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The prevalence of dental caries in the Mexican adult population aged 20 to 85 years is around 93.3%, and 50% in Mexican children and adolescents. Worldwide, it is the most common non-communicable disease. One of the main etiological factors for dental caries is the oral microbiome and changes in its structure and function, with an expansion of pathogenic bacteria like Streptococcus mutans. The exposed dental pulp tissue triggers an innate immune response to counteract this bacterial invasion. The relation between oral dysbiosis and innate immune responses remains unclear. We aimed to understand the relationship between innate immune response and the oral microbiota by quantifying the expression of Toll-like receptors (TLRs) and proinflammatory markers (cytokines and a chemokine) in dental pulp tissue, either exposed or not to carious dentin, and to correlate this information with the oral microbiome found in healthy teeth and those with moderate caries. RNA was purified from pulp tissue, subjected to RT-qPCR and analysed with the ΔΔCt method. Supragingival dental plaque of non-carious teeth and dentin of carious teeth were subjected to 16S targeted sequencing. Principal coordinate analysis, permutational multivariate ANOVA, and linear discriminant analysis were used to assess differences between non-carious and carious teeth. Correlations were assessed with Spearman´s test and corrected for multiple comparisons using the FDR method. The relative abundance (RA) of Lactobacillus, Actinomyces, Prevotella, and Mitsuokella was increased in carious teeth; while the RA of Haemophilus and Porphyromonas decreased. Olsenella and Parascardovia were only detected in carious teeth. Significant overexpression of interleukin 1 beta (IL1 β), IL6, and CXCL8 was detected in pulp tissue exposed to carious dentin. IL1β correlated positively with TLR2 and Actinomyces; yet negatively with Porphyromonas. These findings suggest that immune response of pulp tissue chronically exposed to cariogenic microbiome is triggered by proinflammatory cytokines IL1β and IL6 and the chemokine CXCL8.
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1.  Introduction.

According to the World Health Organization (WHO), approximately 3.58 billion people worldwide are affected by oral diseases; and the most prevalent non-communicable disease (NCD) worldwide is dental caries, otherwise known as tooth decay, followed by periodontal disease (James et al., 2018). In México, the National System for Epidemiological Surveillance of Buccal Pathologies (SIVEPAB, 2019) reported that caries affects 93.3% of the Mexican population aged between 20 and 85 years and around 50% of children and adolescents (, 2019). When left untreated, these two diseases (caries and periodontal disease) can lead to dental pulp tissue damage, infection in the dental pulp tissue, tooth abscess, and eventually tooth loss. Therefore, these two diseases are major public health problems (Liu et al., 2020). Furthermore, oral health has been at the forefront of research and intervention therapeutics as it is linked to systematic diseases (Peng et al., 2022). Considering that the etiology of dental caries is multifactorial, recent data have implicated the oral microbiome as one of the main etiological factors in the development of oral diseases. The human oral microbiome consists of a well-organized collective of microorganisms, the vast majority of which are commensals. The extended human oral microbiome database (eHOMD, April 2022) lists 774 bacterial species in the oral cavity, divided into different phyla such as Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes, Synergistetes, and Proteobacteria (Escapa et al., 2018). Streptococcus viridians (formerly known as S. mitis) is the predominant bacterial species in the human oral cavity, found in saliva and dental plaque (among other niches). S. oralis is the initial colonizing species of the tooth surface and may regulate the first events in the formation of dental biofilm (Zbinden et al., 2015). The pathogenesis of caries is associated with aberrant changes in the oral microbiome, often termed dysbiosis, with the prevalence of bacteria, collectively known as cariogenic microbiota such as S. mutans (Takahashi and Nyvad, 2011; Belstrøm et al., 2014; Bezerra et al., 2016; Fakhruddin et al., 2019).

In recent years, molecular studies have unraveled how genera like Lactobacilli, Actinomyces, Bifidobacterium, Veillonella, Cutibacterium (formerly Propionibacterium) and Atopobium might play significant roles in the pathology of dental caries, acting synergistically with or antagonistically against Streptococcus mutans (Aas et al., 2008; Wolff et al., 2013; Wolff et al., 2019). Several authors have reported bacteria associated with caries in adults from different ethnic groups: Munson et al. (2004) reported bacterial species associated with middle and advancing front of dental caries showing a diverse bacterial community, including S. mutans, Lactobacillus, Rothia dentocariosa, and Propionibacterium. Chhour et al. (2005) described the microbial diversity in advanced caries, and reported an increased abundance of Lactobacillus, Prevotella, Selenomonas, Dialister, Fusobacterium, Eubacterium, Olsenella, Bifidobacterium, Propionibacterium, and Pseudoramibacter. S. mutans was not detected in this study. Other research groups detected an increase in Propionibacterium acidifaciens, this latter being approximately 40-fold more abundant than S. mutans in deep caries samples (Wolff et al., 2013). Today, researchers widely agree that S. mutans serve as a good marker for dental caries, but not necessarily as the only and exclusive etiologic agent (Beighton, 2005). These findings concur with earlier studies, demonstrating that there is a distinctive microbiome of the healthy oral cavity that is different from that associated with caries (Aas et al., 2008) yet, the composition of the oral microbiome in moderate caries, a stage characterized by enamel breakdown, without visual signs of dentin exposure, has been scarcely reported.

Over time, dental caries lead to an irreversible disease of the calcified tissue of the tooth, by demineralization and subsequent destruction of the organic substance of the tooth, resulting in progressive tooth decay leading to cavitation (Mazzoni et al., 2015). As enamel demineralization continues, dentin is exposed to bacterial invasion, resulting in further demineralization and cavitation (Takahashi and Nyvad, 2016). If caries remains untreated, they turn to deep caries that penetrate the entire thickness of the dentin with specific pulp exposure. When dental pulp cells are exposed to dental caries, they respond directly by expressing various chemokines and cytokines to promote cellular defence processes and attempt to repair (Farges and Lyon, 2015). There are no symptoms or visual signs in the initial stages of caries. Symptoms begin when the carious lesions grow and progress to the dentin (Selwitz, 2007). At this stage, an inflammatory response occurs in the dental pulp, along with pulp tissue ischemia with severe pain (Kwack and Lee, 2022).

Bacterial colonization of the carious dentin can be impeded by the innate immune response of exposed dental pulp tissue. The initial innate immune response to cariogenic bacteria and their components is triggered by the overexpression of cell receptors of the pulp-dentin complex, leading to the expression of regulatory and proinflammatory cytokines (Hahn and Liewehr, 2007a). The initial steps are difficult to define because dental decay is usually characterized by a slow progression, which takes place in a vertical direction from the tooth surface to the dental pulp tissue. Since dental pulp tissue is exposed to an abundance of antigenic components when a carious lesion reaches 2 mm (Hahn and Liewehr, 2007a), it can become irreversibly inflamed; at this point, an adaptive immune response is triggered (Hahn and Liewehr, 2007b). The abundance of antigenic components typically causes pulp infections that can induce pulp necrosis and apical periodontitis in severe cases characterized by the destruction of periodontal bone (Sci-Hub; Liu et al., 2020; Pourhajibagher et al., 2022). Consequently, oral microorganisms can translocate to other organs (Zarco et al., 2012; Camelo-Castillo et al., 2015; Yamashita and Takeshita, 2017; Gao et al., 2018; Nørskov-Lauritsen et al., 2019).

To have a better understanding on how exposed human dental pulp tissue responds to cariogenic microbiota in a moderate degree of dentin caries, it would be best to evaluate changes in microbial diversity and community structure that accompany tooth decay as well as in situ immune responses of the pulp tissue. One avenue to investigate both microbial communities and immune response under natural conditions is to examine teeth extracted from individuals with caries. Numerous studies have reported microbial community changes and immune responses in caries (Mutoh et al., 2007; Farges et al., 2011; Simón-Soro et al., 2013; Belstrøm et al., 2014). The aims of this study were to characterize the oral microbiome associated with caries of permanent teeth in adults, to describe bacterial profiles associated with the caries-free and active-caries teeth, to quantify the expression of TLRs and inflammatory markers in the dental pulp tissue, and to explore relationships between the oral microbiota and markers associated with innate immune responses.



2.  Materials and methods.


2.1.  Study design.

This study was conducted according to the World Medical Association (WMA) Declaration of Helsinki (Simón-Soro et al., 2013) on experimentation involving human subjects and was approved by the Ethics in Research Committee of the Faculty of Medicine of the UNAM, under project approval registry FM/DI/030/SR/2019.



2.2.  Study subjects.

Adult subjects were recruited consecutively from the maxillofacial surgery clinics of the Faculty of Dentistry of the Universidad Nacional Autónoma de México (UNAM). Subjects were invited to participate. If they accepted, teeth were extracted due to clinical indications other than orthodontic reasons or dental prosthetic rehabilitation. All participants were informed about the study´s objectives, and signed an “Informed and Free Consent Form”, as required by the Ethics in Research Committee.



2.3.  Eligibility criteria.


2.3.1.  Subjects.

Subjects who met the following criteria were enrolled in the study: subjects ≥18 years of age, both sexes, referred to the maxillofacial surgery clinics and who voluntarily accepted to donate extracted teeth. Exclusion criteria included pregnancy, breastfeeding, smoking, periodontal disease, any systemic disease preventing enrollment, use of systemic antibiotics in the previous three months, current or previous periodontal treatment, and current orthodontic therapy.



2.3.2.  Teeth.

Teeth (also known as dental organs) who met the following criteria were used: freshly (up to 24 hours) extracted, vital, permanent, mature, anterior and/or posterior [bicuspid (also known as premolars) and molars] teeth, exhibiting either caries-free, inactive or primary active moderated caries involving the dentin tissue. Exclusion criteria: any definitive or temporary dental fillings, restorative treatments, dental pulp tissue exposition, necrotic pulp tissue, chronic apical periodontitis, degrees of caries except moderate caries extending to the dentin tissue.




2.4.  Samples.


2.4.1.  Teeth.

According to the eligibility criteria, thirty-one teeth, bicuspid and molars, were collected and stored in a new sterile recipient containing a sterile physiological solution. Teeth were classified into two groups, non-carious (n = 14) or carious (n = 17) teeth. Extracted teeth were transported on ice to the Unidad de Investigación UNAM-INC. Samples were processed immediately or stored at - 20°C. Collection, classification and processing of all teeth were carried out by a dentist clinician (AG-G) trained in identifying visible caries lesions.



2.4.2.  Supragingival dental plaque.

All samples (SDP and carious dentin tissue) were processed by AG-G trained. SDP samples were collected before dental extraction. Subjects were asked to abstain from oral hygiene: tooth brushing, flossing, mouth rinsing and chewing gum consumption for at least 24 hours before SDP sampling. Before SDP sampling, cotton rolls were placed in the oral cavity to avoid saliva contamination. Using an autoclaved sterile Hu-Friedy dentin excavator (Hu-Friedy© Mfg. Co., LLC, Chicago; IL, Unites States), SDP samples were scraped off at the vestibular side of teeth within the same quadrant (left or right) of the upper/lower maxilla (Aas et al., 2008; Simón-Soro et al., 2013). Samples were stored in new sterile Eppendorf tubes free from RNases/DNases containing 500μl of 70% ethanol (Sigma-Aldrich® Co. LLC, Saint Louis, MO, US) and shipped to the Unidad de Investigación UNAM-INC for further assays. Samples were processed immediately, or stored at - 20°C.



2.4.3.  Dental pulp tissue.

All samples were processed by AG-G at Unidad de Investigación UNAM-INC and extracted under sterile conditions. To collect DPT from carious and non-carious teeth, a longitudinal furrow was made along the surface of each tooth by using a diamond disc revolving at a low velocity and irrigating with a sterile physiological solution. Subsequently, teeth were sectioned with an autoclaved sterile hammer and chiseled to expose the DPT. Then, the DPT was gently removed with a sterile and very sharp Hu-Friedy dentin spoon excavator and sterile Hu-Friedy dental tweezers. The tissue was macerated with a sterile pestle and embedded in TRIzol® (Life Technologies, San Diego, CA, US).



2.4.4.  Carious dentin tissue.

After dental extractions, teeth were shipped to the Unidad de Investigación UNAM-INC and proceeded by AG-G to collect DT from individual carious lesions. Caries-free stage, or degrees of inactive caries and moderate caries were confirmed by visual examination. Moderate caries was defined as carious lesions extending to the outer or middle third of dentin tissue (Couve et al., 2014). DT was extracted by scraping the tissue with an autoclaved sterile dentin excavator (Hu-Friedy© Mfg. Co., LLC, Chicago; IL, Unites States) or pulverizing the decaying surface with an autoclaved sterile endodontic file and ultrasound under sterile conditions (Simón-Soro et al., 2013; Wolff et al., 2019). Samples were placed separately in new sterile Eppendorf tubes free of RNases/DNases containing 500μl of 70% ethanol. Samples were processed immediately or stored at - 20°C.




2.5.  RNA extraction from dental pulp tissue.

Total RNA was isolated with TRIzol® reactive (Life Technologies, San Diego, CA, US), according to the manufacturer’s instructions and as described by Chomczynski (1993) (Mazzoni et al., 2015). The pellet was suspended in molecular biology grade sterile water, and the concentration and purity of the RNA were determined using the NanoDrop™ 2000c spectrophotometer (ThermoFisher Scientific Waltham, MA, US), considering absorbance at A260/280 ≥1.8. Total RNA integrity was verified by electrophoresis in 1% agarose gel stained with ethidium bromide and visualized in a UV ChemiDoc MP™ transilluminator (Bio-Rad Hercules, CA, US). Gel images were taken with a digital camera. RNA integrity was confirmed by capillary electrophoresis on an Agilent 2100 bioanalyzer (Santa Clara, CA, US), considering an integrity value of RNA (RIN≥6.0).


2.5.1.  Reverse transcription-qPCR.

Five hundred ng of RNA was treated with DNase (2 U/μl) TURBO DNA-free™ kit (Invitrogen Corp., Carlsbad, CA, US). Next, reverse transcription of 100ng of RNA was carried out with the Superscript II™ Reverse Transcriptase kit (Invitrogen Corp., Carlsbad, CA, US), using the Applied Biosystems 2720 thermal cycler (Applied Biosystems LLC, Bedford, MA, US) with an initial step at 65°C for 5 min, followed by a reverse transcription at 42°C for 52 min, and a final inactivation at 70°C for 15 min. Complementary DNA (cDNA) was stored at -20°C until further use.



2.5.2.  Real-time polymerase chain reaction.

Messenger RNA (mRNA) was amplified with specific primers for each marker (
Table S1
) using the NZY qPCR Green Master mix 2X kit (NZYtech Lisbon, Portugal). Markers were Toll-Like Receptor 2 (TLR2), and TLR4, tumor necrosis factor-alpha (TNFα), interleukin 1 beta (IL1β), IL6, chemokine C-X-C motif chemokine ligand 8 (CXCL8, also known as IL8), IL10, and transforming growth factor beta (TGFβ). Amplification was performed with the following conditions: denaturalization at 94°C for 15 sec, alignment at 57°C for 30 sec, and an extension at 72°C for 45 sec, for a total of 34 cycles. After amplification, the specificity of each PCR amplicon was determined by analyzing the melting curve and visualizing all amplicons in 2% agarose gel. Each sample was read in duplicate. Three internal controls were used: human macrophages stimulated with lipopolysaccharide (Mφ/LPS), without the cDNA mold (NTC), and without the transcriptase enzyme (NRT). Data was acquired and examined on a CFX96™ Real-Time thermal cycler Bio-Rad device (Bio-Rad, Hercules, CA, US). Results were reported with the 2-ΔΔCt method and normalized with the endogenous beta-actin genes and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).




2.6.  DNA extraction from supragingival dental plaque and carious dentin tissue.

DNA was extracted from the supragingival dental plaque and carious dentin tissue with the QIamp® DNA mini kit (Qiagen Inc., Valencia, CA, USA). Additionally, RNA was removed by Rnase (10mg/ml) digestion. DNA concentration and purity were measured in triplicate using the NanoDrop 2000c apparatus (ThermoFisher Scientific, Carlsbad, CA, USA), and samples with an A260/280 ≥1.8 were used. The mean value was calculated for each sample. Subsequently, the integrity of the DNA was examined by electrophoresis in 1% agarose gel stained with ethidium bromide and visualized in a UV ChemiDoc MP™ Bio-Rad transilluminator.


2.6.1.  16S rRNA gene amplicon sequencing.

DNA samples meeting quality control requirements were sent to Macrogen Co., LTD (Gasan-dong, Seoul, South Korea) for high-throughput amplicon sequencing of the V3 – V4 regions of the 16S rRNA gene on the Illumina MiSeq, Paired-end 2 × 300 bp, system (Illumina, San Diego, CA, USA). The primers used were: 341F (CTT ACG GGN GGC WGC AG) and 805R (GAC TAC HVG GGT ATC TAA TCC) (Herlemann et al., 2011). PCR amplification, libraries and sequencing were performed according to Macrogen´s Protocols. All samples were sequenced in the same sequencing run.



2.6.2.  Bioinformatic analysis of 16S rRNA gene.

Raw demultiplexed paired sequences were imported into QIIME2-2020.8 (Quantitative Insights into Microbial Ecology 2) (Bolyen et al., 2019). First, primers were removed with q2-cutadapt (Martin), next demultiplexed sequences were filtered, denoised, merged and trimmed in the region flanked by sequencing primers, 341F and 805R (Herlemann et al., 2011; Bach et al., 2019; Kawamoto et al., 2021). Forward and reverse reads were trimmed at position 260 and 210 respectively, and merged with a minimum overlap of 12 bp with q2-dada2 (Callahan et al., 2016) to obtain amplicon sequence variants (ASVs). Taxonomy was assigned with q2-feature‐classifier (Bokulich et al., 2018) by using a trained naïve Bayes taxonomy classifier for the V3 and V4 regions of the 16S rRNA gene, the trained reference was the eHOMD 15.2 database at 99% identity (Escapa I et al., 2020). The ASV table was filtered to remove ASVs not present in at least two samples with q2-feature-table (Weiss et al., 2017). Alpha diversity metrics (observed species, Chao1, Shannon & Simpson), beta diversity metric (Bray‐Curtis dissimilarity), and principal coordinates analysis were performed using q2-diversity after rarefying all samples to 10,000 sequences per sample using q2-feature-table rarefy, see 
Figure S1
 (Weiss et al., 2017).




2.7.  Statistical analysis.

Data were processed with the Statistical Package for Social Sciences (SPSS, version v21), GraphPad Prism v8 (La Jolla, CA, USA) and RStudio 3.6.3. Normal distribution was assessed with the Shapiro-Wilk test. If assumption of normality was confirmed, the parametric unpaired Student’s t-test for independent samples was used, assuming equal variances. If assumption of normality was not confirmed, the nonparametric Mann-Whitney U-test for the comparison of two unpaired groups and the nonparametric Spearman’s rank correlation coefficient, correcting for multiple comparisons using the false discovery rate (FDR) method. For nominal and dichotomic data, the chi-squared test or the Fisher´s exact test was used for categorical variables as appropriate. Alpha diversity metrics, the relative abundance at phylum and genus level, and gene expression were compared between non-carious and carious using the Mann-Whitney U test. Also, to identify discriminant features between groups, linear Discriminant Analysis Effect Size (LEfSe) was conducted using the default parameters (Segata et al., 2011). For the beta diversity metric, the permutational multivariate analysis of variance (PERMANOVA) test was used. Statistical significance was set at a p ≤ 0.05.




3.  Results.


3.1.  Study subjects.

Demographic characteristics of study subjects are summarized in 
Table 1
. Teeth were donated by 31 participants, 20 (64.5%) women and 11 (35.5%) men. The average age of our cohort was 28.5 ± 5.6 years old. Subjects were classified into two groups, according to the presence of caries, 14 (45.2%) had no caries or inactive caries (non-carious subjects) and 17 (54.8%) had caries (carious subjects). Two (6.5%) individuals had a history of never having had caries (caries free), 12 (38.7%) had a history of caries (inactive caries), and 17 (54.8%) suffered from active caries. No significant difference was observed between these 2 groups for sex and age, however, a difference was observed in the presence of caries, as expected (p < 0.001).


Table 1 | 
Demographic characteristics of the donors of teeth.






3.2.  Oral bacterial microbiota associated with moderate caries.

Four DNA samples from the non-carious group did not fulfil the quality control criteria established by Macrogen Co. and were not sequenced. A total of 2,515,688 raw sequences were obtained from DNA isolated from supragingival dental plaque (n = 10) and carious dentin tissue (n = 17), with a mean of 93,173.6 sequences per sample. After quality control, a total of 1,035,182 sequences remained, with a mean of 38,340 sequences per sample. As shown in 
Figure 1
, bacterial communities were visualized using principal coordinates analysis (PCoA). PERMANOVA analysis showed that 39.9% of the variance was explained by the presence of caries (R2 = 0.399, p = 0.001) suggesting that bacterial communities were significantly different between non-carious and carious teeth. However, no differences were observed for alpha diversity metrics (
Figure S2
). Also, surprisingly, no differential features were found when using LEfSe. The oral microbiota of the supragingival dental plaque and carious dentin tissue examined in this study was comprised of 11 phyla as shown in 
Figure 2
. Overall, the top 5 phyla were Firmicutes (55.99%), Actinobacteria (14.28%), Proteobacteria (10.05%), Bacteroidetes (9.21%), and Fusobacteria (8.68%), representing 98.21% of all phyla. A significant increase in the phylum Actinobacteria was observed when comparing carious versus non-carious teeth (p < 0.001, 
Table S2
). At the genus level, the oral microbiota was composed of 101 bacterial genera: the top 20 genera accounting for 88.89% of the total overall relative abundance (
Table S3
). The top 5 genera were Veillonella (21.94%), Streptococcus (19.21%), Lactobacillus (6.33%), Actinomyces (5.83%), and Leptotrichia (5.78%). A significant increase in the relative abundance of Lactobacillus (p = 0.012), Actinomyces (p = 0.004), Prevotella (p = 0.031), Mitsuokella (p = 0.015), Campylobacter (p = 0.007), Selenomonas (p = 0.001), and Scardovia (p = 0.038) was observed in carious teeth. Conversely, the relative abundance of Haemophilus (p = 0.008) and Porphyromonas (p = 0.016) (
Figure 3
, 
Table S3
) was reduced in carious teeth. Additionally, Olsenella (p < 0.001) and Parascardovia (p = 0.002) were observed only in carious teeth.




Figure 1 | 
Beta diversity analysis of the two groups: non-carious and carious teeth. Bacterial communities were visualized using principal coordinate analysis (PCoA) and Bray-Curtis dissimilarity index. Permutational multivariate analysis of variance (PERMANOVA) was used to assess differences between the two groups (PERMANOVA; p = 0.001). Blue dots refer non-carious group and red dots refer carious group.







Figure 2 | 
Relative abundance by phyla in the oral bacterial microbiota. Taxonomic barplots showing the top 11 phyla found in the oral microbiota (A) faceted by group: non-carious and carious teeth (B) of everyone. The letter S refers to samples taken from the supragingival dental plaque of non-carious teeth; the letter C refers to samples taken from the infected dentin tissue of moderate caries.







Figure 3 | 
Relative abundance by genus in the oral bacterial microbiota. Taxonomic barplots showing the top 20 genera found in the oral microbiota (A) faceted by group: non-carious and carious teeth (B) of everyone. The letter S refers to samples taken from the supragingival dental plaque of non-carious teeth; the letter C refers to samples taken from the infected dentin tissue of moderate caries.






3.3.  Innate immune response of dental pulp tissue exposed to moderate caries.

Next, we assessed the expression of various markers of innate immune response by RT-PCR. mRNA was extracted from the dental pulp tissue of non-carious and carious teeth (n = 14 and n = 17, respectively). As shown in 
Figure 4
, two proinflammatory cytokines: IL1β (p < 0.0001), IL6 (p = 0.041) and one chemokine CXCL8 (p = 0.041) were significantly elevated in carious teeth compared to non-carious teeth. No differences were observed for all the other markers (TLR2, TLR4, TFNα, IL10 and TFGβ).




Figure 4 | 
Expression of Toll-like receptors (TLRs) and inflammatory markers in dental pulp tissue non-exposed and exposed to moderate caries. (A) TNFα, IL1β, IL6, and CXCL8 (IL8) amplification (three proinflammatory cytokines and one chemokine, respectively). (B) IL10 and TGFβ amplification (regulatory cytokines). (C) TLR2 and TLR4 amplification. The data are reported as follows: the horizontal solid line within the box represents the median; the position of the cross (+) denotes the average; the box illustrates the results within 25–75 percentiles (interquartile range); the whiskers portray values from 5–95% normalized according to Tukey’s test; the black dots (•) show outliers. Statistical analysis by the Mann-Whitney U test, considering significance at p < 0.05 (*p = 0.0407 and ****p < 0.0001).






3.4.  Relationship between oral bacterial microbiota and the innate immune response of dental pulp tissue.

First, we explored relationships among the top 20 genera. Several positive and negative correlations were observed as shown in 
Figure 5
, some of them are listed below. Lactobacillus correlated positively Scardovia (R2 = 0.20, p = 0.019), Olsenella (R2 = 0.19, p = 0.023), Parascardovia (R2 = 0.18, p = 0.029), and Mitsuokella (R2 = 0.28, p = 0.005), and negatively with Haemophilus (R2 = 0.23, p = 0.011), Neisseria (R2 = 0.19, p = 0.024) and Lautropia (R2 = 0.03, p = 0.016). Similarly, Actinomyces correlated positively with Leptotrichia (R2 = 0.38, p = 0.048), Corynebacterium (R2 = 0.26, p = 0.006), and Campylobacter (R2 = 0.03, p = 0.003); and negatively with Porphyromonas (R2 = 0.20, p = 0.018) and Fusobacterium (R2 = 0.15, p = 0.047). Prevotella correlated positively with Campylobacter (R2 = 0.003, p = 0.019) and Selenomonas (R2 = 0.19, p = 0.024); and negatively with Haemophilus (R2 = 0.16, p = 0.038) and Neisseria (R2 = 0.20, p = 0.017). Mitsuokella correlated positively with Campylobacter (R2 = 0.15, p = 0.046), Selenomonas (R2 = 0.25, p = 0.007), Olsenella (R2 = 0.34, p = 0.002) and Parascardovia (R2 = 0.26, p = 0.007); and negatively with Haemophilus (R2 = 0.44, p < 0.001), and Neisseria (R2 = 0.21, p = 0.016). Campylobacter correlated positively with Corynebacterium (R2 = 0.35, p = 0.001). Selenomonas correlated positively with Corynebacterium (R2 = 0.16, p = 0.04) and Campylobacter (R2 = 0.76, p = 0.01). and negatively with Porphyromonas (R2 = 0.20, p = 0.019). Olsenella correlated positively with Scardovia (R2 = 0.44, p = 0.012). Haemophilus correlated positively with Streptococcus (R2 = 0.23, p = 0.012). Porphyromonas correlated positively with Haemophilus (R2 = 0.24, p = 0.01), Fusobacterium (R2 = 0.33, p = 0.05) and Neisseria (R2 = 0.19, p = 0.022).




Figure 5 | 
Analysis of the correlation between the oral bacterial microbiota present in moderate caries and the inflammatory markers expressed by the dental pulp tissue. Correlations are shown as a heatmap plot. After subjecting the data to the Shapiro-Wilk test of normality, the results required the application of Spearman’s rank correlation coefficient with the FDR method. Statistical significance was considered at 95% of confidence, with *p ≤ 0.05. Additional p-values are indicated as **p ≤ 0.01; ***p ≤ 0.001.




Then, we assessed relationships among markers of innate immune response. TLR2 was positively correlated with IL1β (R2 = 0.19, p = 0.025), IL6 (R2 = 0.19, p = 0.001), and negatively with TGFβ (R2 = 0.19, p = 0.013). Additionally, the expression of IL1β correlated positively with IL10 (R2 = 0.18, p = 0.040) and IL6 (R2 = 0.41, p < 0.001). IL6 correlated positively with CXCL8 (R2 = 0.58, p < 0.001), and TNFα (R2 = 0.28, p = 0.088); and while correlating negatively with TGFβ (R2 = 0.45, p < 0.001). CXCL8 correlated negatively with TGFβ (R2 = 0.30, p < 0.001). Finally, we assessed relationships between the top 20 genera and innate immune response and found a positive correlation between IL1β and Actinomyces (R2 = 0.37, p = 0.046), and negatively Porphyromonas (R2 = 0.38, p = 0.042), (
Figure 5
).



Figure 6
 illustrates the major findings of this study: a wild ex-vivo model of dental caries showed that during the natural course of this disease, dental pulp tissue exposed to oral microbiota associated with a moderate stage of dentin caries, overexpressed innate immune proinflammatory cytokines IL1β, IL6 and chemokine CXCL8, thus, contributing to a stage of inflammation driven by the expression of TLRs triggered by different MAMP´s from gram-positive and Gram-negative bacteria associated with moderate caries.




Figure 6 | 
Graphical model of the relationship between the oral bacterial microbiota and the innate immune response of dental pulp tissue in oral health and moderate caries. (A) The majority of the microbiome of non-carious teeth (determined with samples taken from the supragingival dental plaque) is represented by 5 phyla and their respective genera. In the presence of these bacterial profiles, dental pulp tissue constitutively expresses the regulatory cytokines IL10 and TGFβ. (B) The microbiota of teeth with moderate caries (determined with samples taken from infected dentin tissue) reflects a significant increase in the phylum Actinobacteria and the genera Firmicutes_Lactobacillus, Actinobacteria_Actinomyces, Bacteroidetes_Prevotella, Firmicutes_Mitzuokella, Proreobacteria_Campylobacter, Firmicutes_Selenomonas, and Actinobacteria_Scardovia, as well as a significant decrease in Proteobacteria_Haemophilus and Proteobacteria_Porphyromonas compared to the microbiota of non-carious teeth. Additionally, Actinobacteria_Olsenella and Actinobacteria_Parascardovia are present exclusively in moderate caries. Regarding the innate immune response, dental pulp tissue exposed to moderate caries expresses a significant increase in the chemokine CXCL8 and pro-inflammatory cytokines IL6 and IL1β. Each dot indicates a colour assigned to a phylum. The plus (+) and minus (-) signs indicate Gram-positive and Gram-negative bacteria, respectively. The two genera inside the rectangle drawn with a dotted line are the genera exclusively found in carious teeth (versus non-carious teeth). ↑ increase; ↓ decrease; ∅ exclusive to moderate caries group.







4.  Discussion.

This study aimed at understanding changes in the oral microbiota in teeth with a moderate stage of tooth decay. Bacterial taxonomic profiles were correlated with in situ expression of markers associated with innate immune response of dental pulp tissue chronically exposed to dentin caries. Caries in the teeth herein analyzed developed under natural conditions. There are some reports on the oral (salivary and dental plaque) microbiota associated with carious teeth (Belda-Ferre et al., 2012; Belstrøm et al., 2014; Belstrøm et al., 2015; Simón-Soro and Mira, 2015; Belstrøm et al., 2017), while others have assessed, in vitro, the degree of TLRs and proinflammatory cytokines expression in dental pulp tissue (Couble et al., 2000; Durand et al., 2006; Staquet et al., 2011; Carrouel et al., 2013; Farges and Lyon, 2015; Renard et al., 2016). However, this is the first report, to our knowledge, that evaluates the bacterial microbiome and immune response in teeth a wild ex-vivo model of moderate dental caries.

When comparing both groups (non-carious versus carious teeth), we observed differences in the bacterial communities present and the taxonomical composition of the oral microbiome. Individuals with caries showed a significantly higher relative abundance of Actinobacteria and Lactobacillus, Actinomyces, Prevotella, Mitsuokella, Selenomonas, and Scardovia, and a lower relative abundance in Haemophilus and Porphyromonas. Although Mitsuokella has not been linked to caries, it is known to play a significant role in the development of periodontal disease. Mitsuokella dentalis has been isolated from dental root canals (Haapasalo et al., 1986). Thus, our results showing an increased relative abundance of Mitsuokella in the carious group is interesting. On the other hand, a depletion in Porphyromonas in the same group agrees with data published by Belstrøm et al. (Belstrøm et al., 2015). Our results are also concordant with a study by Obata and colleagues (Obata et al., 2014) who reported a predominance of Lactobacillus and Prevotella in the dentin of teeth with caries. In the present study, a tendency to an increase of these two genera was also found in teeth with moderate caries. Another study published by Zheng and colleagues (Zheng et al., 2019) examined the identity of the microbiome (V3-V4 region of the 16S rRNA gene) of deep dentinal caries and its correlation with the inflammation status of caries-induced pulpitis.

Unlike our results, they observed that as the carious lesion progressed, the relative abundance of Actinobacteria decreased while Firmicutes increased. Interestingly, both studies found a higher relative abundance of the genus Lactobacillus in caries. Zheng and colleagues reported a particularly notable increase in this genus in teeth with irreversible symptomatic pulpitis. They demonstrated a strong association between the depth of a carious lesion in the dentin and the presence of reversible or irreversible pulpitis. Likewise, Ferraz Caneppele et al. (Caneppele et al., 2021) described a greater relative abundance of Lactobacillus, Capnocytophaga sputigena, and Leptotrichia buccalis in teeth with deep and symptomatic caries. They concluded that symptomatic caries does not correlate with the bacterial load but instead to the amount of endotoxins, and this is regardless of the area sampled. The present results are also distinct from those reported by Benítez Páez et al. (Benítez-Páez et al., 2014), who identified Actinomyces as the most abundant genus in conditions of oral health, and Porphyromonas, Fusobacterium, Capnocytophaga, Tannerella, and Leptotrichia as the most abundant in a diseased state (Benítez-Páez et al., 2014). According to Simón-Soro et al. (Simón-Soro and Mira, 2015), in the dental plaque on the surface of healthy teeth, the relative abundance of Fusobacterium predominates, followed by Neisseria and Streptococcus.

Since the intra- and intermicrobial interactions are relevant in the pathogenesis of caries, these have been investigated and reported by different authors. For example, Gomez et al. (Gomez et al., 2017) reported a close relationship between Streptococcus and Rothia, Actinomyces, and Selenomonas during dental caries; bacteria that have been described as predictive markers of caries. Also associated with dental caries are Tannerella and P. olorum. An antagonistic relationship between Streptococcus and Fusobacterium and Aggregatibacter was reported by Simón-Soro and colleagues (Simón-Soro et al., 2013) in individuals with caries. These correlations are in partial agreement with our results. Interestingly, the current findings show patterns of correlation between bacterial communities, as previously described by Belstrøm et al. (Belstrøm et al., 2017). They found a significantly higher α-diversity for Neisseria, Haemophilus, and Fusobacterium in saliva samples in the healthy group compared to individuals with a history of having caries. There was an evident clustering between the two groups. Regarding the diversity of the oral microbiota of teeth with caries, our results are concordant with those reported by Belstrøm et al., carried out in Danish subjects. The similarities between these two studies, despite the distinct sites sampled (supragingival dental plaque in our study versus saliva samples in Belstrøm´s study) suggests that determining factors exist regardless of the oral niche sampled. These factors could be related to DNA extraction, PCR amplification, and the hypervariable region used for 16S sequencing. On the other hand, some researchers have argued that it was imperative to compare site-specific data, as we did in the present study (Richards et al., 2017), to gain a better understanding of an irreversible chronic NCD of the oral cavity such as dental caries (Giacaman et al., 2022).

Several authors have assessed the expression of TLR2 and proinflammatory cytokines in distinct dental pulp cells challenged in vitro with different components of Gram-positive and Gram-negative bacteria. In this study, expression profiles of TLR2 and TLR4 and several proinflammatory cytokines were examined as well, but in pulp tissue exposed in vivo to modetate caries. Proinflammatory cytokines IL1β and IL6 and the chemokine CXCL8 (IL8) were significantly increased in teeth with caries (versus non-carious teeth). Differential expression of some TLRs and cytokines could be related to the variability in the stage of dental decay. This agrees with findings that differential expression profiles of inflammatory markers are associated with the presence of microbe-associated molecular patterns (MAMPs) from Gram-positive and Gram-negative bacteria found in caries (Staquet et al., 2011; Farges et al., 2015). Our results are concordant with those reported by various authors. As reported by Farges and colleagues, odontoblast cells stimulated with lipoteichoic acid (LTA) and Pam2CSK4 generated a sharp rise in proinflammatory cytokines, including TNFα, IFNγ, IL1β, IL6, and CXCL8 (Beighton D., 2005). Additionally, they found a similar expression of the regulatory cytokine IL10 between healthy dental pulp tissue and dental pulp tissue exposed to moderate caries; the present study also reports no difference in IL-10. Similarly, Colombini-Ishikiriama et al. (Colombini-Ishikiriama et al., 2020) and Keller et al. (Keller et al., 2010) observed a differential expression of IL1β, IL6, IL8, and TNFα in cultures of pulp fibroblasts of deciduous teeth stimulated with Escherichia coli-lipopolysaccharide (EcLPS) or Enterococcus faecalis-lipoteichoic acid (EfLTA). However, they also detected a differential expression of IL10.

We acknowledge that this study has several limitations. First, sample size is small. Also, we compared two different types of samples, supragingival dental plaque and carious dentin tissue. The study design is cross-sectional. Although differences were observed between non-carious and carious teeth, our results should be interpreted with caution due to the limitations in statistical power inherent to small sample sizes. We also acknowledge that we did not adjust for confounding variables; when comparing clinical and demographic variables between these two groups, we found no differences in age or sex. This study is, to our knowledge, the first to describe the oral microbiota in Mexican individuals with and without dental caries. The strength of this study is that the oral microbiota associated with caries was evaluated concomitantly with innate immune responses (expression of TLRs and inflammatory markers) of dental pulp tissue exposed in vivo to moderate caries.



5.  Conclusions.

A distinct bacterial community structure and a differential expression of innate immune responses were observed in dental caries of Mexican individuals, with 2 genera, Olsenella and Parascardovia, exclusively found in moderate caries, and IL1β, IL6 and CXCL8 being overexpressed in dental caries. Findings reported here suggest that different pulp cell populations, mostly odontoblasts and fibroblasts, may play a relevant role in the modulation of immune responses of dental pulp tissue chronically exposed to bacteria such as Lactobacillus, Actinomyces and Porphyromonas; driving the stimulation of dental pulp cells by distinct MAMPs, including LTA and lipopolysaccharide (LPS). This modulation may occur via TLRs, inducing downstream signaling of proinflammatory cytokines IL1β and IL6 and the chemokine CXCL8. It is imperative to gain insights not only into the microbial profiles associated with dental caries with a moderate degree of progression but also elucidate how the innate immunity of the affected dental pulp tissue responds, to contribute to the development of new strategies to treat caries.



Data availability statement

The FASTQ reads and datasets presented in this study can be found in online repositories. Repository: SRA accession number: PRJNA842423. The link to the data can be found below: http://www.ncbi.nlm.nih.gov/bioproject/842423.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics in Research Committee of the Faculty of Medicine of the UNAM, under project approval registry FM/DI/030/SR/2019. The patients/participants provided their written informed consent to participate in this study.



Author contributions

AG-G contributed with the conceptualization, carried out the investigation, conceived and designed the experiments, and performed the formal analysis and writing-original draft of the manuscript. YL-V contributed with writing-review and editing, writing-original draft, methodology, supervision and validation of results and figures. SP-C contributed to the data curation, technical support for statistical and data analysis and writing-review and editing of the manuscript. MAG contributed to the funding and project administration, conceptualization, and methodology. The original draft was prepared by AG-G and MAG. All authors contributed to the article and approved the submitted version.





Funding

MA-G is grateful to the DGAPA-PAPIIT for the grants supporting this project [IN218619 and IN212422]. Authors are grateful for the partial support of the Fundación Gonzalo Río Arronte S.590 for editorial expenses.



Acknowledgments

AG-G is a doctoral student from the Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de Mexico (UNAM) and has received CONACyT fellowship 583718. This project is part of her doctoral work. The authors are grateful to Dr María del Carmen Maldonado Bernal for the technical advice for the purification of nucleic acids and the experimental design of RT-qPCR assays. Dr Patricia Orduña Estrada and Dr Gonzalo Castillo Rojas of the Laboratorio de Microbioma and Programa de Inmunología Molecular Microbiana at the Departamento de Microbiología y Parasitología, Facultad de Medicina, UNAM. We give thanks to Dr Rosa María Wong Chew and the academic technicians Antonio Humberto Angel Ambrosio, Miguel Leonardo García León, and Patricia Bautista Carbajal of the Laboratorio de Investigación en Enfermedades Infecciosas from División de Investigación, Facultad de Medicina, UNAM, regarding the facilities made available to carry out the analysis of quality of RNA by capillary electrophoresis, the isolation and purification of DNA, and RT-qPCR. We are also indebted to the technical support provided by Dr Alma Reyna Escalona Montaño of the Unidad de Investigación UNAM-INC, at División de Investigación, Facultad de Medicina, UNAM, and to MS Miriam E. Nieves Ramírez and QFB Catalina Gayosso Vázquez of the Unidad de Investigación de Medicina Experimental, at Hospital General de Mexico “Dr Eduardo Liceaga” in Mexico City. The authors acknowledge the invaluable support provided by Professor Esp. Valentín Nieves Hoshiko of the Programa de Posgrado de Cirugia Oral y Maxilofacial, Professor Esp. Samuel Jimenez Escamilla of Clínica de Cirugía Maxilofacial of Programa de Licenciatura of the Facultad de Odontología, UNAM, and MS Paulina Hernández Ruíz for their collaboration in the donation of the healthy teeth and those with caries used in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.958722/full#supplementary-material




References

 Aas, J. A., Griffen, A. L., Dardis, S. R., Lee, A. M., Olsen, I., Dewhirst, F. E., et al. (2008). Bacteria of dental caries in primary and permanent teeth in children and young adults. J. Clin. Microbiol. 46 (4), 1407–1417. doi: 10.1128/JCM.01410-07


 Beighton, D. (2005) The complex oral microflora of high-risk individuals and groups and its role in the caries process. Community. Dent. Oral. Epidemiol. (London, UK: Blackwell Munksgaard) 33, 248–55. doi: 10.1111/j.1600-0528.2005.00232.x


 Belda-Ferre, P., Alcaraz, L. D., Cabrera-Rubio, R., Romero, H., Simón-Soro, A., Pignatelli, M., et al. (2012). The oral metagenome in health and disease. ISME J. 6 (1), 46–56. doi: 10.1038/ismej.2011.85


 Belstrøm, D., Fiehn, N. E., Nielsen, C. H., Holmstrup, P., Kirkby, N., Klepac-Ceraj, V., et al. (2014). Altered bacterial profiles in saliva from adults with caries lesions: A case-cohort study. Caries Res. 48 (5), 368–375. doi: 10.1159/000357502


 Belstrøm, D., Fiehn, N. E., Nielsen, C. H., Kirkby, N., Twetman, S., Klepac-Ceraj, V., et al. (2014). Differences in bacterial saliva profile between periodontitis patients and a control cohort. J. Clin. Periodontol. 41 (2), 104–112. doi: 10.1111/jcpe.12190


 Belstrøm, D., Fiehn, N. E., Nielsen, C. H., Klepac-Ceraj, V., Paster, B. J., Twetman, S., et al. (2015). Differentiation of salivary bacterial profiles of subjects with periodontitis and dental caries. J. Oral. Microbiol. 7 (1), 1–5. doi: 10.3402/jom.v7.27429


 Belstrøm, D., Holmstrup, P., Fiehn, N. E., Kirkby, N., Kokaras, A., Paster, B. J., et al. (2017). Salivary microbiota in individuals with different levels of caries experience. J. Oral. Microbiol. 9 (1), 1–8. doi: 10.1080/20002297.2016.1270614


 Benítez-Páez, A., Belda-Ferre, P., Simón-Soro, A., and Mira, A. (2014). Microbiota diversity and gene expression dynamics in human oral biofilms. BMC Genomics 15 (1), 1–13. doi: 10.1186/1471-2164-15-311


 Bezerra, D. S., Stipp, R. N., Neves, B. G., Guedes, S. F. F., Nascimento, M. M., and Rodrigues, L. K. A. (2016). Insights into the virulence traits of streptococcus mutans in dentine carious lesions of children with early childhood caries. Caries Res. 50 (3), 279–287. doi: 10.1159/000445256


 Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. (2018). Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome. 6 (1), 1–17. doi: 10.1186/s40168-018-0470-z


 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9


 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from illumina amplicon data. Nat. Methods 13 (7), 581–583. doi: 10.1038/nmeth.3869


 Camelo-Castillo, A. J., Mira, A., Pico, A., Nibali, L., Henderson, B., Donos, N., et al. (2015). Subgingival microbiota in health compared to periodontitis and the influence of smoking. Front. Microbiol. 6. doi: 10.3389/fmicb.2015.00119


 Caneppele, T. M. F., de Souza, L. G., Spinola M da, S., de Oliveira, F. E., de Oliveira, L. D., Carvalho, C. A. T., et al. (2021). Bacterial levels and amount of endotoxins in carious dentin within reversible pulpitis scenarios. Clin. Oral. Investig. 25 (5), 3033–3042. doi: 10.1007/s00784-020-03624-7


 Carrouel, F., Staquet, M. J., Keller, J. F., Baudouin, C., Msika, P., Bleicher, F., et al. (2013). Lipopolysaccharide-binding protein inhibits toll-like receptor 2 activation by lipoteichoic acid in human odontoblast-like cells. J. Endod. 39 (8), 1008–1014. doi: 10.1016/j.joen.2013.04.020


 Chhour, K. L., Nadkarni, M. A., Byun, R., Martin, F. E., Jacques, N. A., and Hunter, N. (2005). Molecular analysis of microbial diversity in advanced caries. J. Clin. Microbiol. 43 (2), 843–849. doi: 10.1128/JCM.43.2.843-849.2005


 Colombini-Ishikiriama, B. L., Dionisio, T. J., Garbieri, T. F., da Silva, R. A., Machado, M. A. A. M., de Oliveira, S. H. P., et al. (2020). What is the response profile of deciduous pulp fibroblasts stimulated with e. coli LPS and e. faecalis LTA? BMC Immunol. 21 (1), 1–9. doi: 10.1186/s12865-020-00367-8


 Couble, M. L., Farges, J. C., Bleicher, F., Perrat-Mabillon, B., Boudeulle, M., and Magloire, H. (2000). Odontoblast differentiation of human dental pulp cells in explant cultures. Calcif Tissue Int. 66 (2), 129–138. doi: 10.1007/PL00005833


 Couve, E., Osorio, R., and Schmachtenberg, O. (2014). Reactionary dentinogenesis and neuroimmune response in dental caries. J. Dent. Res. 93 (8), 788–793. doi: 10.1177/0022034514539507


 Durand, S. H., Flacher, V., Roméas, A., Carrouel, F., Colomb, E., Vincent, C., et al. (2006). Lipoteichoic acid increases TLR and functional chemokine expression while reducing dentin formation in In vitro differentiated human odontoblasts. J. Immunol. 176 (5), 2880–2887. doi: 10.4049/jimmunol.176.5.2880


 Escapa, I. F., Chen, T., Huang, Y., Gajare, P., Dewhirst, F. E., and Lemon, K. P. (2018). New insights into human nostril microbiome from the expanded human oral microbiome database (eHOMD): a resource for the microbiome of the human aerodigestive tract. mSystems. 3 (6), 1–20. doi: 10.1128/mSystems.00187-18


 Escapa I, F., Huang, Y., Chen, T., Lin, M., Kokaras, A., Dewhirst, F. E., et al. (2020). Construction of habitat-specific training sets to achieve species-level assignment in 16S rRNA gene datasets. Microbiome. 8 (1), 65. doi: 10.1186/s40168-020-00841-w


 Fakhruddin, K. S., Ngo, H. C., and Samaranayake, L. P. (2019). Cariogenic microbiome and microbiota of the early primary dentition: A contemporary overview. Oral. Dis. 25 (4), 982–995. doi: 10.1111/odi.12932


 Farges, J.C., Alliot-licht, B., Renard, E., Ducret, M., Gaudin, A., Smith, A. J., et al. (2015). Dental pulp defence and repair mechanisms in dental caries Mediators in Inflammation 2015, 1–16. doi: 10.1155/2015/230251


 Farges, J. C., Carrouel, F., Keller, J. F., Baudouin, C., Msika, P., Bleicher, F., et al. (2011). Cytokine production by human odontoblast-like cells upon toll-like receptor-2 engagement. Immunobiology. 216 (4), 513–517. doi: 10.1016/j.imbio.2010.08.006


 Farges, J.C., and Lyon, D. (2015). Expression of NOD2 is increased in inflamed human dental pulps and lipoteichoic. 17 (1), 29–34. doi: 10.1177/1753425909348527


 Garcia-Lemos, A. M., Großkinsky, D. K., Stokholm, M. S., Lund, OS, Nicolaisen, MH, Roitsch, TG, et al. (2019) Root-associated microbial communities of abies nordmanniana: Insights into interactions of microbial communities with antioxidative enzymes and plant growth. Front. Microbiol. doi: 10.3389/fmicb.2019.01937


 Gao, L., Xu, T., Huang, G., Jiang, S., Gu, Y., and Chen, F. (2018). Oral microbiomes: more and more importance in oral cavity and whole body. Protein Cell 9 (5), 488–500. doi: 10.1007/s13238-018-0548-1


 Giacaman, R. A., Fernández, C. E., Muñoz-Sandoval, C., León, S., García-Manríquez, N., Echeverría, C., et al (2022) Understanding dental caries as anon-communicable and behavioral disease: Management implications. Front. Oral. Health 3:764479. doi: 10.3389/froh.2022.764479


 Gomez, A., Espinoza, J. L., Harkins, D. M., and Leong, P. (2017). Host genetic control of the oral microbiome in health and disease. Cell Host Microbe 22 (3), 269–278. doi: 10.1016/j.chom.2017.08.013


 Haapasalo, M., Ranta, H., and Shah, H. (1986). Mitsuokella dentalis sp. nov. from dental root canals. Int. J. Syst. Bacteriol. 36 (4), 566–568. doi: 10.1099/00207713-36-4-566


 Hahn, C., and Liewehr, F. R. (2007a). Innate immune responses of the dental pulp to caries. J. Endod. 33 (6), 643–651. doi: 10.1016/j.joen.2007.01.001


 Hahn, C., and Liewehr, F. R. (2007b). Update on the adaptive immune responses of the dental pulp. J. Endod. 33 (7), 773–781. doi: 10.1016/j.joen.2007.01.002


 Herlemann, D. P. R., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J. J., and Andersson, A. F. (2011). Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. ISME J. 5 (10), 1571–1579. doi: 10.1038/ismej.2011.41


 James, S. L., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al. (2018). Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990–2017: a systematic analysis for the global burden of disease study 2017. Lancet 392 (10159), 1789–1858. doi: 10.1016/S0140-6736(18)32279-7


 Kawamoto, D., Borges, R., Ribeiro, R. A., de Souza, R. F., Amado, P. P. P., Saraiva, L., et al. (2021). Oral dysbiosis in severe forms of periodontitis is associated with gut dysbiosis and correlated with salivary inflammatory mediators: A preliminary study. Front. Oral. Health 2. doi: 10.3389/froh.2021.722495


 Keller, J. F., Carrouel, F., Colomb, E., Durand, S. H., Baudouin, C., Msika, P., et al. (2010). Toll-like receptor 2 activation by lipoteichoic acid induces differential production of pro-inflammatory cytokines in human odontoblasts, dental pulp fibroblasts and immature dendritic cells. Immunobiology. 215 (1), 53–59. doi: 10.1016/j.imbio.2009.01.009


 Kwack, K. H., and Lee, H. W. (2022). Clinical potential of dental pulp stem cells in pulp regeneration: Current endodontic progress and future perspectives. Front. Cell Dev. Biol. 10. doi: 10.3389/fcell.2022.857066


 Liu, G., Wu, C., Abrams, W. R., and Li, Y. (2020). Structural and functional characteristics of the microbiome in deep-dentin caries. J. Dent. Res. 99 (6), 713–720. doi: 10.1177/0022034520913248


 Lomelí-Buyoli, G., Mejía-González, A. M., and Rodríguez-González, K.. (2019) Resultados del Sistema de Vigilancia Epidemiológica de Patologías Bucales SIVEPAB 2019. (Ciudad de México)


 Martin, (2011) Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. journal. doi: 10.14806/ej.17.1.200


 Mazzoni, A., Tjäderhane, L., Checchi, V., di Lenarda, R., Salo, T., Tay, F. R., et al. (2015). Role of dentin MMPs in caries progression and bond stability. J. Dental Res. 94, 241–251. doi: 10.1177/0022034514562833


 Munson, M. A., Banerjee, A., Watson, T. F., and Wade, W. G. (2004). Molecular analysis of the microflora associated with dental caries. J. Clin. Microbiol. 42 (7), 3023–3029. doi: 10.1128/JCM.42.7.3023-3029.2004


 Mutoh, N., Tani-Ishii, N., Tsukinoki, K., Chieda, K., and Watanabe, K. (2007). Expression of toll-like receptor 2 and 4 in dental pulp. J. Endod. 33 (10), 1183–1186. doi: 10.1016/j.joen.2007.05.018


 Nørskov-Lauritsen, N., Claesson, R., Jensen, A. B., Åberg, C. H., and Haubek, D. (2019). Aggregatibacter actinomycetemcomitans: Clinical significance of a pathobiont subjected to ample changes in classification and nomenclature. Pathogens. 8 (4), 1–18. doi: 10.3390/pathogens8040243


 Obata, J., Takeshita, T., Shibata, Y., Yamanaka, W., and Unemori, M. (2014). Identification of the microbiota in carious dentin lesions using 16S rRNA gene sequencing. PloS One 9 (8), 103712. doi: 10.1371/journal.pone.0103712




Pathophysiology of dental caries. Monogr. Oral. Sci., 1–10. doi: 10.1159/000487826. Sci-Hub.


 Peng, X., Cheng, L., You, Y., Tang, C., Ren, B., Li, Y., et al. (2022). Oral microbiota in human systematic diseases. Int. J. Oral. Sci. 14 (1), 1–11. doi: 10.1038/s41368-022-00163-7


 Pourhajibagher, M., Alaeddini, M., Etemad-Moghadam, S., Rahimi Esboei, B., Bahrami, R., Miri Mousavi, R.s., et al. (2022). Quorum quenching of streptococcus mutans via the nano-quercetin-based antimicrobial photodynamic therapy as a potential target for cariogenic biofilm. BMC Microbiol. 22 (1), 1–18. doi: 10.1186/s12866-022-02544-8


 Renard, E., Gaudin, A., Bienvenu, G., Amiaud, J., Farges, J. C., Cuturi, M. C., et al. (2016). Immune cells and molecular networks in experimentally induced pulpitis. J. Dent. Res. 95 (2), 196–205. doi: 10.1177/0022034515612086


 Richards, V. P., Alvarez, A. J., Luce, A. R., Bedenbaugh, M., Mitchell, M. L., Burne, R. A., et al. (2017). Microbiomes of sitespecific dental plaques from children with different caries status. Infect. Immun. 85 (8), 1–11. doi: 10.1128/IAI.00106-17


 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12 (6), R60. doi: 10.1186/gb-2011-12-6-r60


 Selwitz, R. H., Ismail, A., and Pitts, N. (2007) Dental caries. Lancet 369 (9555), 51–59. doi: 10.1016/S0140-6736(07)60031-2.


 Simón-Soro, A., Belda-Ferre, P., Cabrera-Rubio, R., Alcaraz, L. D., and Mira, A. (2013). A tissue-dependent hypothesis of dental caries. Caries Res. 47 (6), 591–600. doi: 10.1159/000351663


 Simón-Soro, A., and Mira, A. (2015). Solving the etiology of dental caries. Trends Microbiol. 23 (2), 76–82. doi: 10.1016/j.tim.2014.10.010


 Simón-Soro, Á, Tomás, I., Cabrera-Rubio, R., Catalan, M. D., Nyvad, B., and Mira, A. (2013). Microbial geography of the oral cavity. J. Dent. Res. 92 (7), 616–621. doi: 10.1177/0022034513488119


 Staquet, M. J., Carrouel, F., Keller, J. F., Baudouin, C., Msika, P., Bleicher, F., et al. (2011). Pattern-recognition receptors in pulp defense. Adv. Dent. Res. 23 (3), 296–301. doi: 10.1177/0022034511405390


 Takahashi, N., and Nyvad, B. (2011). The role of bacteria in the caries process: Ecological perspectives. J. Dent. Res. 90 (3), 294–303. doi: 10.1177/0022034510379602


 Takahashi, N., and Nyvad, B. (2016). Ecological hypothesis of dentin and root caries. Caries Res. 50 (4), 422–431. doi: 10.1159/000447309


 Weiss, S., Xu, Z. Z., Peddada, S., Amir, A., Bittinger, K., Gonzalez, A., et al. (2017). Normalization and microbial differential abundance strategies depend upon data characteristics Microbiome 1–18. doi: 10.1186/s40168-017-0237-y


 Wolff, D., Frese, C., Maier-Kraus, T., Krueger, T., and Wolff, B. (2013). Bacterial biofilm composition in caries and caries-free subjects. Caries Res. 47 (1), 69–77. doi: 10.1159/000344022


 Wolff, D., Frese, C., Schoilew, K., Dalpke, A., Wolff, B., and Boutin, S. (2019). Amplicon-based microbiome study highlights the loss of diversity and the establishment of a set of species in patients with dentin caries. PloS One 14 (7), e0219714.1–16. doi: 10.1371/journal.pone.0219714


 WMA General Assembly
 (2013). World Medical Association Declaration of Helsinki: Ethical principles for medical research involving human subjects. JAMA 310 (20), 2191–2194. doi: 10.1001/jama.2013.281053


 Yamashita, Y., and Takeshita, T. (2017). The oral microbiome and human health. J. Oral. Sci. 59 (2), 201–206. doi: 10.2334/josnusd.16-0856


 Zarco, M. F., Vess, T. J., and Ginsburg, G. S. (2012). The oral microbiome in health and disease and the potential impact on personalized dental medicine. Oral. Dis. 18 (2), 109–120. doi: 10.1111/j.1601-0825.2011.01851.x


 Zbinden, A., Bostanci, N., and Belibasakis, G. N. (2015). The novel species streptococcus tigurinus and its association with oral infection. Virulence 6, 177–182. doi: 10.4161/21505594.2014.970472


 Zheng, J., Wu, Z., Niu, K., Xie, Y., Hu, X., Fu, J., et al. (2019). Microbiome of deep dentinal caries from reversible pulpitis to irreversible pulpitis. J. Endod. [Internet]. 45 (3), 302–309.e1. doi: 10.1016/j.joen.2018.11.017




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gómez-García, López-Vidal, Pinto-Cardoso and Aguirre-García. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fcimb-12-958722-g004.jpg
g .3
= T
828
*M: t
¢ o
*M

*H_H

*

*

*
-|-|]|—
T ®© 4 v 3 o9 g
o o © 8 2 <2 <9

2
0.
0 0 0 0
(10Vvvo abueyo pjoy) uoissaidxa YNYW sAjeley

b
o

© N - ¢ o =]
o o o 2 = <
=] =) =]

(10VV 8bueyp pjoy) uoissaidxe YNYW BAle|ey

H H

%

r—
S © N © <t M N - ¥ N O N
N-vo ©ecc8 2222
0000-

107y abueyo pioy) uocissaldxe YNM W aAne[oy





OEBPS/Images/fcimb-12-958722-g002.jpg
Relative abundance (%)

Relative abundance (%)

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

100%

90%

80%

70%

60%

50%

xR

40%

30%

20%

10%

ODD

W p__Firmicutes
p__Actinobacteria
p__Proteobacteria
p__Bacteroidetes
p__Fusobacteria

m p__Saccharibacteria_(TM?7)

m Others

Non-carious Carious

14c I

15C
16C
17C |

13C B
18c Il
24¢c I

15
25
3s
5s |
65
7S
8s |
9s
105 B
11¢ |
12C
25C |
26C
27C

4s
19C |
20C |
21C
22C |
23C





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Overexpression of proinflammatory cytokines in dental pulp tissue and distinct bacterial microbiota in carious teeth of Mexican Individuals

      

        		

          1.  Introduction.

        



        		

          2.  Materials and methods.

        

          		

            2.1.  Study design.

          



          		

            2.2.  Study subjects.

          



          		

            2.3.  Eligibility criteria.

          

            		

              2.3.1.  Subjects.

            



            		

              2.3.2.  Teeth.

            



          



          



          		

            2.4.  Samples.

          

            		

              2.4.1.  Teeth.

            



            		

              2.4.2.  Supragingival dental plaque.

            



            		

              2.4.3.  Dental pulp tissue.

            



            		

              2.4.4.  Carious dentin tissue.

            



          



          



          		

            2.5.  RNA extraction from dental pulp tissue.

          

            		

              2.5.1.  Reverse transcription-qPCR.

            



            		

              2.5.2.  Real-time polymerase chain reaction.

            



          



          



          		

            2.6.  DNA extraction from supragingival dental plaque and carious dentin tissue.

          

            		

              2.6.1.  16S rRNA gene amplicon sequencing.

            



            		

              2.6.2.  Bioinformatic analysis of 16S rRNA gene.

            



          



          



          		

            2.7.  Statistical analysis.

          



        



        



        		

          3.  Results.

        

          		

            3.1.  Study subjects.

          



          		

            3.2.  Oral bacterial microbiota associated with moderate caries.

          



          		

            3.3.  Innate immune response of dental pulp tissue exposed to moderate caries.

          



          		

            3.4.  Relationship between oral bacterial microbiota and the innate immune response of dental pulp tissue.

          



        



        



        		

          4.  Discussion.

        



        		

          5.  Conclusions.

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-12-958722-g001.jpg
Axis 2 (15.15 %)

@ o ©
- O
[ )
® o
® <]
(@) o®
° D
O
®
'Y [ )
. [ )
- e i
' _—7————————‘—————-m$ﬁ6.67 %)
(@]

Axis 3 (87109 %)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-958722-g005.jpg
& ¢ 2
\\&0 :: NGl < Z@ &2 Q}\‘bﬁd‘fb voé:*\ov *60 i\&i(‘o{{i\'b N fzﬁbo:;}\’b N ’bé\\oe ®
K ) Q) P
~2~'2> Qo%«é(%\@e@\ '\Q 4@\0?90@0 E)Oﬁ(\'ﬁ«\g" ’Z’@ & ézo’%\*i QP @\\ &Q@%(,\i\g%\_ozg
Porphyromonas .L E
Haemophilus m- |
Fusobacterium i
TGF -.-.}7 . il
Streptococcus ... L
Neisseria ....-‘
o I HEEEE '
Lautropia .-.....L .
Veillonella ........-

Leptotrichia .--..-.m.i
Rothia .-...-.m-.-
Corynebacterium ........'..L
Capnocytophaga .-...-....m.‘
ey | | [ [ [ [ [
Campylobacter .-.. ... ...-.1

Selenomonas ..-.-- .m...-.
i | |
oisenciia | I I R IIIIE=E

Parascardovia ..-.-..--.-..-...ﬂ..‘
witsuokelia - | RSN I O O I O I I S I

w6 [N N A A I A
Prevotella .m...‘......-.m

Lactobacillus m-..'.l...

e

coxcs RN

s

| ]

T T T T T O 2 I A
L el T e T T
| ] |
EEEEEEEEEEETEECEE

0.8

0.6

0.4

0.2






OEBPS/Images/fcimb-12-958722-g003.jpg
Relative abundance (%)

Relative abundance (%)

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Non-carious

Carious

p__Firmicutes;q__Veillonella

Wp__Firmicutes;q__Streptococcus

® p__Firmicutes;q__Lactobacillus

 p__Actinobacteria;g__Actinomyces
p__Fusobacterio;g__Leptotrichia
p__Bacteroidetes;g__Capnocytophoga
p__Bacteroidetes;g__Prevotella

W p__Fusobacteria;g__Fusobacterium

Wp__Firmicutes;q__Mitsuokello

®p_ Proteobocteria;g__Hoemophilus

W p__Actinobacteria;g__Rothia

Wp__ Proteobocteria;,g__Neisseria

W p__Proteobocteria;g__Campylobacter

Wp__Firmicutes;q__Selenomonas

W p__Proteobocteria;g__Lautropia

mp__Actinobacteria;g__ Olsenella
p__Bacteroidetes;g__Porphyromonas

wp__Actinobacteria;g__ Parascardovia
p__Actinobacteria;g__ Corynebacte rium

W p__Actinobacteria;g__Scardovia





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-958722-g006.jpg
< wigh abundapc, Firmicutes
Actinobacteria
Veillonella spp.
Actinomyces spp. Streptococcus spp.
Rothia spp. Lactobacillus spp.
Corynebacterium spp. Mitsuokella spp.

Scardovia spp.

“ Proteobacteria

Haemophilus spp.
Neisseria spp.

Selenomonas spp.

Other phyla < 1% |

p
[ ® Saccharibacteria_(TM7)
* Spirochaetes
*© Synergistetes

Cnmpylvba_mr spp. Absconditabacteria_(SR1)
Lautropia spp. Chlorofiexi
|
® Bacteroidetes / "
&
Capnocytophaga spp. &
Prevotella spp. &
Porphyromonas spp.

Genera il

N
: Lactobacillus spp. + T";% .
o Actinomyces spp. + AN
© . Prevotella spp. — )\ .
L Mitsuokella spp. — . \
< \
Phy la ,g . Campylobacter spp. — ”M MAMPs Twip \
J Firmicutes S : Selenomonas spp. — (LPS, LTA) TNFa TIL6
T'Actinobacteria S Scardovia spp. + \ B E Texels |
S \ 4+ /
{ Proteobacteria o = . . ° /
7Bacteroidetes .= | . Qoisenella spp. + ‘ /
S @ Parascardovia spp. + . 7
=0« !
g s o TLR2 /
: Haemophilus spp. — \ =~ . Ekf - <

Porphyromonas spp. —





OEBPS/Images/table1.jpg
Sample size
Sex®
Female
Male
Age, years *
17 - 22
23-27
27 -32
33-37

38-43

Antecedents of
caries ®
Caries-free
Inactive caries

Active caries

Non-carious

14 (45.2)

11 (35.5)
3(97)

3(97)
4(12.9)
5(16.1)

2(6.5)

27.1+49
27.5 [9.8]

2(6.5)
12 (38.7)

Carious

17 (54.8)

9 (29.0)
8(258)

2(59)
3(9.7)
5(16.1)
6(19.4)
1(3.2)

297 + 60
29.0 [6.5]

17 (54.8)

Overall

31 (100)

20 (64.5)
11 (35.5)

5(15.5)
7 (22.6)
10 (32.2)
8 (25.9)
1(3.2)

285+56
28.0 [8.0]

2 (6.5)
12 (38.7)
17 (54.8)

0.258

0.210

<0.001**

Data are shown as the percentage of the total number of tooth donors; M + SD, mean + standard deviation, otherwise indicated as the median and interquartile range [IQR].

“Parametric unpaired Student’s t-test for independent samples assuming equal variances. For nominal and dichotomic variables with expected values < 5.
PFisher exact test was applied. Statistical significance was considered at 95% of confidence (p < 0.05). ***p < 0.001.





OEBPS/Images/fcimb.2022.958722_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiolo

Overexpression of
proinflammatory cytokines in
dental pulp tissue and distinct
bacterial microbiota in carious
teeth of Mexican Individuals





