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ABSTRACT
Background: Caries is one of the most common diseases worldwide, and Streptococcus 
mutans is considered to be the primary cariogenic pathogen of dental caries. Sodium 
houttuyfonate (SH) has showed potential antibacterial effects, however, its actions and 
mechanisms on S. mutans and cariogenicity remain unclear and need further study.
Materials and Methods: we investigated the effects of SH on the cariogenic ability of S. 
mutans, including growth, biofilm formation, exopolysaccharides (EPS) and acid productions. 
RNA-Seq and mutants’ validation were also performed to explore the mechanisms of SH on S. 
mutans. The dental caries rat model was finally employed to evaluate the anti-caries cap-
abilities of SH.
Results: The MIC of SH against S. mutans was 64 μg/mL. SH inhibited biofilm formation and 
cariogenic virulence of S. mutans, including EPS and acid productions, in a dose-dependent 
manner. RNA-seq analysis indicated that SH significantly downregulated the VicRK pathway, a 
key pathway regulating biofilm formation and EPS generation. The ΔvicK, ASvicR, ΔgtfB and 
ΔgtfBC mutants were more sensitive to SH, while VicK and VicR overexpression strains OEvicK 
and OEvicR were more resistant to SH than WT strains, indicating that SH downregulated the 
VicRK pathway to inhibit the cariogenicity of S. mutans. SH also significantly inhibited the 
development of dental caries in rats without systematic toxicities. The expressions of S. 
mutans VicK, VicR, GtfC and GtfD genes from rat plaques were downregulated by SH.
Conclusion: This study suggested SH inhibited the cariogenic virulence of S. mutans through 
the downregulation of VicRK two components pathway, thereby offering novel insights for 
clinical caries prevention.
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Introduction

Caries is a hard tissue demineralization disease 
caused by the disorder of oral microecology [1]. 
According to the incomplete estimates, nearly 

2.3 billion people have untreated dental caries in 
their mouths. The current dental caries situation, 
characterized by the high incidence rate and low 
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treatment rate, poses a significant challenge to public 
health and exacerbates the socio-economic burden 
[2,3]. Therefore, the prevention and treatment of 
dental caries is an urgent issue to be solved.

Streptococcus mutans (S. mutans) is considered to be 
the primary cariogenic pathogen of dental caries. 
S. mutans metabolizes sucrose into glucans through 
glucosyltransferase, while the by-product of sucrose 
metabolism, lactic acid, can lead to a decrease of local 
pH, ultimately resulting in demineralization of enamel 
and caries development [4]. The production of exopo-
lysaccharides (EPS) is an essential factor contributing to 
the virulence of S. mutans [5]. It plays a key role in the 
biofilm formation of S. mutans and increase of adhesion 
between bacteria and teeth. EPS also promote the inter-
actions between different bacterial species and protect 
the bacterial cells within oral biofilms against antibiotics 
and environmental pressures [6]. Hence, inhibiting the 
EPS production is a practical strategy for the prevention 
and treatment dental caries.

The effective removal of dental plaque is a critical way 
to reduce the development of dental caries. Except for 
mechanical methods, fluoride is widely used in caries 
control [7]. Fluoride is successful in decreasing the demi-
neralization of tooth enamel at acidic environment [8,9], 
and it also showed some inhibitory activities on biofilm 
formation [10,11]. However, high-dose fluoride treat-
ments are insufficient to prevent caries in individuals 
with high risk or those with reduced saliva flow/buffering 
capacity [7,12]. Fluoride has also been challenged due to 
its side effects, such as fluorosis of bone and induction of 
fluoride resistance in oral bacteria. Other methods, such 
as antimicrobial peptides (AMPs) and phages, have also 
been developed for the treatment of dental caries [13]. 
Natural products are potent resources for the develop-
ment of bioactive agents against different diseases [14], 
due to their natural structures, diverse functionalities, 
cost-effectiveness and so on [15].

Houttuynin [CH3(CH2)8COCH2CHO], a primary 
and potent phytoanticipin obtained from the plant 
Houttuynia cordata Thunb, belongs to the 
Saururaceae family. Sodium houttuyfonate (SH, CH3 
(CH2)8COCH2CHOHSO3Na, Figure 1a) is 
a derivative synthesized from houttuynin and sodium 
bisulfite [16,17]. SH showed multiple activities 

against pneumonia [18], bronchitis [19], and urinary 
tract infections [20], and SH also proved its antimi-
crobial activities on different species. Ye et al. 
reported that the SH could inhibit Bacillus subtilis 
through the hydrophobic interactions between SH 
and membrane proteins [21]. Shao et al. reported 
that SH inhibited the quorum sensing system, flagella 
and pili formation and dispersion of Pseudomonas 
aeruginosa [22]. Wang et al. reported that SH regu-
lated the nucleic acid metabolism of Candida albicans 
and synergized with other antifungals against fungal 
growth [23]. Currently, the actions and mechanisms 
of SH on S. mutans and its cariogenicity remain 
unclear. Therefore, the anti-S. mutans and its cario-
genictiy of SH were evaluated through growth, bio-
film formation, EPS and acid productions and dental 
caries rat model in this study. RNA-Seq analysis and 
the key gene mutants were also employed to investi-
gate the mechanisms of SH on S. mutans.

Materials and methods

Stains, growth condition and compounds

S. mutans UA159 was obtained from the American Type 
Culture Collection (ATCC, USA). The VicK, GtfB and 
GtfBC null mutant (ΔvicK [24,25], ΔgtfB [26] and ΔgtfBC 
[26]), Anti-sense VicR strain (ASvicR) [25,27], and over-
expression (OE) vicK [24], OEvicR strains [28] were also 
employed to confirm the drug effects on VicRK pathway. 
ΔvicK, ASvicR and OEvicK were kindly provided by 
professor Lei Lei, and OEvicR, ΔgtfB and ΔgtfBC were 
kindly provided by professor Li Yuqing (State Key 
Laboratory of Oral Diseases, Sichuan University, 
Chengdu, China). The strains maintained at 50% glycerol 
stocks (−80 °C) were plated on brain heart infusion 
(BHI) agar plate and cultured under anaerobic condi-
tions (10% CO2, 10% H2, and 80% N2) at 37°C for 24 h. 
Single colony was selected to incubate in BHI liquid 
medium for overnight cultivation. The culture was 
diluted 20 times and grew in fresh BHI until optical 
density (OD) 600 nm = 0.5 (logarithmic growth phase). 
Diluted 100 times with BHI medium (if biofilm culture, 
use BHIS (BHI with 1% (w/v) sucrose added) for sub-
sequent experiments. SH was purchased from Xi’an Kai 

Figure 1. (a) The molecule structure of SH. (b) Growth curves of S. mutans under SH treatments.
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Lai Biological Engineering Co., Ltd (Xi’an, China), with 
the purity ≥ 98%.

Determination of minimum inhibitory 
concentration (MIC)

Conventional broth microdilution method was used 
to measure MIC. SH was dissolved by BHI under 
heating and diluted through twice echelon dilution 
method. Bacterial suspension (100 μL, OD600 nm = 0.5 
diluted 50 times) and the diluted SH 100 μL were 
added to each well of the 96-well microplate. The 
results were observed after 24 h anaerobic incubation, 
and the MIC was defined as the lowest concentration 
that the well looked clear and transparent. After 24 h 
incubation, the medium in 96-well microplate was 
sub-cultured to the BHI plate. The MBC was consid-
ered to be the lowest concentration of the SH in 
which microbial growth was not observed.

The follow-up phenotypic assays were divided into 
four groups: the final SH concentrations of 1/2 MIC, 
MIC, 2MIC and negative control (BHI). Each pheno-
typic assays comprised of three parallel groups, and 
each was replicated three times.

Growth curve assay

The bacterial suspension (100 μL, OD600 nm = 0.5 
diluted 50 times) was mixed with BHI medium con-
taining gradient concentration drugs, resulting in 
a final drug concentration of 0, 1/2MIC, MIC, 
2MIC. Then, the 96-well plate was incubated anaero-
bically at 37°C for 24 h, and measured the OD600 nm 
of bacterial solution every 1 h by the microplate 
reader (Thermo Fisher, Waltham, MA, USA).

Biofilm formation assay

The bacterial suspension (500 μL, OD600 nm = 0.5 
diluted 50 times) was mixed with BHIS medium 
containing gradient concentration drugs, resulting 
in a final drug concentration of 0, 1/2MIC, MIC, 
2MIC. Then, the 24-well plate was incubated anaero-
bically at 37°C for 24 h.

Crystal violet (CV) staining assay
CV assay was used to measure the biofilm biomass. 
The overnight biofilm was softly washed by phos-
phate-buffered saline (PBS, pH 7.2–7.4, Solarbio 
Biotech, China). Next, fixed the biofilms with 2.5% 
glutaraldehyde for 15 min. Then, the biofilm was 
stained with 0.1% crystal violet for 10 min and 
washed by PBS. Acetic acid (33%) was used to reso-
lubilize the dyed biofilm for 30 min. The eluent was 
added to a new 96-well plate and the absorbance was 
detected at OD600 nm by the microplate reader [29].

Colony-forming units (CFU) assay
Biofilm was washed by PBS softly to remove the 
planktonic cells. The biofilm was then scraped off 
from the plate using the pipette tip. The cultures 
were resuspended in sterile PBS. The samples were 
vortexed and ultrasonicated at a power setting of 9  
W, three times, 10 s each time according to our pre-
vious publication [29]. Then, the suspension under-
went a series of dilutions (1:10) and was subsequently 
plated onto BHI agar plates. Plates were cultured 
anaerobically at 37°C for 24 h, after which the colony- 
forming units/mL was counted [29].

Scanning electron microscopy (SEM)
The biofilm was inoculated onto the glass slides in 
a 24-well microplate. Each specimen was softly 
washed with PBS. Subsequently, the specimens were 
subjected to overnight fixation at 4°C using 2.5% 
glutaraldehyde and dehydrated with ethanol solutions 
(30%, 50%, 70%, 80%, 90%) for 15 min at each stage. 
Then, the samples were immersed in 100% ethanol 
for 1 h, followed by desiccation and a gold-palladium 
sputter coating. The specimens were observed by 
SEM [29] (FEI, Hillsboro, USA) at magnifications of 
1000× and 20,000×.

Confocal laser scanning microscopy (CLSM)
The biofilm was inoculated onto the glass slides in 
a 24-well microplate. The samples were washed by 
PBS and stained by LIVE/DEAD1 BacLight ™ 
Bacterial Vitality Test Kit (L-7012, Molecular 
Probes™, Invitrogen, Carlsbad, CA, USA). The 
CLSM (Nikon AlR MP+, Japan) equipped with 
a 60 × oil immersion objective lens. Live cells were 
stained with SYTO 9 (excitation, 488 nm), while dead 
cells were stained with propidium iodide (excitation, 
543 nm). Each sample was scanned for three ran-
domly selected locations, the thickness of biofilm 
was analyzed by the software NIS elements 
viewer 4.20.

Virulence factor assays

The bacterial suspension (500 μL, OD600 nm = 0.5 
diluted 50 times) was mixed with BHIS medium 
containing gradient concentration drugs, resulting 
in a final drug concentration of 0, 1/2MIC, MIC, 
2MIC (initial adherence assay without 2MIC).

Initial adherence assay
At the 1st, 2nd, 4th h, the biofilm was washed by PBS and 
then scraped and resuspended in PBS. The absorbance 
was detected at OD600 nm by the microplate reader. The 
initial adherence rates were identified following the 
formula: Anti-adherence percentage= (OD600 nm of con-
trol group − OD600 nm of SH treated group)/OD600 nm of 
control group × 100%.
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Anthrone assay
The 24-well plate was incubated anaerobically at 37°C 
for 24 h. The biofilm was washed by PBS. Then, 
added 1 mL 0.4 mol/L NaOH to each well, and oscil-
lated samples at 37°C for 2 h. Biofilm was scraped 
from the well and centrifuged (4,000 rpm, 10 min, 4 
°C). The supernatant (0.3 mL) was combined with 
0.2% anthrone-sulfuric acid reagent (0.9 mL). After 
water bathing (96 °C, 6 min) and cooling down to 
room temperature, OD625 nm of each sample was 
measured [30].

Acid production measurement
The initial pH of the culture medium was adjusted to 
7.2. Then, the pH of the bacterial culture was mea-
sured using pH meter (Thermo Scientific, Waltham, 
MA) at 1 h, 2 h, 4 h, 8 h, 12 h, 16 h and 24 h.

RNA-Seq

Sample preparation
S. mutans was cultured in 10 mL BHI medium until 
the logarithmic growth phase (OD = 0.5). The culture 
was centrifuged (10000 rpm, 10 min, 4 °C), then 
resuspended by 10 mL BHIS containing 0, 32 μg/mL 
(1/2MIC) and 64 μg/mL (MIC) of SH. S. mutans were 
then cultured anaerobically at 37°C for 3 h. Finally, 
the samples were collected, frozen in liquid nitrogen, 
and stored at −80°C for subsequent RNA extraction 
and sequencing [31,32].

RNA sequencing and data analysis
RNA sequencing (RNA-Seq) was performed by 
Illumina NovaSeq (Shanghai Personal Biotechnology 
Co., Ltd., China) [33].

A total of 1856 genes were subjected to analysis. 
The evaluation of differential gene expression 
involved the utilization of fragments per kilobase 
per million (FPKM) values. To examine the correla-
tion between gene expression levels among samples, 
we estimated the Pearson correlation coefficient. 
Principal-component analysis (PCA) was employed 
for sample clustering within each group. 
Differentially expressed genes (DEGs) were defined 
based on specific criteria: an absolute log2-fold 
change (FC) > 1 and adjusted p value < 0.05. DEGs 
were categorized as upregulated if their expression 
levels in 1/2 MIC SH-treated/MIC SH treated biofilm 
samples exceeded those in control/1/2 MIC SH trea-
ted biofilm, and vice versa. We visually represented 
the expression patterns of DEGs in each treatment 
using a volcano plot. Subsequently, functional enrich-
ment analyses on these DEGs were conducted by 
utilizing KEGG annotations.

RNA extraction and quantitative real-time PCR 
(qPCR)

To further verify the results of RNA-Seq, we con-
ducted qPCR to identify the gene expression levels. 
Sample preparation was same to biofilm formation 
assay. DNA extraction and purification was per-
formed with MasterpureTM Complete DNA &RNA 
Purification Kit (Biosearch Technologies, USA). DNA 
removal and RNA reverse transcription were per-
formed by Hifair® III 1st Strand cDNA Synthesis 
SuperMix for qPCR (gDNA digester plus) (Yeasen, 
Shanghai) to synthesize cDNAs.

The qRT-PCR analysis was performed with 
a LightCycler 480 system (Roche, Germany). The 
specific primers for the target genes are listed in 
Table 1. The qPCR mixture and procedure were 
conducted following the previously documented 
method [37]. Changes in gene expression were calcu-
lated with cycle threshold (CT) value based on 2−ΔΔCt 

method [38]. 

Phenotypic assays of mutants

The VicK, GtfB and GtfBC null mutant (ΔvicK, ΔgtfB 
and ΔgtfBC), anti-sense VicR strain (ASvicR), and 
OEvicK, OEvicR strains were cultured in accordance 
with UA159. CV staining assay, colony-forming units 
assay and anthrone assay were conducted in accor-
dance with the procedure mentioned above.

Cytocompatibility evaluation of SH

Human dental pulp cells (hDPCs) and human gingi-
val fibroblasts (HGFs) were kindly provided by 
Dr. Zhao Li (State Key Laboratory of Oral Diseases, 
Sichuan University, Chengdu, China). The procedure 
was approved by the Hospital’s Institutional Review 
Board at the West China Hospital of Stomatology, 
Sichuan University. The hDPCs and HGFs were cul-
tured in Dulbecco’s modified Eagle medium (DMEM, 
GIBCO, ThermoFish Scientific, Waltham, MA, 
USA)/High Glucose with 10% Fetal bovine serum 

Table 1. Specific primer of target genes.
Gene Primer Sequence (5’–3’)

S. mutans- 
16S

16S-F ATTGTTGCTCGGGCTCTTCCAG 

16S-R ATGCGGCTTGTCAGGAGTAACC
S. mutans- 

VicK [34]
VicK -F CGGCGTGATGAATATGATGAA
VicK -R GAGGTTAATGGTGTCCGCAGT

S. mutans- 
VicR [35]

VicR-F TGACACGATTACAGCCTTTGATG
VicR-R CGTCTAGTTCTGGTAACATTAAGTCCAATA

S. mutans- 
GtfB [36]

GtfB-F CACTATCGGCGGTTACGAAT
GtfB-R CAATTTGGAGCAAGTCAGCA

S. mutans- 
GtfC [36]

GtfC-F GATGCTGCAAACTTCGAACA
GtfC-R TATTGACGCTGCGTTTCTTG

S. mutans- 
GtfD [36]

GtfD-F TTGACGGTGTTCGTGTTGAT
GtfD-R AAAGCGATAGGCGCAGTTTA
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(FBS, Yeasen, Shanghai) and 1% penicillin- 
streptomycin, in a cell incubator of 95% humidity 
and 5% CO2 at 37°C.

The hDPCs and HGFs were inoculated into 
a 96-well plate at 104 cells per well, and incubated 
for 24 h. SH was added in 50 mL DMEM/High 
Glucose with 1% penicillin-streptomycin solution 
for 24 h. Then, the cells were added medium with 
various concentrations of SH (0, 32, 64, and 
128 μg/mL) and incubated for 24 h. The superna-
tant was detected by a Cell Counting Kit-8 (CCK-8, 
APExBIO Technology LLC, USA). Then, 
a microplate reader (Thermo Fisher, Waltham, 
MA, USA) was used to measure the OD at 450  
nm. The cell viability rate was calculated following 
the criteria:

Cell viability rate (%)= (OD450 nm of control 
group − OD450 nm of SH treated group)/(OD450 nm 
of control group − OD450 nm of blank control)×  
100%.

Rat caries model

The rat model was used to evaluate the anticaries 
effect and explore the mechanism in vivo. The 
experiment was approved by the animal research 
committee of West China School of Stomatology, 
Sichuan University (WCHSIRB-D-2022-633). 20 
Specific pathogen free (SPF) Sprague-Dawley (SD) 
rats, aged 21 days, male, were purchased from 
Byrness Weil Biotech Co., Ltd. The caries model 
was developed according to a previous study [39]. 
In brief, the rats were fed with water containing 5% 
(wt/vol) sucrose and caries-promoting diet (Diet 
2000#). From day 1 to day 3, the rats were fed with 
sodium ampicillin (0.1%) to inhibit oral endogenous 
microorganisms. Day 4 to day 6, the rats were 
infected with S. mutans (OD = 1, 0.2 mL rat/day) 
for 3 consecutive days. Then, divided 20 rats into 4 
groups randomly: (1) double distilled water (DDW, 
negative control), (2) 64 μg/mL SH, (3) 128 μg/mL 
SH, (4)1000 ppm NaF. Camel hairbrush was used to 
conduct the short-term treatment (30 s each side, 
once daily). After 5 weeks treatment, the rats were 
sacrificed and collected the dental plaque to detect 
the gene expression through qPCR. Then, the jaws 
were aseptically removed. After fixation and 
removed the soft tissue on the surface of the jaw, 
0.4% murexide was used to stain the jaws for 12 h, 
and then recorded the keyes score. Micro CT 
(NEMO® Micro CT, PINGSENG, China) was 
employed to analyze the lesion depth of caries. The 
scanning parameters were in accordance with stan-
dard scanning of large ex vivo samples at medium 
resolution. Avater software was used to obtain the 
scanned images and further quantitatively analyze 
the lesion depth of jawbone samples.

Statistical analysis

Statistical analysis was conducted using SPSS 22.0 
software (IBM Corp., Armonk, USA). After homoge-
neity of variance test (Levene’s test) on the data, one- 
way ANOVA and SNK method were used for multi-
ple comparisons between the groups. Both groups 
were subjected to a double-sided test, with 
a significance level of α = 0.05. All figures were gen-
erated with GraphPad Prism 7 software (version 7.00 
for Windows; GraphPad Prism, Inc, La Jolla, USA).

Data availability

The RNA sequencing data have been submitted to the 
public database Sequence Read Archive with acces-
sion number (PRJNA1131914). https://dataview.ncbi. 
nlm.nih.gov/object/PRJNA1131914?reviewer=bvju 
posqp1ltjhqeguo64t6g2f. All datasets produced and/ 
or examined in this study can be obtained from the 
corresponding author upon reasonable request.

Results

SH inhibited the growth of S. mutans

The MIC of SH against S. mutans was 64 μg/mL, and 
the MBC of S. mutans was 128 μg/mL. SH signifi-
cantly inhibited the growth of S. mutans. Briefly, after 
about 5 h of cultivation, the control group entered 
into the logarithmic phase, and the final OD600 nm at 
0.8, while the growth of S. mutans treated 32 μg/mL 
SH was slow and entered into the logarithmic phase 
at approximately 12 h with the final OD600 nm at 0.6. 
S. mutans treated by 64 and 128 μg/mL SH showed 
no obvious growth within 24 h (Figure 1b).

SH inhibited the biofilm formation and cariogenic 
virulence of S. mutans

SH suppressed the development of biofilm in a dose 
dependent manner, and the inhibition rates of 32, 64 
and 128 μg/mL of SH were 29.40%, 56.12% and 83.91%, 
respectively (p < 0.05) (Figure 2a). Meanwhile, SH at 32, 
64 and 128 μg/mL also decreased the viable bacterial 
cells in the biofilms (p < 0.05) (Figure 2b). The SEM 
indicated that S. mutans cells in control group were 
densely arranged, with a smooth surface and no obvious 
cell lysis or cell debris. SH at different concentrations 
significantly reduced bacterial cells and extracellular 
matrix (Figure 2c). In addition, the bacterial cells in 
the 64 and 128 μg/mL groups showed dispersed 
arrangement, rough surface and distorted cell morphol-
ogy (Figure 2c). CLSM showed that the biofilms from 
control group were dense and mainly composed of 
viable bacterial cells (Figure 2d,e). The biomass of bio-
films treated by 32 μg/mL SH were reduced and showed 
more dead bacterial cells in the biofilms. The biofilms 
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Figure 2. Effects of SH on S. mutans biofilm formation. (a) Biofilm biomass measured by CV staining. (b) Living cell number in 
S. mutans biofilm measured by CFU(lg=log10). (c, d) Morphological changes of S. mutans biofilm observed by SEM (1000× and 
20,000×) and CLSM (oil objective lens 60×). The green fluorescence is indicative of live cells, while the red fluorescence is 
indicative of dead cells. (e) The biofilm thickness analyzed by software NIS elements viewer 4.20. (*, p < 0.05; ns, not significant).
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treated by 64 and 128 μg/mL of SH became loose and 
thin, and the proportions of dead cells were significantly 
increased (Figure 2d,e)

SH significantly inhibited the initial adhesion of 
S. mutans (Figure 3a). At 1 h, the inhibition rates of 
32 and 64 μg/mL of SH were 7.6% and 12.9%, and 
were 15.7% and 32.8% at 2 h, while at 4 h, the rates 
were become 41.8% and 61.2%, respectively 
(Figure 3a). Extracellular insoluble polysaccharides 
were reduced 24.7%, 44.1% and 62.5% by 32, 64 and 
128 μg/mL of SH, respectively (Figure 3b). While SH 
also significantly reduced the acid production of 
S. mutans by 32, 64 and 128 μg/mL of SH 
(Figure 3c). Especially, the pH of the culture treated 
by 64 μg/mL SH was 5.71 at 24 h which was higher 
than the clinical pH threshold for enamel deminer-
alization (pH = 5.5) (Figure 3c), while there was no 
significant decrease of pH value treated by 128 μg/mL 
SH within 24 h (Figure 3c).

SH downregulated the VicRK pathway of 
S. mutans

The transcriptome of S. mutans were sequenced to 
investigate the possible mechanisms of SH against 
S. mutans. PCA results showed that there were sig-
nificant differences in gene expression patterns of 
S. mutans after the treatment with different concen-
trations of SH (Figure S1). Compared to the control 
group, the 32 μg/mL group exhibited 217 differen-
tially expressed genes (DEGs) with 133 upregulated 
genes and 84 downregulated genes (Figure 4a). The 
64 μg/mL group exhibited 505 DEGs with 269 

upregulated genes and 236 downregulated genes 
(Figure 4b). KEGG enrichment pathway analysis of 
DEGs showed that when treated by both 32 and 
64 μg/mL of SH, the two-component system were 
significantly enriched (Figure 4c,d), in which the 
VicRK system was one of the most downregulated 
pathways (Figure 4e, Table S1). The VicRK system 
regulated genes related to the EPS synthesis, cell wall 
biosynthesis, cell division, and bacteriocin production 
and autolysin were listed in Table S2, and only the 
genes related to EPS production and biofilm forma-
tion were downregulated (Figure 4f). The qPCR assay 
also confirmed that both 32 and 64 μg/mL SH sig-
nificantly downregulated the expressions of VicK, 
VicR, GtfC and GtfD (Figure 4g and Figure S2). 
These results were in line with the actions of SH on 
S. mutans biofilm formation and EPS production, 
indicating that SH could inhibit the VicRK system 
to downregulate the EPS production and then reduce 
the biofilm formation and cariogenicity.

SH interfered the biofilm formation and EPS 
generation of mutants from VicRK pathway

Since SH was able to inhibit the expressions of genes 
from VicKR system and related EPS biosynthesis, 
ΔvicK, ASvicR, OEvicK and OEvicR strains were 
then employed to validate the inhibitory actions of 
SH on VicKR system, while ΔgtfB and ΔgtfBC were 
also involved as EPS defect controls to evaluate the 
inhibition of SH on EPS production. Compared with 
WT strain, the biofilm biomass, viable cells in bio-
films and EPS production from ΔvicK and ASvicR 

Figure 3. Effects of SH on S. mutans virulence factors. (a) Initial adhesion (b) Water-insoluble exopolysaccharides measured by 
anthrone assay (c) Acid production (*, p < 0.05; ns, not significant).
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mutants were significantly reduced after SH treat-
ment, and the decreased proportion was larger than 
that from the WT (p < 0.05) (Figure 5a-c). Similarly, 
ΔgtfB and ΔgtfBC treated by SH also showed 
a significant reduction in biofilm biomass, viable 
cells in biofilms, and EPS productions, compared 

with WT strain (p < 0.05) (Figure 5d-f). These results 
indicated that ΔvicK, ΔgtfB, ΔgtfBC, ASvicR showed 
higher sensitivity to SH.

OEvicK and OEvicR strains were then employed to 
evaluate whether the overexpression of VicK and 
VicR could reduce the activities of SH. SH slightly 

Figure 4. SH downregulated the VicRK pathway of S. mutans. (a, b) Volcano plot of centered and scaled FPKM values of DEGs 
indicating significant expression changes under SH treated. (c, d) KEGG pathway enrichment analysis indicating that the two- 
component system was the DEG-enriched pathway. (e) Scheme of VicRK pathway. (f) Heatmap analysis on genes expressions of 
the VicRK system. (g) The differential expression of VicRK pathway related genes under the 64 μg/mL treatment, including VicK, 
VicR, GtfB, GtfC and GtfD, verified by qPCR (*, p < 0.05; ns, not significant).
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decreased the EPS productions of OEvicK and 
OEvicR, and showed no significant effects on the 
biofilm biomass and viable bacterial cells from the 
biofilms (Figure 5g-i). Meanwhile, after the treatment 
of SH, the biofilm biomass, viable bacteria cells, and 
EPS production of OEvicK and OEvicR were higher 
than WT (p < 0.05) (Figure 5g-i), indicating that 
OEvicK and OEvicR showed lower sensitivity to SH 
treatment.

SH downregulated the VicRK pathway of 
S. mutans from the dental plaques of rats

The expressions of VicK and VicR of S. mutans from 
the dental plaques of rats showed a dose-dependent 
decrease when the rats were treated by both 64 and 
128 μg/mL SH (p < 0.05), while NaF did not affect 
their expressions (Figure 6a,b). The expressions of 
GtfB, GtfC, GtfD were inhibited by 64 and 128 μg/ 
mL SH and NaF (p < 0.05) (Figure 6c-e).

SH showed good anti-caries effect in vivo

Keyes score
Both 64 and 128 μg/mL of SH showed significant 
inhibitory effects on sulcal caries and smooth surface 
caries (p < 0.05).

Smooth surface caries.. 64 and 128 μg/mL of SH 
effectively inhibited the occurrence of enamel and 
slightly dentinal caries (p < 0.05), and 128 μg/mL of 

SH had no significant difference with 1000 ppm NaF 
(p > 0.05) (Figure 7a,c). No moderate or extensive 
dentinal caries were detected when treated by both 
SH and NaF (Figure 7a,c).

Sulcal caries.. 64 and 128 μg/mL of SH effectively 
inhibited the occurrence of enamel caries (p < 0.05), 
but showed inferior effects compared to 1000 ppm 
NaF (p < 0.05) (Figure 7b,d). 64 and 128 μg/mL of SH 
also inhibited slightly and moderate dentinal caries, 
while 128 μg/mL of SH showed no significant differ-
ence with 1000 ppm NaF (p > 0.05) (Figure 7b,d). No 
extensive dentinal caries was detected when treated 
by both SH and NaF (Figure 7b,d).

Micro CT
Compared with the DDW group, 64 and 128 μg/mL 
of SH effectively inhibited the occurrence and devel-
opment of dental caries as the dental caries lesion 
depths were significantly reduced (p < 0.05), while the 
128 μg/mL of SH showed no significant difference 
with 1000 ppm NaF (p > 0.05) (Figure 7e,f), indicat-
ing the prevention abilities of SH on the progression 
of dental caries.

SH showed good biocompatibility on host cells 
and rats

The human dental pulp cells (hDPCs) and human 
gingival fibroblasts (HGFs) were involved to test the 
cytotoxicity of SH. The 32, 64 and 128 μg/mL of SH 

Figure 5. The mutants from the VicRK pathway interfered with the activities of SH. (a,b,c) the biofilm biomass (a), biofilm viable 
bacteria (b), and EPS production (c) of ΔvicK and ASvicR compared with wild type strain. (d, e, f) the biofilm biomass (d), viable 
bacterial cells in biofilm (e), and EPS production (f) of ΔgtfB and ΔgtfBC compared with wild type strain. (g, h, i) the biofilm 
biomass (g), biofilm viable bacteria (h), and EPS production (i) of OEvicK and OEvicR compared with wild type. (*, p < 0.05; ns, 
not significant).
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showed no cytotoxicity on the viability of both 
hDPCs and HGFs (Figure 8a,b) (p > 0.05), indicating 
the good biocompatibility on host cells.

When the rats were treated by SH, their weights 
showed no significant difference with the ones treated 
by water (Figure 8c), while there were also no patho-
logical changes in the structure and cellular morphol-
ogy on liver (Figure 8d), kidney (Figure 8e) and heart 
(Figure 8f), indicating that SH showed no systematic 
toxicity in rats.

Discussion

The high incidence of caries is a great challenge to 
public health and exacerbates the socio-economic 
burden [2,3]. However, the current preventive 
options, such as fluoride, are insufficient to meet 
the need of clinical practice, which poses the urgent 
necessity for the development of new anticaries stra-
tegies [7,10]. Natural products have great potential to 
be the practical alternative for antibiotics in infectious 
diseases due to their diverse functionalities and cost- 
effectiveness [14,15].

SH has been proved its antibacterial and anti-fungi 
effects in recent studies. In this study, we revealed 
that SH suppressed S. mutans growth and inhibited 
its biofilm formation and cariogenic virulence factors 

in a dose-dependent manner. We found that 32 μg/ 
mL of SH could reduce the planktonic growth of 
S. mutans, while the MIC (64 μg/mL) and the MBC 
(128 μg/mL) of SH completely inhibited S. mutans 
planktonic growth. Therefore, to reveal the anti- 
S. mutans mechanisms of SH, 1/2MIC (32 μg/mL) 
and MIC (64 μg/mL) of SH treated S. mutans cells 
were chosen for RNA-seq as these concentrations 
could accumulate enough biomass for RNA extrac-
tion and sequencing compared to that the MBC at 
128 μg/mL killed most bacterial cells. However, 
128 μg/mL of SH showed strong biofilm and cario-
genic virulence inhibitions, so this concentration was 
also employed to combat the dental caries formation 
in rat models. As expected, 128 μg/mL of SH signifi-
cantly inhibited the development of dental caries even 
comparable with 1000 ppm NaF and showed well 
biocompatibility on host cells and rats. RNA-seq 
analysis showed that VicRK two-component system, 
a pathway closely related to biofilm formation and 
EPS production, was significantly downregulated. 
The VicRKX signal transduction system is composed 
of three encoding proteins: VicK, a histidine protein 
kinase; VicR, a global response regulator (RR); and 
VicX, a putative hydrolase [24,27,40]. VicK plays an 
essential role in detecting and transmitting chemical 
signals from the environment to downstream 

Figure 6. Gene expressions of VicK, VicR and EPS production related GtfB, GtfC and GtfD from the dental plaques. The differential 
expressions of the VicRK pathway related genes: VicK, VicR, GtfB, GtfC and GtfD were confirmed from the rat dental plaques 
through qPCR with 16S rRNA as the internal control (*, p < 0.05; ns, not significant).
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regulatory proteins such as VicR and GcrR [41]. VicR 
could then regulate the biofilm formation related 
genes like GtfB/C, Ftf and GbpB [31,42]. Deng et al. 
found that VicK null mutant showed less biofilm 
formation and EPS production, and GtfD, Ftf and 
GbpB were downregulated and GtfB was upregulated 
[24]. Lei et al. found that ASvicR, an antisense VicR 
RNA associated with RNase III-encoding (rnc) gene, 
could regulate VicR activity, downregulated GtfBCD 
and Ftf, and the overexpression VicR antisense RNA 
significantly impaired bacterial growth, biofilm for-
mation, and finally reduced cariogenicity in vivo 

[27,41]. In our study, we found that SH could down-
regulate the expressions of VicK and VicR genes and 
then inhibited the expressions of GtfB, GtfC and 
GtfD. When compared to WT, ΔvicK, ASvicR, ΔgtfB 
and ΔgtfBC were more sensitive to SH, while OEvicK 
and OEvicR strains were more resistant, furtherly 
indicating the inhibitory actions of SH on VicRK two- 
component system.

According to the transcriptome analysis, phospho-
transferase system (PTS) was also significantly down-
regulated, especially the mannose-phosphotransferase 
system. The sugar PTS is the major sugar uptake 

Figure 7. Anti-caries effect of SH treatment in vivo. (a, b) Staining images of smooth surface caries and sulcal caries in rat 
mandibular samples. (c) Keyes score of smooth surface caries. (d) Keyes score of sulcal caries. (e) Micro CT images of rat 
mandibular samples. (f) The maximum lesion depth of rat teeth. (*, p < 0.05; ns, not significant).
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system in oral streptococci [43]. The water-soluble 
glucans and water-insoluble glucans of S. mutans 
are mainly composed of mannose and glucose [24]. 
Hence, in addition to the VicRK, the downregulation 
of PTS system by SH may also contribute to its 
inhibitory activities on S. mutans EPS productions. 
Fatty acid biosynthesis, which is associated with acid 
tolerance [44], also significantly inhibited after SH 
treatment, but the mechanisms need to be further 
investigated.

The antibacterial mechanisms of SH have been 
investigated in different species. Ye et al. found that 
SH inhibited the growth of Bacillus subtilis by insert-
ing into the phospholipid bilayer and influencing 
membrane fluidity, which was closely related to the 
hydrophobic interaction between SH and membrane 
proteins [45]. Wang et al. reported that SH reduced 
Pseudomonas aeruginosa biofilm formation and 
inhibited the gene expression of BdlA (a key gene 
regulating the dispersion reaction) to regulate the 
dispersion of biofilm [46]. Wu et al. found that SH 
suppressed the production of N-acyl homoserine lac-
tone (AHL), a quorum sensing signaling molecule, by 
reducing the expression of LasI in Pseudomonas aer-
uginosa. Meanwhile, SH down-regulated the gene 
expression of LasR, an AHL sensor and transcrip-
tional regulator, and inhibited the quorum sensing- 
related virulence factors, including pyocyanin and 
LasA [47]. In this study, we found that SH inhibited 

the VicRK system to regulate the EPS production in 
S. mutans. The different actions of SH indicated that 
SH may have different targets in different bacterial 
species.

Fluoride is widely recommended as anti-caries 
compound and 1000 ppm NaF was usually used 
into mouthwash for controlling dental caries [48], 
and was also commonly used as a positive control 
group in rat caries model [49]. However, there are 
many limitations of fluoride. Fluoride cannot inhibit 
continuous biofilm development and could lead to 
the changes in oral and gut microbiota [50]. Some 
fluoride resistant bacterial species have been isolated 
from oral cavities [51]. Furthermore, the excessive 
ingestion of fluoride may cause toxic and harmful 
effects for the human body, such as fluorosis [52]. 
While SH showed better antibiofilm effects on differ-
ent species, including fungal species, such as Candida 
albicans [53]. SH also showed the potential in main-
taining microflora stability and anti-inflammation 
[54], which improves its possibility of clinical usage. 
Moreover, even much higher dosage of SH in rat 
intestinal malfunction treatment showed no signifi-
cant side-effect [55]. The dental caries rat models 
from our results showed that different concentrations 
of SH could inhibit the occurrence and development 
of dental caries, especially the anti-caries capabilities 
of 128 μg/mL SH and 1000 ppm NaF were compar-
able. The well biocompatibility of this concentration 

Figure 8. Biocompatibility of SH on host cells and rats. (a, b) the cytotoxicity and proliferation of hDPCs (a) and HGFs (b) under 
SH treatment. (c) The weight of rats. (d) HE staining of rats liver.(e) HE staining of rats kidney. (f) HE staining of rats heart.
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of SH on host cells and rats furtherly indicated that 
128 μg/mL SH could be a practical dosage for further 
anti-caries applications.

The decrease expressions of VicK, VicR, GtfC and 
GtfD from the rat dental plaques treated by SH sug-
gested that SH could inhibit dental caries through 
VicRK pathway. VicRK could regulate the sucrose 
metabolism and biofilm formation in S. mutans 
[24]. Its homologues have been found in other 
Staphylococci [56] and Streptococci [57], and this 
pathway has been developed as novel targets to com-
bat antibiotic resistance. Zhang et al. designed multi- 
targeted antisense nucleotide sequences against VicK 
to inhibit biofilm formation and virulence of 
S. mutans [58]. Liu et al. identified a compound (a 
2-aminoimidazole derivative) that inhibited biofilm 
formation of Staphylococcus aureus and S. mutans. 
This compound could bind to S. mutans VicR to 
inhibit the expression of VicR and VicR-regulated 
genes, including Gtfs, and attenuated virulence of 
S. mutans in a dental caries rat model [59]. While 
in our study, we also found that SH could down-
regulate VicRK to inhibit the cariogenicity of 
S. mutans.

In conclusion, SH repressed the VicKR system of 
S. mutans to inhibit the cariogenic virulence factors 
and the development of dental caries. This study 
provided a promising therapeutic strategy for clinical 
prevention and treatment of oral caries and high-
lighted that VicRK system was a practical target for 
the development of anti-caries agents.
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