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1. Introduction

Effect of cranberry juice deacidification on its
antibacterial activity against periodontal
pathogens and its anti-inflammatory properties in
an oral epithelial cell model

Geneviéve Pellerin,®® Laurent Bazinet {2 2P and Daniel Grenier (2 *¢

Cranberries are widely recognized as a functional food that can promote oral health. However, the high
concentration of organic acids in cranberry juice can cause tooth enamel erosion. Electrodialysis with
bipolar membrane (EDBM) is a process used for the deacidification of cranberry juice. The present study
investigated whether the removal of organic acids (0%, 19%, 42%, 60%, and 79%) from cranberry juice by
EDBM affects its antibacterial activity against major periodontopathogens as well as its anti-inflammatory
properties in an oral epithelial cell model. A deacidification rate >60% attenuated the bactericidal effect
against planktonic and biofilm-embedded Aggregatibacter actinomycetemcomitans but had no impact
on Porphyromonas gingivalis and Fusobacterium nucleatum. Cranberry juice increased the adherence of
A. actinomycetemcomitans and P. gingivalis to oral epithelial cells, but reduced the adherence of
F. nucleatum by half regardless of the deacidification rate. F. nucleatum produced more hydrogen sulfide
when it was exposed to deacidified cranberry juice with a deacidification rate >42% compared to the raw
beverage. Interestingly, the removal of organic acids from cranberry juice lowered the cytotoxicity of the
beverage for oral epithelial cells. Deacidification attenuated the anti-inflammatory effect of cranberry
juice in an in vitro oral epithelial cell model. The secretion of IL-6 by lipopolysaccharide (LPS)-stimulated
oral epithelial cells exposed to cranberry juice increased proportionally with the deacidification rate. No
such effect was observed with respect to the production of IL-8. This study provided evidence that
organic acids, just like phenolic compounds, might contribute to the health benefits of cranberry juice
against periodontitis.

Periodontitis refers to two main forms (chronic and aggres-
sive) of periodontal disease, which have distinct etiologies,

Although largely preventable, severe forms of periodontal dis-
eases affect 5-15% of the population worldwide." Periodontitis
is an affliction of the oral cavity characterized by gingival
inflammation, destruction of the periodontal ligament, alveo-
lar bone resorption, and, if left untreated, tooth loss.> The
recently reported strong association with cardiovascular dis-
eases, diabetes, colorectal cancer, and Alzheimer’s disease
makes periodontitis a major health concern.>*
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clinical manifestations, and evolutions. Chronic periodontitis
progresses slowly, with the accumulation of a dental biofilm in
the subgingival region that mainly contains anaerobic Gram-
negative bacteria.>® Fusobacterium nucleatum, an oxygen-redu-
cing pathogen, marks the transition from a healthy strepto-
cocci-dominated microbiota to an anaerobic pathogenic
biofilm by bridging the two bacterial communities.® This
Gram-negative bacterium harbors a large array of adhesins
that allow it to adhere to host tissue and to coaggregate with
the pathogens responsible for destructive periodontitis.”® As a
keystone pathogen in chronic periodontitis, Porphyromonas
gingivalis is proficient at adhering to and invading oral epi-
thelial cells as well as evading the host immune response.’
Aggressive periodontitis differs slightly from the chronic form
in that it is associated with the presence of low amounts of
dental plaque and a much faster rate of progression, and
appears to rely on a number of genetic factors.>” Many studies

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/food-function
http://orcid.org/0000-0002-6818-3558
http://orcid.org/0000-0003-0878-4674
http://crossmark.crossref.org/dialog/?doi=10.1039/d1fo01552d&domain=pdf&date_stamp=2021-10-28
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fo01552d
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO012021

Open Access Article. Published on 15 September 2021. Downloaded on 7/30/2025 10:03:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

point to Aggregatibacter actinomycetemcomitans as the key etio-
logical agent of aggressive periodontitis."’

Irreversible damage to the periodontium involves the induc-
tion of an inflammatory response following the interaction
between periodontopathogens and host mucosal cells."*
Among  others, F  nucleatum, P.  gingivalis, and
A. actinomycetemcomitans trigger the production of pro-inflam-
matory cytokines by oral epithelial cells and fibroblasts.®*>™**
The over-production of IL-6, one of the main modulators of
chronic immune defenses, leads to the disruption of bone
homeostasis by stimulating osteoclastic activity, while IL-8
acts as a chemoattractant for leukocytes and neutrophils,
which are prominent producers of matrix metalloproteinases
(MMP) that contribute to soft and hard tissue breakdown." In
addition, F. nucleatum and P. gingivalis metabolize sulfur-con-
taining amino acids into volatile sulfur compounds (VSC) that
accumulate in the oral cavity, causing halitosis and stimulating
the production of IL-8 by gingival epithelial cells, thus promot-
ing tissue destruction.'®"”

Cranberry (Vaccinium macrocarpon) shows strong potential
for the prevention of oral diseases due to its high polyphenol
content, including A-type linkage proanthocyanidins
(PAC)."®'® Phenolic extracts and by-products of this North
American berry reduce the adherence of bacteria to inorganic
surfaces and epithelial cells.>**" They also interfere with bac-
terial co-aggregation and biofilm formation by periodontal
pathogens.?* > Cranberry polyphenols are also immunomodu-
latory compounds that attenuate the production of pro-inflam-
matory cytokines and MMP by mucosal cells.”*** However,
studies investigating high cranberry juice (CJ) intakes have
shown that CJ can cause gastrointestinal discomfort among
study participants, with up to 25% reporting adverse
effects.>>>° These troubles have been ascribed to the high titra-
table acidity of raw CJ and, more precisely, to its citric acid
(CA) content.*” In addition, the combination of high
titratable acidity and low pH of CJ typifies an erosive beverage
that can accelerate tooth enamel demineralization.”®
Nevertheless, organic acids, in their non-dissociated form,
may play a role in the prevention of infections since they
exhibit antimicrobial activity against a broad array of periodon-
tal pathogens.?**°

Recent studies have focused on the optimization of electro-
dialysis with bipolar membrane (EDBM) to remove organic
acids from raw CJ in a sustainable way.>"** For example, Serre
et al.>® obtained a deacidification rate (DR) of 80% for CJ in a
short period of time (6 h). EDBM has been successfully tested
at a semi-industrial scale by Faucher et al.** The process selec-
tively removes citrate and malate from CJ, as well as quinate
when the DR exceeds 40%, with no significant loss in total
phenolic compounds, PAC, or anthocyanins.*'** CJ deacidified
by this process is poor in CA and, as such, preserves the integ-
rity of the intestinal barrier in vitro, as recently reported by
Serre et al.”” and Renaud et al.>* Organic anions removed from
CJ can be recovered for use as preservatives in the food indus-
try, making the deacidification of CJ] by EDBM part of a circu-
lar economy.*
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The aim of the present study was to determine how the DR
of CJ achieved by EDBM impacts the potential benefits of the
beverage with regard to the prevention of periodontal disease.
The specific objectives of this study thus were to (1) investigate
the antimicrobial activities of raw and deacidified CJs against
A. actinomycetemcomitans, P. gingivalis, and F. nucleatum, and
(2) assess how DR affects the anti-inflammatory properties of
cJ.

2. Materials and methods

2.1. Cranberry juice

Pasteurized and clarified CJ was provided by Fruit d’Or
(Plessisville, Quebec, Canada). The CJ was kept frozen at
—30 °C, and was thawed at 4 °C prior to deacidification.

2.1.1. Deacidification of cranberry juice. Deacidification of
CJ was carried out by EDBM using the configuration described
by Faucher et al.,*" but with a EUR-2C cell (Eurodia, Pertuis,
France) whose total surface area was 0.14 m?. Deacidified CJ
was collected at DRs of 0% (raw), 19%, 42%, 60%, and 79%, as
calculated from titratable acidity measurements.
Physicochemical composition of raw and deacidified CJ
samples was analyzed as described below. Moreover, to reflect
the consumers reality, a 1/4 dilution of raw CJ (in distilled
water) was included in the study, since the manufacturer rec-
ommends the non-deacidified beverage to be diluted prior to
consumption to avoid gastrointestinal discomfort. All CJ
samples were filter-sterilized prior to use.

2.1.2. Analyses of cranberry juice

2.1.2.1. Titratable acidity. The titratable acidity of the raw
and deacidified CJs was determined as described in AOAC
method 942.15.% Briefly, 4 mL of CJ was mixed with 40 mL of
degassed distilled water and was then titrated with 0.1 M
NaOH until a pH of 8.2 was reached. Titratable acidity was
expressed as g " of citric acid monohydrate equivalents.

2.1.2.2. Organic acid content. Organic acids were extracted
from the raw and deacidified CJs using C18-SPE cartridges
(non endcapped 6 mL, 500 mg; Silicycle, Quebec City, QC,
Canada). The cartridges were conditioned with 5 mL of metha-
nol and were then rinsed with 5 mL of distilled water followed
by 10 mL of a 1:1 acetonitrile : water solution. The cartridges
were vacuum dried, and 10 mL of each CJ sample was passed
through the cartridges. The concentrations of quinic acid (QA),
citric acid (CA), and malic acid (MA) were determined by high-
performance liquid chromatography (HPLC) analysis as
described in AOAC method 986.13.%° Samples (10 pL) were
injected on a Synergi Hydro-RP80A column (250 x 4.6 mm;
Phenomenex, Torrance, CA, USA) at room temperature using a
KH,PO, solution (0.2 M; pH 2.4) as an isocratic mobile phase.
An Agilent 1100 series HPLC system equipped with a UV detec-
tor (4 = 214 nm) was used to separate and detect the organic
acids. Calibration curves and the retention times of authentic
quinic, citric, and malic acid standards (Sigma Aldrich, Saint-
Louis, MO, USA) were used to quantify and identify the
organic acids.

Food Funct., 2021,12,10470-10483 | 10471


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fo01552d

Open Access Article. Published on 15 September 2021. Downloaded on 7/30/2025 10:03:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2.1.2.3. Anthocyanin content. The anthocyanin profile of the
raw and deacidified CJs was determined as described by Wu
and Prior.*” The CJ samples were passed through 0.45 um pore
size nylon filters, and 20 pL was injected on a Zorbax SB-C18
5 pm column (250 x 4.6 mm, Agilent, Santa Clara, CA, USA) at
room temperature. Anthocyanins were eluted with 1 mL min™"
of two mobile phases (solvent A: 95% water/5% formic acid.
Solvent B: 100% methanol). An Agilent 1100 series system
equipped with a diode array detector (wavelength set at
520 nm) was used to quantify the anthocyanin content.
Results are expressed as mg L™' of cyanidin-3-glucoside
equivalents.

2.1.2.4. Proanthocyanidin content. The PAC profile was
determined as described by Khanal et al.*® The raw and deaci-
dified CJ samples were passed through 0.45 um nylon filters.
An Agilent 1260 series HPLC system equipped with a fluo-
rescence detector (emission wavelength: 321 nm, excitation
wavelength: 230 nm) was used. Samples (5 pL) were injected
on a Nomura chemical Develosil 100 Diol-5 column (250 x
4.6 mm; Phenomenex, Torrance, CA, USA) at 35 °C. The PAC
were eluted based on their degree of polymerization using
0.8 mL min~" of two solvents (solvent A: 98% acetonitrile/2%
acetic acid. Solvent B: 95% methanol/3% water/2% acetic
acid). The PAC were quantified using an epicatechin cali-
bration curve with a correction factor to convert the different
response factors of monomeric to polymeric PAC. Results are
expressed as mg L™ of epicatechin equivalents.

2.1.2.5. Total phenolic compounds. The concentration of
total phenolic compounds was measured using the microscale
Folin-Ciocalteu assay.>* Absorbance was measured using an
xMark Microplate spectrophotometer (Bio-Rad Laboratories
Inc., Mississauga, ON, Canada) with the wavelength set at
765 nm. Results are expressed as mg L™' of gallic acid
equivalents.

2.2. Bacteria, growth conditions, and lipopolysaccharide
preparation

The periodontopathogenic species Aggregatibacter actinomyce-
temcomitans ATCC 29522, Porphyromonas gingivalis ATCC
33277, and Fusobacterium nucleatum ATCC 25586 were
included in the study. A. actinomycetemcomitans was grown in
Trypticase Soy Broth (Becton Dickinson and Co., Sparks, MD,
USA) supplemented with 0.6% (w/v) yeast extract, 0.4% (w/v)
sodium bicarbonate, and 0.8% (w/v) glucose (AAGM).
F. nucleatum and P. gingivalis were grown in Todd-Hewitt Broth
(Becton Dickinson and Co.) supplemented with 0.001% (w/v)
hemin and 0.0001% (w/v) vitamin K (THB-HK). All the bacteria
were grown in an anaerobic chamber (80% N,, 10% CO,, 10%
H,) at 37 °C. A. actinomycetemcomitans lipopolysaccharide
(LPS) was prepared using the protocol described by Darveau
and Hancock,*® and was stored at —20 °C.

2.3. Bactericidal activity against planktonic bacteria

The bactericidal activity of the raw and deacidified CJs against
planktonic A. actinomycetemcomitans and F. nucleatum was
assessed using a direct contact test similar to the NF EN 1040
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standard for disinfectants and antiseptics.*’ Contact times of
1 min and 15 min were chosen to simulate juice consumption.
Briefly, 100 pL of a bacterial suspension (10° CFU mL™") pre-
pared from an overnight culture was added to 900 pL of CJ
samples that had been previously incubated in an anaerobic
chamber for 1 h. Chlorhexidine (CHX; 0.12% [w/v]) and
dilution buffer (0.85% [w/v] NaCl and 0.01% [w/v] tryptone; pH
7.0) were used as positive and negative controls, respectively.
After 0 min (initial count), 1 min, and 15 min, 100 pL samples
were collected, and 10-fold serial dilutions to 10~ were made
in 900 pL of dilution buffer. A 100 pL volume of each serial
dilution (107> to 1077) was plated in triplicate on either AAGM
agar (A. actinomycetemcomitans) or THB-HK agar (F. nucleatum).
Following a 48 h incubation in an anaerobic chamber at 37 °C,
colony-forming units (CFU) were counted. Only plates with
between 25 and 250 CFU were taken into account to determine
bacterial concentrations. The experiment was repeated in
triplicate to ensure repeatability.

2.4. Bactericidal activity against biofilm-embedded bacteria

The viability of biofilm-embedded bacteria following contact
with the CJs was measured using a FilmTracer LIVE/DEAD
Biofilm Viability kit (Life Technologies Corporation, Inc.,
Eugene, OR, USA) according to the manufacturer’s protocol,
with slight modifications. Briefly, 24 h preformed mono-
species Dbiofilms (A. actinomycetemcomitans, P. gingivalis,
F. nucleatum) in 96-well clear bottom black wall microplates
(Greiner Bio-One North America, Monroe, NC, USA) were incu-
bated for 1 min or 15 min with 100 pL of raw or deacidified CJ
that had been previously incubated in an anaerobic chamber
for 1 h. The CJ was removed by aspiration, and the biofilms
were washed once with Hanks’ Balanced Salt Solution (HBSS;
pH 7.2; Life Technologies Inc., Burlington, ON, Canada).
Reagent solution was prepared by diluting 3 pL mL™" of SYTO
9 green (3.34 mM) and 3 puL mL™"' of propidium iodide (PI;
20 mM) in HBSS, and 50 pL of the reagent solution was added
to each well. The microplate was incubated at room tempera-
ture for 30 min in the dark. The stained biofilms were then
washed twice with distilled water, and 100 pL of distilled water
was added to each well. Relative fluorescence units (Ex: 485/
Em: 528 nm for SYTO 9 green, and Ex: 485/Em: 590 nm for PI)
were recorded using a Synergy 2 microplate reader (BioTek
Instruments, Winooski, VT, USA). The % viability of biofilm-
embedded bacteria was calculated from the fluorescence units
(FU) using the following equation: 100 X FUsyro of(FUsyro o +
FUp;). A 100% value was attributed to the negative control
(phosphate-buffered saline [PBS; pH 7.2]). CHX was used as a
positive control. The assays were performed in triplicate in
three independent experiments.

2.5. Bacterial adherence to oral epithelial cells

A previously described protocol was used to determine the
impact of CJ deacidification on bacterial adherence to epi-
thelial cells.*” The immortalized human oral epithelial cell
line GMSM-K, which was previously characterized by Gilchrist
et al.,”® was grown in Dulbecco’s Modified Eagle’s Medium

This journal is © The Royal Society of Chemistry 2021
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(DMEM) supplemented with 4.5 g L™" of glucose, 1-glutamine,
and sodium pyruvate (Corning, Inc., Corning, NY, USA), 10%
heat-inactivated fetal bovine serum (FBS) (VWR International,
Radnor, PA, USA), 100 ug mL ™" of penicillin G/streptomycin,
and 2.5 pug mL™" of amphotericin B. The GMSM-K cells (1.5 x
10° cells per mL) were seeded in sterile 96-well clear bottom
black microplates and were incubated for 24 h at 37 °C in a
5% CO, atmosphere. Each well was then pretreated with
100 pL of raw or deacidified CJ for 5 min, after which the CJ
was removed by aspiration. Cells from a 24 h bacterial culture
were labeled with fluorescein isothiocyanate (FITC) (Sigma-
Aldrich Canada, Oakville, ON, Canada). Briefly, the bacterial
culture was centrifuged at 10 000g for 5 min. The pellet was
washed once and was then resuspended in 10 mL of fresh
sodium bicarbonate buffer (0.5 M, pH 8.2) containing 0.03 mg
mL™" of FITC. The bacterial suspension was incubated for
30 min at 37 °C in the dark under constant agitation. The bac-
teria were then washed three times with PBS and were resus-
pended in antibiotic-free DMEM. A volume of 100 pL of FITC-
labeled bacterial culture was added to the wells at a multi-
plicity of infection (MOI) of 10°. Following a 4 h incubation in
the dark at 37 °C in a 5% CO, atmosphere, unbound bacteria
were removed by aspiration, and the cells were washed twice
with PBS. Relative FU were measured using a Synergy 2 micro-
plate reader with the excitation and emission wavelengths set
at 485 nm and 528 nm, respectively. Wells with no bacteria
served as controls to measure basal autofluorescence.
Antibiotic-free DMEM served as a negative control.

2.6. Hydrogen sulfide production

The enzymatic production of hydrogen sulfide (H,S) using
L-cysteine as a substrate was assessed by monitoring the pre-
cipitation of bismuth sulfide according to the procedure
described by Yoshida et al,** with slight modifications.
Biofilms (24 h) were preformed as described above in 96-well
tissue culture microplates (Corning, Inc.). The CJ samples were
left in an anaerobic chamber at room temperature for 1 h prior
to the assay in order to remove oxygen from the samples. The
biofilms were then pretreated with 100 pL of CJ for 1 min. The
CJ was removed by aspiration, and 200 pL of degassed reaction
mixture consisting of 400 mM triethanolamine-HCl, 20 pM
pyridoxal 5’-phosphate, 10 mM bismuth trichloride, 20 mM
L-cysteine, and 20 mM EDTA (pH 8.0) was added to each well.
The microplate was sealed with a plastic sheet and was incu-
bated at 37 °C in an xMark Microplate spectrophotometer.
Absorbance was measured at 405 nm after 60 min. Wells with
no bismuth trichloride were used as negative controls.
Biofilms treated with PBS served as positive controls.

2.7. Determination of cytotoxicity

The cytotoxicity of the raw and deacidified CJs was investigated
using an MTT (3-[4,5-diethylthiazol-2-yl]-2,5diphenyltetra-zolim
bromide) colorimetric cell proliferation kit (Cell Proliferation Kit
I; Roche Diagnostics, Laval, QC, Canada) according to the man-
ufacturer’s protocol. GMSM-K cells were seeded in a 96-well
tissue culture microplate at 1.0 x 10° cells per mL. The cells
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were left to adhere overnight at 37 °C in a 5% CO, atmosphere
and were then treated with CJ samples for 1 min, 5 min,
15 min, and 30 min. A 100% viability value was attributed to a
treatment with culture medium. CJ samples resulting in a cell
viability less than 80% were considered cytotoxic.

2.8. Secretion of IL-6 and IL-8 by LPS-stimulated epithelial cells

To assess the anti-inflammatory properties of the CJs,
GMSM-K cells were seeded (1.0 x 10° cells per mL) in 12-well
tissue-culture treated microplates (Sarstedt, USA) and were
incubated overnight in a 5% CO, atmosphere. They were then
treated with 1 mL of raw or deacidified CJ for 5 min at room
temperature. The CJ was removed by aspiration, and the cells
were incubated for a further 24 h in 1 mL of DMEM sup-
plemented with 1% FBS and 1 pg mL™" of
A. actinomycetemcomitans LPS to induce an inflammatory
response. The supernatants were collected, and the secretion
of IL-6 and IL-8 was analyzed using enzyme-linked immuno-
sorbent assay (ELISA) kits (eBioscience Inc., San Diego, CA,
USA) according to the manufacturer’s protocols.

2.9. Statistical analysis

Unless specified otherwise, all assays were performed in tripli-
cate. Results are expressed as means + standard deviations (SD).
The physicochemical compositions of the CJ samples were ana-
lyzed using a one-way analysis of variance (ANOVA) with a post
hoc Tukey test (p < 0.05). Statistical analyses of bactericidal
activity, biofilm viability, and cytotoxicity were performed using
a two-way analysis of variance with a post hoc Bonferroni mul-
tiple comparison test (p < 0.01) (GraphPad Software Inc., La
Jolla, CA, USA). For the other assays, an ANOVA with a post hoc
Bonferroni multiple comparison test (p < 0.01) was used.

3. Results

3.1. Composition of raw and deacidified CJs

As expected with the EDBM process, the total phenolic, PAC,
and anthocyanin content was similar for all the deacidification
rates (DR) (Table 1). The process caused a slight increase in
pH, which reached 3.2 for CJ at a DR of 79%. The increase in
pH is normal with bipolar membranes, as previously reported
in the literature.®> QA, CA, and MA were the main organic
acids in raw CJ. There was a linear decrease in CA and MA
levels as the deacidification process proceeded, while QA levels
started to decrease when the DR reached >60%. Since EDBM
allows the selective migration of charged and small molecules,
the more marked migration of CA and MA with respect to QA
can be explained by their respective pK, (CA: pK,; = 3.13, pKy,
= 4.76, pK,; = 6.39; MA: pK,; = 3.46, pKy, = 5.05; QA: pK, =
3.46), molecular weights (CA: 192.12 g mol™'; MA: 134.09 g
mol™'; QA: 192.17 ¢ mol™*), and molecular structures (unlike
CA and MA, QA possesses a carboxycyclic ring that hinders
diffusion through porous membranes), as previously shown by
Serre et al.** 1t was expected that the 1/4 dilution of raw CJ con-
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Table 1 Physicochemical composition of the raw and deacidified cranberry juices
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Deacidification rate (%) 0 (raw) 19 42 60 79

pH 2.59 +0.03% 2.74 +0.01° 2.71+0.01° 2.87 +0.01° 3.24 +0.02¢
Titratable acidity (g L™" of citric acid monohydrate 9.25 + 0.05% 7.48 +0.02° 5.40 + 0.05¢ 3.72 +0.029 1.91 + 0.05°
equivalents)

Organic acids (g L")

Quinic acid 10.35 +0.31°  10.72 + 0.04* 10.49 + 0.17*  10.11 + 0.14° 9.19 + 0.11¢
Citric acid 11.59 £ 0.20  9.49 +0.15" 6.88 + 0.15° 4.67 + 0.09° 2.35 £ 0.06°
Malic acid 6.03 + 0.10% 4.44 + 0.04" 2.40 + 0.11° 1.34 + 0.06" 0.00 + 0.00°
Anthocyanins (mg L™ of cyanidin-3-glucoside equivalents)

Cyanidin-3-galactoside 65.14 + 0.51% 65.59 + 0.67% 64.70 + 0.327 65.76 + 1.22% 61.89 + 0.61°
Cyanidin-3-glucoside 2.15 £ 0.12% 2.97 + 0.06" 2.47 +0.10° 2.06 + 0.06 2.22 +0.19%
Cyanidin-3-arabinoside 51.12 + 0.69" 51.27 +0.15% 50.99 + 0.37% 50.57 + 0.89% 48.24 + 0.22°
Peonidin-3-galactoside 84.74+0.54*  85.91 +0.95 83.76 + 0.51°  85.02 + 1.21% 80.74 = 0.71°
Peonidin-3-glucoside 8.50 + 0.10° 8.86 + 0.09" 9.01 +0.12° 8.71 + 0.06™° 8.53 + 0.10°°
Peonidin-3-arabinoside 37.94+0.62"  38.41+0.39" 37.13+0.36°  37.29 +0.34° 35.98 + 0.30°
Total 249.58 + 1.82°  253.11+0.94°  248.05+0.51°  249.40 +2.75°  237.60 + 1.47"
Proanthocyanidins (mg L™" of epicatechin equivalents)

Monomers 39.35+0.64"  40.43 +1.35% 36.05+2.74"  36.67 +2.41% 37.43 + 1.97°
2-3 mers 148.36 + 1.80°  155.41+6.66°  142.12+18.47° 157.39+3.86  159.30 £ 9.67%
4-6 mers 59.92 + 1.24% 62.94 +2.26" 57.64 + 7.06% 62.55 +1.88% 62.29 + 3.58%
7-10 mers 4.28 £ 0.27% 4.52 £ 0.35% 4.06 + 0.54% 4.41 £ 0.48" 4.53 £ 0.50%
Polymers 5.55 + 0.52° 5.60 + 0.35 5.90 + 0.38 5.88 + 0.05 5.78 + 0.05"
Total 257.46 £2.36%  268.90 +10.34*  245.78 +29.00° 266.91 + 8.35  269.33 + 15.61°
Total phenolic compounds (mg L™" of gallic acid 1074.79 + 4.90"  1039.65 +28.27% 978.42 +47.79% 1075.52 + 34.87° 984.21 + 53.66"
equivalents)

*Data on the same row with different letters for the same parameter are significantly different (Tukey, p < 0.05).

tained 25% of the total polyphenol and organic acid content of
undiluted raw CJ.

3.2. Bactericidal activity of raw and deacidified CJs

A direct contact test was used to determine whether CJ exerts
antibacterial activity against Gram-negative periodontal patho-
gens and whether the removal of organic acids from the CJ has
an impact on its antibacterial activity. P. gingivalis was excluded
from this assay because its growth on agar plates was found to
be erratic and non-reproducible. As shown in Fig. 1A, the anti-
bacterial activity of CJ against A. actinomycetemcomitans was
time- and DR-dependent. The bactericidal effect of CJ decreased
when a DR >60% was reached, and the reduction in the mor-
tality rate was significant only after a 15 min exposure. All the CJ
samples killed planktonic F. nucleatum after 15 min, regardless
of the DR. However, the bactericidal activity decreased with
higher DRs, and the mortality induced by DRs >60% was not
significantly different from the negative control after a 1 min
exposure (Fig. 1B). Given that similar results were obtained with
undiluted and diluted raw CJs, the reported antibacterial effect
is more likely to be due to the acidic pH of the samples rather
than a low organic acid concentration. Overall, the deacidifica-
tion of CJ by EDBM reduced its antibacterial activity against the
planktonic periodontal pathogens studied.

3.3. Effect of deacidification on bactericidal activity against
biofilm-embedded bacteria

The bactericidal activity of raw and deacidified CJs against the
three biofilm-embedded periodontal pathogens was investi-
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gated. The reduction in viability was time-dependent for
biofilm-embedded A. actinomycetemcomitans, with slower
decreases for CJs with higher DRs, thus a lower organic acid
content. There was no significant difference in the survival of
biofilm-embedded A. actinomycetemcomitans for DRs between
0% and 60% after a 15 min contact, with the relative viability
plateauing between 57% and 62% (Fig. 2A). The 1/4 diluted
raw juice was more bactericidal than the CJ with a DR of 79%.
The relative viability of biofilm-embedded P. gingivalis never
dropped below 73%, indicating that the CJs were less lethal to
biofilm-embedded P. gingivalis (Fig. 2B). Lastly, F. nucleatum
was also resistant to the effects of the CJs, with an average via-
bility remaining over 90% for all the CJ samples and contact
times tested (Fig. 2C). The CJs were not as effective against the
three periodontal pathogens as CHX (positive control), which
lowered the relative viability to 18%, 13%, and 83% after
15 min for biofilm-embedded A. actinomycetemcomitans,
P. gingivalis, and F. nucleatum, respectively.

3.4. Effect of CJ on bacterial adherence to oral epithelial cells

As the first step in the colonization of gingival tissue by period-
ontopathogens involves their ability to adhere to oral epithelial
cells, a suitable strategy to prevent periodontitis would be to
consume products that limit bacterial adherence. To simulate
juice consumption, epithelial cells were subjected to a brief
5 min contact with the CJ samples before being incubated
with FITC-labeled bacteria. The results obtained differed
depending on the bacterial species used. The fluorescence
measurements revealed that a 5 min conditioning of cell sur-

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Effect of the deacidification rate of cranberry juice on the viabi-
lity of planktonic (A) A. actinomycetemcomitans and (B) F. nucleatum
based on the initial colony forming unit count. Bacterial viability was
monitored by determining CFU values. Results are expressed as mean
log reductions + SD of triplicate assays from two independent experi-
ments. Columns with different letters are significantly different (two-
way ANOVA, Bonferroni test, p < 0.01). CHX: chlorhexidine 0.12%. Ctrl —:
dilution buffer.

faces with CJs with a DR <42% facilitated the adherence of
A. actinomycetemcomitans to epithelial cells compared to the
control (Fig. 3A). Indeed, the relative fluorescence was 1.4-fold
higher than the control for CJs with a DR <42%, and 1.7-fold
higher than the control for the 1/4 dilution of raw CJ. However,
increasing the DR further did not result in any significant
differences in bacterial adherence compared to the control.
Similar results were obtained for P. gingivalis, whose adherence
increased approximatively 2-fold following a pretreatment with
CJs, regardless of the DR (Fig. 3B). The 1/4 dilution of raw CJ
tripled the capacity of P. gingivalis to adhere to the epithelial
compared to the control and increased it by 52% compared to
the undiluted CJ. Overall, conditioning the oral epithelial cells
with CJ favored the adherence of A. actinomycetemcomitans and
P. gingivalis. On the other hand, conditioning the epithelial
cells with raw and deacidified CJs reduced the adherence of
F. nucleatum by 49% to 56% compared to a pretreatment with
growth medium (Fig. 3C). Interestingly, the 1/4 dilution of raw
CJ led to an average 33% higher relative fluorescence than the
undiluted raw CJ after a 4 h incubation, meaning that more
bacteria adhered to the epithelial cells. In addition, the deaci-
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dification of CJ by EDBM, which leaves the concentrations of
phenolic compounds unchanged, did not alter the anti-adher-
ence properties of the juice, since there was no significant
difference in bacterial adherence among the CJ samples.
Altogether, these results indicate that cranberry phenolic com-
pounds, which are well-known for their anti-adherence pro-
perties, hindered the adherence of F. nucleatum.

3.5. Effect of CJ deacidification on the production of H,S

Several periodontopathogens are able to metabolize sulfur-
containing amino acids to produce VSC, including H,S, an
important virulence factor. We thus evaluated the enzymatic
production of H,S from r-cysteine by bacterial biofilms follow-
ing a 1 min contact with raw or deacidified CJs. Fig. 4A and B
show that the CJs, regardless of their DRs, had no impact on
the production of H,S by A. actinomycetemcomitans and
P. gingivalis biofilms. There was no significant difference in
the absorbance values of the negative and the positive controls
of either bacteria, indicating that they do not produce signifi-
cant amounts of H,S. In the case of P. gingivalis, CJs with a DR
>42% caused the precipitation of higher amounts of bismuth
sulfide than PBS. In addition, for F. nucleatum biofilms, larger
amounts of H,S were produced as the DR increased (Fig. 4C).
Absorbance was 4-fold higher for wells treated with CJ with a
DR of 79% compared to raw CJ 60 min following the treat-
ment. Moreover, a treatment with 1/4 diluted raw CJ led to a
3.7-fold increase in absorbance compared to undiluted raw CJ.
The absorbance following a treatment with undiluted raw CJ
was not significantly different than the absorbance measured
following a treatment with PBS. These results cannot be
explained by biofilm desorption as assessed by crystal violet
staining prior to the assay (data not shown).

3.6. Effect of the CJ deacidification rate on cytotoxicity
toward oral epithelial cells

The results with respect to the cytotoxicity of the CJ samples
are given in Fig. 5. None of the CJs reduced the viability of
GMSM-K cells after a 1 min or 5 min contact compared to the
control. However, following a 15 min contact with raw CJ, cell
viability decreased to 25%, whereas it decreased to 48% for
epithelial cells challenged with CJ with a DR of 19%. A 30 min
contact with CJs with DRs of 0% (raw), 19%, and 42%,
decreased cell viability to 38%, 33%, and 30%, respectively.
The viability threshold remained above 80% for the other CJ
samples after a 30 min contact, indicating that they were not
cytotoxic. It should be noted that a raw CJ sample whose pH
was adjusted to 7.0 with HCI and a PBS solution whose pH was
adjusted to pH 2.6 did not significantly decrease cell viability
compared to the control (Table 2). Also, the raw CJ exhibited
no cytotoxicity when it was diluted 1/4 in distilled water, indi-
cating that acidic pH alone was not responsible for the cyto-
toxic effect and suggesting that there that was a correlation
between non-dissociated organic acids and cytotoxicity.
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3.7. Effect of CJ deacidification on IL-6 and IL-8 production
by oral epithelial cells

The effect of DR on the anti-inflammatory properties of CJ was
investigated in an oral epithelial cell model stimulated with
A. actinomycetemcomitans LPS. A 5 min contact with raw CJ sig-
nificantly reduced the secretion of IL-6 (4.8-fold lower) and
IL-8 (3.1-fold lower) by LPS-treated epithelial cells compared to
the control (Fig. 6). Moreover, the concentration of IL-6 in the
supernatant was directly correlated with the DR of the CJ, that
is, the more organic acids were removed, the more IL-6 was
produced by the cells. On the other hand, no significant differ-
ences were reported in the production of IL-8 with different

10476 | Food Funct, 2021,12,10470-10483

DRs. Raw diluted CJ led to the production of IL-8 at a concen-
tration similar to that of the control, suggesting that phenolic
compounds are responsible for the anti-inflammatory pro-
perties of CJ.

4. Discussion

4.1. Effect of the CJ deacidification rate on bactericidal
activity

The CJ samples exhibited marked bactericidal activity against
planktonic bacteria for both Gram-negative periodontal patho-

This journal is © The Royal Society of Chemistry 2021
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Table 2 Effect of pH on the cytotoxic activity of cranberry juice against
oral epithelial cells after a 30 min exposure

Treatment pPH Viability rate (%)
Raw CJ 2.6 28.6 +1.7%

7.0 91.0 + 6.0°
PBS 2.6 67.6 +1.3°

7.2 83.7 + 6.3

*Data with different letters are significantly different (Bonferroni, p <
0.01).

gens tested (A. actinomycetemcomitans, F. nucleatum), although
this property was slightly less marked at higher DRs.
Undiluted raw CJ completely eliminated the bacterial popu-
lation of both pathogenic species included in the study after a
1 min (F. nucleatum) or a 15 min (A. actinomycetemcomitans)
contact. These results are in agreement with those of Kranz
et al., who investigated the antimicrobial effect of various
berry juices. They reported that F nucleatum is completely
eliminated and that there is a 5-log reduction in the
A. actinomycetemcomitans population following a 60 s direct
contact with CJ. The reduction of antibacterial activity noted
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Fig. 6 Effect of a 5 min pre-exposure to raw or deacidified cranberry
juice on the production of (A) IL-6 and (B) IL-8 by GMSM-K oral epi-
thelial cells stimulated with A. actinomycetemcomitans LPS (1 ug mL™)
for 24 h. The cytokine concentrations in the cell-free culture super-
natants were determined by ELISA. Results are expressed as means + SD
of a triplicate assay. Columns with different letters are significantly
different (ANOVA, Bonferroni test, p < 0.01). Ctrl +: DMEM + 1% FBS +
1 pg ml~t LPS. Ctrl —: DMEM + 1% FBS.

for A. actinomycetemcomitans for the CJ with a DR of 79%
might have been due to the removal of organic acids by EDMB.
Jensen et al.*® attributed the antibacterial effect of CJ against
uropathogenic Escherichia coli in an experimental mouse
model of urinary tract infection to a synergistic effect of
organic acids, namely MA/CA, MA/QA, and MA/CA/QA/shikimic
acid. Suzuki et al,*” who used a method similar to the one
used in the present study, showed that a 15 min immersion in
a 10% CA solution (pH 3.2) reduces the survival of
Enterococcus faecalis, a major endodontic pathogen, by 60%. In
addition, several reports indicate that CA exhibits marked anti-
bacterial activity against periodontopathogens,”**° while MA,
either added to fruit juices or extracted from fruit peels, is
effective in reducing the viability of planktonic Gram-positive
and Gram-negative bacteria.*®*°

Bradshaw et al. showed that F. nucleatum has a very low tol-
erance to an acidic pH (3.8) and to organic acids.’® Given this,
the pH of CJ, which, in the present study, remained below 3.8
regardless of the DR, may have been responsible for the bac-
tericidal effect on F. nucleatum. However, it is also possible
that the phenolic compounds in the CJ contributed to the era-
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dication of this bacterial species as Sanchez et al. reported that
the minimal bactericidal concentration (MBC) of a cranberry
phenolic extract is 220 pg mL™" for F. nucleatum,”* which is a
4.5-fold lower concentration than the total phenolic content of
the undiluted CJ samples. No MBC was reported by Sanchez
et al. for A. actinomycetemcomitans.>*

In biofilms, bacteria are embedded in an extracellular
matrix (ECM) consisting of proteins, polysaccharides, and
nucleic acids that provides enhanced resistance to antimicrobial
agents and environmental stresses.>® Reports in the literature
indicate that cranberry phenolic extracts exhibit no significant
bactericidal — activity —against A.  actinomycetemcomitans,
F. nucleatum, or P. gingivalis in a mixed biofilm.>*>!
Furthermore, Sanchez et al. observed a greater viable count
reduction in periopathogenic biofilms treated with red wine
(with or without alcohol) compared to wine phenolic extracts.>®
This difference could be due to the organic acid composition of
wine, which has a low CA content and a high MA content.>* The
ECM forms a mesh that can slow down the diffusion of high
molecular weight molecules and hinder the diffusion of
charged compounds due to electrostatic interactions.>*>® Given
that MA has a higher pK,;, a smaller molecular weight, and
fewer carboxyl groups than CA,** it may have been able to infil-
trate the biofilm and exert antibacterial activity. This possibility
is supported by the fact that the CJ with a DR of 79%, which did
not contain any MA, did not significantly affect the viability of
the three biofilm-embedded periodontal pathogens tested com-
pared to the control. On the other hand, CA has been reported
to be less bactericidal for biofilm-embedded bacteria than for
planktonic bacteria.>”*® As such, the removal of MA from CJ by
EDBM, coupled with the slight increase in pH that leads to a
higher proportion of organic acids being in their dissociated
forms, could explain the results observed for the killing of
biofilm-embedded A. actinomycetemcomitans.

4.2. Effect of CJ deacidification on bacterial adherence to
epithelial cells

The mechanism driving the increase in the adherence of
A. actinomycetemcomitans and P. gingivalis to oral epithelial
cells is unknown. Assessments of the anti-adherence pro-
perties of cranberry products typically use non-dialyzable
material (NDM) that is devoid of organic acids and carbo-
hydrates or that is pH-neutralized.>® " 1t is thus possible that
other constituents of CJ in an acidic environment may counter-
act the bioactivity of the phenolic compounds. Belton et al.
observed that P. gingivalis can invade epithelial cells within
12 min of infection and can remain in the intracellular
environment for 24 h.°” Lamont et al. also reported that
P. gingivalis invasions of primary cultures of epithelial cells
peak after 90 min® Similar findings have been described for
A. actinomycetemcomitans after a 30 min incubation, although
this bacterium does not remain in the cells and is more likely
to reach the basal region of the monolayer.®* Results obtained
in our laboratory show that there was a decrease in transe-
pithelial electrical resistance (TER) in a keratinocyte cell line
(B11) monolayer exposed to undiluted CJ samples with a DR
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<60%. This could, in part, be attributed to the disruption of
the expression of tight junction (TJ) proteins.>’?*% A wea-
kened monolayer may facilitate bacterial invasion, as the corre-
lation between enhanced bacterial invasion and TJ protein dis-
ruption reported by Choi et al in mice suggests.®®®” The
increased fluorescence obtained with CJ treatments compared
to the negative control for A. actinomycetemcomitans and
P. gingivalis could thus be due, at least in part, to bacterial
internalization by and penetration of epithelial cells rather
than increased adherence to the epithelial cells. Further work
is required to explain these results.

However, the outcome for F. nucleatum differed from the
other two bacterial species studied. Indeed, F. nucleatum
adherence decreased following a pretreatment of GMSM-K
cells with the CJ samples. This may be due to interactions
between the F nucleatum fap2 adhesin, which is inhibited by
galactose, and cyanidin-3-galactoside and peonidin-3-galacto-
side, two major anthocyanins in CJ that both carry a galactosyl
substituent.®®

4.3. Effect of CJ deacidification on bacterial H,S production

Halitosis is mainly caused by the production of VSC by anaero-
bic bacteria colonizing the dorsum of the tongue.®® The
accumulation of malodorous compounds can induce a host
inflammatory response.'® Plant products and extracts have
yielded promising results in the treatment of halitosis by pre-
venting the production of VSC, including H,S, by oral
bacteria.”>’° The effect of CJ deacidification on bacterial H,S
production is thus of interest. Our results showed that
A. actinomycetemcomitans is a very poor producer of H,S.
Although Salako and Philip reported that this bacterium pro-
duces large amounts of H,S from i-cysteine,”" other studies
have failed to find a link between this bacterium and the pro-
duction of VSC.”>7* Similarly, we observed that P. gingivalis
causes a weak precipitation of bismuth sulfide, since the
absorbance of the positive control was 0.06 + 0.02, which was
not significantly different from the negative control. This
result contradicts reports in the literature indicating that
P. gingivalis produces large amounts of H,S in vitro.'”’"7*73
This discrepancy may have been caused by the presence of
some O, in the biofilm, despite the effort taken to remove it
all. It is worth mentioning that the microplate was prepared in
the presence of O, and that P. gingivalis biofilms are not thick,
which could have facilitated the diffusion of O, diffusion
through the biofilm. Since VSC are only produced in the total
absence of 0,,”° small amounts of O, could have hindered the
production of H,S by P. gingivalis.

Compared to P. gingivalis, F. nucleatum has a much higher
tolerance for O, and a capacity to deplete O,,”” meaning that
an F. nucleatum biofilm can quickly become anaerobic after
aerobic manipulations. The reason behind why DR correlates
with an increase in H,S production by F. nucleatum requires
further research, but our results point to a decrease in meta-
bolic activity following a brief contact with a CJ that is richer
in organic acids. Indeed, F. nucleatum produces H,S from
L-cysteine by three different enzymatic pathways.”® A study on
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Veillonella ssp. showed that, at an acidic pH, the accumulation
of lactate decreases the enzymatic production of H,S.”® Other
reports suggest that organic acids and the concurring low pH
derived from sugar consumption impede bacterial production
of VSC.*°

4.4. Effect of CJ deacidification on epithelial cell cytotoxicity

We showed that it takes over 5 min for CJ to exhibit cytotoxic
activity toward GMSM-K epithelial cells. This is in agreement
with Kranz et al.,"> who reported that CJ has no cytotoxic effect
on human gingival fibroblasts following a 1 min contact. In
addition, the results of Sakurazawa and Ohkusa suggest that
epithelial cells are more sensitive to organic acids in their non-
dissociated form than their anionic form,®' which is in line
with our results for 15 min and 30 min exposure times.
Furthermore, a concentration-dependent effect on the cyto-
toxicity of organic acid solutions and fruit juices has been
reported in several studies for a wide variety of human cell
lines.??7% For instance, Xu showed that 30% concentrations of
lime juice and of lemon juice lower Caco-2 intestinal epithelial
cell viability to 66% and 75%, respectively, whereas 50% con-
centrations of the same juices lower viability to 58% and
41%.% Interestingly, the cytotoxic effect remained when the
pH of the lime and lemon juices was adjusted to 7.4.%* This
contradicts the results obtained in the present study regarding
the elimination of the cytotoxic properties of raw CJ at pH 7.0.
However, it should be noted that Lim and Lim exposed the
Caco-2 cells to citrus juices for 4 h,** whereas we exposed
GMSM-K oral epithelial cells to CJ for only 30 min. This may
be because non-acidic CJ takes longer to express cytotoxic
activity or other compounds in citrus juices may affect cell
viability.

4.5. Effect of CJ deacidification on the inflammatory
response of oral epithelial cells

Over-activation of the host inflammatory response is a crucial
aspect of periodontitis that can modulate tissue destruction.®®
Studies using in vitro models have shown that berry phenolic
compounds can modulate inflammation by attenuating the
secretion of pro-inflammatory cytokines such as IL-6 and
IL-8.%” Bodet et al. observed a significant reduction in the
secretion of IL-6 by gingival fibroblasts stimulated with LPS
from A. actinomycetemcomitans when treated with cranberry
NDM (16.3 pg mL™' of PAC, which is approximately 16-fold
less than the concentration in the CJ used in the present
study).”® We showed that even a short contact with CJ is
enough for the anti-inflammatory properties of phenolic com-
pounds to manifest, as did Soares et al.,*® who reported that a
10 min contact with pitanga juice reduces the production of
IL-8 by LPS-stimulated gingival epithelial cells by half.
However, the positive, linear trend that we observed
between DR and IL-6 production indicated that organic acids
can influence the host inflammatory response. Organic acids
can exhibit anti-inflammatory properties through the
reduction of cytokine gene activation in cells stimulated with
LPS. This has been observed for cervicovaginal epithelial cells
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incubated with non-dissociated lactic acid prior to or simul-
taneously with exposure to bacterial LPS.** A simultaneous
lactic acid treatment led to a decrease in IL-6 and IL-8
secretion, which may be due to a significant inhibition of cyto-
kine gene expression. Pre-exposure to lactic acid for 30 min
produced the same effect. Citrate also inhibits the inflamma-
tory response in a macrophage model.”® It should be men-
tioned that there was no significant difference in key volatile
compounds between raw CJ and CJ with a DR of 79% (p <
0.01), indicating that the loss of anti-inflammatory monoter-
penes during EDBM did not contribute to the increase in IL-6
secretion (data not shown).”*

5. Conclusion

The adverse findings observed with respect to both the bac-
teriological and the immunological etiological factors of peri-
odontitis indicated that the removal of organic acids (mostly
CA and MA) from CJ by EDBM does not confer an advantage in
terms of the prevention of periodontal diseases. Although the
deacidification process decreased the cytotoxicity of CJ over a
prolonged period of time, undiluted raw CJ was more effective
at killing periodontopathogens and reducing bacterial adher-
ence as well as attenuating the secretion of pro-inflammatory
cytokines by oral epithelial cells compared to deacidified CJs.
It is noteworthy that raw CJ exhibited antibacterial and anti-
inflammatory properties, hence having the potential to coun-
teract both etiological factors of periodontitis, unlike anti-
biotics that only improve periodontal health in regards to the
bacteriological factor of the disease. When the recommen-
dation by the manufacturer to dilute raw CJ before drinking to
avoid gastro-intestinal discomfort is followed, it appears that
the consumption of deacidified CJ compared to diluted CJ is
more beneficial due to the reduction of the adherence of
F. nucleatum and P. gingivalis and the decrease in the pro-
duction of IL-6 and IL-8 by LPS-challenged oral epithelial cells.
This is likely due to the maintenance of high concentrations of
phenolic compounds in CJ that has been deacidified by
EDBM.

Care must be taken with in vitro studies as they do not take
the environmental complexity of the oral cavity into account. It
is important that the results obtained in the present study be
reproduced using ex vivo dental biofilm sampling and in vivo
assays. In addition, extensive studies are required to assess the
effect of CJ on bacterial and cellular gene expression.
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