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The aim of the current study was to investigate the anticariogenic potential of the (sub)fractions obtained from the edible
mushroom shiitake (Lentinula edodes) in in vitro caries model. We used a modified constant depth film fermentor (CDFF)
with pooled saliva as the inoculum and bovine dentin as a substratum. The test compounds were low molecular weight fraction
(MLMW) of the shiitake extract and subfractions 4 and 5 (SF4 and SF5) of this fraction. Chlorhexidine (CHX) and water served as
a positive and a negative control, respectively. Dentin mineral loss was quantified (TMR), microbial shifts within the microcosms
were determined (qQPCR), and the acidogenicity of the microcosms was assessed (CIA). From the compounds tested, the SF4 of
shiitake showed strong inhibiting effect on dentin demineralization and induced microbial shifts that could be associated with oral
health. The acid producing potential was increased, suggesting uncoupling of the glycolysis of the microbiota by the exposure to

SF4. In conclusion, the results suggest that SF4 of shiitake has an anticariogenic potential.

1. Introduction

Over the past decade, there has been an increasing number
of food alerts creating a genuine crisis of confidence among
consumers. Research on food safety and quality must
therefore be a priority. To improve our understanding of the
link between food and oral health, an international EU sixth
framework program consortium project (NUTRIDENT,
FOOD-CT-2006-36210) was granted with an overall aim to
identify beverage/food constituents that are able to reduce
the risk of two major dental diseases, caries and gingivitis.

Within the NUTRIDENT project, we have used the
existing literature as a starting point for selecting foods

or beverages that may contain such constituents. We have
then built upon this knowledge by testing such materials
for a range of biological activities that are relevant to the
maintenance of oral health, that is, the prevention of caries
and gingivitis. A number of high-throughput assays were
designed and employed [1]. As a result of this work, we iden-
tified a low molecular mass extract (<5,000 Da) of shiitake
mushroom (Lentinula edodes) which has biological activities
which, if displayed in vivo, could protect against dental caries.
The most prominent observed biological activities of this
extract, relevant to caries prevention, were (1) induction
of the detachment of cariogenic microorganisms from
hydroxyapatite, (2) changed cell surface hydrophobicity, (3)
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bactericidal activity against cariogenic microorganisms, (4)
prevention of coaggregation of the microorganisms, and (5)
disruption of signal transduction in Streptococcus mutans
[1, 2]. The extract from Lentinula edodes has been studied in
rats, and an inhibitory effect on one of the virulence factors
of S. mutans has been demonstrated: the extract inhibited
water-insoluble glucan formation by glycosyltransferases of
this organism [3]. There are few reports related to gen-
eral antimicrobial effects of different compounds obtained
from shiitake. Aqueous extract from L. edodes has shown
high antimicrobial activity against food-borne pathogenic
bacterial strains [4]. Furthermore, a diet containing 5% of
dried L. edodes consistently resulted in lower viable counts of
total bacteria, Escherichia coli, streptococci, and lactic acid-
producing bacteria in the intestinal microbiota of piglets
[5].

Dental caries is a multifactorial disease with low pH as
a driving force for mineral dissolution. We have developed
an in vitro dental caries biofilm model [6, 7] which
combines cariogenic microorganisms with dental hard tissue
substratum (dentin or enamel) and allows modeling of
frequent acid challenges by sucrose pulsing within a constant
depth film fermentor (CDFF) [8]. The complexity of the
model can be varied by selecting defined microbial consortia
or saliva-derived microcosms as inocula [8, 9]. Different
output parameters, related to the cariogenic potential of
the biofilms, can be assessed within this model system.
The most relevant output for the anticariogenicity tests
is mineral loss quantification [10]. Thus, any compound
with anticariogenic activity claims should result in inhibited
mineral loss in in vitro or in situ-tests or ultimately, in
reduction of caries, in vivo. Other, the so-called surrogate
output parameters include reduction of acid producing
potential of the biofilms and microbial shifts towards health-
associated microorganisms.

The aim of the current study was to assess the effects
of low molecular weight fraction of shiitake mushroom and
two subfractions of this fraction on dentin demineralization,
microbial composition, and acidogenic potential of saliva-
derived microcosms in our CDFF caries model.

2. Materials and Methods

2.1. Preparation of Fractions and Subfractions Obtained
from Shiitake Mushroom Extract. The freeze-dried test com-
pounds were obtained as described by Daglia et al. [2],
reconstituted to the original 2x concentration in ultrapure
(MilliQ, Millipore) sterile water and stored at —20°C until
used. Before each experiment, a frozen aliquot of the
test compound was thawed and diluted 1:10 in Millipore
grade sterile water. The treatment solutions contained 0.2x
diluted low molecular weight fraction of shiitake mushroom
(MLMW) extract, 0.2x diluted subfraction 4 of MLMW and
0.2x diluted subfraction 5 of MLMW.

2.2. Constant Depth Film Fermentor (CDFF) Experiments.
Plaque microcosms were grown on dental hard tissue
specimens in a modified CDFF model [7]. The modification
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FiGure 1: A diagram of daily CDFF regime for 8 days. On each
day, a DMM supply (solid horizontal line) was interrupted by
eight 2-hourly 5 min sucrose pulses (black arrows) and two 10 min
treatments (white arrows). The treatments occurred 2h after the
last sucrose pulse and 20 min before the end of the “resting period”
(DMM supply for 10h). Dashed horizontal line indicates the
sampling time on day 8.

of the CDFF involves operating it in a reciprocal mode:
the turntable rotates 180 degrees back and forth, allow-
ing two simultaneous growth conditions (two treatment
modes) within one CDFF run. Sucrose pulses, media flow,
and the treatments are provided by calibrated, computer-
controlled peristaltic pumps (Type MS-4/6-100, Ismatec,
Ziirich, Switzerland) under software developed in LabView
(National Instruments).

Coronal dentin from bovine incisors was cut into 5 mm
diameter discs and was recessed into PTFE pans and assem-
bled into the turntable of the CDFF. Plaque-enriched saliva
from 10 healthy individuals (no use of antibiotics in the last
3 months) was collected and pooled at equal volumes, 10%
glycerol added and stored in 10 mL aliquots at —80°C. To
inoculate each CDFF run, 9 mL of thawed pooled saliva was
mixed with 200 mL defined mucin medium (DMM) [11].
The inoculum was pumped into the CDFF for 1.5 h (flow rate
2.3mL/min) with the CDFF operated in the conventional
mode (360° rotation). One hour elapsed between the end
of inoculation and the start of DMM flow. Then, DMM
was supplied through two delivery inlets at 0.3 mL/min per
inlet with CDFF still operating in the conventional mode.
The CDFF was operated at 37°C and under a continuous
gas supply of 10% CO; and 10% H, in N at a flow rate of
50 mL/min + 0.5 mL/min.

After 24 h, the CDFF was switched to the reciprocal mode
(180° oscillation) and the first 10 min treatment was started.
Sterile water was used as a negative control of the treatment
on one side of each CDFF run, while positive control
(0.12% chlorhexidine digluconate solution) or one of the test
solutions was applied on the opposite side of the CDFE. After
a 10 min resting period, the LabView program with daily
treatment regimen was started. The cariogenic potential of
the microcosm was modelled by frequent (eight 2-hourly 5
minute pulses/day, flow rate 1.2 mL/min/inlet) pulses with
10% (w/v) sucrose solution. “Night” or remineralization
phase was simulated by daily 10 h period of DMM supply
alone. Summary of the daily regimen is shown in Figure 1.
Two 10 min treatments were given each day at a rate of
1.0 mL/min. The first treatment commenced 2h after the
last sucrose pulse, while the second treatment started 20 min
before the end of the “Night” period.

Two independent CDFF runs per compound (three test
compounds and one positive control) were performed.
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FIGURE 2: Average mineral content profiles showing the extent of demineralization of dentin after microcosm growth for 8 days in constant
depth film fermentor (CDFF) per CDFF run (Roman numbers I-VIII—eight CDFF runs) and per treatment: (a) chlorhexidine digluconate
(CHX), (b) mushroom low molecular weight fraction (MLMW), (c) subfraction nr 4 (SF4), and (d) Subfraction nr 5 (SF5) of the MLMW
fraction of shiitake extract. The two graphs per treatment are the profiles obtained from the duplicate CDFF runs of the respective treatment.
Each profile is an average of the transversal microradiography images obtained from 10 dentin specimens.
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FIGURE 3: Average amount of demineralization (integrated mineral
loss, IML, and lesion depth, LD) relative to the respective water
control of each treatment (IML and LD of the water group were set
to 100% to normalize the data among different CDFF runs). CHX—
chlorhexidine digluconate; MLMW—mushroom low molecular
weight fraction; SF4—subfraction nr 4 of MLMW fraction; SF5—
subfraction nr 5 of MLMW fraction. N = 20 samples per
treatment. Error bars indicate standard deviation. * One sample ¢-
test, treatment versus 100% (water control), significantly different
at P < 0.001.

2.3. Sampling and Sample Processing. On day 8, two CDFF
sample pans per each treatment group were removed,
resulting in 10 samples per treatment group. Sampling
occurred during the resting period, 7.5-9.5h after the last
sucrose pulse and 5.5-7.5 h after the last treatment (dashed
line in Figure 1).

Immediately after the retrieval from the CDFE the
biofilm was removed from the dentin surface by scraping
against the lid of an Eppendorf tube. Subsequently, the
biofilm was centrifuged for 30 s at 16,060 Xg and either 1 mL
1% glucose in buffered peptone water (BPW) solution (fer-
menting plaque) or BPW solution alone (resting plaque) was
added to the biofilm and incubated at 37°C for 30 min. After
that, the vials were cooled on ice. The samples were heated
at 80°C for 5 minutes and again cooled on ice [12]. The
vials were centrifuged at 16,060 Xg for 15 minutes at 4°C.
From the supernatant, 200 yL were transferred into a vial
with a microspin filter (Ultrafree-MC 0.22 ym, Millipore,
Bedford, Mass, USA) and centrifuged at 13,684 xg for 5
minutes at 4°C; the remaining supernatant was discarded.
The filtered supernatants for organic acid determination and
the pellets for protein analysis were stored at —80°C until
further analyses. The dentin discs were stored at 4°C for the
assessment of mineral loss by transverse microradiography
(TMR).

Organic acids were determined as their anions by cap-
illary electrophoresis on the Waters Capillary Ion Analyzer
(Milford, Mass, USA) [13]. Sodium salts of formic, acetic,
propionic, butyric, succinic, and lactic acids were used to
prepare single and mixed standard solutions in ultrapure
water (for calibration curves for each acid separately). Oxalic
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acid was included in all samples as an internal standard.
Formic, butyric, succinic, propionic, acetic, and lactic acid
were determined in duplicate samples.

The amount of acid was normalized by amount of pro-
tein/sample. The protein amount was determined by Brad-
ford protein analysis method [14]. Results were expressed as
yg protein/sample.

Dentin discs were sectioned and processed for trans-
verse microradiography (TMR) as described elsewhere [15].
In brief, 200 ym thin dentin sections were radiographed
together with an aluminium stepwedge on a high-resolution
film with a nickel-filtered Cu-Ka source. The radio-
graphic image was analyzed with a microscope-videocamera-
microcomputer setup and dedicated software (TMR 2000,
version 2.0.27.13, Inspektor Research Systems, Amsterdam,
The Netherlands). Data obtained were the mineral content
profiles of the lesions, lesion depth, and the total amount of
mineral removed (integrated mineral loss).

The numbers of Streptococcus sanguinis, Streptococcus
mutans, Lactobacillus casei, Veillonella dispar, Neisseria sub-
flava, Actinomyces naeslundii, Prevotella intermedia, Fusobac-
terium nucleatum, and total bacterial 16S rDNA were deter-
mined by using multiplex quantitative PCR (qPCR) [16].
In brief, DNA was extracted from plaque biofilms using
a phenol: chloroform:iso-amyl alcohol (25:24:1) bead-
beating extraction method [17], which involves physical cell
lysis, protein removal, and finally DNA precipitation using
polyethylene glycol. Three triplex qPCR assays were then
carried out using 2 uL extracted DNA to enumerate eight oral
taxa as well as the total number of organisms. The assays were
performed using the Rotor-Gene 6500 (QIAGEN) instru-
ment and Sensimix Probe (Bioline) qPCR mix according
to manufacturer’s instructions using previously published
oligonucleotide sequences [16].

2.4. Statistical Analyses. The effects of the treatments on
dentin demineralization (integrated mineral loss, IML, and
lesion depth, LD), biomass (protein amount), and acido-
genicity of biofilms (acetate, lactate, propionate, succinate,
butyrate, and formate) were assessed by independent sam-
ples t-test and by one-sample ¢-test, where the data in each
treatment group was calculated as a relative proportion of
the average value from the respective water group (negative
control), set at 100%. The qPCR data were log transformed
and used as absolute values and as a proportion of the total
counts (universal probe counts) in statistical comparisons
between the treatment groups and their respective controls,
using Mann-Whitney U test. All tests were performed in
SPSS, version 17.0. Significance level was set at 0.05.

3. Results and Discussion

In this study, we grew saliva-derived microcosms at the
conditions that mimicked a cariogenic situation in vivo
(eight daily sucrose pulses). We also allowed recovery of the
microbial ecosystem during a daily resting period of 10h.
This in turn mimicked a night period in vivo. Biofilms grown
in all eight constant depth film fermentor (CDFF) runs
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FIGURE 4: Amount of (a) acetate, (b) lactate, (c) propionate, and (d) succinate in 8-day microcosms at a resting state (blue bars) and at
a fermenting state after 30 min incubation with 1% glucose (red bars) in the treatment group samples (CHX—chlorhexidine digluconate;
MLMW-—mushroom low molecular weight extract; SF4—subfraction nr 4 of MLMW extract; SF5—subfraction nr 5 of MLMW extract)
relative to the samples exposed to water (negative control). Treatments were performed twice daily for 10 min (Figure 1). *One sample ¢-test,
treatment versus 100% (water control), significantly different at P < 0.001.

resulted in demineralization of the underlying substratum—
bovine dentin (Figure 2 and Table 1). There was a large
variation among the individual CDFF runs in the amount
of mineral loss and the depth of the lesions (red mineral
profiles in Figure 2 represent eight individual CDFF runs
(I-VIII) exposed to water). This underlines the difficulty of
controlling the complex ecological systems such as micro-
cosms derived from natural sources [18]. The reciprocal
mode of the CDFF (adaptation to the CDFF with back-and-
forth movement of the rotating pane [7]) allowed within
each individual run the growth of both, the treated and the
negative control (water) exposed biofilms. This provided the
internal control to each of the treatment groups, allowing
statistical comparisons between the matched test and control
samples.

Twice daily exposure to the positive control, 0.12%
chlorhexidine digluconate (CHX), had pronounced inhibi-

tory effect on the cariogenic potential of the microcosms.
This was seen as statistically significantly inhibited dentin
demineralization (average mineral content profiles in Fig-
ure 2; IML and LD in Figure 3, Table 1), biomass (protein
amount in Table 1), and main organic acids (Table 1), as well
as significantly reduced absolute microbial counts (Table 2)
compared to the water-exposed samples. CHX is a broad-
spectrum antimicrobial agent that has been proven to have
clinical antiplaque and antigingivitis effects [19] and has
been shown to inhibit acids in resting and fermenting plaque
[20, 21]. The previous reports on CDFF-grown biofilms
treated with CHX range from little or some effects on
biofilm viability and composition [22, 23] to nearly complete
inhibition of the biofilm [7], depending on the type and
complexity of the inoculum, growth medium, substratum,
and many other parameters, such as the exposure time and
the clearance of the antimicrobial from the system. Our



results with CHX showed that the conditions we have chosen
were appropriate to use for the series of experiments with the
test compounds that were selected in the high-throughput
tests [1].

The test compounds that we have tested were derived
from natural edible mushroom shiitake, Lentinula edodes,
as described by Daglia et al. [2]. Using our CDFF model,
we tested the anticariogenic potential of the low molecular
weight fraction of the mushroom extract (MLMW) and the
two subfractions from this fraction—subfraction 4 (SF4) and
subfraction 5 (SF5). Among the three test compounds, the
SF4 showed the strongest anticariogenic potential. The twice
daily treatment with SF4 highly inhibited demineralization
of dentin, resulting in significantly reduced IML and LD
compared to the respective water control samples (Figures
2 and 3 and Table 1). The treatment with SF5 showed
some, though still statistically significant, reduction of
lesion depth, LD, while the treatment with MLMW did
not have any significant effects on the demineralization
of dentin (Figure 3 and Table 1). The average mineral
content profiles (Figure 2) showed that only one of the
two replicate experiments with SF5 (CDFF VII but not
CDFF VIII) resulted in slight inhibition of demineral-
ization of dentin, rendering the results of SF5 inconclu-
sive.

Unlike CHX, none of the test compounds affected the
biomass of the microcosms, that is, there were no sig-
nificant differences in either protein amount (Table 1) or
universal 16S rDNA probe counts (Table 2) between the
treated and the respective water-control samples. However,
the microbial community composition in the SF4-exposed
samples was significantly changed, compared to the water-
control samples. SF4 significantly increased absolute counts
of Fusobacterium nucleatum and Neisseria subflava (Table 2),
and the relative proportions of these two microorganisms,
together with the relative proportions of Veillonella dispar
and Actinomyces naeslundii (Figure 5). At the same time,
the proportion of the other microorganisms that were not
targeted in this study, but were quantified as the difference
between the universal 16S rDNA probe counts and the
sum of the targeted species, significantly decreased. Thus,
the effects of the SF4 were beyond the selected targeted
species for this study and have affected other microorganisms
as well. The MLMW-exposed biofilms showed statistically
significantly increased absolute counts of F. nucleatum, while
there were no significant effects on the proportions of
different microorganisms induced by this compound. The
SF5-exposed biofilms showed shifts in microbial community
composition similar to the shifts induced by SF4; however,
none of these shifts reached statistical significance (Fig-
ure 5). Both, veillonellae and neisseriae are microorganisms
associated with oral health [24], while fusobacteria are a
part of noncariogenic resident oral flora, also known as a
bridging organism in maturing dental biofilm [25]. Increase
in amount and/or proportions of these noncariogenic
microorganisms under highly cariogenic conditions in our
CDFF microcosms indicates occurrence of health-associated
microbial shifts due to the exposure to the shiitake-derived
test compounds.
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There were no strong and conclusive inhibitory effects of
the test compounds on the acidogenicity of the microcosms
observed. SF4 showed some inhibitory activity on biofilms
at the resting state: there was significantly less acetate
(Figure 4) and lactate (Table 1, Figure 4) in the SF4-exposed
resting biofilms compared to the water-exposed biofilms.
In contrary, the glucose-fermenting SF4-exposed biofilms
produced significantly more lactate than their respective
water controls (Table 1 and Figure 4). Similar effects were
observed in high-throughput acidogenicity assays with single
species biofilms of S. mutans [1]. The SF5-exposed biofilms
produced less propionate in the resting and the fermenting
biofilms, and less acetate and succinate in the fermenting
samples, while the resting samples showed significantly more
lactate compared to the water control (Table 1 and Figure 4).
The MLMW-exposed resting state biofilms had increased
amounts of all major acid anions measured, including
lactate, and reduced amounts of acetate and succinate in
the fermenting samples. Increased lactate production during
the 30 minute incubation with glucose suggests enhanced
acidogenic potential of the biofilms previously exposed
to the test compounds. This however did not result in
increased cariogenic activity (demineralization of the dentin
substratum in our CDFF model). In contrary, exposure to
SF4 strongly inhibited demineralization (Figures 2 and 3).
The reasons for the increased lactate production are not
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known and should be investigated further. It might be related
to a phenomenon known as uncoupling [26, 27], where
glycolysis is uncoupled from biomass production and enters
a futile cycle. In lactic acid bacteria used in dairy industry,
uncoupling has been shown to be triggered by stress factors
such as subbactericidal concentrations of antimicrobials
or elevated temperature [28] and leads to less efficient
energy usage. Our results suggest that the subbactericidal
concentrations of the SF4 of shiitake mushroom may have
induced uncoupling in the biofilm cells of the plaque
microcosms.

Based on the results above, we can conclude that the sub-
fraction 4 (SF4) of the low molecular weight fraction of the
shiitake mushroom has strong anticariogenic potential. This
anticariogenic potential of SF4 is most likely contributable
to the observed changes in microbial composition and
inefficient energy usage due to uncoupling of the glycolysis.
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