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A B S T R A C T

High blood cholesterol levels may increase the risk of developing atherosclerosis. Since intestinal cholesterol
absorption plays a major role in maintaining total body cholesterol homeostasis, the aim of the present study was
to compare the effect of ezetimibe and three hydroxycinnamic acid derivatives (rosmarinic acid, chlorogenic acid
and m-coumaric acid) that are present in several medicinal plants on cholesterol absorption in the intestinal Caco-
2 cells. In addition to the permeability assays, studies on alteration of the biochemical properties of Caco-2 cells
under the effect of ezetimibe and hydroxycinnamic acid derivatives was evaluated using FTIR accompanied with
multivariate analysis by PCA. The cholesterol permeability assays showed that these compounds could decrease
cholesterol permeability with a percentage ranging from 76.98 to 96.6% with the highest inhibition for ezetimibe.
whereas the FTIR studies didn't show similar changes between ezetimibe and the three hydroxycinnamic acid
derivatives in protein and nucleic acids region, suggesting that these compounds have hypocholesterolemic effect.
Nevertheless, each compound originated a different change on Caco-2 treated cells suggesting a different mode of
action.
1. Introduction

Atherosclerosis is the major cause of myocardial infarctions and
ischemic strokes. There is also general agreement that atherosclerosis,
and thus coronary heart diseases, result from hypercholesterolemia.
Although cholesterol is essential for mammalian cells, excess cholesterol
is toxic and contributes to development of atherosclerotic vascular dis-
eases (Hiebl et al., 2018; Yao et al., 2002). Cholesterol homeostasis is
controlled mainly by endogenous synthesis, intestinal absorption, and
hepatic excretion. An imbalance of these processes may lead to high
cholesterol concentrations in the plasma, cholesterol accumulation in
different tissues, and increased risk of atherosclerotic cardiovascular
diseases (Park and Carr, 2013). Reduction in the intestinal absorption of
dietary and biliary cholesterol can lead to the lowering of cholesterol
levels. Recently, the use of drugs such as ezetimibe, a selective inhibitor
of the transport of cholesterol, was one of the approaches to reduce serum
cholesterol levels by decreasing cholesterol absorption in the small in-
testine which is a major interface in cholesterol uptake and excretion
(Hiebl et al., 2020; Yoon et al., 2013). Caco-2 cells are mainly used for
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assessing the drug bioavailability, transport, and even metabolism in the
intestine (van Breemen and Li, 2005), but they are also suitable for
studying lipid and cholesterol homeostasis (Hiebl et al., 2020; Salvini
et al., 2002). These cells are able to express membrane transporters;
therefore, rendering them good models to study intestinal absorption and
transport of natural products, as well as other processes that occur in the
normal intestinal epithelium (Ming et al., 2011).

Due to the side effects of synthetic drugs, attention is now being
directed to alternative medicines of plant origin (Loke et al., 2010). An
important class of phenolic compounds such as hydroxycinnamic acid
derivatives have attracted considerable interest in the past few years
due to their known potential in diabetes and hyperlipidemia and they
have been widely used as a template for the development of chemical
entities with a potential therapeutic interest in human diseases (Arantes
et al., 2016; Gungunes et al., 2018; Tsai et al., 2017). Many studies
report a positive correlation between the consumption of medicinal
plants rich in polyphenols (i.e., flavonoids) and a reduction in the risk of
acquiring cardiovascular diseases, cancer, diabetes, obesity and
degenerative diseases (Adaramoye et al., 2008; Rasouli et al., 2017;
. Serralheiro).
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Scalbert et al., 2005). These compounds are found in many plants and
are abundant in fruits and vegetables. They have attracted much in-
terest due to their preventive effects in cardiovascular disease and their
ability to act on cholesterol homeostasis when present in the diet (Fal�e
et al., 2013, 2014; Ressaissi et al., 2021; Scalbert et al., 2005). One of
the techniques that has demonstrated its potential application in
biomedical research, disease diagnosis, cellular biochemical studies,
and therapeutic response monitoring is FTIR spectroscopy (Ukkonen
et al., 2019). It is increasingly finding applications in the study of
biochemical response of cell lines induced by drug treatment such as
response of cells to mechanical stress, chemical stress, protein aggre-
gation, cell attachment, cell death, cell differentiation and cell activa-
tion (Fal�e et al., 2014). This technique allows a rapid analysis of
biochemical and structural changes in proteins, DNA, carbohydrates
and lipids due to its high sensitivity in detecting modifications in the
functional groups of the most important biomolecules. Its capacity to
provide structure-specific spectra, containing all the vibrational modes
of a sample, which gives a comprehensive data related with chemical
and morphological information of the sample under analysis (Giorgini
et al., 2017; Mihoubi et al., 2017). Due to their presence in herbal
infusion and to their known potential on hypercholesterolemia, the
objective of the present work was to study the bioavailability of ezeti-
mibe (EZ) and hydroxycinnamic acid derivatives (m-coumaric acid
(m-CA), rosamrinic acid (RA) and chlorogenic acid (ChA)) and their
potential on lowering the permeability of cholesterol through Caco-2
cell monolayers. In addition, a comparison of the cellular response of
Caco-2 cells exposed to (EZ) and the four hydroxycinnamic acid de-
rivatives by analyzing the whole cell components using Fourier trans-
form infrared spectroscopy (FTIR) was performed.

2. Material and methods

2.1. Chemicals

Trypsin, Dulbecco's modified Eagle medium (DMEM), glutamine,
Pen-Strep (penicillin and streptomycin mixture), Phosphate-Buffered
Saline (PBS) and fetal bovine serum (FBS) were bought from Lonza
(Verviers, Belgium), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) from VWR International, m-coumaric acid (m-
CA), rosmarinic acid (RA), chlorogenic acid (ChA) were bought from
Sigma Aldrich, Barcelona, Spain and Ezetimibe commercial drug.

2.2. Cell culture

Caco-2, Human colorectal adenocarcinoma epithelial cell lines
(ECACC 86010202)were cultured in DMEM supplemented with 10% FBS
and 2mML-glutamine at 37 �C in an atmosphere with 5% CO2 by seeding
approx. 2� 104 cells/cm2. The medium was changed every 48–72 h, and
cells were trypsinized before reaching confluence.

2.3. Cytotoxicity studies on Caco-2 cell line

Caco-2 cell line, Human colorectal adenocarcinoma epithelial cells
were cultured in DMEM supplemented with 10% FBS and 2 mM L-
glutamine at 37 �C in an atmosphere with 5% CO2. Cells were passed
every 48–72 h before reaching confluence. Cytotoxicity studies were
performed using the MTT viability test (Ressaissi et al., 2017). Briefly, 2
� 104 cells were seeded in 96-well plates and incubated for 48 h at 37 �C
in an atmosphere with 5% CO2. Standards were dissolved in DMEM FBS
free with different concentrations ranging from 0.025 to 1 mg/mL m-CA,
RA and ChA and from 0.1 to 1 mM for EZ. The prepared solutions were
incubated for 24 h in the same conditions before applying the MTT re-
agent. The assays were done in eight replicates for each concentration
and the cell viability percentage was calculated by the following formula:
2

trol)] � 100

Viability (%) ¼ [(Abs 595 – Abs 630 of sample)/(Abs 595 – Abs 630 of con-
2.4. Permeability assay

For transport and metabolism experiments, the cells (grown as pre-
viously described) were seeded at a density of 2–4 x 104 cells/cm2 in 12-
well transwell plate inserts with 10.5 mm diameter, 0.4 μm pore size (BD
Falcon™). The monolayers were formed after 16 days. The integrity of
the monolayers was evaluated by measuring the transepithelial electrical
resistance (TEER) with a Millicell ERS-2 V-Ohm Meter, from Millipore
(Darmstadt, Germany). The membranes were considered fit when the
TEER (electrical resistance) was higher than 250 Ω/cm2. The TEER was
measured using a Millicell ERS-2 Volt-Ohm Meter, from Millipore
(Darmstadt, Germany) before and after the assay. To start the assays
solutions dissolved in DMEM containing 5 mM of cholesterol were
applied into the transwell inserts (apical side of the cells) and DMEMwas
added to the plate well (basolateral side of the cells) (v/3v). After 24 h of
incubation at 37 �C, 5% CO2, the solutions in both sides of the cells were
collected and analyzed by RP-HPLC-DAD (Fal�e et al., 2013). The per-
centage of permeation (%) was calculated as the amount transported
divided by the initial amount in the apical chamber. The apparent
permeability coefficients (Papp) were determined using the equation:

Papp ¼ (dQ / dt) / (A � C0)

dQ/dt represents the rate of compound permeation to the basolateral side
(mmol/s); A concerns to the surface area of the membrane (cm2), and C0
corresponds to the initial concentration of the compound.
2.5. FTIR analysis

The FTIR analysis were carried out as previously described (Ressaissi
et al., 2020). HepG2 were maintained in T25 cell culture flasks using
DMEMmedium supplemented with 10% FBS and 2 mM L-glutamine, in a
5% CO2 environment at 37 �C. The cells were trypsinized and harvested
when they reached ~80% confluence. The cell suspension was diluted in
medium to reach a cell density of ~1.2 � 106 cell/mL. The resulting cell
suspension was seeded directly onto CaF2 windows and incubated
overnight. The cells were treated with the phenolic compounds at con-
centration of 1 mM and Ezetimibe 100 μM (less than 40% toxicity) for 24
h. The spectra acquisitions were performed using Nicollet 6700 FT-IR
apparatus from Thermo Electron Corporation®. All measurements were
acquired with a spectral resolution of 4 cm�1 and a spectral range of
900–3000 cm�1. Cell spectra were measured by averaging 128 scans. The
OMINC software was used for acquisition and processing of spectra and
FTIR spectra were normalized to Amide II band. For each assay, 4 rep-
licates were performed.
2.6. Data analysis

All the data were expressed as mean � standard deviation of at least
four replicates. Analysis of variance (ANOVA) with α ¼ 0.05 (Turkey
test), Peak area calculation, and second derivative methods were pro-
cessed using OriginPro 2020b software. Spectra were smoothed by eight
points Savitsky-Golay function. Principal Components Analysis (PCA) on
the normalized spectra was carried out using OriginPro 2020b software.
Spectra were truncated to 1300–950, 1500–1300, 1700–1600, and 3000-
2800 cm�1 before PCA. The analysis was focused on the first two prin-
cipal components (PC1 and PC2), as they accounted for more than 90% of
the variances.



Table 2
Bioavailability of hydroxycinnamic acid derivatives and Ezetimibe through Caco-
2 cells in presence of 5 mM of cholesterol (%).

Bioavailability (%) Papp (10�6 cm/s)

m-CA 7.72 � 2.25a 1.34 � 0.39a

ChA 7.95 � 0.88a 1.38 � 0.15a

RA 9.71 � 2.36a 1.68 � 0.41a

EZ 16.97 � 0.26b 2.94 � 0.04b

Table 3
Permeability of cholesterol through Caco-2 cells in the absence and presence of
hydroxycinnamic acid derivatives and Ezetimibe (%).

Cholesterol
permeability

Decrease in cholesterol
permeability

A. Ressaissi, M.L.M. Serralheiro Current Research in Pharmacology and Drug Discovery 3 (2022) 100105
3. Results & discussion

3.1. Cytotoxicity studies on Caco-2 cell line

In this research, Caco-2 were subject to ezetimibe and phenolic acids
treatment. The HCA derivatives and EZ were seen not to be toxic for the
concentrations used. After being in contact with cells for 24 h, The per-
centage of toxicity for a concentration of 1 mg/mL of hydroxycinnamic
acid derivatives was lower than 50%whereas EZ had an IC50 of 228.42�
29.5 μM (Table 1).

This low cytotoxicity showed by the 3 phenolic compounds allowed
to study their bioavailability, their potential on lowering the perme-
ability of cholesterol through Caco-2 cell monolayers and the changes in
the cell macromolecular content and structure on Caco-2 cells using
Infrared spectroscopy.
Cholesterol 19.1 � 0.71 –

Cholesterol þ EZ 0.64 � 0.01a 96.60
Cholesterol þ m-
CA

4.25 � 0.3c 77.70

Cholesterol þ ChA 3.76 � 0.5b,c 80.29
Cholesterol þ RA 2.74 � 0.01b 85.65

a, b, c Different letters mean significantly different at 0.05.
3.2. Permeability assays

The Caco-2 cell monolayer model is widely used to mimic the ab-
sorption and transport of drugs across the intestinal epithelial layer
(Wang et al., 2020). The permeability of hydroxycinnamic acid de-
rivatives and EZ in presence of cholesterol was studied by using the
Caco-2 cell line differentiated as a monolayer, in a Transwell system.
Phenolic acids and EZ were quantified in basolateral compartments after
24 h of incubation and the percentage of permeability and the apparent
permeability coefficient (Papp) were calculated. The results are shown in
Table 2.

In fact, in presence of cholesterol, all tested compounds could
permeate the Caco-2 monolayer with a percentage ranging from 7.72 to
14.15 and a Papp values between 1.34 and 2.45 10�6 cm s�1 (Table 2).
Ezetimibe showed the highest permeability. Moreover, the statistical
analysis at 95% confidence level showed that ChA, m-CA and RA don't
present significant difference between them, whereas EZ was statistically
different when compared to RA, m-CA and ChA. These differences in
bioavailability can be due to the interaction of these compounds with
transport systems in intestinal cells, such as the monocarboxylic acid
transporters (MCT), the ABC transporters P-glycoprotein (Pgp) and
multidrug resistance proteins (MRP), which actively transport or inhibit
by them (Fal�e et al., 2014).

According to Heinlein et al. (2014), substances with Papp values >
1.0 � 10�6 cm s�1 possess high absorption potential which mean that
these compounds have a «high absorption potential». The obtained re-
sults showed that even with a diet rich in cholesterol, hydroxycinnamic
acid derivatives and EZ have a high permeability and allow them to enter
the blood stream and reach other organs such as the liver where they
showed an effect cholesterol biosynthesis inhibition through the inhibi-
tion of the enzyme HMGR and the regulation of cholesterol transporter
proteins responsible of cholesterol excretion (Arantes et al., 2016;
Guedes et al., 2019; Ressaissi et al., 2017, 2020).

In addition to the bioavailability, the effect of hydroxycinnamic acid
derivatives on cholesterol permeation was also evaluated in Caco-2 cell
monolayers. The results are shown in Table 3.

Hydroxycinnamic acid derivatives and EZ were added simultaneously
with cholesterol to the apical compartment of the transwells. After 24 h
of being in contact with Caco-2 monolayer, the quantification of
cholesterol on the basolateral compartment indicated that these com-
pounds significantly decreased the permeation of cholesterol (Table 3).
Table 1
Cytotoxicity towards Caco-2 cell line of 1 mg/mL of hydroxycinnamic acid de-
rivatives (%) and IC50 (μM) for Ezetemibe

m-CA ChA RA EZ

Caco-2 cell
line

45.20 �
1.44%

34.28 �
0.8%

42.34 �
3.54%

228.42 �
329.5a

a IC50 (μM).
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The obtained results showed that m-CA, ChA, RA and EZ decreased
cholesterol permeability with a percentage ranging from 77.7 to 96.6%.

Although the presence of hydroxycinnamic acid derivatives
decreased cholesterol permeation, the treatment with EZ showed the
most important decrease in cholesterol permeability and it was statisti-
cally different from m-CA; ChA and RA at a critic level of 5%. Moreover,
the statistical analysis at 95% confidence level showed that m-CA and RA
present significant difference whereas ChA is not statistically different
from m-CA and RA. For instance, cholesterol absorption in intestine is a
multi-step process mediated by specific membrane proteins. The reduc-
tion in the permeation of cholesterol can be associated with the regula-
tion of mRNA levels of Niemann-Pick Like 1 protein (NPC1L1) that
promotes the transport of cholesterol inside the cells as well as ATP-
binding cassette (ABC) proteins such as ABCG5 and ABCG8 which are
cholesterol efflux transporters (Brown and Yu, 2009; Feng et al., 2017;
Jia et al., 2011).
3.3. FTIR analysis

Fourier transform infrared spectroscopy (FTIR) has been shown to be
a promising tool for identifying the mode of action of drugs. Small
changes in cells' infrared spectra, induced by environmental conditions
or drugs, may provide an accurate signature of the metabolic shift
experienced by the cell as a response to change in the growth medium
(Altharawi et al., 2020). The low cytotoxicity allowed to study the
changes in the cells’ macromolecular content and structure induced by
ChA, m-CA, RA and EZ on Caco-2 cells using Infrared spectroscopy. As a
Fig. 1. Average of normalized spectra of Control and m-CA, ChA, RA, EZ treated
cells in the spectral range 1800–950 cm�1..



Fig. 3. Second derivative of FTIR spectra of Control and m-CA, ChA, RA, EZ
treated cells in the spectral range 1300–1000 cm�1.
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control we investigated the infrared response of untreated Caco-2 cell
line (Fig. 1).

From the visual inspection of the spectra, it is evident that ChA, m-CA,
RA and EZ induced significant spectral changes relatively to the control
at different wavelengths in the spectral range 1800–950 cm�1 (Fig. 1).
This Spectral range provides information about nucleic acids, proteins,
and lipids (Ali et al., 2018).

To better investigate the spectral modifications arising from cell in-
cubation with hydroxycinnamic acid derivatives (m-CA, ChA and RA)
and EZ, we explored the infrared response between 1800 and 950 cm�1, a
very complex spectral range where carbohydrate and nucleic acid over-
laps. The vibrations found between 1700 and 1600 cm�1 assigned to
Amide I band, are directly related to the backbone conformation and can
give information on the secondary structures in cell proteins. Absorbance
at the wavenumbers 1652–1656 cm�1 are predominantly due to α-helical
structures and the characteristic band for Random coil is located between
1646 and 1950 cm�1, whereas wavenumbers between 1620 and 1642
cm�1 and 1667-1688 cm�1 are largely characteristic of β -structures (Ami
et al., 2018; Yang et al., 2015).

The major bands in the 1300–950 cm�1 region are mainly due to
carbohydrates (particularly glycogen) and phosphates associated with
nucleic acids (Baker et al., 2014). The bands in the spectra at 965, 1081
and 1240 cm�1 are well-known DNA bands. The band near 965 cm�1 is
originated from a C–C/C–O stretching vibration involving the charac-
teristic deoxyribose and phosphate moiety of the DNA backbone whereas
the bands at 1025 and 1154 cm�1 that is indicative of glycogen (Fale
et al., 2015; Santos et al., 2018).

It can be seen in Fig. 2 that EZ and the hydroxycinnamic acid de-
rivatives induced changes on the secondary structure of the cell protein.
For instance, EZ induced more noticeable changes on α-helices/Random
Coil and β-stuctures than m-CA, RA and ChA when compared to the
untreated cells. The spectra was characterized by an increase in the
component at ~1656 cm�1 which arises from α-helix for treated cells
except with EZ, which showed a decrease. A decrease for random coil
structures at 1650 cm�1 was also observed for treated cells, except for RA
which showed an increase (Fig. 2). In the band area that can be assigned
to β-sheets at ~1637 and 1683 cm�1, an increase for treated cells with RA
and a derease for treated cells with ChA and EZ was detected, whereas
treated cells with m-CA didn't show any changes (Fig. 2). Based on this
analysis, the changes in the absolute content of different secondary
structure elements of treated cells with hydroxycinnamic acid derivatives
and ezetimibe were observed.

Fig. 3, the second derivative of FTIR spectra for treated cells with
ChA, m-CA, RA and EZ for the spectral range 1300–950 cm�1, shows that
the four phenolic acids induced changes in the main cell components but
with different importance at different wavenumbers. In fact, relatively to
the control, it can be seen a decrease in the intensity of the components at
Fig. 2. Second derivative of Amide I of Control and m-CA, ChA, RA, EZ treated
cells in the spectral range 1700–1600 cm�1).
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1025 and 1154 cm�1 induced by m-CA and RA treatment whereas EZ and
ChA induced an increase in those bands. Moreover, the bands at 965,
1081 and 1240 cm�1 showed an increase for EZ cell treated whereas a
decrease induced by ChA, m-CA, RA at 965, 1081 and 1240 cm�1 was
observed except ChA which showed an increase at 1081 cm�1. These
modifications can be attributed to structural changes in DNA volume or
density.

Thus, the changes in the DNA and protein regions can be explained by
the effect of these compounds on some transcriptional factors and the
regulation mRNA and protein levels. The transcriptional control of many
genes can be attributed to two families of transcription factors: the sterol
regulatory element-binding proteins (SREBPs) (Horton et al., 2002)
especially SREBP-2, which control the production of key enzymes in
cholesterol biosynthesis, and the liver X receptors (LXRα and LXRβ)
which regulate the expression of genes involved in cholesterol efflux,
storage, catabolism, and elimination (Repa et al., 2002). Thus, trans-
porter proteins expression and their activity is regulated by transcrip-
tional as well as post-transcriptional mechanisms. For instance, it is
known that EZ, drug used to treat hypercholesterolemia, inhibits
Niemann-Pick C1-like 1 (NPC1L1) and mediates cellular cholesterol up-
take (Feng et al., 2017; Nakano et al., 2020). Furthermore, in the intes-
tine, Liver X Receptors LXRs limits cholesterol absorption by
downregulating NPC1L1 (Duval et al., 2006). Moreover, it has been
shown that in the intestine, activation of LXR enhances fecal sterol
excretion via upregulation of the transporter heterodimer ABCG5/G8
(Hiebl et al., 2018).

3.4. Principal component analysis of FTIR spectral data

To further clarify differences between spectra of cells exposed to
dissimilar conditions, and to identify main sources of variation, the
previous analysis was complemented by Principal Component Analysis
(PCA). Spectra were separated in two regions for PCA, corresponding to
characteristic vibrations of different cell components. PCA of control and
treated cells are shown in Fig. 4. The analysis by regions reduces artifacts
caused by interference of unrelated compounds.

As it can be seen in Fig. 4, the score plots of PC1 versus PC2 clearly
separated hydroxycinnamic acid derivatives treated cells from ezetimibe
treated cells for the two regions 1300–950, and 1700–1600 cm�1

whereas PC1 versus PC2 did not separate the hydroxycinnamic acid de-
rivatives very well.

The region 1300–950 cm�1 showed a dominating PC1 explaining
74.3% of the variation in the set of spectra, and PC2 (24.8%) which gave
a clear separation of hydroxycinnamic acid derivatives treated cells and
EZ treated cells (Fig. 4a). For instance, PC1 did not highlight changes at
1300-950 cm�1 whereas PC2 explaining 24.5% of the variance



Fig. 4. Analysis of FTIR spectra of Control and m-CA, ChA, RA, EZ treated cells with PCA. PC loadings and score scatter plots of the corresponding PC1 and PC2.
Spectral regions were considered for analysis, (a) 1300–950 cm�1, (b) 1700–1600 cm�1.
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highlighted changes with positive loadings at 1025, 1081 and 1154
cm�1. The score plot of PC1 versus PC2 showed a grouping of compounds
with similar pattern. Control cells and treated cells form discrete clusters,
presenting higher amount of glycogen and vsym/asym PO2- for EZ treated
cells. However, PC1 (74.5%) separated control from hydroxycinnamic
acid derivatives treated cells with higher scores for hydroxycinnamic
acid derivatives treated cells which were mainly separated among PC2
(24.5%).

In the region 1700–1600 cm�1, which is generally attributed to the
amide I band associated with α-helix β-structures and Random coil sec-
ondary structure (Ami et al., 2018), PC1 (51.1%) and PC2 (40.4%)
highlighted changes with negative loadings at 1650 and 1656 cm�1. In
addition, PC2 loadings plot showed positive loadings at 1637 and 1683
cm�1. The scores scatter plot PC1 vs. PC2 shows a clear separation of cell
groups along the PC1 and PC2. PC2 explaining 40.0% of variance has
clearly separated treated cells with hydroxycinnamic acid derivatives
and EZ, however the separation between hydroxycinnamic acid de-
rivatives treated cells was not clear except ChA treated cells which
formed a cluster (Fig. 4b).

4. Conclusion

Although the combined FTIR spectroscopy with principal component
analysis has shown that hydroxycinnamic acids and ezetimibe have a
different mode of action on Caco-2 cells component, these compounds
showed their ability to lower cholesterol uptake through caco-2 cell lines
with small difference when compared to ezetimibe. In addition, the
bioavailability assays demonstrated that even with a diet rich in
cholesterol, hydroxycinnamic acids derivatives could decrease the
cholesterol intestinal permeability and permeate the intestinal barrier to
reach other organs. These findings allow to suggest that herbal infusions
containing these compounds might be used as cholesterol reducing
5

agents and by the way avoiding the side effects of Ezetimibe.
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