for a period of 24 h. In addition, cells
untreated with BF or LPS were used as a control.

2.8 ELISA

The assessment of inflammatory mediator’s secretion by Caco-2
cells (interleukin (IL)-8) and RAW264.7 macrophages (IL-6, tumor
necrosis factor (TNF)-α, and prostaglandin E2 (PGE2)) was con-
ducted by quantifying their concentrations in the apical or baso-
lateral media, respectively, using ELISA kits, following the manu-
facturer’s instructions (Invitrogen, Frederick, USA).

2.9 Measurement of reactive oxygen species

Intracellular levels of reactive oxygen species (ROS) were
measured in Caco-2 cells using DCFDA reagent.28 After LPS-
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treatment, 10 µL of whole protein extract of Caco-2 cells (see
“2.10 Western Blot” section) were mixed with 10 µL of 10 µM
DCFDA and 80 µL of PBS in 96-well microplates. After incu-
bation (30 min, 37 °C), the fluorescence was measured by fluo-
rescence spectroscopy with excitation/emission wavelength at
485/535 nm (Promega GloMax®, Milan, Italy). Data were nor-
malized with protein concentrations.

2.10 Nitrite/nitrate determination

The evaluation of NO released by Caco-2 cells in the medium
was carried out by measuring nitrite/nitrate (NOx) level using
the VCl3/Griess assay, as previously documented.29 Briefly,
100 μL of the basolateral culture medium were mixed with
100 μL of 0.8% (w/v) VCl3 (prepared in 1M HCl), 50 μL of 2%
(w/v) sulphanilamide (prepared in 5% (v/v) H3PO4) and 50 μL
of 0.1% (w/v) NED (prepared in ultrapure water) onto 96-well
plate. Subsequently, the plate was incubated for 30 min in the
dark at 37 °C, and the absorbance was then measured at
540 nm using a plate reader. NOx concentration was deter-
mined by interpolation to an external calibration curve of
sodium nitrate within the range of 1.56–100 μM.

2.11 Western Blot analysis

Protein extraction and analysis by western blot were carried
out according to the methodology described by Restivo et al.28

RAW264.7 macrophages were lysed in hypotonic buffer
(10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.1 mM DTT, 1%
(v/v) phosphatase inhibitor and 1% (v/v) protease inhibitor)
during a 15 min incubation on ice. The resulting lysate was
clarified by centrifugation (12000g, 20 min at 4 °C) to obtain
cytosolic fraction (i.e., supernatant). Subsequently, pellet was
lysed (20 mM HEPES, 25% glycerol, 0.42 mM NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.1 mM DTT, 1% (v/v) phosphatase
inhibitor and 1% (v/v) protease inhibitor) during a 30 min
incubation on ice and centrifugated (20 000g, 10 min at 4 °C)
to obtain the nuclear fraction. Regarding Caco-2 cells, they
were lysed on ice-cold buffer RIPA containing 50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% (v/v)
phosphatase inhibitor and 1% (v/v) protease inhibitor. Lysates
were centrifuged (12 000g, 4 °C for 10 min) and the super-
natants correspond to whole-cell protein extract. After protein
quantification (Bradford′s method), 50 µg was subjected to
10% sodium dodecyl sulfate polyacrylamide gel electrophor-
esis and then electroblotted onto polyvinylidene fluoride mem-
branes. Membranes were blocked in 5% (w/v) skimmed dry
milk (1 h, room temperature) and subsequently incubated in
the presence of the corresponding primary antibodies diluted
1/500 (v/v) (against cyclooxygenase 2 (COX-2), nuclear factor
(NF)-κB p65, inducible nitric oxide synthase (iNOS), β-actin
and laminin B) overnight at 4 °C. After incubation for 90 min
at room temperature in the presence of HRP-conjugated sec-
ondary antibodies (1/2000, v/v), proteins were visualised by
using an enhanced chemiluminescent substrate (ECL™ Prime
Western Blotting System). Chemiluminescent bands were eval-
uated with a C-Digit Blot Scanner (LI-COR, Lincoln, NE, USA)
and band intensities were analysed using ImageJ.

2.12 Estimation of combination index

The interaction between samples and budesonide to reduce
the levels of pro-inflammatory mediators was evaluated by cal-
culating the combination index (CI) based on the methodology
described by Chou30 and adapted by Alvarez-Sala et al.31 The
CI was determined using the following formula: CI = (%
sample + budesonide)/(%sample + %budesonide), where ‘%
sample’ and ‘%budesonide’ represent the reduction percen-
tage of the individual treatment with samples and budesonide,
respectively. Meanwhile, ‘%sample + budesonide’ represents
the reduction percentage achieved with the combined treat-
ment. An CI ratio less than, equal to, and greater than 1 indi-
cates antagonism, addition, and synergy, respectively.

2.13 Statistical analysis

Data normality was assessed using the Shapiro–Wilk test,
while the Levene test was used to evaluate homoscedasticity.
One-way analysis of variance, followed by post-hoc HSD Tukey
test, was applied to determine statistically significant differ-
ences (p < 0.05), using Statgraphics Plus 5.1 software
(Statpoint Technologies Inc., Warrenton, VA, USA).

3. Results
3.1 Cytotoxicity of samples

To initiate the assessment of the anti-inflammatory potential
of the samples, an evaluation of their cytotoxic effects on
differentiated Caco-2 cells was conducted to select the optimal
dilution and exposure time. Table 1 illustrates that the BF of
digestion blank exhibited no cytotoxicity on Caco-2 cells,
regardless of the tested dilutions (ranging from 1/10 to 1/30,
v/v) and exposure durations (30, 60, and 90 min).
Contrastingly, the BF from the PS-FS, at the lowest dilution (1/
10, v/v), led to a notable decrease in cell viability across all
three exposure times, with reductions of 22.7, 16.1, and 20.0%,
respectively, compared to the untreated cell control (p < 0.05).
This trend was similarly observed with the PS-enriched bever-
age, displaying comparable cytotoxicity, albeit additionally at
the 1/30 (v/v) dilution after 90 min of treatment (16.5%).
Remarkably, the BF derived from PS-enriched rye bread exhibi-
ted the highest toxicity. In this sense, the 1/10 (v/v) dilution
significantly reduced cell viability at all exposure times
(18.6–39.7%) compared to untreated cells (p < 0.05). Likewise,
the 1/20 (v/v) dilution slightly reduced cell viability by 12%.

In view of the results obtained, the 1/20 (v/v) dilution and
exposure time of 90 min were selected for subsequent tests to
evaluate the anti-inflammatory activity. This condition allows
the maximum possible concentration of PS to be reached and
for the longest possible time, without a general overtly cyto-
toxic effect of samples. The amount of cholesterol and PS
present in each sample applying the corresponding 1/20 (v/v)
dilution is shown in Table 2, highlighting the greatest concen-
tration of these in the BF of rye bread (67.8 µM) compared to
the PS-FS (13.0 µM) and beverage (20.5 µM).
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3.2 Regulation of the pro-inflammatory cytokine secretion

The secretion of pro-inflammatory cytokines by cells rep-
resents a crucial biomarker of response to an inflammatory
stimulus. In the current study, it was employed species-specific
antibodies to elucidate the cell responsible (Caco-2 or
RAW264.7) for cytokine secretion. In this regard, exposure to
LPS (1 µg mL−1) for 24 h in the basolateral compartment of
Transwell®-like system induced the secretion of TNF-α and
IL-6 by RAW264.7 macrophages. This led to a significant
increase (p < 0.05) in the concentration of these mediators in
the basolateral medium compared to the control (3 and
164-fold change over control, respectively) (Fig. 1).
Additionally, the pro-inflammatory response exposure was
extended to Caco-2 cells, as evidenced by an increase (p < 0.05)
in the concentration of IL-8 in apical medium (1.9-fold change

over control). As expected, pre-treatment with digestion blank
did not modify the LPS-induced secretion of pro-inflammatory
cytokines in both cell lines, compared to cells exposed only to
LPS. Nevertheless, the PS-FS exhibited protective effects
against secretion, showing a significant reduction (p < 0.05) on
levels of TNF-α (9%), IL-6 (54%), and IL-8 (28%), compared to
digestion blank + LPS. The efficacy of PS-FS resembled that
observed with pre-treatment using budesonide (1 µM), high-
lighting its potent activity in mitigating intestinal inflam-
mation. In contrast, the BF of beverage and bread enriched
with PS did not demonstrate a reduction in these inflam-
mation parameters. Consequently, the analysis of the following
parameters was carried out only for the samples with a poten-
tial anti-inflammatory effect, PS-FS and/or budesonide. In
addition, due to the absence of effect of the digestion blank,
its use was not considered in the analyses of the following
parameters.

3.3 Improvement of cellular oxidative/nitrogen balance

Oxidative stress is an important factor in inflammation, evi-
denced through the generation of reactive oxygen and nitrogen
species. Due to its importance, an evaluation of intracellular ROS
levels in Caco-2 cells was performed. In addition, iNOS protein
expression in Caco-2 cells and NOx concentration in the apical
medium were measured. The results showed a 3.7, 1.3, and 1.4-
fold increase in the levels of ROS, iNOS, and NOx (p < 0.05),
respectively, after LPS exposition, compared to control cells
(Fig. 2). The exposition to PS-FS or budesonide as a pre-treatment
inhibited the intracellular production of ROS in Caco-2 cells (47
and 28%, respectively). Additionally, PS-FS and budesonide atte-
nuated the LPS-induced iNOS protein expression (48 and 27%,
respectively) and totally decreased the NOx values, reaching
control value, compared to LPS treated cells.

3.4 Regulation of inflammation-related pathway

Due to its importance in the regulation of the inflammatory
response, the involvement of the NF-κB-COX-2-PGE2 signalling
pathway was measured. The treatment with LPS induced a sig-
nificant (p < 0.05) increases (vs. control) in the nuclear trans-

Table 1 Evaluation of the viability of 8-day differentiated Caco-2 cells
after treatment with bioaccessible fractions of digestion blank, plant
sterol (PS) food supplement, beverage or rye bread enriched with PS

Cell viability (% vs. control)

Dilution (v/v) 30 min 60 min 90 min

Control cells 100 ± 4.6 100 ± 4.0 100 ± 4.4
Digestion blank
1/10 99.5 ± 1.4 97.9 ± 8.1 91.6 ± 2.8
1/20 103.7 ± 0.8 94.7 ± 2.5 98.6 ± 1.2
1/30 105.6 ± 1.2 96.8 ± 3.9 97.1 ± 2.0

PS food supplement
1/10 77.3 ± 8.1* 83.9 ± 4.2* 80.0 ± 0.5*
1/20 104.8 ± 2.9 97.7 ± 2.6 98.6 ± 0.3
1/30 96.5 ± 6.1 98.6 ± 3.9 97.1 ± 0.8

PS-enriched beverage
1/10 70.3 ± 1.8* 74.3 ± 19.0* 93.5 ± 0.1*
1/20 90.4 ± 14.5 94.2 ± 2.6 91.7 ± 8.4
1/30 96.8 ± 10.1 98.9 ± 0.6 83.5 ± 0.6*

PS-enriched rye bread
1/10 81.4 ± 1.5* 78.2 ± 14.2* 60.3 ± 1.1*
1/20 98.0 ± 1.0 97.3 ± 2.4 88.0 ± 2.2*
1/30 97.6 ± 1.2 94.3 ± 10.1 95.8 ± 2.0

Data are expressed as mean ± SD (n = 3). Asterisk (*) indicates
statistically significant difference (p < 0.05) compared to control cells
(i.e., untreated cells).

Table 2 Sterol concentration (µM) in bioaccessible fractions of digestion blank, plant sterol (PS) food supplement, beverage and rye bread enriched
with PS (applying dilution 1/20 v/v with culture medium)

Digestion blank PS food supplement PS-enriched beverage PS-enriched rye bread

Cholesterol 2.63 ± 0.02b 1.91 ± 0.05a 2.86 ± 0.17b 2.31 ± 0.04c

Campesterol — 0.63 ± 0,03a 1.32 ± 0.03b 4.89 ± 0.10c

Campestanol — 0.38 ± 0.00a 1.09 ± 0.09b 1.81 ± 0.08c

Stigmasterol — 0.05 ± 0.00a 0.11 ± 0.01b 0.42 ± 0.03c

β-Sitosterol — 9.27 ± 0.23a 13.97 ± 0.21b 47.16 ± 0.82c

Sitostanol — 2.58 ± 0.06a 3.96 ± 0.07b 12.66 ± 0.32c

Δ5-Avenasterol — 0.02 ± 0.00a — 0.05 ± 0.00b

Δ5,24-Stigmastadienol — 0.03 ± 0.00a — 0.18 ± 0.00b

Δ7-Stigmastenol — 0.03 ± 0.01a — 0.41 ± 0.01b

Δ7-Avenasterol — 0.03 ± 0.00a — 0.27 ± 0.01b

Total PS — 13.02 ± 0.34a 20.46 ± 0.22b 67.84 ± 1.35c

Data are expressed as mean ± SD (n = 3). Different letters (a–c) indicate statistically significant difference (p < 0.05) in each sterol concentration
between samples.
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location of NF-κB p65 (2.8-fold change) in
RAW264.7 macrophages, compared to control cells (Fig. 3). An
increase in the expression of the COX-2 enzyme (1.8-fold
change) and its product PGE2 (2.3-fold change) was also
observed. A significant reduction (p < 0.05, vs. LPS) in NF-κB
p65, COX-2, and PGE2 was observed in the pre-treatment with
budesonide (65, 46, and 36%, respectively) and BF of PS-FS
(39, 32, and 27%, respectively).

3.5 Pharmacological interaction between PS and budesonide

As described so far, budesonide and PS-FS have demonstrated
similar effects, in terms of reduction of pro-inflammatory para-

meters such as TNF-α, IL-8, IL-6, NOx, and PGE2. The PS-FS
even showed a greater reduction in intracellular levels of ROS.

However, it is necessary to highlight that in some parameters
(COX-2, NF-κB p65 and iNOS) budesonide has been more
effective, although it is true that these parameters are involved in
the initial stages of the inflammatory response regulation
pathway. The evaluation of the pharmacological interaction
between budesonide and PS-FS has shown an additive interaction
was observed in the effect to reduce TNF-α (CI, 1.13 ± 0.25) and
IL-8 (CI, 1.07 ± 0.19) (Fig. 4). However, an antagonistic effect was
observed for the rest of the pro-inflammatory markers, with CI
values that ranged between 0.38 ± 0.10 and 0.63 ± 0.13.

Fig. 1 Levels of pro-inflammatory cytokines in apical (IL-8) and basolateral medium (TNF-α and IL-6) in a bi-compartmental model comprising
differentiated Caco-2 cells (apical) and RAW264.7 macrophages (basolateral). The Caco-2 cells were pre-treated for 90 min with the bioaccessible
fraction of a blank of digestion (BOD), plant sterol (PS) food supplement (PS-FS), as well as PS-enriched beverage and bread, followed by treatment
with lipopolysaccharide (LPS) at a concentration of 1 µg mL−1 for 24 h (basolateral). Budesonide (BD) at a concentration of 1 µM served as a positive
control. Data are expressed as mean ± standard deviation (n = 3). Statistically significant differences (p < 0.05) between conditions for the same
cytokine are indicated by different letters (a–f ).

Fig. 2 Protein expression of inducible nitric oxide synthase (iNOS) (normalized with β-actin) in Caco-2 cells, levels of nitrite/nitrate (NOx) in the
apical medium and intracellular levels of reactive species oxygen (ROS) in Caco-2 cells in a bi-compartmental model comprising differentiated
Caco-2 cells (apical) and RAW264.7 macrophages (basolateral). The Caco-2 cells were pre-treated for 90 min with the bioaccessible fraction of a
plant sterol (PS) food supplement (PS-FS), followed by treatment with lipopolysaccharide (LPS) at a concentration of 1 µg mL−1 for 24 h (basolateral).
Budesonide (BD) at a concentration of 1 µM served as a positive control. Data are expressed as mean ± standard deviation (n = 3). Statistically signifi-
cant differences (p < 0.05) between conditions for the same parameter are indicated by different letters (a–c).
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4. Discussion

Inflammatory bowel diseases are a group of pathologies
characterised by an excessive inflammatory response in the
gastrointestinal tract.32 Two main clinical phenotypes stand
out, ulcerative colitis and Chron’s disease. Due to the growing
prevalence of these diseases,33 it is of great interest to identify
new possible alternatives to conventional treatments, such as
dietary bioactive compounds. Previous in vitro studies showed
that β-sitosterol standard (0.01–16 μM)10,11 or BF of a PS-
enriched milk-based fruit beverage13 reduced the levels of pro-
inflammatory cytokines such as IL-6, IL-8, and TNF-α in
macrophages (RAW264.7 or J774A.1) (6–64%) or Caco-2 intesti-
nal cells (40–50%) stimulated with LPS, phorbol 12-myristate
13-acetate (PMA) or IL-1β. Additionally, it has been demon-
strated that β-sitosterol (50–250 μM) reduce the production of
NO (51–70%) and ROS (28–49%) in RAW264.7 macrophages
stimulated with PMA.9 These anti-inflammatory effects were
associated with an inhibition in activation (33%) and nuclear
translocation (16–45%) of NF-κB p65.9,11–13

The gut anti-inflamatory activity of PS was also described in
studies with experimental animals. In this sense, a downregula-
tion of cytokines such as IL-6 and TNF-α (22–94%) was reported
in murine models of intestinal inflammation induced by DSS,
2,4,6-trinitrobenzene sulfonic acid, or high fat diet after treatment
with β-sitosterol (10–20 mg kg−1),5–7 stigmasterol (enriched diet at
0.4%, w/w),7 or γ-oryzanol (50–100 mg kg−1).4 Kim et al.6 observed
a reducing effect on iNOS expression after treatment with
β-sitosterol (20 mg kg−1) in a murine model of high fat diet-
induced colitis. In addition, these studies confirmed the inhibi-
tory effect of PS on the activation (17%) or nuclear translocation

Fig. 3 Protein expression of nuclear factor κB (NF-κB) p65 (normalized with laminin B) and cyclooxygenase 2 (COX-2) (normalized with β-actin) in
nuclear and cytosolic fraction, respectively, in RAW264.7 macrophages, as well as levels of prostaglandin E2 (PGE2) in basolateral medium. The Caco-
2 cells were pre-treated for 90 min with the bioaccessible fraction of a plant sterol (PS) food supplement (PS-FS), followed by treatment of
RAW264.7 macrophages with lipopolysaccharide (LPS) at a concentration of 1 µg mL−1 for 24 h. Budesonide (BD) at a concentration of 1 µM served
as a positive control. Data are expressed as mean ± standard deviation (n = 3). Statistically significant differences (p < 0.05) between conditions for
the same parameter are indicated by different letters (a–c).

Fig. 4 Pharmacological interaction between budesonide and a plant
sterol food supplement in the reduction of different inflammation para-
meters, evaluated by calculating the combination index (CI). An CI ratio
less than, equal to, and greater than 1 indicates antagonism (–), addition
(+), and synergy (++), respectively. Data are expressed as mean ± stan-
dard deviation (n = 3). COX-2, cyclooxygenase 2; IL-8/6, interleukin 8/6;
iNOS, inducible nitric oxide synthase; NF-κB p65, nuclear factor κB p65;
NOx, nitrite/nitrate; PGE2, prostaglandin E2; ROS, reactive oxygen
species; TNF-α, tumoral necrosis factor α.

Paper Food & Function

6508 | Food Funct., 2024, 15, 6502–6511 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
6:

16
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo00917g


of NF-κB (8%) and COX-2 expression (25–34%).4–7 A research con-
ducted by our research group revealed that a milk-based beverage
enriched with PS notably alleviated symptoms (24–67%),
enhanced colon length (18%) and mitigating colonic mucosal
damage (10–34%) in a murine model of DSS-induced colitis.8

However, galactooligosaccharides could interfere with the anti-
inflammatory activity of a PS-enriched milk-based fruit beverage,
resulting in increased occurrences of bloody stools, elevated
immune cell infiltration into colon tissue, and increased myelo-
peroxidase activity.

The present study reported a reduction of LPS-induced pro-
inflammatory cytokine secretion (IL-6, IL-8, and TNF-α) in a
co-culture model of Caco-2/RAW264.7 cells. Despite observing
an anti-inflammatory effect of PS-FS, PS-enriched beverage and
bread did not show a protective effect. It is noteworthy that,
considering the 1/20 (v/v) dilution of the BF, the PS concen-
tration in the PS-FS (13.0 µM) is lower than that in the bever-
age (20.5 µM) and bread (67.8 µM). This suggests that the lack
of activity observed is not attributed to a failure in the release
of PS from the food matrix during digestion, but rather to a
possible negative interaction between PS and food components
of the matrix once released. Regarding beverage, the milk
could be a possible interferent. According to Llewellyn et al.,34

a high casein (41%, w/w) diet caused intestinal barrier disrup-
tion and elevated colonic cytokine levels (IL-6 and TNF-α) in a
murine model of intestinal inflammation induced by 3% (w/v)
DSS. Additionally, an in vitro study observed an increase in
IL-6 (238%), IL-8 (115%), and TNF-α (205%) production by
Caco-2 cells and RAW264.7 macrophages (115–308%) after
treatment with digested UHT cow milk obtained with
INFOGEST digestion method.35 This pro-inflammatory effect
was also observed with digested raw milk, which increase in
RAW264.7 macrophages the production of TNF-α (150%) and
IL-6 (321%). The authors suggested that the pro-inflammatory
effects of milk are associated with the action of milk proteins
and the products of the Maillard reaction. The same trend has
been described for rye bread. A study in mice with genetically
induced colitis (Casp8ΔIEC) observed that diets containing 50%
(w/w) of different types of rye bread led to harmful effects (loss of
body weight and increased mortality) compared to a diet without
rye bread.36 The authors could not determine which components
of bread were responsible for these self-defeating effects,
although they suggest that unknown inflammatory molecules in
bread could be behind this effect. Additionally, the presence of
gliadins could explain the lack of anti-inflammatory effect of PS-
enriched rye bread. In this context, a study using a cell co-culture
with Caco-2/HT29-MTX cells found that gliadin treatment
reduced antioxidant enzyme activity (glutathione reductase and
glutathione-S-transferase), levels of reduced glutathione and
increased IL-8 production.37 According to published studies that
report counterproductive effects of milk and rye bread on the
intestinal inflammatory response, we hypothesize that the food
components of the milk-based fruit beverage and rye bread could
interfere with the anti-inflammatory activity of PS, therefore being
considered unsuitable vehicles for the management of inflamma-
tory bowel disorders.

Since an anti-inflammatory effect was only seen with the use
of PS-FS, it was decided to further investigate its mechanism of
action. The protective effect of PS-FS was correlated with a
reduction in the production of reactive oxygen and nitrogen
species. Lower NOx levels were associated with an inhibition in
the expression of the enzyme involved in its production (iNOS).

On the other hand, the results of this study show that NF-
κB-COX-2-PGE2 signalling pathway could be a therapeutic
target of PS. This pathway starts with the activation of NF-κB
by different pathways, such as increased ROS production.38 In
this activation, NF-κB subunits, such as p65, are translocated
to the nucleus, where they increase the expression of cytokines
and pro-inflammatory enzymes such as COX-2. This enzyme is
involved in the production of PGE2 which acts as a positive reg-
ulator of the NF-κB pathway. Our study show that PS-FS gave
rise to a lower NF-κB p65 nuclear translocation, lower COX-2
protein expression, and reduced PGE2 production.

The present study confirms the adequate anti-inflammatory
efficacy of PS-FS, which in most parameters was equivalent to
that observed with the positive control budesonide. This
suggests that PS-FS may be a suitable substitute in patients
who do not respond to budesonide or who show side effects to
the drug, as well as in early stages of the disease where
pharmacological intervention is not required. However, an
antagonistic effect was reported when PS-FS and budesonide
were combined as co-treatment. This suggests an opposite
influence when administered simultaneously, which could be
due to possible competition for binding sites or interference
with signaling pathways crucial for their respective mecha-
nisms of action. These antagonistic interactions underscore
the need for cautious consideration when combining these
agents in therapeutic regimens, as their simultaneous admin-
istration may compromise overall efficacy.

5. Conclusions

The present study elucidates the anti-inflammatory potential of
PS when provided in the form of a food supplement. On the con-
trary, when PS are incorporated into milk-based fruit beverages
and rye bread, this beneficial effect disappears, suggesting inter-
ference of the food matrix with the anti-inflammatory properties
of PS. These findings underline the need for isolated formats that
preserve the biological activity of PS, especially in the context of
inflammatory bowel diseases. While the observed efficacy of
PS-FS is promising, further research, particularly in humans, is
essential to validate these findings and determine the transla-
tional relevance of PS-FS as a possible dietary alternative for
inflammatory bowel disorders.
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