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Red raspberry (Rubus idaeus) preserves intestinal
barrier integrity and reduces oxidative stress in
Caco-2 cells exposed to a proinflammatory
stimulus+

Mirko Marino, 2 ¢ Marco Rendine, (2 ® Samuele Venturi,® Marisa Porrini,?
Claudio Gardana,® Dorothy Klimis-Zacas,? Patrizia Riso® and Cristian Del Bo' () *@

Growing evidence showed the capacity of (poly)phenols to exert a protective role on intestinal health.
Nevertheless, the existing findings are still heterogeneous and the underlying mechanisms remain
unclear. This study investigated the potential benefits of a red raspberry (Rubus idaeus) powder on the
integrity of the intestinal barrier, focusing on its ability to mitigate the effects of tumor necrosis factor-a
(TNF-a)-induced intestinal permeability. Human colorectal adenocarcinoma cells (i.e., Caco-2 cells) were
used as a model to assess the impact of red raspberry on intestinal permeability, tight junction expression,
and oxidative stress. The Caco-2 cells were differentiated into polarized monolayers and treated with
interferon-y (IFN-y) (10 ng mL™) for 24 hours, followed by exposure to TNF-a (10 ng mL™ in the pres-
ence or absence of red raspberry extract (1-5 mg mL™). The integrity of the intestinal monolayer was
evaluated using transepithelial electrical resistance (TEER) and fluorescein isothiocyanate—dextran
(FITC-D) efflux assay. Markers of intestinal permeability (claudin-1, occludin, and zonula occludens-1
(ZO-1)) and oxidative stress (8-hydroxy-2-deoxyguanosine (8-OHdG) and protein carbonyl) were
assessed using ELISA kits. Treatment with red raspberry resulted in a significant counteraction of TEER
value loss (41%; p < 0.01) and a notable reduction in the efflux of FITC-D (-2.5 times; p < 0.01).
Additionally, red raspberry attenuated the levels of 8-OHdG (-48.8%; p < 0.01), mitigating the detrimental
effects induced by TNF-a. Moreover, red raspberry positively influenced the expression of the integral
membrane protein claudin-1 (+18%; p < 0.01), an essential component of tight junctions. These findings
contribute to the growing understanding of the beneficial effects of red raspberry in the context of the
intestinal barrier. The effect of red raspberry against TNF-a-induced intestinal permeability observed in
our in vitro model suggests, for the first time, its potential as a dietary strategy to promote gastrointestinal
health.

both transcellular (passage through transmembrane proteins)
and paracellular (passage through spaces between adjacent

The gastrointestinal tract serves as a vital functional barrier,
safeguarding the inner environment from the transmission of
harmful substances. The integrity of the intestinal barrier (IB)
relies on the intricate interplay of various components, includ-
ing microorganisms, chemicals like mucins and antimicrobial
peptides, immune cells, and primarily intestinal epithelial
cells." Achieving selective permeability within the IB involves
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cells) mechanisms. The paracellular route’s selectivity is estab-
lished through junction proteins, comprising gap junctions,
adherens junctions, tight junctions, and desmosomes.> While
gap junctions enable electrochemical connections between
cells, adherens junctions, tight junctions and desmosomes pri-
marily facilitate intracellular adhesion. Furthermore, gap junc-
tions play a crucial role in regulating the passage of ions and
small molecules between adjacent cells.® Tight junction pro-
teins, such as claudins, occludin, and tricellulin, situated
between the apical and basolateral membrane, play a pivotal
role in controlling intestinal epithelial cells permeability
through the paracellular route.* Adherens junctions, located
immediately below the tight junctions, consist of two trans-
membrane complexes (nectin-afadin and cadherin-catenin),
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closely anchored to the actin cytoskeleton. Additionally, gap
junctions associate directly with tight junctions through inter-
actions with intracellular scaffold proteins, like zonula occlu-
dens.” Furthermore, desmosomes serve as intercellular junc-
tions, further stabilizing interactions between cells.® The integ-
rity of intracellular junctions is meticulously regulated by
various signaling pathways.” However, physiological and
pathological factors can disrupt intracellular junction organiz-
ation, leading to IB impairment and increased IP, a condition
referred to as leaky gut syndrome.®® Proinflammatory cyto-
kines, such as tumor necrosis factor o (TNF-at), have been
shown to directly reduce zonula occludens-1 protein levels
through a mechanism involving nuclear factor k-B (NF-kB) sig-
naling.'® The compromised integrity of intercellular junctions
allows improper paracellular passage of food components and
bacterial components, such as lipopolysaccharide, from the
gut lumen to reach immune cells in the lamina propria. The
last event triggers a robust immune response characterized by
the production of pro-inflammatory cytokines, resulting in
impaired IB, increased intestinal permeability (IP), and intesti-
nal and systemic inflammation."**?

Red raspberries (RB) are among the most popular berries
globally and have garnered significant interest in the last
decade due to their potential health benefits attributed to
their content of vitamins, minerals, and bioactive com-
pounds.'® Notably, RB are rich in two primary classes of (poly)
phenols (PP), namely anthocyanins responsible for their red
color, and ellagitannins."* The total anthocyanins content of
RB, determined among different harvest seasons and disparate
cultivars, ranged from 12.4 to 113 mg per 100 g of fresh weight
(FW) with the major anthocyanins constituted by cyanidin-3-
sophoroside, cyanidin 3-O-glucosyl-rutinoside and cyanidin-3-
glucoside.”®"” Regarding ellagitannins, lambertianin C and
sanguiin H-6 are the principal compounds detected in RB with
a mean of 38 and 55 mg per 100 g FW, respectively.'® However,
it is widely known that these compounds have poor bio-
availability and are not absorbed per se. On the contrary, they
are mainly subjected to the action of the gut microbiota which
results in the production of different phenolic metabolites.'®
In this context, some of the beneficial effects of these com-
pounds, both parent and metabolites, can be attributed to
their permanence in the lumen of the gut suggesting intestinal
cells as potential targets for their biological activity. Numerous
studies have demonstrated that RB consumption can reduce
oxidative stress,'® inflammation,?>*' dyslipidemia and hyper-
glycemia,”® and positively modulate the gut microbiota,>?
attributed to their PP content. Moreover, emerging evidence
suggests potential beneficial effects of RB PP on gut health, as
an anthocyanin-rich fraction from RB has been shown to
reduce intestinal inflammation and reverse morphological
alterations in the gut.*>** Additionally, RB-enriched diets have
shown promise in improving IB function in a model of
alcohol-induced IB dysfunction through inhibiting the NF-
kB/MLCK pathway and upregulating tight junction proteins,
such as zonula occludens 1, occludin, claudin-1, and
claudin-4.>
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However, limited evidence exists regarding RB’s ability to
modulate IB and its permeability. Hence, the present study
aims to investigate the effects of a RB powder in a Caco-2 intes-
tinal model, targeting to unravel the molecular mechanisms
regulating IP.

2. Materials and methods
2.1 Chemicals, cells and reagents

Human Caucasian colon adenocarcinoma (Caco-2) cells (Cat.
no 09042001-1VL) were from the European Collection of
Authenticated Cell Cultures (ECACC) and purchased from
Sigma-Aldrich (St Louis, MO, USA). Minimum Essential
Medium (MEM; Cat. no. 51411C-1000 mL), penicillin-strepto-
mycin solution (Cat. no. P4333-100 mL), MEM non-essential
amino acid solution (100x) (Cat. no. M7145-100 mL), trypsin-
EDTA (Cat no. T4049-100 mL), phosphate saline buffer (PBS;
Cat no. 806544-500 mL), interferon-y human (IFN-y; Cat no.
117001-100UG), trypan blue (Cat no. T8154-100 mL), potassium
chloride, sodium chloride, fluorescein-5-isothiocyanate
dextran (FITCd; Cat no. 46944-100 mg), and Triton x100 were
provided by Sigma-Aldrich. MEM phenol red free (Cat no.
51200-038), sodium pyruvate (Cat no. 11360-070), and fetal
bovine serum (FBS; Cat no. A47668-01) were provided by
Thermo Fisher Scientific (Waltham, MA, USA). TNF-a (Cat no.
rcyc-htnfa) was provided by InvivoGen (San Diego, CA, USA).
Millicell® tissue culture plate well inserts (Cat. no.
PIHP01250), ethylenediaminetetraacetic acid disodium salt
dihydrate (DSEDTA; Cat no. E5134-500 g), 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT; Cat no.
M2128-500 mm), dimethyl sulfoxide, SDS (Cat no. 822050) and
ethanol were purchased from Merck (Darmstadt, Germany).
Tris-(hydroxymethyl)-aminomethane (Tris; Cat no. 33742) was
provided by Honeywell International Inc. (Monza, MB, Italy).
ProteinSafe™ Protease Inhibitor Cocktail (100x) (Cat no.
DI111-02) was provided by CliniSciences (Guidonia
Montecelio, RM, Italy). Standards of cyanidin (Cy)-, delphini-
din (D)-, petunidin (Pt)-, peonidin (Pe)-, malvidin (Mv)- and
their 3-O-glucoside (glc), Cy-, Pet-, Peo-, Mv-3-O-galactoside
(gal) and Cy-arabinoside (Cy-ara) were purchased from
Polyphenols Laboratory (Sandnes, Norway). Acetonitrile, and
phosphoric acid were from VWR (Radnor, PA, USA). Water was
from a Milli-Q apparatus (Millipore, Milford, MA). Red
Raspberry (RB; Rubus ideaus) freeze-dried powder was pro-
vided by FutureCeuticals (Momence, Ill., USA) and stored at
—20 °C until use.

2.2 Preparation of the red raspberry stock solution

The raspberry freeze-dried powder (100 mg) was dissolved in
MEM (1 mL), vortexing for 30 seconds and stored overnight at
4 °C, to produce the extract. The RB solution was centrifugated
at 865 ref (3000 rpm) for 10 minutes and at 16 249 rcf (13 000
rpm) for 1 minute twice (rotor Cat. No. RA24-2 86 mm).
Successively the extract was filtered by sterilized filters (dia-
meter 0.2 pm) to provide a stock solution at 100 mg mL™".

This journal is © The Royal Society of Chemistry 2024
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Subsequently, the stock solution was diluted in MEM to test
concentrations of 1, 5 and 10 mg mL™".

2.2.1 Nutritional relevance of tested red raspberry solu-
tions. Total PP content in RB was 600 mg per 100 g fresh
weight (FW), representing 0.6% FW.>® The concentrations of RB
administered were selected based on their nutritional relevance
and capacity to reach in the large intestine.”” As documented,
most bioactive compounds present in RB are extensively metab-
olized and absorbed before reaching the proximal portion of the
intestine, and only a small percentage may reach the colono-
cytes.”® Additionally, Caco-2 cells have been shown to actively
metabolize PP, contributing to the production of derivative com-
pounds that may exert biological activity.”® Thus, in our cell
culture system, we assumed that about 0.5 to 5% of PP con-
tained in RB could come into contact with colonocytes.
Accordingly, we administered three concentrations containing
approximately 0.003 mg mL™, 0.015 mg mL™*, and 0.03 mg
mL™" of PP in RB1, RB5, and RB10, respectively.

2.3 Chemical characterization of the red raspberry stock
solution

2.3.1 Sugars. About 100 mg of RB powder (RP) was dis-
persed in 50 mL of deionized water, followed by sonication for
10 min and centrifugation at 1650g for 5 min to collect the
supernatant. The residue was then subjected to two additional
extractions with 20 mL of water and processed in the same
manner as described above. The supernatants from all extrac-
tions were combined, and the final volume was adjusted to
100 mL with water. The resulting solutions were diluted with
acetonitrile, and the sugar content was assessed using the
method described by Gardana et al.>®

2.3.2 Protein. The nitrogen (N) content was determined by
conventional acid hydrolysis and Kjeldahl digestion, using a
copper catalyst in 2 g of raspberry powder (RP). The ammonia
was distilled and collected in a solution of boric acid, which
was then titrated against standard acid. Digestion and distilla-
tion were carried out using a Kjeltec 1002 apparatus (Foss,
Milan, IT). Factor N x 6.25 was applied to convert total nitro-
gen to protein content.*

2.3.3 Total (poly)phenols. The quantification of total PP in
RP was carried out using the Folin-Ciocalteau method, with
gallic acid utilized as a standard reference.’’ The results of
triplicate analyses are expressed as g per 100 g of gallic acid
equivalents (GAE).

2.3.4 Proanthocyanidins. Total proanthocyanidins were
determined following the protocol by Gardana et al.>* Briefly,
approximately 50 mg of RP were dissolved in 5 mL of a solu-
tion containing acetone : water : acetic acid (75 : 24.5: 0.5 v/v/v).
The mixture was vortexed for 30 s, sonicated for 10 min, and
then centrifuged at 1650g for 5 min at 20 °C. The supernatant
was collected, and the residue was subjected to another extrac-
tion with 4 mL of the same acetone : water : acetic acid solu-
tion. This was followed by vortexing, sonication, and centrifu-
gation as described before. The two supernatants were com-
bined and diluted to a final volume of 10 mL with water for
subsequent DMAC assays.

This journal is © The Royal Society of Chemistry 2024
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2.3.5 Anthocyanins. Approximately 100 mg of RP was dis-
solved in 5 mL of a methanol:2% trifluoroacetic acid (TFA)
solution (20 : 80, v/v) and subjected to sonication for 10 min.
The resulting suspension was then centrifuged at 1650g for
10 min, and the supernatant was collected. The residue was
subjected to three additional extractions with a methanol : 2%
TFA solution (20:80, v/v) until the color disappeared. The
combined supernatants were adjusted to a final volume of
25 mL with an aqueous 2% TFA solution and stored at —20 °C.
The total anthocyanin (ACNs) content was determined spectro-
photometrically using the method described by Lee et al**
while the chromatographic analysis was performed according
to Spinardi et al.®*

2.3.6 Ellagitannins. Around 1 g of RP was dissolved in
10 mL of a methanol: water solution (20: 80, v/v) and soni-
cated for 10 min. Afterward, the suspension was centrifuged at
1650g for 10 min, and the resulting supernatant was collected.
The residue was then extracted with 10 mL of a methanol:
water solution (20: 80, v/v) and subjected to another centrifu-
gation at 1650g for 10 min. The supernatants were mixed, and
the final volume adjusted to 25 mL with water. The solution
was stored at —20 °C. The ellagitannin chromatographic ana-
lysis was conducted using an UHPLC model Vanquish Flex
(Thermo) coupled to a Vanquish HL PDA (Thermo) and an
HR-MS Orbitrap mod. Exactive (Thermo) equipped with a
HESI-II probe for electrospray ionization (ESI) and a collision
cell (HCD).

2.4 Caco-2 Cell culture

Minimum essential medium (MEM) supplemented with 10%
(v/v) fetal bovine serum, 1 mM sodium pyruvate, 1% (v/v) of
100x non-essential amino acids, and antibiotics (50 U per mL
penicillin, 50 pg per mL streptomycin) was used to culture
Caco-2 cells. The cell culture was maintained at 37 °C and 5%
CO,. The medium was changed every 2-3 days during cell
growth and differentiation. Cells were subcultured at 80% con-
fluence with trypsin/EDTA (0.05%). Cells were used between
passages 3 and 15.

2.5 Cell viability assay

The cytotoxicity of the extracts on Caco-2 cell culture was evalu-
ated using the Trypan Blue exclusion assay and the MTT assay.
Caco-2 cells were seeded in 12-well plates (4 x 10> cells per
well). Cell cultures with 80% confluence grade were treated
with RB 1 mg mL ™", RB 5 mg mL ™", RB 10 mg mL ", and TNF-
o (10 ng mL™") for 24 h. Cell culture medium was used as a
negative control (NC), while 0.1% TRITON X as a positive
control. Subsequently, cells were detached with trypsin/EDTA
(0.05%), resuspended, and analysed with Trypan exclusion
assay using a TC20TM automated cell counter and dedicated
dual-chamber cell counting slides (BIORAD, Segrate, Milan,
Italy). Three independent experiments were performed, in
every experiment each condition was tested in triplicate.
Moreover, the cytotoxicity was evaluated through an MTT
assay.>® Cells were seeded in 96-well plates (5 x 10® cells per
well). After 24 h the cells were treated with the RB 1, 5 and
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10 mg mL ™", TNF-a (10 ng mL™"), NC and TRITON X. The MTT
solution, made in the cell culture complete medium (1 mg
mL "), was filter-sterilized (0.2 pm), and 100 pl was added to
each well. Cells with MTT solution were incubated at 37 °C for
4 h avoiding light. Subsequently, the MTT solution was
removed, and 200 pl DMSO was added to each well to solubil-
ize formazan crystals. The plate was incubated in the dark on a
diametral shaker for 20 min at room temperature. The absor-
bance from each well was measured at a wavelength of 570 nm
using a microplate reader (mod. F200, TECAN, Milan Italy).
Three independent experiments were executed in which each
condition was tested in six replicates.

2.6 Transepithelial electrical resistance (TEER) measurement

The transepithelial electrical resistance (TEER) was performed
to evaluate the tight junction integrity of the Caco-2 mono-
layer.>® Cells were seeded at a density of 2 x 10" cells per well
on Transwell® 24-well permeable media (12 mm, 0.4 pm pore
polyester membranes), a well without cells was used as a
blank. Caco-2 cells spontaneously differentiated into polarized
monolayers after 18-21 days on Transwell inserts. The
medium in the lower and upper chambers, respectively 0.6
and 0.4 mL, was replaced every 2-3 days. After differentiation,
the cells were pre-treated with interferon-y (IFN-y; 10 ng mL ™)
for 24 h. IFN-y was added to the medium in the lower compart-
ment, in order to promote the translocation of the tumor
necrosis factor-a (TNF-a) receptors outside the cell mem-
brane.*® Subsequently, cells were exposed to TNF-a (10 ng
mL™") introduced into the lower chamber medium, either with
or without the presence of extracts (RB 1 and 5 mg mL ') in
the upper chamber. This 24-hour exposure to TNF-a led to an
augmentation in IP as a result of the inflammatory stimu-
lation. Cell culture medium was used as a negative control,
while the treatment with TNF-a only was the positive control.
The experiments were performed with medium without serum
and phenol red-free. TEER was measured before and after the
treatment with IFN-y/TNF-a with extracts, and after the replace-
ment of fresh medium. TEER was estimated through a Millicell-
ERS Resistance System (Millipore, Bedford, MA, USA), which
includes a dual-electrode volt-ohm-meter, by the following
equation: TEER = (R, — R;) x A, where R,, is the transmembrane
resistance, R; is the intrinsic resistance of cell-free media, and 4
is the membrane surface area in cm?® Cell monolayers with
TEER values ranging between 350 and 450 Q cm” were used for
the experiments. Three independent experiments were per-
formed in which each condition was tested in triplicate.

2.7 Transport of fluorescein isothiocyanate-dextran (FITC-
dextran)

The IP was also determined through the FITC-D efflux assay,
which allows to evaluate the paracellular transport of a nonpo-
lar fluorescent molecule detectable by spectrophotometer.>®
After the evaluation of TEER, the medium in the upper
chamber was replaced with fresh medium, and FITC-dextran
(1 mg mL™") was added. Cells were incubated at 37 °C in the
dark, and after 4 h, 50 pl of the medium in the lower chamber
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was collected in a 96-well black plate. The quantification of
FITC-D was performed using a fluorescence plate reader (mod.
F200 Infinite, TECAN, Milan, Italy), with the excitation and
emission wavelength at 488 and 520 nm, respectively. Analyses
were conducted in triplicate, and the results were derived from
three independent experiments.

2.8 Assessment of intestinal permeability and oxidative
stress markers by enzyme-linked immunosorbent assay
(ELISA)

To evaluate markers of IP and oxidative stress, cells were
seeded in a 6-well plate at a density of 3 x 10° cells per well.
The cells differentiated into polarized monolayers after 8-10
days. The same treatment phases described above were fol-
lowed. Cell supernatant was collected to evaluate protein car-
bonyl (PC) and 8-hydroxy-2-deoxyguanosine (8-OHdG), while
cell lysate was collected to measure claudin-1 (CLN-1), zonula
occludens-1 (ZO-1) and occludin (OCLN). After RB and TNF-a
treatments, cell supernatant was collected, centrifuged at 216
ref for 10 min at 4 °C, and stored at —80 °C until analysis.
Protein extraction was done following the Kkit’s protocol.
Briefly, cells were placed on ice, washed with cold PBS, and
incubated for 1 min with lysis buffer (100 mM Tris, 150 mM
NaCl, 1 mM EDTA Na, 1% SDS, 1% TRITON-X 100, 1% pro-
teases inhibitor). The cells were detached, incubated on ice for
30 min, and vortexed every 10 min. The cell extract was centri-
fuged at 16 249 rcf for 10 min at 4 °C. The supernatant was
stored at —80 °C until analysis. ELISA kits were used to quan-
tify the markers levels of CLN-1, ZO-1, OCLN, PC and 8-OHdG.
Cat No. were MBS3800570, MBS2605490, MBS451733,
MBS2602535, MBS267161, respectively (MyBioSource, San
Diego, CA, USA). Three independent experiments were per-
formed in which each condition was tested in duplicate.

2.9 Statistical analysis

Statistical analysis was executed through GraphPad software
(GraphPad Software Boston, MA, USA). The effect of the RB
extract on Caco-2 cell monolayer integrity, tight junction pro-
teins and oxidative stress markers was assessed through one-
way analysis of variance (ANOVA). Post hoc analysis of the
differences between treatments was conducted using the least
significant difference (LSD) test with a significance level set at
p < 0.05. Data derived from three independent experiments in
which each condition was tested in triplicate for TEER evalu-
ation and FITC-D efflux assay, and in duplicate for tight junc-
tions and oxidative stress markers. Results are reported as
mean + standard deviation.

3. Results

3.1 Nutritional composition of red raspberry stock solution

The RB stock solution was characterized for both the nutri-
tional and non-nutritional components, and Table 1 shows the
qualitative and quantitative composition. The characterization
of the RB powder has been published in a previous work.>®

This journal is © The Royal Society of Chemistry 2024
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Table 1 Nutrient and non-nutrient components of RB stock solution

Chemical composition Stock solution (mg mL ™)

Protein 3.9+0.5

Sugars 31.1+0.3
Fructose 11.4 £ 0.4
Glucose 9.7+0.3
Sucrose 11.1+0.2

Total (poly)phenols® 3.2+0.2
Anthocyanins 0.51 £ 0.05
Proanthocyanins® 0.68 + 0.03
Ellagitannins? 0.59 £ 0.03

“As gallic acid equivalent. ® Cyanidin-glucoside. °As procyanidin A2
equivalent. ¢ Quantified on the punicalagin calibration curve and the
amount corrected by the MW ratio (MW analyte/MW punicalagin).

The sugar content of red raspberries stock solution is
nearly evenly distributed among fructose, glucose, and
sucrose, with a total sum of approximately 3.5 mg mL™". As for
the phenolic content, anthocyanins, proanthocyanins, and
ellagitannins were the main representing approximately 60%
of the total phenols. Anthocyanins and ellagitannins have
been identified by co-chromatography, online UV-Vis spectra,
accurate mass and fragment ions obtained by collision-
induced dissociation.*® Cyanidin-3-O-sophoroside and cyani-
din-3-O-glucoside were the main ACNs constituting approxi-
mately 77 and 18% of total ACNs, respectively. Regarding ella-
gitannins, the main was sanguiin H-6, sanguiin H-10 and its
isomers and lambertianin C, respectively, and whose total
amount in the stock solution was on average 60 pg mL™".

3.2 Effect of red raspberry on cell viability

Fig. 1(A and B) reports the effect of the RB extract on cell tox-
icity as evaluated by the Trypan Blue exclusion assay (1A) and
the MTT assay (1B). The results obtained from both assays
agreed. It is worth mentioning that the positive control
(TX-100) showed a decrease of less than 10% in cell viability
values. On the other hand, when TNF-a (10 ng mL™"), RB1,
and RB5 were used as the treatment, cell viability values
remained above 90%, except for RB10 that significantly
reduced the vitality (p < 0.05) compared to the negative
control. ESI Fig. 1(A and B)f displays the effects of RB1, RB5,
and RB10 on cell viability when tested alone.

3.3 Effect of red raspberry on TNFa-induced
permeabilization

Fig. 2(A and B) displays the results about the impact of RB
extracts on IP, which was assessed using TEER measurements
(Fig. 2A) and FITC assay (Fig. 2B). The inflammatory response
triggered by TNF-a (10 ng mL™") led to a significant decrease
in TEER (—42.5%; p < 0.0001) compared to the negative
control. However, the administration of RB1 and RB5 effec-
tively prevented the reduction in TEER caused by the inflam-
matory stimulus (p < 0.001), maintaining TEER values similar
to the negative control (Fig. 2A). The transport of FITC across
the Caco-2 cell monolayer was significantly increased by TNF-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A and B) shows the effect of RB extract on cell viability assessed

by trypan blue exclusion assay (A) and MTT assay (B). The data are
expressed as the mean + SD of % of viability for the trypan blue assay
and relative % of viability for the MTT assays, derived from three inde-
pendent experiments where every condition was tested in three-fold
and six-fold, respectively. NC: negative control (without TNF-«); TX-100:
TRITON-X 100® (positive control); TNF-a: tumor necrosis factor-alpha
(10 ng mL™), RB1: red raspberry 1 mg mL™* + TNF-« (10 ng mL™); RB5:
red raspberry 5 mg mL™ + TNF-« (10 ng mL™Y); RB10: red raspberry
powder 10 mg mL™* + TNF-« (10 ng mL™). Significant difference groups
are denoted by different letters > (p < 0.05).

a, reaching levels 2.65 times higher than in the absence of the
inflammatory stimulus (Fig. 2B) (p < 0.0001). Treatment with
RB1 and RB5 successfully inhibited the increase in paracellu-
lar transport (p < 0.0001) in the presence of TNF-a, resulting
in values comparable to the negative control. ESI Fig. 2(A and
B)t illustrates the impact of RB1 and RB10 on intestinal per-
meabilization when used without TNF-a.

3.4 Effect of red raspberry on tight junction proteins

Fig. 3(A-C) illustrates the levels of claudin-1 (A), occludin (B),
and ZO-1 (C) following different treatments. As shown in
Fig. 3A, the inflammatory stimulus resulted in an 18.9%
decrease in claudin-1 production compared to the negative
control (p < 0.01). The incubation with both RB1 and
RB5 mitigated the impairment caused by TNF-a, as it main-
tained claudin-1 levels comparable to the control (p > 0.05). In
terms of occludin (Fig. 3B) and ZO-1 (Fig. 3C), both TNF-a and
RB had no significant impact on the protein levels (p > 0.05).
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Fig. 2 (A and B). The impact of RB extracts on TEER (A) and FITC-
dextran (B). The data presented are the mean + SD of three independent
experiments, with each condition tested in triplicate. NC: negative
control (without TNF-a); TNF-a: tumor necrosis factor-alpha (10 ng
mL™Y); RB1: red raspberry 1 mg mL™* + TNF-a (10 ng mL™%); RB5: red
raspberry 5 mg mL™ + TNF-a (10 ng mL™2). Significant difference groups
are denoted by different letters*® (p < 0.05).

ESI Fig. 3(A-C)t presents the effects of RB1 and RB10 on tight
junction proteins in the absence of an induced inflammatory
condition.

3.5 Effect of red raspberry on oxidative stress markers

The results regarding the levels of 8-OHdG and protein carbo-
nyl, as markers of oxidative stress, are presented in Fig. 4A and
B, respectively. Despite the use of a pro-inflammatory stimulus
to induce oxidative stress, no significant changes were
observed in the levels of both biomarkers following TNF-u
administration. However, treatment with RB1 and RB5 resulted
in a significant reduction in 8-OHdG levels (—22.5 and
—48.8%, respectively; p < 0.05, Fig. 4A) compared to the
control. Notably, RB5 showed a more pronounced effect com-
pared to RB1. Regarding protein carbonyl (Fig. 4B), neither
TNF-a stimulation nor RB administration had an impact on
their amount (p > 0.05).
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Fig. 3 (A and C). The impact of RB on the expression of claudin-1 (A),
occludin (B), and zonula occludens (C) proteins. The data presented are
the mean + SD of three independent experiments, with each condition
tested in triplicate. ZO-1: zonula occludens, NC: negative control
(without TNF-a); TNF-a: tumor necrosis factor-alpha (10 ng mL™%); RB1:
red raspberry 1 mg mL™ + TNF-a (10 ng mL™); RB5: red raspberry 5 mg
mL™! + TNF-a (10 ng mL™2). Significant difference groups are denoted by
different letters®® (p < 0.05).

The impact of RB1 and RB10 on oxidative stress markers
under non-inflammatory conditions is depicted in ESI Fig. 4(A
and B).}
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Fig. 4 (A and B). The impact of RB solutions on 8-OH-2-dG (A) and
protein carbonyl (B). The data shown are the mean + SD of three inde-
pendent experiments, with each condition tested in triplicate. NC: nega-
tive control (without TNF-a); TNF-a: tumor necrosis factor-alpha (10 ng
mL™Y); RB1: red raspberry 1 mg mL™* + TNF-« (10 ng mL™Y); RB5: red
raspberry 5 mg mL™ + TNF-a (10 ng mL™). Significant differences are
denoted by different letters*®< (p < 0.05).

4. Discussion

The present study investigated, for the first time, the potential
of red raspberry in preventing TNF-a-induced cell barrier per-
meability in the Caco-2 cell line. Previous research has demon-
strated that TNF-o negatively affects tight junction integrity,
leading to increased paracellular passage, as indicated by
TEER and FITC assays.>® We documented that TNF-a induced
impairments in the intestinal barrier by reducing TEER and
increasing FITC passage. However, treatments with RB coun-
teracted the inflammation by preserving the integrity of the
Caco-2 monolayer. This beneficial effect was evident at both
solutions tested (1 and 5 mg mL™" extract).

Our findings align with those of other studies examining
PP from different berries, such as blueberries, which have
demonstrated beneficial effects on IB integrity using the same
Caco-2 cellular model and assay.***°® We have recently
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reported the capacity of a wild blueberry powder to preserve IB
integrity and permeability as documented by an increase in
TEER and a decrease in FITC particularly correlated to a
reduction of the levels of 8-OHdG and the preservation of the
integral membrane protein claudin-1.*° Although the different
powders showed similar results, the RB powder demonstrated
the capacity to counteract the intestinal barrier disruption also
at the lower concentration. This could be explained by the
different bioactive profile; specifically, the RB powder is
characterized by a higher total PP content and a higher
amount of ellagitannins compared to the blueberry powder
tested in our previous work. Cremonini et al>® studied the
capacity of several anthocyanin-rich extracts (between 103 and
963 pmol g~ ') and single compounds (i.e., O-glucosides of cya-
nidin, and delphinidin) to prevent a reduction of TEER sub-
sequently to an inflammatory stimulus in a similar Caco-
2 model. The authors observed no correlation between TEER
values and the total anthocyanins. On the contrary, a positive
correlation was evidenced for cyanidins and delphinidins
suggesting that the beneficial effect of extracts depends mainly
on the chemical structure of individual compounds. Although
these results are similar to those obtained in our study, we
observed substantial differences in the methods used. Indeed,
Cremonini et al.?® treated intestinal monolayers with extracts
or single compounds for 30 min before the addition of TNF-a
(5 ng mL™" for 6 h), while in our study we tested RB solution
for 24 h in conjunction with the inflammatory challenge (TNF-
,10 ng mL ™). Other studies have evaluated the efficacy of PP
and/or PP-rich extracts on IP.*®® Most of the evidence
suggests a role of PP in improving the IB as evidenced by
TEER and FITC. Particularly, the best positive modulation
seems to be mediated by (-)-epicatechin,*’ kaempferol,*® and
naringenin.”” From a molecular perspective, tight junctions
play a pivotal role in modulating IP. In our study, TNF-a stimu-
lation resulted in reduced claudin-1 levels. However, treatment
with RB 1 and 5 mg mL ™" mitigated these deleterious effects,
maintaining claudin-1 protein levels comparable to the
untreated control. In contrast, neither TNF-a nor RB had a sig-
nificant effect on protein levels of occludin and ZO-1. These
results partially differ from other studies using similar pheno-
lic compounds. Hering et al.*® investigated the effect of ellagi-
tannins (ellagic acid 150 pM) on tight junction protein levels
in a Caco-2 monolayer without exposing cells to any inflamma-
tory challenge. The authors reported no effects on claudin-1.
However, in our study we observed the effect of RB on claudin-
1 in mitigating TNF-a-induced IB impairments, possibly
suggesting that claudin-1 modulation occurs when IB integrity
is compromised. Alternatively, the modulation of claudin-1
could depend on other compounds present in the ellagitannin
fraction of RB, such as sanguiin H-6, sanguiin H-10 and lam-
bertianin C which are the most abundant. In fact, in accord-
ance to our study, although using an in vivo model, Wu et al.**
observed an increase in the expression of claudin-1 following
the intervention with fermented raspberry juice. In particular,
the raspberry juice was rich in ellagic acid and was sup-
plemented for 30 days in healthy mice. In another study,
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Remenyik et al*® tested the effects of an anthocyanins-rich
sour cherry extract (85 pM) on tight junctions in Caco-2 cells
exposed to an inflammatory challenge (TNF-a 50 ng mL ™" for
24 h). Authors reported that treatment with the extract resulted
in up-regulation of ZO-1 protein levels and down-regulation of
occludin protein levels. In line with our observation, the
authors observed that occludin was not affected by TNF-a. On
the other hand, Taladrid et al.*® showed the inability of a PP-
rich extract derived from the intestinal digestion of grape
pomace to regulate ZO-1 and occludin mRNA levels. However,
in the same study, the extract effectively determined a
reduction of FITC paracellular transport through the Caco-2
cells monolayer. These data indicate how the regulation of IP
is complex and involves intricate molecular networks and dis-
tinct proteins that differently modulate the IB. Furthermore, in
a recent study, the effects of different PP-rich extracts on intes-
tinal integrity and oxidative stress in Caco-2 cells were investi-
gated.®® The results showed that some extracts (tested at 10
and 100 ppm) were able to increase gene expression of ZO-1
(i.e., ginger essential oil, tea tree oil, grape seed extract, green
tea extract, thyme essential oil) and occludin (i.e., grape seed
extract, green tea extract, thyme essential oil), while other
extracts were ineffective (i.e., olive extract, chestnut extract, and
capsicum oleoresin) or either decreased mRNA levels of occlu-
din (i.e., pomegranate extract). Additionally, in the same study,
the positive modulation of tight junction gene expression was
complemented by an improvement in TEER values. Different
sources of variability can explain diverse findings between
studies. For example, different foods from which bioactive
compounds are derived (such as blueberry, cherry extract,
grape pomace, and botanicals). Another explanation of con-
flicting results can be provided by disparate mechanisms of
action through which bioactive compounds exert their role. In
accordance with data from literature, the characterization of
our RB powder®® evidenced the abundance of some ellagitan-
nins such as sanguiin H-6, sanguiin H-10 and lambertianin C
as well as some anthocyanins, such as cyanidin-3-O-sophoro-
side and cyanidin-3-O-glucoside.’® In the current study, the
modulation of claudin-1 could be attributed to different com-
pounds, which most likely may act synergistically rather than
as single compounds. In this context, Valdez et al.*” reported
the effectiveness of an Aronia berry extract (5 mg mL™") to
prevent IB dysfunctions in a Caco-2 cell model, while no effect
has been evidenced by individual PP and their metabolites. In
the same study, but in contrast with our findings, authors
reported an increase in claudin-1 gene expression following
the treatment with an inflammatory cocktail. However, it’s
important to note that authors investigated claudin-1 mRNA
levels which do not necessarily correspond to protein levels.
Our findings are in line with evidence from animal studies.
In a study conducted in mice, Cremonini et al.*® demonstrated
the ability of ACN supplementation (40 mg per kg BW), pro-
vided for 14 days, to prevent claudin-1 reduction induced by a
high-fat diet, which it had previously shown to aberrate tight
junctions proteins in the ileum resulting in IB dysfunctions.
The dose of ACNs used by the authors corresponded to a
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human equivalent intake of approximately 227 mg of ACNs per
day. This calculation results in a human equivalent dose for
ACN of 3.24 mg kg™, which equates to a 227 mg dose of ACN
for a 70 kg person.*’ Additionally, using Caco-2 cells mono-
layer, the authors documented the ACN efficacy (0.1-5 uM) to
counteract oxidative damage induced by a 6 h inflammatory
stimulus (TNF-a 5 ng mL™'), which also matched with an
improvement in FITC and TEER rates. In addition, two animal
studies investigated specifically the effect of RB in mitigating
IB impairments. Zogona et al.>® investigated the efficacy of a
standard diet supplemented with low (2% w/w), medium (4%
w/w), or high doses (8% w/w) of RB in reversing EtOH-induced
IB dysfunction in C57BL/6] mice model. Authors evidenced
that RB supplement, in a dose-dependent manner, effectively
ameliorated IB of mice exposed to EtOH by increasing mRNA
and protein levels of tight junctions (ZO-1, occludin, claudin-1,
claudin-4, and E-cadherin) and these results were strictly
related to the inhibition of NF-xB/MLCK pathway. Moreover,
RB supplemented-diet was also able to improve the EtOH-
mediated oxidative stress in the liver decreasing malondialde-
hyde and inflammatory markers (TNF-a, IL-1p, and IL-6) and
increasing glutathione, glutathione peroxidase, and catalase
levels. Another study evaluated the effects of a standard diet
enriched with RB (5% DW) in a mouse model of dextran
sulfate sodium-induced acute colitis for six weeks.***" Results
showed that RB was able to improve the IB integrity in the
colon by modulating tight junctions’ assembly (enhanced
claudin-3 and ZO-1 protein levels), resulting in a reduction of
colitis symptoms, inflammation, and mucosal damage. The
modulation of tight junctions, in the context of IB dysfunction,
exerted by PP and/or PP-rich sources have been evaluated in
different studies.>®*>*® The results observed, as the ones
obtained in this study, are very heterogeneous due to many con-
founding variables, such as methodology of the study, variety of
foods, botanicals, extracts, and/or single compounds, the
amounts, time of treatments, and the model to induce IB impair-
ments. A more complete understanding of the mechanisms of
action related to these bioactive compounds needs further
studies, which consider a broader picture of markers and mole-
cular pathways involved in the maintenance of IB integrity.
Inflammation as well as oxidative stress can play a pivotal
role in the onset of IP. Inflammation determines an increase
in the production of reactive oxygen species (ROS) leading to
structural damage to proteins, lipids, and DNA oxidation.
Protein carbonyls (PC) are one of the main products of protein
oxidation, whose formation is normally derived from oxidative
deamination of alkaline amino acids (e.g., arginine, proline,
and lysine). Since protein carbonylation is an irreversible
process, the main biological consequence is the loss of protein
architecture. This can result in many different alterations of
cellular physiology (e.g., communication, signaling transduc-
tion, and functions) at the level of any cell type including
intestinal epithelial cells with a deleterious consequence on IB
integrity and permeability.’® From this perspective, several
studies evaluated the capacity of berries or PP to reduce oxi-
dative stress. For example, Ershad et al.>" used differentiating
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Caco-2 cells in a model of induced oxidative stress, through a
24 h exposure of cells with mixed micelles of fatty acids and
bile acids, to evaluate the potential protective effects of an
ACN-rich bilberry extract. Results indicated that bilberry extract
(1.25-20 pM) significantly mitigated ROS generation and mito-
chondrial superoxide generation. Furthermore, these findings
were consistent with a recovery of TEER value evidenced in the
Caco-2 monolayer. However, in the context of oxidative stress,
there is poor evidence regarding the role of berry-PP on the pro-
duction of PC and the available results failed to demonstrate a
beneficial effect. Our data seem in line with these observations.
Indeed, neither the inflammatory stimulus (TNF-a) nor the
administration of RB was capable of influencing PC amount.
These results may be attributed to the inability of TNF-a to influ-
ence PC level in the Caco-2 cell line. Consistent with this, a
prior study demonstrated the inefficacy of a well-known toxic
stimulus, cobalt ferrite, to induce an increase in PC in the same
cellular model.” Conversely, in the same study, treatment with
cobalt ferrite nanoparticles was shown to increase DNA damage
as well as markers of oxidative insult, including malondialde-
hyde and 8-OHdG levels.>> A more appropriate oxidative chal-
lenge to observe a significant change in PC level could be rep-
resented by hydrogen peroxide. For instance, Kim et al.>*® suc-
cessfully induced a 4.5-fold increase in PC level after stimulating
Caco-2 cells with hydrogen peroxide.

In addition to protein oxidation, another important ROS-
mediated damage is the oxidation of DNA. In this regard,
recent studies have shown that increased levels of DNA oxi-
dation at the level of the intestinal epithelium can result in
tight junction alterations and consequent impaired IB func-
tionality.>® In the current study, we also assessed the effects of
RB on 8-OHAG levels, which is a recognized biomarker of oxi-
dative DNA damage and strictly related to IB impairments.
Michielan et al.'* reported that high levels of 8-OHdG were
found in patients with evident alteration of IB and permeability,
such as those with inflammatory bowel diseases (IBDs).
Dissimilarly from what was noted for PC, RB administration was
effective in reducing the levels of 8-OHdG. A reduction in oxi-
dative damage at the level of the IB could protect cells against
apoptosis and preserve functional structures (e.g., villi and
crypt), as reported by Cai et al.>® So, the reduction of 8-OHdG
found may explain, at least in part, the improvement of IB integ-
rity and permeability observed. These findings align with those
of a human study in which the 4-week consumption of
Vaccinium meridionale resulted in a significant reduction of the
oxidative marker 8-OHdG in subjects with metabolic syndrome.
The presence of a high amount of anthocyanins in this berry
could be associated with its antioxidant activity.>®

The abundant presence of phenolic compounds in raspber-
ries confers upon them remarkable antioxidant capabilities,
primarily attributed to their radical-scavenging activity. Among
these constituents, anthocyanins seem to exert a superior anti-
oxidative efficacy in contrast to ellagitannins.”” Recent ex vivo
fermentation studies conducted with raspberries have shed
light on the profound impact of their phenolic catabolites on
the Nrf2-ARE pathway, a pivotal regulator in oxidative stress
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responses. This modulation elicited a significant downregula-
tion in the generation of ROS and reactive nitrogen species
(RNS), thereby mitigating oxidative stress. Notably, anthocya-
nins exhibited a noteworthy ability to attenuate inflammation
by suppressing the expression levels of inflammatory
mediators, including inducible nitric oxide synthase, IL-1p,
IL-6, and cyclooxygenase-2. The anti-inflammatory properties
of these phenolic compounds stem from their dual action,
interfacing with oxidative stress signaling pathways and inhi-
biting proinflammatory cascades. This intricate interplay likely
underpins the observed reductions in oxidative stress and
inflammation associated with raspberry consumption, under-
scoring their potential as therapeutic agents targeting these
pathways.’” Moreover, studies, such as that conducted by
Slawinska et al.>® underscore the protective role of cyanidin-3-
O-rutinoside, a principal anthocyanin in raspberries, against
oxidative DNA damage by mitigating free radical activity.
Regarding the potential implication of anthocyanin in our
results, Chen et al.>® showed that a raspberry extract rich in
cyanidin 3-O-glucoside was able to counteract H,0,-induced
oxidative stress in HepG2 cells, mediated through the acti-
vation of the Keap1/Nrf2 signaling axis.

However, the results observed in our study might be
mediated by an alternative category of phenolic compounds,
specifically ellagitannins and their derivatives. Notably, rasp-
berries are abundant in ellagic acid and sanguiin H-6, both
known for their significant antioxidant activity. This suggests
that fractions rich in ellagitannins containing sanguiin H-6,
derived from R. idaeus fruits, may exhibit more robust antioxi-
dative capabilities compared to fractions containing anthocya-
nins.®® The study conducted by Iglesias and colleagues®" delved
into the underlying mechanisms through which ellagic acid
intervenes in the inhibition of TNFa-induced inflammation, oxi-
dative stress, and the compromise of barrier integrity.
Employing Caco-2 cells differentiated into an intestinal epi-
thelial cell monolayer, the study subjected them to TNF-a (10 ng
mL™") in the presence of varying concentrations of ellagic acid.
The research highlighted ellagic acid’s predominant mode of
action, primarily mediated via the inhibition of NF-xB and
ERK1/2 pathways. This intervention effectively disrupted the
cycle involving inflammation, oxidative stress, and the activation
of redox-sensitive pathways such as NF«B and ERK1/2, conse-
quently preventing intestinal permeabilization.®' The protective
effect of raspberry on oxidative DNA damage was demonstrated
also by Aiyer et al.®* Interestingly, the authors showed that the
treatment with ellagic acid was the most effective in reducing
the levels of 8-OHdG induced by H,0,/CuCl2, potentially
through mechanisms involving DNA repair.®® Thus, the ellagic
acid abundant in raspberry extract may represent a potential
phenolic compound involved in the beneficial effect observed in
our study. Isolating and identifying the individual compounds
within the powder accountable for enhancing intestinal barrier
integrity will provide a more precise and interpretable assess-
ment compared to the utilization of the entire powder mixture.

Limitations of the present study are as follows. It is worth
noting that while existing research supports the notion that
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the caco-2 cell line exhibits the capacity to metabolize phenolic
compounds,®*® we did not characterize the cell culture
medium post-incubation/treatment for the content of phenolic
compounds and potential metabolites. This may represent a
limit in our understanding of the metabolic activity of Caco-2
cells, potentially precluding an in-depth examination of the for-
mation of metabolites that could elicit synergistic effects with
their parent compounds. However, it is relevant to highlight
that studies have shown a significant presence of these com-
pounds in ileal fluid following raspberry consumption in
healthy individuals.””*® This underscores the importance of
considering the role of these compounds beyond absorption in
the small intestine, as they transit to the lower intestine where
they could exert part of their beneficial effect. Another limit-
ation of our study is the incomplete exploration of inflammatory
biomarkers and related pathways, such as NF-kB or Nrf2. These
pathways are important for understanding the modulation of
tight junction protein and intestinal permeability. Future
research should aim to comprehensively analyse these pathways
to gain a more detailed understanding of the impact of these
compounds on inflammatory processes and intestinal barrier
function. Moreover, while our study provides valuable insights,
limitations related to the cell model should be noted. The use of
Caco-2 cells, while common, may not fully replicate the com-
plexity of the human intestinal epithelium. Additionally, the
two-dimensional culture system lacks certain physiological
aspects present in vivo, such as mucus-secreting goblet cells and
immune cell interactions. Variability in cell differentiation
status and the simplified inflammatory model using TNF-a,
further underscore the need for caution in interpreting results.
These limitations highlight the necessity for future studies to
explore more representative models to further elucidate the
effects of dietary compounds on intestinal health.

5. Conclusions

This study sheds light on the promising role of red raspberry
as a natural and accessible dietary intervention to support
intestinal health. The results reveal the capacity of RB to
protect the integrity of the intestinal barrier and mitigate the
negative effects induced by inflammation in Caco-2 cells. By
deepening our understanding of the beneficial impacts of red
raspberry consumption, this research opens new avenues for
further studies exploring mechanisms of action in greater
detail and the identification of effective compounds could
enhance future potential applications in managing intestinal
disorders and inflammatory conditions.
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ACNs Anthocyanins

6952 | Food Funct, 2024,15, 6943-6954

View Article Online

Food & Function

CLN-1 Claudin-1

FITC-D  Fluorescein isothiocyanate-dextran
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