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Abstract

Aims—The aim of this study is to identify new small molecules that can inhibit Streptococcus
mutans biofilms by in-vitro and in-vivo model.

Methods and Results—We evaluated the effect of a small molecule 2-amino-imidazole/
triazole conjugate (2-Al/T) on the formation of S. mutans biofilms by culturing in 96-well plates.
Toxicity was assessed through cell culture and intragastrically administering to mice. The anti-
biofilm and anti-caries effects were investigated in vivo. The inhibitive mechanism was detected
by isobaric tag for relative and absolute quantitation (itragq) and RT-QPCR. Invitro and in vivo
study revealed that 2-Al/T significantly inhibited biofilm formation of S mutansand is more so
than inhibiting planktonic cells without toxicity. The ribosome and histidine metabolism pathways
of S. mutans were significantly regulated by this compound.

Conclusions—These results suggest that the 2-Al/T conjugate is a potent inhibitor that can be
potentially developed into a new drug to treat and prevent dental caries.

Significance and Impact of the Study—This is the first study to use small molecule from
marine natural products, to protect from dental cariesin vivo. It has potential broad range
application in clinical caries prevention, or as a bioactive ingredient for food applications.
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Introduction

Bacterial biofilms are bacterial communities encased in a protective matrix, within which
provides a more stable environment, thus within the biofilms bacteria are more resistant to
environmental stresses including traditional antibiotics (Musk and Hergenrother 2006).
Therefore it is important to develop new inhibitors targeting bacterial biofilms. Small
molecules derived from marine natural products have diverse biological activities. These
activities are used by marine organisms as offensive weapons for predation or defense
weapons for their protection, and they become a potential resource for discovery of new
activities that interfere with invading microbes (Skropeta and Wei 2014). Small molecules
analogues of bromoageliferin and oroidin, which were isolated from the marine sponge
Agelas coniferas, inhibit biofilm formation by Pseudomonas aeruginosa (Huigens et al.
2007). Oroidin derivatives not only inhibit biofilm formation, but also disperse preformed
biofilms of common protecbacteria (Ballardet al. 2009).

Dental caries, the most common oral infectious disease, is initiated by interaction of the
cariogenic bacterium S mutans with host, environmental, and nutritional factors. Although
mechanical removal and antibiotics treatment are commonly used in dental practices, new
prevention and therapeutics against this pathogen are still needed due to persistent
colonization of S. mutans on the tooth surface by tenacious biofilms. Our group aims to
develop new small molecules to inhibit S. mutans biofilms.

Recently, a lot of studies have focusing on evaluating the secondary metabolites containing
the 2-aminoimidazole (2-Al) moiety for their anti-biofilm activities (Richards et al. 2008;
Forteet al.2009; Al-Mourabit et al. 2011; Yeagleyet al. 2012; Jiao et al. 2013). The 2-Al
derivatives are promising precursors to derive more potent new broader spectrum
antimicrobial drugs. For example, Reed et al. synthesized and assembled a new 2-Al
molecule library based on 2-Al and identified compounds that specifically inhibit biofilm
formation of E. coli (Reed et al. 2010). Using a similar approach, we have identified a
diverse group of 2-Al derivatives that target biofilm formation by S. mutansin a
multispecies biofilm (Liu et al. 2011) .

Based on this 2-Al structure, a variety of 2-Al/T have been designed by attaching a triazole
group to the tail group of the 2-Al (Reyes et al. 2011). A 2-Al/T derivative was identified
that inhibits biofilm formation by pathogens such as Acinetobacter baumannii and
methicillin-resistant Staphyl ococcus aureus (Rogers et al. 2010; Su et al. 2011)). Using a
number of 2-Al derivatives we identified a 2-Al/T S. mutans biofilm inhibitor (Fig. 1). In
this study, we further evaluated its efficacy and mechanism, which provided us useful
information for our future evaluation of the compound for clinical application.

Materials and methods

Bacterial strains, culture conditions, and chemicals

S mutans UA159 was grown statically at 37 °C on Mitis-Slivaris-Bacitracin (MSB, Difco
Laboratories) agar plate under an aerobic atmosphere with 5% CO,. A single colony of
UA159 was inoculated into 4 ml brain-heart infusion (BHI) broth (Becton-Dickinson, USA)
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and grown overnight. Then the overnight culture was inoculated into fresh BHI to allow
bacteria to grow until they reached exponential growth phase at an optical density at 470 nm
(ODg470) of 0.8. The exponentially grown bacteria were used for biofilm assays. S mutans
biofilms were grown in a chemically defined medium: biofilm medium (BM) containing 1%
sucrose (Loo et al. 2000). Synthesized compound 2-Al/T was dissolved in dimethyl
sulfoxide (DMSO) at different concentrations and arrayed in a 96-well flat-bottom
polystyrene microtiter plates (Nalge Nunc International, Rochester, NY) for testing.

Biofilm inhibitory assays and CLSM analysis

S mutans grown at the exponential phase, was inoculated into 96-well plate with different
concentration gradients (6.25 pmol 171 to 100 umol I71) of 2-Al/T. The biofilms treated with
2-Al/T at its ICgq concentration (concentration at which 50% biofilm inhibition occurs) were
stained with live/dead BacLight bacterial viability kit (Invitrogen, USA). Staining and other
experimental procedures followed our previous studies (Liu et al. 2011).

Metabolic activity assay of biofilm and planktonic S. mutans cells

To measure the metabolic activity of biofilm cells, S mutans grown at the exponential phase
and 2-Al/T were added into 96-well plates and incubated at 37 °C with 5% CO, to allow
biofilms to develop. At time points of 4 h, 6 h, 8 h, 10 h, 12 h, 24 h after incubation,
planktonic cells were removed from the 96-well plates, and cell metabolic activity of the
attached biofilm cells was quantified by using MTT method. Staining of the biofilms at
different time points was measured at 490 nm (OD4gg) using a microplate reader (BioTek
ELXx). 100 pl of planktonic cell suspension removed from each well of the biofilms was
diluted into 900 pul PBS individually. Half of the diluent was used to determine bacterial
colony forming units (CFU). The other half was used to assess metabolic activity of the
planktonic cells. Results were given as percentages of planktonic cell activity applying the
following formula: % activity=LLog CFU testxLog CFU~1 controlx100.

Cytotoxicity assay

Healthy gum tissue from crown lengthening surgery was collected (inclusion criteria:
surgical dental gum color normal, no bleeding on probing, no attachment loss, periodontal
pocket depth is less than 2 mm, no loose teeth, no alveolar bone on X-ray film absorbent),
then cultured in Dulbecco's modification of Eagle's medium (DMEM) with 10% fetal calf
serum (FBS) and 100 U mI~1 penicillin and 100 pg mi~1 streptomycin at 37 °C with 5%
COoy. For cellular analyses, 80% confluency cells at passages 4-7 were seeded into 96-well
plates containing 2-Al/T at different concentrations, and the viability for gingival fibroblasts
was measured by MTT. The experiment was carried out in triple wells, and repeated three
times.

Acute toxicity assay

Twenty specific pathogen-free (SPF) female mice at six week provided by the Medical

Laboratory Animal Center of Wuhan University were divided into two groups randomly.
One group was intragastrically administrated 2-Al/T 5000 mg kg~ while the other group
administered DMSO, a solvent for 2-Al/T, as control. The two groups were observed for
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two weeks on autonomic activity, stress response, body weight, and appetite. Blood and
urine were taken and biochemical tests were performed to determine the levels of glutamic-
pyruvic transaminase, glutamic-oxalacetic trans-aminease, blood glucose, total bilirubin,
urea nitrogen, and serum creatinine. All animal model experiments were approved by
Medical ethics committee of Wuhan University.

Anti-biofilm in vivo in a mouse model

A mouse colonization model was first used to evaluate anti-biofilm efficacy. Thirty SPF
female mice at the six-week age were randomly divided into two groups, 2-Al/T treated and
untreated group, and each group split for three sub-groups which contained five mice
respectively, labeled day1, day3, day5. These mice were fed by diet with appropriate
antibiotics (ampicillin, chloramphenicol, and carbencillin 1.0 g kg™ diet) for three
consecutive days. Then 2x10° CFU ml~1 of S. mutans UA159 were inoculated onto the teeth
of mice for three times in the morning, while in the afternoon, 2-Al/T at its ICsg or DMSO
was inoculated firstly, thenSmutans was inoculatedfor twice. The interval of each time is 30
min. Those operations continued for three days. All the groups were provided caries-
promoting diet Keyes 2000# (Keyes 1958). To confirm effective inoculation and bacterial
colonization, cotton swab samples of the animals’ teeth were collected on day 1, 3 and 5
after the last inoculation. The samples were appropriately diluted, and spread onto MSB agar
plates to count colony forming units of S, mutans. Each sample was diluted into three
concentration gradients, with three repeated plates at each concentration.

Anti-caries in vivo in a rat model

A rat model based on the anti-caries vaccine model our groups have used before was
established with some modifications (Liu et al. 2008). The same antibiotic regimen as the
mouse anti-biofilm model was used to treat SPF female SD rats at 18-day age for four days.
Then the bacterial inoculation and administration of 2-Al/T as described for the mouse
model was carried out for four days. On the next day post-infection, swab samples were
collected and spread onto MSB agar plates to verify bacterial colonization. Forty days post-
infection, the rats were sacrificed, and their mandible middle molars were removed and
subsequently processed for micro computed tomography (micro-CT). Using 3D imaging,
and cross-sectional diagram analysis, defective volumes on hard tissue of teeth from
different groups were evaluated and calculated.

Protein extraction and iTRAQ analysis

S mutans was inoculated at 1:100 dilutions to obtain biofilms as previously described and
biofilms were scraped from 6-well-plates Those biofilm samples were mixed with lysis
buffer and then sonicated for 5 min . Proteins were collected by centrifugation and cell
debris were discarded. DTT was added to the supernatant to a final concentration of 10
mmol I71, incubated for 1h at 56 °C. Then IAM was added quickly till the final
concentration was 55 mmol 171, keeping still for 1 h at room temperature. The protein was
washed and its concentration was determined using bradford protein assay. 100 ug protein
samples was digested and labeled wih iTRAQ regent (8 plex multiplex kit Applied
Biosystem. Part N0.4381663) follow the instruction. We set two groups and each repeating
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once, resulting in four tags labeling of iTRAQ reagents (iTRAQ reporter ions of 115, 116,
117, 118 mass/charge ratio). Those labeled samples were pooled and fractionated by HPLC
column, then analyzed by tandem mass spectrometry (MS/MS). To identify and quantify the
protein, the 2.3.0 version of mascot software was used and database searching was made
against swissprot_bacteria. To retrieve taxonomic hierarchy and bioinformatics analysis,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in each group were
determined based on swissprot_bacteria database.

Expression of pathway-associated genes by S. mutans

Overnight cultures of S. mutans UA159 were inoculated as described in itraq section. Total
RNA was extracted according to the protocol previously described (Liu et al. 2011). cDNA
samples were analyzed by using SYBR green PCR supermix (Roche, Basel, Switzerland)
and specific primers on 7900 Real Time PCR system (Applied Biosystems). PCR primers
are listed in Table 1. The PCR cycle used was set up as follows: 40 cycles of 95 °C for 15 s
and 60 °C for 1 min. After the last cycle, the reaction mixtures were kept at 95 °C and then
55 °C for 1 min each, followed by a slow ramp from 95 °C for 15 s, 60 °C for 15, 95 °C
for 15 s. RNA samples without reverse transcription were used as negative controls to
ensure no contamination by genomic DNA. Relative expression levels of all selected genes
were normalized using 16S rRNA as an internal standard. All results were repeated
independently for three times.

Statistical analysis

Results

Experimental data were analyzed on SPSS 18.0 software (SPSS Inc., Chicago, IL), plotted
with Origin8.0 software and presented as means + standard deviation. Comparisons between
two groups were calculated using Student’s t-test. P value < 0.05 was considered statistically
significant.

Effect of 2-Al/T on S. mutans biofilms

Effect of 2-Al/T on biofilm formation of S. mutans was first examined by assessing biofilm
biomass using crystal violet staining. 2-Al/T dose dependently inhibited crystal violet
staining, indicating inhibition of biofilm formation by 2-Al/T. As shown in Fig. 2, 2-Al/T at
12.5 umol I71 or higher significantly reduced biofilm formation. The 1Csq of the compound
was determined to be around 75 pmol 171 by SPSS 18.0.

To characterize the effect further, we evaluated biofilm structure using CLSM. Wild type S
mutans displayed as a dense and thick biomass with illegible outline, while 2-Al/T treated,
biofilm microcolonies were altered, in which S. mutans cells were loosely aggregated. In the
Z series analysis, it is apparent that bacterial biofilms treated with 2-Al/T became much
sparser and thinner than the control group,indicating effectiveness of the compound on
altering biofilm structures (Fig. 3).
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Effect of 2-Al/T on metabolic activity

MTT has been used to measure bacterial viability within biofilm cells. The value of the 2-
AI/T treated group was significant lower than that of the control groups (P <0.05) in the
consecutive 24 hs. No difference (P >0.05) is observed between the blank group and the
control group (Fig. 4A). For S mutans planktonic cells, there was no difference in CFU
value between 2-Al/T treated and the control groups at 24 h (Fig. 4B). Within 24 hs, the
metabolic activity of S. mutans biofilm cells was sustained, while the activity of planktonic
cells dramatically declined in the first 10 h but sharply rose in the next 14 h until achieving
the same state as the control group.

Cytotoxicity in vitro and acute toxicity of 2-Al/T in animal model

To determine the safe dose of 2-Al/T, we carried out toxicity assays using various
concentrations of 2-Al-T. In cytotoxicity tests using human gingival fibroblasts as a cell
model, we determined that 2-Al/T at up to 100 umol I~1 did not affect growth of human
gingival fibroblasts (P >0.05) (Fig. 5A). To further evaluate the toxicity of the compound,
we performed acute toxicity tests in an in vivo animal model. As shown in Fig. 5B, no
difference in all biochemical parameters is evident between the treated and control group,
suggesting no effect of the compound on animal physiology.

2-Al/T inhibited bacterial colonization and reduced caries incidencein vivo

Two animal models were used to assess the effect of 2-Al/T on bacterial colonization.
Within the experimental time frame, the S. mutans control group displayed a significant
increase in CFUs, while in the group treated with 2-Al/T, growth of S mutans exhibited a
stagnancy. A significant difference (P <0.05) between the two groups was shown,,
indicating the anti-biofilm effect of 2-Al/T in vivo (Fig. 6A).

In a rat models of anti-caries study, the remaining teeth volume data were obtained by
micro-CT scanning (Fig. 6B). The bars suggested there was significant differences between
2-Al/T group and control group (P <0.05). Crowns from animals treated with 2-Al/T
displayed less carious defect upon exposed to a cariogenic environment.

2-Al/T altered expression profiles of some proteins and genes

Parameters for quantitative analysis were set up as follows: median used as protein ratio
type and normalization method; Minimum peptides were 1; P value <0.05; fold difference
>1.2. According to this, 394 proteins have differences, including 188 up-regulated proteins
and 206 down-regulated proteins. KEGG revealed that proteins were involved in 56
signaling pathways. Among those pathways, ribosome protein metabolism (P = 2.395e-05)
and histidine metabolism (P = 0.020) pathways had significant differences. To confirm the
result, mRNA expression of the most different proteins involved in these two pathways were
detected by real-time QPCR. The expressions of rplB and rpsQof ribosome protein
metabolism were down-regulated while the expressions of hisD and hisHgenes of histidine
metabolism were up-regulated significantly compared with the control groups.
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Discussion

In this study, we chose a new small molecule 2-Al/T and determined that it could effectively
inhibit biofilm formation by the cariogenic bacterium S mutans . Continuously, we detected
bacterial metabolic activity after co-culture with 2-Al/T for 24 h. Within 24 h, S mutans
biofilm cell was sustained, while the activity of planktonic cell was dramatically declined in
the first 10 h but sharply risen in the next 14 h until got the same state as control group.
However, we were pleased to find that it has better inhibitory effect towards biofilm cells
rather than planktonic cells. The results may be explained that 2-Al/T adsorbed in biofilm, a
relatively enclosed environment, has difficulty diffusing, leading to a longer duration of
action and promoting bacterial metabolic changes; or it is because 2-Al/T has two different
mechanisms towards these two states of bacteria (Doron et al. 2001; Tam et al. 2006). What
we can confirm is 2-Al/T has longer inhibitory effect towards biofilm cell rather than
planktonic cell, and it requires us to further investigate the inhibitory mechanisms.

Pharmaceutical safety was evaluated by in vitro and in vivo testing. Many studies have
shown the strong correlation between in vitro cytotoxicity and in vivo animal experiments
(Barile and Cardona 1998; Dierickx 2000). In in vitro experiments, we aimed to assess
whether 2-Al/T in the concentration range that effectively inhibited bacteria biofilm can
affect the oral tissues. So rather than using common commercialized oral cancer cell lines or
immortalized oral epithelial cell lines, we chose to use primary human gingival fibroblast as
a model (Ahn et al. 2012). The experiment determined that there was no cytotoxicity of this
compound. In acute toxicity experiments, we selected the blood biochemical index to
evaluate the organ function in mice. Serum BUN (blood urea nitrogen) and CR (creatininge)
are indicators of renal function. BUN and CR levels are inversed associated with the renal
function. ALT and AST were used to assess the function of the liver. The malfunction of the
liver is associated with increases in the levels of these two enzymes (Wang et al. 2006).
Blood sugar levels may also reflect liver function and basic metabolism in mice. When the
bile duct is obstructed or loses function, total bilirubin increases to reflect the structural
hepatobiliary disease. Therefore, this experiment selected five commonly used biochemical
indicators to assess the acute toxicity (Thanabhorn et al. 2006). Experimental results showed
that 2-Al/T had no effect on the organ function.

Since we developed 2-Al/T to use a shield after toothbrushing for a long-term effect against
caries, the animal model for anti-biofilm and anti-caries are necessary. We designed our in
vivo anti-biofilm model, with some modifications according to Simone’s group (Simionato
et al. 2006). In order to mimic the clinical application, we inoculated S. mutans first, then
after 4 h treated with 2-Al/T. Instead of killing the mice, we chose to use a cotton swab
directly to sample the bacteria. It was worth noting that there was a sustained inhibitive
effect of 2-Al/T in vivo. A related study concerning the effect of tea components on S
mutans biofilms demonstrated that potential mechanisms of action involved modification of
cell surface properties and blockade of proteins from interacting with surfaces (Wang et al.
2013). It also can permeate into membrane and interact with biofilm associated proteins
(Thompson et al. 2012). Further studies are actually in progress in order to define the
mechanism of action of the compound.
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There have been several studies concerning anti-caries effects of natural compounds. Ikeno
and Otake administered polyphenols extracted from tea and propolis into the water to feed
rats, and demonstrated effectiveness of these nature products against dental caries using the
rat model (Ikeno et al. 1991; Otake et al. 1991). In our study, we explored suitable bacterial
concentrations and times for continuous inoculation based on the anti-biofilm model, and
extended the experimental time frame to 70 days after we inoculated bacteria. Compared
with classic caries scoring, micro-CT, which we chose in the study, does not require
destruction of the dental structure, as well as staining which could raise the rate of omissions
and errors.

The mechanism indicates that ribosomal protein and histidine metabolism are involved in
this compound's effect on S. mutans. As we know, ribosomal proteins can interact with some
virulence factors to influence cell growth and division of S. mutans (Mattos-Graner et al.
2006) . Wilkins also found that with the growth rate of S mutans in the acidic medium was
reduced, the ribosomal protein S1P were down-regulated (Wilkins et al. 2002). While,
histidine is involved in a wide array of metabolic processes including ammonia, glutamate,
and a one-carbon compound (Bender 2012). In 1980s, MacKay suggested that salivary
histidine-rich polypeptides could inhibit or kill S mutans, both serotype b and c strains
(MacKay et al. 1984), which is consistent with our observation. In the pathway of histidine
metabolism, urocanase plays an important role. Cabral reported that urocanase could be a
new target to inhibit the biofilm formation of Acinetobacter baumannii (Cabral et al. 2011).

In conclusion, our studies have identified the small molecule 2-Al/T, which effectively
inhibits S, mutans biofilms. Also, we revealed the mechanism of its inhibitive effects. These
results offers a new possibility for oral anti-caries prevention.
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Figure 1.
The structure of small molecule 2-Al/T.
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Figure 2.
Effect of 2-Al/T on biofilm formation.S. mutans was treated with 2-Al/T in different

concentrations and the control group was treated with DMSO, a solvent of 2-Al/T. Values
represent the means + standard deviations from three independent experiments. Asterisks
and number signs demonstrated significant differences between groups (P <0.05).
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Figure 3.
Biofilm structures were analyzed by confocal laser scanning microscopy. The left panels

represent biofilms treated with DMSO 16 h with 40X objective, and the right panels
represent biofilms treated with 2-Al/T 16 h with 40X objective. The top views (A, B) and
vertical sections (C, D) of the biofilms are depicted. The scale bar is 10 um.
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Figure 4.
Effect of 2-Al/T on metabolic activity of biofilm cells and planktonic cells. Biofilm cells on

the bottom of wells were detected by MTT (A). Planktonic cells grown in culture media
away from the biofilm surface was harvested and used to determine CFU. The percentage of
CFU was calculated by comparing treated groups with DMSO control groups (100%) (B).
Values represent the means + standard deviations from three independent experiments.
Asterisks and number signs demonstrated significant differences between groups (P <0.05).
In figure 4A: (****) 2Al/T, (*****) DMSO and (******) Control.
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Figure 5.
Cytotoxicity of 2-Al/T on human gingival fibroblast (A) and acute toxicity of 2-Al/T in

mice was measured by blood levels of substances (B). Values represent the means +
standard deviations from three independent experiments. ALT: glutamic-pyruvic
transaminase, AST: glutamic-oxalacetic transaminase, BUN: blood urine nitrogen, Cr:
serum creatinine level, TB: total bilirubin blood level. In figure 5B: (******)DMSO and
(F****) 2A1/T).
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Figure 6.
Effect of 2-Al/T onS. mutans biofilmin vivo(A) and carious study (B). Values represent the

means + standard deviations. Asterisks and number signs demonstrated significant
differences between groups (P<0.05). In figure 6A: (******) DMSO and (*****) 2Al/T.
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Table 1

Primer sequence used in the real-time RT-PCR and genes' expression folds

Primer sequence (5°-3’)

Expression fold

Gene Forward primer Reverse primer meanzsd

plB CAACCGCCTCAACGCCATCTT _(IE((:BS_'II_'((:EECATTACTGTTCG 0.1145+0.0694

psQ TGTTGCTGAAAGCGGACGAGTTT gggﬁgXTGGTCGTGTTGT 0.0027+0.0004

hisD CTGATTCGTCCCATTGAGC '(I;iATTTCTTTCACACCAG 2.9729+0.2626

hisH TGATTACGACGCAGGCAATA g'l(;?GAAAGGCACCAACT 1.4088+0.3310
16STRNA  cCTACGGGAGGCAGCAGTAG S RGACCTTTACGATC
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