Heliyon 9 (2023) e23048

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Antibacterial effects and microarray-based molecular mechanisms
of trans-cinnamaldehyde against Porphyromonas gingivalis

Ning Gan™>1, Yingjing Fang abal Weimin Weng »™¢, Ting Jiao >>4% "

Weigiang Yu ™™’

2 Department of Prosthodontics, Shanghai Ninth People’s Hospital, College of Stomatology, Shanghai Jiao Tong University School of Medicine,
Shanghai, 200011, China

Y National Clinical Research Center for Oral Diseases, Shanghai, 200011, China

¢ Shanghai Key Laboratory of Stomatology and Shanghai Research Institute of Stomatology, Shanghai, 200011, China

d Fengcheng Hospital of Fengxian District, Shanghai, 201411, China

ARTICLE INFO ABSTRACT

Keywords: Porphyromonas gingivalis (P. gingivalis) is one of the keystone pathogenic bacteria of periodontitis
Trans-cinnamaldehyde and peri-implantitis. This study aimed to investigate the antibacterial effects and molecular
Porphyromonas gingivalis mechanisms of trans-cinnamaldehyde (TC), a safe extract from natural plants, on P. gingivalis.
gin;irlnr;csmblal activity Minimum inhibitory and minimum bactericidal concentrations (MIC and MBC) of TC were
Microarray determined, and scanning and transmission electron microscopies were used to assess the

Gene expression morphological changes. The overall biomass was estimated, and the metabolic activity of biofilms
was determined at different TC concentrations. A microarray-based bioinformatics analysis was
performed to elucidate the underlying molecular mechanisms of TC-inhibited P. gingivalis, and
significant differences among groups were determined. TC showed an inhibitory effect on the
proliferation and survival of planktonic P. gingivalis, of which the MIC and MBC were 39.07 pug/
mL and 78.13 pg/mL, respectively. TC also significantly suppressed the formation and metabolic
activity of P. gingivalis biofilm. The results of the significant pathways and gene ontology (GO)
analyses revealed that TC treatment inhibited two metabolic pathways, accompanied by the
downregulation of relative genes of nitrogen metabolism (NrfA, NrfH, and PG 2213) and starch
and sucrose metabolism (PG_1681, PG_1682, and PG_1683). Thus, this study confirmed TC to be a
natural antimicrobial agent against P. gingivalis and further demonstrated that TC suppressed the
microbial activity on P. gingivalis through the disruption of physiological metabolism, which
might inhibit the growth and the biofilm formation of P. gingivalis.

1. Introduction

Periodontitis is one of the most common oral diseases in humans, affecting approximately 10-15 % of the population [1,2]. Severe
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periodontitis can threaten tooth retention, cause the loss of natural teeth, and subsequently adversely impact a person’s masticatory
function, quality of life, and self-esteem [3]. Peri-implantitis, on the other hand, is a common complication after implant repair surgery,
which can ultimately lead to implant loosening and even failure if it is not effectively treated and controlled. It is estimated that the
mean prevalence of peri-implantitis is 14%-56 % [4]. The number of dental implants used worldwide increases yearly, and the
incidence of peri-implantitis cases is expected to rise accordingly [5]. Therefore, concerns about periodontitis and peri-implantitis
become increasingly prominent.

The pathogenesis of periodontitis and peri-implantitis is triggered by the dysbiosis of subgingival microbiota, especially linked with
Gram-negative anaerobes (including P. gingivalis, Fusobacterium nucleatum, Prevotella intermedia, Aggregatibacter actino-
mycetemcomitans, and so on) [2,6]. Although the existing research is still unable to determine which specific microbiota plays a
decisive role in the occurrence and development of these diseases, the current unified view is that P. gingivalis is one of the keystone
pathogenic bacteria of periodontitis and peri-implantitis [7,8]. P. gingivalis together with Tannerella forsythia and Treponema denticola
consist of the red complex organism (the main causative agent in progression of periodontitis). Previous research has found that
P. gingivalis is also the most frequently detected red complex organism in peri-implantitis sites [6,9,10]. P. gingivalis can secrete
virulence factors, including FimA protein and gingipain. These virulence factors are closely associated with adhesion characteristics,
growth, metabolism, participation in the processing of outer membrane proteins, and the formation of P. gingivalis biofilms [11]. The
virulence proteins derived from P. gingivalis can indirectly stimulate host defence cells to produce many inflammatory factors, further
degrade collagens, and destroy tissues [4]. Moreover, P. gingivalis is one of the most commonly used pathogens to induce experimental
periodontitis and peri-implantitis in animal models [12-14]. It has been reported to enhance the survival of other oral pathogens,
change the originally balanced flora structure in the periodontal pocket, cause an imbalance of flora and periodontal microenviron-
ment, and thus aggravate the damage to periodontal tissues [15]. P. gingivalis, even in low abundance, may lead to inflammatory
disease occurrence around natural teeth and dental implants [16]. Therefore, adjunctive use of antibiotics against P. gingivalis are
thought to be effective in preventing and treating periodontitis and peri-implantitis at an early stage.

Currently, natural herbs and medicines have become important options owing to their unique properties, which may avoid the
toxicological effects of synthetic pharmaceutical products and the side effects of antibiotics without increasing the antibacterial
resistance of bacteria [17]. Plant essential oils are regarded as potential antibiotic substances because of their main components,
phenolic acids, among which eugenol, cinnamaldehyde, and citral have the most potent antibacterial effect [18,19]. Trans--
cinnamaldehyde (TC; CoHgO) is a bioactive compound obtained from the bark of Cinnamomum cassia that has been recognised as a safe
and non-toxic food ingredient, and is approved by the US Food and Drug Administration (21CFR182.60) [17,20]. In addition, TC has
various biological activities, including antioxidant [21,22], anti-inflammatory [20,23] and anti-cancer effects [24,25], as well as
enhancing diabetes treatment [26,27]. TC is a widely acknowledged antimicrobial, with demonstrated efficacy against both
Gram-negative and Gram-positive bacteria [28]. It also has a good inhibitory effect against some oral pathogenic bacteria, including
Streptococcus mutans [29,30], P. gingivalis [17], Enterococcus faecalis [31], Escherichia coli, and Staphylococcus aureus [32,33]. The oral
administration of cinnamaldehyde was reported to inhibit the progress of murine periodontitis with significant suppression of
microbiota dysbiosis [20]. A previous study found that cinnamaldehyde showed inhibitory action against P. gingivalis via damage to
the cell membrane structure [17]. However, the inhibitory effect of TC on the biological pathways of P. gingivalis and its mechanism of
action has rarely been studied. Therefore, this study aimed to investigate the antibacterial activity of TC on P. gingivalis and to detect its
possible antibacterial mechanism through microarray-based bioinformatics analysis, attempting to provide further insight into the
potential of TC to be used in adjunctive treatment of periodontitis and peri-implantitis.

2. Materials and methods
2.1. Preparation of TC stock solution

TC (>99 % purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA), and was dissolved in a brain-heart infusion (BHI,
Oxoid Ltd., England) to a concentration of 5 mg/mL as the stock solution. Afterwards, the TC stock solution was taken in serial two-fold
dilutions to obtain different concentrations ranging from 4.88 to 312.50 pg/mL for the following experiments.

2.2. Microbial cultivation

P. gingivalis strain (ATCC 33277) was provided by the Laboratory of Oral Microbiota and Systemic Diseases, Shanghai Ninth
People’s Hospital, College of Stomatology, Shanghai Jiao Tong University School of Medicine, and grown under previously reported
conditions [34]. Planktonic P. gingivalis was cultivated in BHI broth supplemented with 5 mg/L hemin and 1 mg/L menadione for 24 h
and then diluted to obtain a bacterial suspension of 107 colony-forming units per milliliter (CFU/mL) for the following experiments.

2.3. Determining MIC and MBC

A 500 pL P. gingivalis suspension (107 CFU/mL) was cultivated with 500 pL of different TC solutions in each test tube, serving as the
experiment groups. A culture medium without bacteria was used as the positive control, and an untreated P. gingivalis suspension was
used as the negative control. After incubation for 48 h at 37 °C under anaerobic conditions, a 200 pL sample of each group was
transferred to a 96-well tissue culture plate to measure the optical density (OD) values using a microplate reader (Epoch 2, Bio-Tek
Instruments, Winooski, VT, USA). The 100 pL suspension of each group was plated onto blood agar plates. The experiment was
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conducted in triplicate for each group. After 5 days of incubation, the plates were photographed to record the growth of the bacterial
colonies.

2.4. Membrane permeability assay

A 500 pL P. gingivalis suspension (10’ CFU/mL) was added to a 1.5 mL centrifuge tube and then incubated with 500 uL TC solution
at1/4 x MIC, 1/2 x MIC, 1 x MIC, and 2 x MIC, individually, under a 37 °C anaerobic environment for 4 h. P. gingivalis suspension and
culture medium were mixed in equal volumes (500 pL each), serving as the control. Propidium iodide (PI; Molecular Probes, Eugene,
OR, USA) was incubated with suspension in each group for 15 min in the dark, and the stained bacteria were observed using a confocal
laser scanning microscope (CLSM; Zeiss LSM 880, Germany). The excitation/emission wavelength was 543 nm for PI.

2.5. Morphological changes in P. gingivalis

After P. gingivalis suspensions (1 0’ CFU/mL) were co-cultured with TC solution at 1/4 x MIC, 1/2 x MIC, and 1 x MIC for 4 h
individually, the bacteria were collected by centrifugation at 3000 rpm for 5 min at 4 °C. Subsequently, the pellets were separately
fixed with 2.5 % v/v glutaraldehyde at 4 °C for 12 h. For the observation of the morphological changes using scanning electron
microscopy (SEM), the samples were dehydrated in a series of ethanol solutions (30 %, 50 %, 70 %, 80 %, 90 %, and 95 % once for 15
min each, followed by 100 % ethanol twice for 20 min each), and then dried at the CO;, critical point. Finally, the samples were sputter-
coated with gold and viewed using SEM (SU3050, Hitachi, Japan). Moreover, for transmission electron microscopy (TEM) observation,
the samples were washed with phosphate buffered solution (PBS) and then fixed in 1 % (w/v) osmium tetroxide (OsOj4) for 2 h. After
sequential dehydration in a series of ethanol solutions followed by acetone (80 %, 90 %, and twice in 100 % for 15 min each), the
samples were embedded and sliced at approximately 70 nm using an ultrathin microtome (Leica EM UC7, Germany). Subsequently,
these sections were stained with lead citrate solution and 50 % ethanol-saturated solution of uranium dioxide acetate for 10 min. After
drying, the samples were scanned using TEM (HT7800, Hitachi, Japan) at 80 kV.

2.6. Overall biomass of biofilms

A 500 pL P. gingivalis suspension (10’ CFU/mL) was seeded with 500 uL TC at 1/4 x MIC, 1/2 x MIC, and 1 x MIC in each well of a
24-well tissue culture plate. After co-culturing under a 37 °C anaerobic environment for 48 h, supernatants were discarded, and 250 pL
crystal violet solution (0.1 % v/v, Sangon Biotech, China) was added to each well for 15-min incubation at room temperature. After
washing thrice with PBS, 250 pL of 95 % ethanol (v/v, Tong Cheng Chemical Agent Co., Ltd., China) was added to each well for 15 min.
Subsequently, the solutions were transferred to a 96-well plate, and the overall biomass was estimated using a microplate reader at
595 nm. The experiment was conducted in triplicate for each group.

2.7. Metabolic activity of biofilms

After co-culturing 500 pL P. gingivalis suspensions (107 CFU/mL) with 500 pL TC at 1/4 x MIC, 1/2 x MIC, and 1 x MIC for 48 h
individually, the culture supernatants were removed, and 250 pL. MTT (0.5 mg/mL, Sangon Biotech, China) was added to each well for
4-h incubation at 37 °C in the dark. Subsequently, each well was washed with PBS thrice, and 250 pL dimethyl sulfoxide (DMSO, Tong
Cheng Chemical Agent Co., Ltd., China) was added to each well to dissolve the formazan crystals, and was shaken for 15 min. Finally,
the DMSO supernatants were transferred to a 96-well plate, and the OD values were recorded at a wavelength of 490 nm. The
experiment was conducted in triplicate for each group.

2.8. Live/dead fluorescence staining of biofilms

500 pL P. gingivalis suspensions were inoculated into confocal dishes and cultured with 500 pL TC at 1/4 x MIC, 1/2 x MIC, and 1 x
MIC, individually. After 48 h, the LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes, Eugene, OR, USA) was used to stain
live and dead bacteria in biofilms formed by different groups. According to the manufacturer’s instructions, a mixed solution of PI and
SYTO 9 (1.5 pL each diluted in 1 mL of ddH,0) was incubated with bacteria from different groups for 15 min in the dark, and sub-
sequently, the biofilm structure was observed using CLSM. The excitation/emission wavelengths were 543 and 488 nm for PI and SYTO
9, respectively.

2.9. Transcriptome sequencing analysis

The experiment samples were divided into two groups. P. gingivalis grown in a normal culture medium was used as the control
group, whereas those cultured with TC at 1/2 x MIC were the test group. After 48 h of incubation, P. gingivalis cells from the two groups
were harvested and processed for transcriptome sequencing analysis, which was conducted in triplicate for each group. Total RNA was
extracted using TRIzol reagent (Sigma, USA) from P. gingivalis cells according to the manufacturer’s protocol.The quality and con-
centration of extracted RNA were analysed using a Nanodrop 1000 (Thermo Scientific Inc., Wilmington, DE, USA), and the integrity
was verified by agarose gel electrophoresis. After the quality inspection, an RNA library was constructed using standard procedures.
The samples were operated in Novaseq 6000 (Illumina, USA). The original data were converted into FASTQ format. Based on the
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experiment design, DESeq2 software was used to screen differentially expressed genes between the test and control groups, with
inclusion criteria (|log2FC| > 1 and P value < 0.05).

2.10. GO and kyoto encyclopedia of genes and genomes (KEGG) analysis

The functions of the differentially expressed genes were analysed using the GO project (http://www.geneontology.org/). The
analysis involved three GO categories, including biological processes, cellular component, and molecular function. The significant
pathways of the identified genes were performed using the KEGG project (https://www.genome.jp/kegg/). Fisher’s exact test was used
to obtain a significantly-rich P-value, which was then corrected using the Benjamini and Hochberg multiple tests to obtain false
discovery rate (FDR). The functions and pathways were significantly enriched according to the P value (P < 0.05) [35,36].

2.11. Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

After treatment with TC solutions of 1/2 x MIC for 48 h under 37 °C anaerobic environment, the bacterial suspensions were
harvested and added to lysozyme and proteinase K (Sangon Biotech, China). After placement in the water bath and centrifugation, the
pellets were resuspended in TRIzol reagent and treated with chloroform, isopropanol, and 75 % ethanol (DEPC water) to extract total
RNA. Relevant cDNA was obtained using a reverse transcription kit (Yeason Biotechnology Co., Ltd., Shanghai, China) and then further
amplified with an SYBR Green Master Mix kit (Yeason), according to the manufacturer’s instructions. 16S rRNA gene was used as an
internal control for data normalisation. Table 1 shows the primers (Sangon Biotech, Shanghai, China) used. RT-qPCR was conducted
using LightCycler 480 (Roche Diagnostics, Basel, Switzerland). The PCR conditions included initial denaturation at 98 °C for 5 min,
followed by a 40-cycle amplification consisting of denaturation at 98 °C for 15 s, annealing at 60 °C for 15 s, and extension at 72 °C for
30 s. The cycle threshold (CT) values were read for statistical analysis. The relative changes in gene expression in TC-treated
P. gingivalis compared with those in the control group were calculated using the 2724€T method.

2.12. Statistical analysis

A minimum sample size of n = 3 was used for all statistical analyses, and data are presented as mean =+ standard deviation. Sig-
nificant differences among groups were determined using an unpaired two-tailed Student’s t-test or one-way analysis of variance
(ANOVA) and Dunnett’s test. Statistical analyses were performed using the GraphPad PRISM software (v8.2.1; GraphPad, La Jolla, CA,
USA). Statistical significance was set as P < 0.05.

3. Results
3.1. Antibacterial effects of TC on planktonic P. gingivalis

As shown in Fig. 1A, OD values revealed that increasing concentrations of TC had a significant inhibitory effect on the growth of
P. gingivalis in broth. The MIC was equivalent to the concentration of the tube without visible growth [37]. TC at a final concentration
of 39.07 pg/mL almost completely suppressed the growth of planktonic bacteria, which was regarded as its MIC against P. gingivalis.
The MBC was determined as the minimum concentration in the area of the agar plate without any bacteria [38]. As shown in Fig. 1B, a
TC of 78.13 pg/mL and above inhibited the growth of P. gingivalis on the plate after 5-day cultivation and was regarded as its MBC.

3.2. Effect of TC on membrane permeabilization of P. gingivalis

PI, a nucleic acid red fluorescent dye, cannot penetrate the cell membrane of living cells but can only stain dead cells whose cell
membrane integrity has been damaged. Therefore, the membrane permeabilization of P. gingivalis was evaluated using a PI uptake
assay [17]. As shown in Fig. 2A-E, more bacteria were stained red when incubated with TC than those in unexposed control cells. As
shown in Fig. 2F, the number of stained bacteria in regions of interest (ROIs) were 60.00 + 7.81, 390.33 + 77.84, 498.00 + 36.06,
1027.00 + 30.00, and 3667.33 + 309.65 in the control group, for 1/4 x MIC, 1/2 x MIC, 1 x MIC, and 2 x MIC, respectively,
indicating that TC enhanced the membrane permeabilization of P. gingivalis with increasing concentrations.

Table 1

Primer sequences used in RT-qPCR.
Genes Forward Reverse
NrfH CGGCAAGTCAGGCGGTAATCTATG TCTCTGTGGCAGTCCCAGCATG
NrfA GCCATACATAAGCGAAGGAGGAGTG ACGGTGACAGGTCTGACAGGTG
PG 2213 CTGCCACTGCAACGAAATTACACG CGCCTACTTCATCCACGGTCTTC
PG_ 1681 GTGGCAAACAAGAAGAACGGGAAC AACGCAGATAGGCTTCGGTGTATTG
PG 1682 GCCGACCGCTTCCACTTCAC CGGATACGGATGGCATCACATAGAC
PG 1683 TCACGGAAGGAGCCAAACACATAC CATCGCTCAGCCTCGGATTGC
16S rRNA TGTAGATGACTGATGGTGAAA ACTGTTAGCAACTACCGATGT
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Fig. 1. Antibacterial effects of trans-cinnamaldehyde against planktonic P. gingivalis. (A) MIC; (B) MBC.
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Fig. 2. Membrane permeabilization of P. gingivalis. (A) Control; (B) 1/4 x MIC; (C) 1/2 x MIC; (D) 1 x MIC; (E) 2 x MIC; (F) Semi-quantitative
evaluation of membrane-permeabilized P. gingivalis in each group. Values are presented as mean + SD with n = 3. Statistical significance was
assessed using one-way ANOVA and Dunnett’s test. *P < 0.05 and ****P < 0.0001.

3.3. Morphological changes in P. gingivalis

SEM was used to detect morphological changes in P. gingivalis co-cultured with TC, and showed that the untreated P. gingivalis cells
had normal and complete morphologies (Fig. 3A and E, blue arrows pointing to normal cells) with more intercellular substances.
Deformed P. gingivalis was observed after treatment with TC (Fig. 3B-D and F-H, red arrows indicate abnormal cells); for instance,
some bacteria were shrivelled and some were discontinuous.

TEM was performed to examine the morphological changes and intracellular modifications of treated P. gingivalis. Fig. 31 and M
(blue arrows) show a clear peptidoglycan layer and cytoplasmic membrane of normal P. gingivalis, while obvious morphological
changes were observed in the cells treated with TC. Fig. 3J and N (indicated by the red arrows) illustrate that the cell walls are damaged
with a fuzzy boundary, and Fig. 30 shows cytoplasmic membranes separated from the cell wall. Moreover, compromised cell walls and
the outflow of cytoplasm were detected, as shown in Fig. 3K and L; meanwhile, Fig. 3P demonstrates that the cell hollow resulted from
the outflow of cytoplasm, indicating the death of bacterial cells.
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1/4xMIC 1/2xMIC 1xMIC
(C)

TEM

Fig. 3. Representative SEM and TEM images of untreated P. gingivalis and treated P. gingivalis with TC. (A and E) SEM micrographs of untreated
P. gingivalis. SEM micrographs of treated P. gingivalis with TC at 1/4 x MIC (B and F), 1/2 x MIC (C and G) and 1 x MIC (D and H) for 4 h. (I and M)
TEM micrographs of untreated P. gingivalis. TEM micrographs of treated P. gingivalis with TC at 1/4 x MIC (J and N), 1/2 x MIC (K and O) and 1 x
MIC (L and P) for 4 h. Blue and red arrows point to normal and abnormal bacteria, respectively. For the SEM images, scale bars represents 1 pm. For
the TEM images, scale bars represents 500 nm.

3.4. Effect of TC on P. gingivalis biofilm

As shown in Fig. 4A, the biomasses of biofilms formed after treatment with TC at 1/4 x MIC, 1/2 x MIC, and 1 x MIC were 91.40 +
1.57 %, 85.08 + 2.28 %, and 35.31 + 1.87 %, respectively, compared with the control. Fig. 4B shows that the relative bacterial ac-
tivities of biofilms after treatment with TC at 1/4 x MIC, 1/2 x MIC, and 1 x MIC were 90.23 + 1.41 %, 41.80 & 1.27 %, and 5.64 +
0.34 %, respectively, compared to the control group. These results revealed that TC inhibited the formation of P. gingivalis biofilms and
the metabolic activity of cells in biofilms.

Furthermore, live/dead double staining was performed to investigate the changes in cell viability in P. gingivalis biofilms after
treatment with TC, which further supported the results of the MTT assay. As shown in Fig. 4C, fewer bacteria were stained green, while
a larger number of bacteria were stained red in the TC-treated group than in the control group, indicating that TC at 1/4 x MIC, 1/2 x
MIC, and 1 x MIC inactivated P. gingivalis cells and reduced biofilm formation.

3.5. Transcriptome sequencing data analysis

According to differential cut-off criteria (|]log2FC| > 1 and P value < 0.05), heat map analysis showed that TC at 1/2 x MIC
cultivation induced a significant alteration in gene expression in P. gingivalis compared with normal cultivation (Fig. 5A). Overall, 86
differentially expressed genes in P. gingivalis cells were identified when comparing the test group with the control group (Table S1).
Notably, 40 genes were upregulated and 46 were downregulated following exposure to TC at 1/2 x MIC for 48 h (Fig. 5B).

Fig. 6A and B shows the main GO categories. The main GO categories for downregulated genes were related to biological processes
such as oxidation-reduction processes, generation of precursor metabolites and energy, and nitrate metabolic processes (Fig. 6A). The
downregulated genes of cellular components were related to chloroplasts and plastids, whereas those of molecular functions were
related to haeme binding, nitrite reductase activity, and tetrapyrrole binding. The biological processes for upregulated genes were
related to butyrate, short-chain fatty acid, and fatty acid metabolic processes (Fig. 6B). The upregulated genes of cellular components
were correlated with ribosome and ribonucleoprotein complexes, while those of molecular functions were related to the structural
constituents of ribosomes and structural molecule activity. Tables S2 and S3 show differentially expressed genes.

According to KEGG pathway analysis, two downregulated biological pathways were enriched and three upregulated biological
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Fig. 4. Antibiofilm effects of trans-cinnamaldehyde against P. gingivalis. (A) Relative biofilm biomass in each group at 48 h. (B) Relative bacterial
activity. Values are presented as mean + SD with n = 3. Statistical significance was assessed using one-way ANOVA and Dunnett’s test. ***P <
0.001 and ****P < 0.0001. (C) Fluorescent images of untreated P. gingivalis biofilms and treated biofilms with TC. Bacteria in biofilms were stained

with SYTO 9 (green: live) and PI (red: dead). Scale bars, 200 pm.

pathways were enriched in P. gingivalis grown with TC at 1/2 x MIC (Fig. 6C and D). The downregulated biological pathways included
nitrogen metabolism, and starch and sucrose metabolism (Fig. 6C). The upregulated biological pathways included ribosome, lipo-
polysaccharide biosynthesis, and nicotinate and nicotinamide metabolism (Fig. 6D). Table S4 shows differentially expressed genes.

3.6. Validation by RT-qPCR

Six genes that showed significant differential expression in RNA-seq were validated using RT-qPCR. As shown in Fig. 7, the
expression levels of selected genes related to nitrogen metabolism (NrfA, NrfH, and PG 2213) and starch and sucrose metabolism
(PG_1681, PG 1682, and PG_1683) were significantly downregulated after treatment with TC at 1/2 x MIC compared with the control
group.

4. Discussion

Antimicrobial potential is often assessed according to MIC values. It has been reported that the antibacterial effect of natural
products is classified based on the following MIC: <500 pg/mL (strong), 600-1500 pg/mL (moderate), and >1600 pg/mL (weak) [39].
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Fig. 5. Differential expression gene screening. (A) Heat map of significantly different genes of P. gingivalis cells grown with normal culture medium
(G1) vs. TC at 1/2 x MIC (G2). (B) Bubble plots of gene expression when comparing P. gingivalis cells grown with TC at 1/2 x MIC vs. normal culture
medium. The blue bubbles represent upregulated genes, purple bubbles represent downregulated genes, and grey bubbles represent unregu-
lated genes.

In this study, the MIC of TC on P. gingivalis was 39.07 pg/mL, which was considered a strong inhibitor of P. gingivalis. The MBC of TC
against P. gingivalis was determined to be 78.13 pg/mL, which was twice the MIC, indicating the bactericidal potential of TC. In
previous research, Wang et al. confirmed that cinnamaldehyde was the main constituent responsible for the antibacterial property of
Cinnamomum zeylanicum and the MIC of cinnamaldehyde against P. gingivalis was 2.5 pM [17]. Saquib et al. investigated the anti-
microbial effect of the ethanolic extract of Cinnamomum zeylanicum on P. gingivalis and found that the MIC and MBC were 3.12 + 0.65
mg/mL and 12.5 + 1.35 mg/mlL, respectively [40]. The relatively wide range of MICs may be due to differences in the purity or
extraction methods of cinnamaldehyde.

In the membrane permeability assay, more red fluorescence was detected after treatment with TC at 1 x MIC and 2 x MIC. This
finding revealed that TC increased the membrane permeabilization of P. gingivalis cells and killed the bacteria. SEM and TEM analyses
further confirmed the same result for PI intake detection. After co-culturing with TC, some P. gingivalis cells emerged with abnormal
shape, incomplete membrane, separated cell membrane from the cell wall, outflow of cytoplasm, and finally collapsed. P. gingivalis
cells, therefore, had difficulty proliferating and surviving in the presence of TC. When bacteria adhere to a surface, biofilm formation
begins almost immediately [41]. Meanwhile, preventing biofilm formation is the most effective way to inhibit the onset and devel-
opment of periodontitis and peri-implantitis [42]. In this study, less overall biomass of biofilms was formed after exposure to TC,
demonstrating the anti-biofilm potential of this natural extract. Moreover, the cell viability assessment and live/dead fluorescence
staining together reached a similar conclusion that fewer live bacterial cells existed in treated biofilms. These results revealed that TC
could inhibit the activity and growth of P. gingivalis; thus, it was not easy for these bacteria to adhere and form biofilms.

Furthermore, we performed a microarray-based bioinformatics analysis to elucidate the underlying molecular mechanisms of TC-
inhibited P. gingivalis and found that 40 and 46 genes were upregulated and downregulated, respectively, in P. gingivalis cultured with
TC at 1/2 x MIC. Furthermore, some gene functions and signaling pathways may control P. gingivalis behavior when exposed to TC.
The prominent biological processes of the upregulated genes compared to the test group were metabolic processes, especially the
butyrate metabolic process. Previous researches have been conducted on the butyrate metabolic process of intestinal bacteria [43,44].
Butyrate exhibits various pharmacological activities, including anti-inflammatory, antioxidant, and metabolic pathway regulatory
activities [45]. Our results not only partially explained the reason for TC in the treatment of aggressive periodontitis, considering the
importance of the “Gum-Gut” Axis [46], but also provided a new idea on the mechanism of TC for the treatment of other inflammatory
diseases [47,48]. The upregulated genes that correlated with cellular components and molecular functions were primarily concen-
trated in the ribosome, which is the cell’s protein-synthesising factory. Although the ribosome has been reported to be an important
antibiotic target in bacterial cells [49], TC might activate different mechanisms in this study. The downregulated genes related to
cellular components included chloroplasts, in which photosynthetic bacteria could use light under anaerobic conditions to convert
carbon dioxide into organic carbon [50]. Natural TC might show antimicrobial activity with distinct target sites, which requires
verification in future studies. The downregulated genes in biological processes were mainly found in the oxidation-reduction process,
precursor metabolites and energy generation, and nitrate metabolic processes. Downregulated oxidation-reduction processes might
destroy the balance between the production of reactive oxygen species and antioxidant defences, which would induce oxidative stress
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Fig. 6. Significant GO categories and KEGG pathways analysis for differentially expressed genes. For GO analysis, downregulated (A) and upre-
gulated (B) genes in the test group vs. the control group. The ordinate axis is the GO category (Biological Process, BP; Cellular Component, CC;
Molecular Function, MF), and the abscissa axis is the —log (P value) of GO categories. A maximum of 10 GOs are displayed per GO category. For
KEGG analysis, downregulated (C) and upregulated (D) genes in the test group vs. the control group. The ordinate axis is the pathway category and
the abscissa axis is the —log (P value) of the pathway category. Significant pathways (P value < 0.05) are displayed in red, while nonsignificant
pathways (P value > 0.05) are shown in blue.

N
o

== Control 1/2xMIC

-
w
1
*
*

*kk

Relative gene expression

o (=] -
o [3,] o
1 1 1

J .

*

| &

F 3

*

|3

*

NrfH NrfA  PG_2213 PG_1681 PG_1682 PG_1683

Fig. 7. Validation of selected genes in untreated P. gingivalis (control) and treated P. gingivalis with TC at 1/2 x MIC. Values are presented as mean
+ SD with at least n = 3. Statistical significance was assessed using an unpaired two-tailed Student’s t-test. **P < 0.01, ***P < 0.001, and ****P
< 0.0001.

[51]. Arce et al. reported that oxidative stress in biofilms can affect their growth [52], and the observed biological process in the
oxidation-reduction process was similar to our results regarding the effect of TC on P. gingivalis biofilms. Downregulated genes that
correlated with molecular functions were primarily concentrated in haeme binding. Previous studies have shown that haeme binding
plays a critical role in biofilm regulation [9]. Since P. gingivalis requires haeme for growth, survival, and virulence, it acquires haeme
for efficient host colonisation during biofilm co-culture [53]. These findings may be another possible reason for TC restraining
P. gingivalis biofilm.

KEGG pathway analysis demonstrated that the pathways influencing cell translation were enhanced, and the pathways controlling
cell metabolism were mainly repressed, which was consistent with the results of the GO analysis. In this study, the ribosome pathway,
which plays a vital role in cell translation, was the most significantly upregulated pathway. We found that five genes were upregulated
in this pathway. For example, Ribosomal Protein SA (RPSA) is a membrane receptor of many pathogenic bacteria that induces the
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adherence of pathogenic bacteria to host cells [54]. The upregulated expression of the ribosomal pathway verified again that it was not
the antibacterial target of TC on P. gingivalis. In addition, the nitrogen metabolism and starch and sucrose metabolism pathways were
significantly suppressed by TC treatment. P. gingivalis was reported to be a saccharolytic bacterium, which provides energy via nitrogen
metabolism [55]. Downregulated nitrogen metabolism could inhibit the growth of P. gingivalis, and disruption of physiological
metabolism might also impede P. gingivalis biofilm formation. Three genes were found to be downregulated in this pathway. NrfA,
NrfH, and PG 2213 encode cytochrome c-552, cytochrome c nitrite reductase subunit, and nitrite reductase-related proteins,
respectively. NrfH acquires electrons from the menaquinone pool and mediates their transfer to the catalytic subunit NrfA in the
anaerobic respiratory process of nitrite [56]. Starch and sucrose metabolism have profound effects not only on the polysaccharide
matrix, but also on the dynamics of biofilm development and pathogenicity [57], partly explaining the anti-biofilm effect of TC. In this
pathway, PG 1681, PG 1682, and PG_1683 encode glycogen debranching enzyme, glycosyl transferase group 1 family protein, and
glyco_hydro_57 domain-containing protein, respectively, which were downregulated and may be related to glycogen biosynthesis.
Moreover, the differentially expressed genes in the downregulated signaling pathways were further confirmed by RT-qPCR. Therefore,
this study concluded that TC inhibited the growth of P. gingivalis and biofilm formation, and altered the transcription of nitrogen
metabolism and starch and sucrose metabolism-related genes.

There are still some limitations of this study. First, more than 700 bacterial species or phylotypes have been detected in the oral
cavity [58]. Previous studies reported that both periodontitis and peri-implantitis have been linked with primarily Gram-negative
anaerobes and polymicrobial infection, of which some core microbiota might play an important role [6,7]. This study only focused
on one of the most frequently found pathogens associated with periodontitis and peri-implantitis—P. gingivalis. Further research is
needed to verify the antibacterial effects of TC against other common periodontopathic bacteria, such as Fusobacterium nucleatum,
Aggregatibacter actinomycetemcomitans, Tannerella forsythia, and so on, as well as polymicrobial biofilms. Second, this study prelimi-
narily investigated the antibacterial activity of TC on P. gingivalis and examined its possible antibacterial mechanism in vitro. However,
further studies are required to detect the antibacterial behavior of TC in vivo to reflect the conditions that occur clinically.

5. Conclusions

This study demonstrated the antimicrobial effect of TC on P. gingivalis, of which the MIC and MBC were 39.07 pg/mL and 78.13 pg/
mL, respectively. After exposure to TC, 46 genes were downregulated in P. gingivalis. The pathways controlling cell metabolism were
mainly repressed, among which the expression levels of selected genes correlated to nitrogen metabolism (NrfA, NrfH and PG 2213)
and starch and sucrose metabolism (PG_1681, PG_1682, and PG_1683) showed significant inhibition. This finding confirmed TC to be a
natural antimicrobial agent against P. gingivalis and further demonstrated that TC suppressed the microbial activity on P. gingivalis by
disruption of physiological metabolism, which might inhibit the growth and the biofilm formation of P. gingivalis. This study provides
further insight into the potential of TC to be used in adjunctive treatment of periodontitis and peri-implantitis.
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