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Abstract: Oral and periodontal diseases can determine severe functional, phonatory and aesthetic
impairments and are the main cause of adult tooth loss. They are caused by some specific bacteria
that provoke an intense local inflammatory response and affect—with particular gravity—susceptible
subjects, because of reasons related to genetics and lifestyles (e.g., smoking and home oral hygiene
habits). They are more frequent in the disadvantaged segments of society and, in particular, in subjects
who have difficulty accessing preventive services and dental care. Some systemic diseases, such as
uncontrolled diabetes, can increase their risk of development and progression. Recently, in addition
to the obvious considerations of severe alterations and impairments for oral health and well-being,
it has been noted that periodontitis can cause changes in the whole organism. Numerous clinical and
experimental studies have highlighted the presence of a strong association between periodontitis
and some systemic diseases, in particular, cardiovascular diseases, diabetes, lung diseases and
complications of pregnancy. The purpose of this editorial is to provide a current and thoughtful
perspective on the relationship of diet and natural agents on oral, periodontal diseases, and chewing
disorder preventions which may reflect good systemic conditions and related quality of life or to
analyze indirect effects through the contribution of diet and nutrition to systemic health in order to
obtain a modern diagnostic–therapeutic approach.

Keywords: periodontitis; oral diseases; diet; nutrients; nutraceutics; therapy; host response

Editorial

Periodontitis is a multifactorial disease in which both environmental and genetic factors play
a precise and controversial role in determining its onset [1]. Oral bacterial flora certainly plays an
important role in the progression of this pathology. Further risk factors, widely studied, are smoking
and diabetes [2–4]. However, a series of genetic factors of the host can condition the individual
susceptibility to the onset of the disease, determine its different clinical manifestations and the rate
of progression [5,6].

Unlike Mendelian genetic diseases, which are rare and caused by a single or few mutations,
multifactorial diseases, such as periodontitis, are frequent and related to numerous environmental
and genetic factors. Genetic factors are not real mutations, but genetic polymorphisms, also called
susceptibility factors. Each of these is not necessary or sufficient to determine the disease, however,
they are able to modify the risk of its onset [7,8].

These polymorphisms are variations in the genetic code that can have different effects, for example,
changing the levels of gene expression, causing slight functional changes of the coded molecules,
making individuals more susceptible to the onset of a certain disease or to the appearance of clinical
pictures more serious than the disease itself [9].

In recent years, investigations into susceptibility factors for the development of periodontal diseases
have mainly focused on the study of genes that encode factors involved in modulating the immune

Nutrients 2020, 12, 2724; doi:10.3390/nu12092724 www.mdpi.com/journal/nutrients1
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response, cell surface receptors, chemokines, enzymes and proteins related to antigen recognition.
Cytokines, such as IL-1A, IL-1B, IL-10 and IL-6, are key factors that mediate the inflammatory process
in periodontal disease. They play a role in the activation, proliferation and differentiation of B cells,
the main cells implicated in severe manifestations of periodontitis [10–13].

These genetic variations can, therefore, favour the progression of the disease, causing the classic
trend, characterized by repeated cycles of tissue inflammation, followed by spontaneous remissions
(defined as “pousses” trend) [14,15].

In periodontal disease, pathogenic bacteria accumulated in the subgingival sulcus are the
environmental factors that influence the inflammatory response of the periodontal tissues [16,17].
However, a central role of diet, natural agents and nutraceutics are also considered indirectly responsible
for the health of periodontal tissues and against alveolar bone resorption [18–22].

In this regard, Liu et al. [23] found that seven bacterial taxa, including Streptococcus sp.,
Ruminococcaceae sp., Haemophilus sp., Veillonella spp., Actinomyces odontolyticus, and Gemella
haemolysans, were significantly altered after oolong tea consumption, and presented robust strong
connections with other oral microbiota. These results suggest that sustained oolong tea consumption
would modulate salivary microbiota and generate potential oral pathogen preventative benefits.

Since alveolar bone resorption is a key factor in periodontal disease, the vitamin D receptor (VDR)
has been considered as a susceptibility factor in disease progression. Data in the literature support the
existence of an association between common polymorphisms affecting candidate genes and periodontal
disease [22,24,25].

Interestingly, most genetic studies of periodontitis have employed small cohorts. The limited
statistical power of studies conducted with a low number of samples leads to an imprecise assessment
of the level of genetic risk and the danger of obtaining false-positive and false-negative results.

Periodontitis develops severely in genetically predisposed individuals [26,27]. Genetic susceptibility
is believed to be due to changes in the subject’s genes that lead to (i) a lower efficiency of the
immune system in controlling the growth of pathogenic bacteria; and/or (ii) an imperfect regulation
of the inflammatory response [28–32] which leads to an increase in the destructive side effects of
inflammation [33–36]. As a matter of fact, Jekabsone et al. [37] explored antibacterial, antinflammatory
and cytoprotective capacity of Pelargonium sidoides DC root extract (PSRE) and proanthocyanidin
fraction from PSRE (PACN) under conditions characteristic for periodontal disease. They found
that PSRE and especially PACN possess strong antibacterial, anti-inflammatory and gingival tissue
protecting properties under periodontitis-mimicking conditions and are suggestable candidates for the
treatment of periodontal disease.

Great importance is also attached to lifestyles [38]; first of all, smoking and home oral hygiene
habits, orthodontic treatment [39–42] and malocclusions [43–48], as they explain at an epidemiological
level a large portion of the cases of periodontitis and dental malocclusions [49–51] observed and are
modifiable and therefore important for prevention and treatment.

The general state of health of the subject is another element that can increase the risk of developing
periodontitis. For example, people with poorly controlled diabetes have three times higher risk than
non-diabetics of developing periodontitis [52,53].

Bodgdan et al. [54] conducted a systematic review of clinical trials that measured plasmatic/salivary
levels of ascorbic acid in PD–diabetes mellitus (DM) association. They found that decreased levels of
vitamin C were observed in PD patients with DM but data about the efficacy of vitamin C administration
are inconclusive. Given the important bidirectional relationship between PD and DM, there is a strong
need for more research to assess the positive effects of ascorbic acid supplementation in individuals
suffering from both diseases and also its proper regimen for these patients.

Moreover, in this aspect, Nastri et al. [55], in their scoping review, summarized the role of dietary
supplements in optimizing osseointegration after implant insertion surgery. The authors concluded
highlighting the limited role of nutraceuticals in promoting the osseointegration of dental implants.
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However, in some cases, such as for vitamin D deficiency, there is a clear link among their deficit,
reduced osseointegration, and early implant failure, thus requiring an adequate supplementation.

Knowing the patient’s genetic profile or their predisposition to the disease could be very useful in
diagnosing periodontal disease and in defining a personalized therapeutic plan. In addition, it could
give prognostic indications of the outcome of the disease.

Data derived from epidemiological observations are therefore important to establish the existence
of a relevant and stable association but are insufficient to demonstrate the causal link and therefore
the general health benefits deriving from the treatment and prevention of periodontitis. Causality
can only be demonstrated unequivocally in randomized controlled trials that include eliminating or
reducing (through prevention or therapy) the exposure of subjects to the harmful effects of periodontitis:
pathogenic bacteria and gingival inflammation. These studies must conform to the highest quality
standards and test the therapy capable of reducing the exposure in a clinically relevant way for each
systemic pathology for which a significant association has emerged.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Oral and periodontal diseases, chewing disorders, and many destructive inflammatory
diseases of the supporting tissues of the teeth are usually caused by an imbalance between
host defense and environmental factors like smoking, poor nutrition, and a high percentage of
periodontopathogenic bacteria. For these reasons, it is important also to focus attention on plaque
control and also on improving host resistance through smoking and stress reduction, and a healthy
diet. During the last decades, the importance of micronutrients has been extensively reviewed,
and it was concluded that the prevention and treatment of periodontitis should include correct
daily nutrition and a correct balance between antioxidants, probiotics, natural agents, vitamin D,
and calcium. Recently, there has been growing interest in the literature on the impact of nutraceutical
dietary aliments on oral and general health. This Special Issue provides a current and thoughtful
perspective on the relationship of diet and natural agents on oral and periodontal diseases through a
correct clinical approach with the last and most important evidence that may determine good oral
conditions and high quality of life.

Keywords: periodontitis; natural agents; gingivitis; antioxidants; vitamins

It has been widely demonstrated that herbal medicines, which include medicinal herbs, herbal
preparations, and phytotherapeutic compounds (that have plant or natural materials), have real
therapeutic benefits for humans [1–3]. Worldwide, about 80% of the population uses phytotherapeutic
products such as extracts, vitamins, tea, and other similar principles for various reasons for the treatment
of various pathologies, with a cost of over 50 billion dollars a year in the global market [4]. This high
consumption of herbal products compared to traditional drugs, such as antibiotics, is attributable to the
large margin of safety and tolerability of natural agents, which could lead to a possible reduction in the
long-term on the total national economic costs compared to traditional drugs. In addition, conventional
drugs have also been shown to have a higher incidence of side effects, allergies, and resistance,
especially antibiotics [5,6]. Therefore, herbal medicines are increasingly being used both as food
supplements and to prevent or treat common oral and systemic diseases [5].

Among the main diseases of the stomatognathic apparatus, periodontitis is a chronic inflammatory
disease caused by oral bacteria that determines the destruction of the supporting structures of the
teeth [7–9]. The etiology of periodontitis is multifactorial with the bacteria of the oral biofilm which are
fundamental for the initiation and progression of the disease. The different forms of periodontal disease
are very different around the world but reach a total incidence rate of over 60%. The bacterial origin
of periodontitis has been widely demonstrated, starting from an imbalance in aerobic and anaerobic
biofilm bacteria [10], which can lead, under specific conditions, to activation of the host response,
especially of neutrophilic bacteria and related products, which determines the disruption of soft and
hard oral tissues [11–13]. This imbalance of the host response through the immune system results
in further up or down-regulation of various pro-inflammatory cytokines, which finally determines
the release of rapid oxidative stress (ROS) cells and neutrophil mediators [14,15]. This prolonged
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inflammatory status on the hard and soft tissues of the periodontium, including the connective tissue,
leads to the degradation and consequent loss of the periodontal structure of the tooth and of the
alveolar bone, causing, in the final disease steps, tooth loss [16].

Several studies have shown, in damaged periodontal tissues, a direct association between increased
levels of inflammatory mediators induced by reactive oxygen species (such as NO) and the worsening
of periodontitis [17,18]. Therefore, herbal medicines have been demonstrated to have an important
role due to their broad spectrum of action against ROS and NO mediators, together with a good safety
and tolerability margin compared with traditional drugs in both children and adults [19–23].

A good adjuvant response in both surgical and nonsurgical periodontal treatment has been shown
in recent years by natural agents. Especially in the non-surgical approach, various antimicrobials
and chemotherapy agents, including chlorhexidine, triclosan, desiccant agents, vitamin and probiotic
compounds, and cetylpyridinium chloride, have been studied and validated for the management of
periodontitis [24–29]. However, even more studies have aimed at analyzing phytotherapeutic drugs in
order to obtain antimicrobial, antiseptic, anti-inflammatory, and antioxidant effects during periodontitis.

In fact, herbal medicines have been shown to possess a wide and specific range of biological
properties including antimicrobial, antioxidant and anti-inflammatory effects at the oral and systemic
levels. The natural phytotherapeutic compounds, including medicinal herbs, help to suppress the
inflammatory response, which determines, in the long term, the destruction of the hard and soft tissues
of the oral cavity, characteristic in various oral diseases, including periodontitis [30–34]. Among the
main anti-inflammatory actions due to phytotherapy drugs, there is, above all, an anti-inflammatory
and oxidative action which leads to excellent therapeutic action in the long-term. However, on the other
hand, various studies in the oral field that have analyzed the actions of traditional and phytotherapeutic
drugs have given uncertain results that require large-scale populations to be validated [35–39].

Based on these findings, the aim of this Special Issue is to further analyze the therapeutic effects of
these medicinal herbs, phytotherapy, and of the main inflammatory mediator characteristics of oral
and periodontal diseases.

Given the many new aspects related to the optimal management of phytotherapy drugs in
dentistry, it was my pleasure to receive publications detailing the results of different joint research
groups for this highly stimulating Special Issue on this subject that is aimed at analyzing and validating
new scientific approaches to improve the prevention and treatment of oral and periodontal diseases
through the use of phytotherapeutic drugs.
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the published version of the manuscript.
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Abstract: Tea is the most widely consumed beverages next to water, however little is known about
the influence of sustained tea consumption on the oral bacteria of healthy adults. In this study,
three oral healthy adults were recruited and instructed to consume 1.0 L of oolong tea infusions
(total polyphenol content, 2.83 g/L) daily, for eight weeks. Salivary microbiota pre-, peri-, and
post-treatment were fully compared by high-throughput 16S rRNA sequencing and multivariate
statistical analysis. It was revealed that oolong tea consumption reduced salivary bacterial diversity
and the population of some oral disease related bacteria, such as Streptococcus sp., Prevotella nanceiensis,
Fusobacterium periodonticum, Alloprevotella rava, and Prevotella elaninogenica. Moreover, via correlation
network and Venn diagram analyses, seven bacterial taxa, including Streptococcus sp. (OTU_1),
Ruminococcaceae sp. (OTU_33), Haemophilus sp. (OTU_696), Veillonella spp. (OTU_133 and OTU_23),
Actinomyces odontolyticus (OTU_42), and Gemella haemolysans (OTU_6), were significantly altered
after oolong tea consumption, and presented robust strong connections (|r| > 0.9 and p < 0.05) with
other oral microbiota. These results suggest sustained oolong tea consumption would modulate
salivary microbiota and generate potential oral pathogen preventative benefits. Additionally, diverse
responses to oolong tea consumption among subjects were also noticed.

Keywords: oolong tea; phenolic profile; salivary microbiota; 16S rRNA sequencing; bacterial
diversities; correlation network

1. Introduction

An estimation of 700 diverse bacterial species have been identified in human oral cavities, which
constitute complex microbial communities [1]. These bacteria generally inhabit at different oral niches,
including saliva, supragingival plaque, subgingival plaque, and mucosa. Of these niches, saliva harbors
as much as 108 bacteria/mL and constitutes a reservoir of microorganisms regularly derived from
dental plaque biofilms adhering to gingival crevices, periodontal pockets, the dorsum of the tongue,
and other oral mucosal surfaces [2]. As an integral part of oral microbiota, salivary microbiota has
been found to be differentiated between patients with a healthy oral cavity and those with dental caries
and periodontitis [3]. Additionally, several studies discovered marked clinical importance of salivary
microbiota on the general health of the host, such as by either preventing or causing infections [4].
Thus, salivary microbiota may provide further insight into the integral microbiota structure within the
human oral cavity, and even the oral and general health status of individuals.

Since the oral cavity is exposed to the external environment, the salivary microbiota may be
influenced by various factors, including oral hygiene, smoking, nutrients, mechanical stress, and
the overall health condition of the host [5]. The impact of nutritional factors in shaping the oral
microbial ecosystem cannot be ignored. Food residuals in the mouth can be utilized as substrates
for oral bacteria; moreover, some food components have a selective effect on microbial growth, by
either stimulating or suppressing some specific bacteria. For example, a regular consumption of
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polyphenol-rich beverages and foods, such as tea, cranberry, coffee, grape, almond, and alcohol-free red
wine, have been reported to inhibit oral pathogenic bacteria [6–8]. The suppression of oral, especially
periodontal pathogenic, bacteria may ameliorate the control of plaque biofilms, and thus reduce the
inflammatory and immunological processes of oral and periodontal diseases [9]. Recently, the impact
of nutraceutical dietary aliments, such as antioxidants, probiotics, natural agents, and vitamins, on
oral health is gaining more and more attention [10].

Tea (Camellia sinensis), second only to water, is the most widely consumed beverage in the world.
The major constituents of tea leaves are the flavonoids, including flavonols, flavones, and flavan-3-ols,
of which over 60% are the flavan-3-ols, commonly referred to as catechins. Based on the United States
Department of Agriculture (USDA) Flavonoid Database, it has been estimated that the daily total
flavonoid intake is mainly from flavan-3-ols (83.5%); while, the major source of flavonoids is tea (157
mg), and citrus fruit juices come second (8 mg) [11]. There is a large population of heavy tea consumers
all over the world, especially in the southern part of China, where people consume a substantial
amount of tea infusions on a daily basis. A number of health-promoting effects have been associated
with tea consumption; these effects are generally attributed to the phenolic compounds in tea. Tea
polyphenols are well known for their antimicrobial properties, including on Streptococcus mutans and
lactobacilli [12], and thus, they are believed to possess anti-cariogenic effects [13,14]. Moreover, regular
consumption of tea has proved to exert gut microbiota regulation effect [15,16]. However, with regard
to the normal balanced oral microbiota, little is known about the influence of tea drinking. Considering
the wide range of biological properties, including anti-microbial, anti-oxidant, anti-inflammatory,
anti-cariogenic, and gut microbiota regulation effects of tea polyphenols, it is reasonable to assume
that sustained tea drinking will result in certain oral ecological shifts. A better understanding of the
oral ecological shifts under sustained and significant tea consumption may contribute to oral health
management for tea consumers.

It is also worth noting that, due to the variability in genes, social habits, hormonal fluctuation, diet,
quality and quantity of saliva, etc., the oral environment differs between subjects and represents huge
inter-individual variations [17]. Moreover, the responses of oral microbiota of different individuals
to certain nutritional factors maybe also be diverse. To understand the influence of tea consumption
on oral microbiota, tracking the temporal dynamic of salivary microbiota of subjects separately may
provide useful information free from interference of inter-individual variations. In the current study, it
is hypothesized that sustained tea consumption will alter the composition of salivary microbiota and
exert oral health benefits to the host. To test this hypothesis, three orally healthy subjects were recruited
and instructed to consume a substantial amount of tea infusions on a daily basis and their salivary
bacterial communities pre-, peri-, and post-treatment were quantified by utilizing a high-throughput
HiSeq sequencing technique. Then, via several multivariate statistical analyses, the temporal dynamics
of salivary microbiota of each individual were analyzed. Based on these, the impact of sustained
consumption of tea on the normal balanced oral microbiota was discussed.

2. Materials and Methods

2.1. Oolong Tea Infusion Preparation and Phenolic Profile Analysis

The tea used in this study was an oolong tea variety, purchased from a local market in Fujian
Province, China. The oolong tea was prepared in accordance with the tea consumption method of local
residents. A certain amount of dry oolong tea (whole leaves) was immersed in 20 times the volume of
distilled boiling water (temperature around 90–95 ◦C) for 1 min, then the tea leaves were filtered, and
the liquor was retained as an oolong tea infusion.

The phenolic profile of the tea infusion was then analyzed by utilizing ultra-high performance
liquid chromatography (UHPLC) coupled to quadrupole time-of-flight mass spectrometer (Q-TOF
MS/MS) approach, as previously described [15]. Briefly, chromatography separation was performed
on an Acquity UHPLC system (Waters, Milford, MA, USA) with HSS T3 column (100 mm × 2.1 mm,

12



Nutrients 2020, 12, 966

1.7 μm). A sample of 1 μL was injected and eluted with the mobile phase at 0.3 mL/min at 40 ◦C;
detection was at 280 nm. The mobile phase consisted of (A) 0.1% formic acid solution (v/v) and (B)
acetonitrile with 0.1% formic acid (v/v), while the gradient program was as follows: 99%–93% (A)
in 0–2 min; 93%–60% (A) in 2–13 min; 60%–1% (A) in 13–14 min. The eluent was then introduced
to a SYNAPT G2-Si high-definition mass spectrometer (Waters, Milford, MA, USA) equipped with
an electrospray ionization (ESI) source. The analyses were performed in negative-ion mode and
positive-ion mode, with a sampling cone voltage of 40.0 V, and a capillary voltage of 2500 V. The
source temperature was 120 ◦C, with a desolvation gas flow of 800 L/h at a temperature of 450 ◦C. The
time-of-flight (TOF) acquisition rate was 0.2 s/scan with 0.01 s inter-scan delay. Data were collected in
centroid mode from 100 to 1200 Da in full scan during 0–14 min. The mass data were corrected during
acquisition using a lock-mass calibrant of leucine enkephalin (200 ng/mL), via a lock spray interface at
a flow-rate of 50 μL/min, generating a reference ion for positive ion mode ([M+H]+ = 556.2771) and
negative ion mode ([M–H]− = 554.2615) to ensure accuracy during the MS analysis. All data analyses
were conducted using the MarkerLynx application manager software (version 4.1, Waters, Milford,
MA, USA). The total polyphenols content in the tea infusions was then measured by utilizing the
Folin–Ciocalteu method [18]. Briefly, 1 mL sample, 5 mL Folin–Ciocalteu’s reagent (diluted 10 times),
and 4 mL sodium carbonate (7.5%, w/v) were mixed. After 60 min, the absorbance at 765 nm was
measured. Total phenolic content was expressed as a mass percentage on dry matter basis. Gallic acid
was used as an external standard.

2.2. Subject Enrollment, Study Design, and Salivary Sample Collection

The inclusion criteria for this study included: healthy adult individuals sharing a relatively similar
living environment; no tea and antibiotics taken in the previous 3 months; and no smoking. After
the screening process, three healthy adult Chinese individuals (2 females and 1 male), 23 years of
age, were enrolled from the campus of Fuzhou University, Fuzhou, China. The plaque and gingival
status was examined before and after tea intervention. No obvious change was observed either
before or after tea usage. In addition, no adverse reaction was reported throughout the experimental
period by participants. Written informed consent was obtained from each participant. This study
was approved by the ethical committee of the Institute of Food Science and Technology of Fuzhou
University (approval number: IFSTFZU20180301).

This study consisted of a 3-day baseline period, an 8-week oolong tea infusion intervention period,
and a 4-week follow-up period. During the intervention period, the three subjects (subject 1, subject 2,
and subject 3) were required to consume 1.0 L of oolong tea infusion per day (0.5 L in the morning and
0.5 L in the afternoon). Moreover, they were also instructed to circulate or swish the infusion around in
their mouths prior to swallowing the tea infusion. During the follow-up period, the subjects were
asked not to consume any tea drinks. In addition to this, the subjects were asked to maintain their
regular diet and oral hygiene habits, with the exception of the sampling occasions. Salivary samples
were collected at 4 different stages, each stage included 3 sequential days: (A) 3 sequential days of the
baseline period, which was prior to the intervention period; (B) 3 sequential days after 4 weeks of the
tea intervention; (C) 3 sequential days after 8 weeks of the tea intervention; and (D) 3 sequential days
at the end of the follow-up period, which accounted for 4 weeks post-intervention. All salivary sample
collections were conducted in the morning. Each subject was asked not to eat, drink, or brush their
teeth before the sample collection. Then, 2 mL of unstimulated saliva were collected from the subjects
by expectoration into a tube. In total, 36 salivary samples from the 3 subjects were sampled.

2.3. Salivary Bacterial DNA Extraction

Salivary bacterial DNA was extracted from the 36 salivary samples by utilizing a rapid DNA
extraction kit (BioTeke Corporation, Beijing, China), following the manufacturer’s instructions. The
extracted bacterial DNA was then checked by agarose gel electrophoresis.
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2.4. Illumina Sequencing of Salivary Bacteria

Bacterial primers 341-F (5′-CCT AYG GGR BGC ASC AG-3′) and 806-R (5′-GGA CTA CNN
GGG TAT CTA AT-3′) with specific barcodes were used to amplify the V3–V4 region of bacterial 16S
rRNA genes. The sequencing library of bacterial 16S rRNA genes was generated for high-throughput
sequencing, employing the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA,
USA). Next, the library was sequenced on an Illumina HiSeq2500 platform by Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China).

2.5. Bioinformatic Analysis

Raw sequencing reads, obtained from the Illumina platform, were then merged by using FLASH
software (Version 1.2.7) [19] and filtered using QIIME software (Version 1.7), with the default parameter
setting of ‘split_libraries_fastq.py’ script [20,21]. All quality filtered sequencing reads were then
clustered into operational taxonomic units (OTUs) with a threshold of 97% sequence similarity, by
utilizing UPARSE software (Version 7.0) [22]. The representative sequence (most abundant) for
each bacterial OTU was then annotated by utilizing the GreenGene Database [23] and Human Oral
Microbiome Database (HOMD) [24]. The least total sequences number was 30,070 in this study. The
total reads of each sample was normalized to 30,070 sequences/sample, and the OTUs abundance
information was normalized correspondingly for further analysis.

Based on these annotated and normalized output data, different statistical methods were used
to interpret the similarities of diverse data sets, or to plot the correlation network among the
salivary microbiota. First, community diversity estimators including Shannon and Simpson indexes
were calculated by R software (Version 3.2.5) with vegan package. Second, the multiple response
permutation procedure (MRPP) and analysis of similarity (Anosim) were employed to compare the
statistical differences within and between subjects in salivary microbiota profiles, by using R software
with vegan package [23]. Third, principal component analysis (PCA) was applied to evaluate and
visualize the differences of samples in OTU-level complexity, by using R software with mixOmics
package. Next, the correlations among the OTUs with relative abundance over 0.1% of each subject
were calculated, based upon Pearson’s correlation coefficients, by using R software with Hmisc package.
The strong connections (|r| > 0.9, p < 0.05) were further imported into Gephi software (Version 0.8.2), so
as to generate correlation networks of these predominant microbiota [25]. The nodes (OTUs) with
high strong connection numbers were defined as the “hub microbiota”, which were likely to be more
connected to other nodes when compared to non-hub nodes [26,27]. Moreover, the relative abundance
of the hub microbiota was further visualized into heatmaps, by utilizing R software with pheatmap
package. Hierarchical clustering of the columns (samples) was further calculated based on Euclidean
distance and ward.D method, and indicated on the heatmaps. Lastly, in order to identify the shared
and unique hub salivary microbiome of these three subjects, a Venn diagram was built according to the
method as descripted by Heberle et al. [28].

Other data are expressed as mean ± SD. Furthermore, the statistical significance among different
data sets was analyzed by Student’s t-test or Duncan’s multiple range test using SPSS software (Version
19.0.0), while the significance threshold was established at 0.05.

3. Results

3.1. Phenolic Profile of Oolong Tea Infusion

The total polyphenols content and phenolic profile of the oolong tea infusion used in this study
were determined, and the results indicated that the total polyphenol content of the tea infusion was 2.83
± 0.02 g/L. Following untargeted UHPLC Q-TOF-MS approach, the phenolic constituents present in
the tea infusion were further analyzed. Table 1 gives the MS characteristics and tentative identification
of each chromatographic peak. These chromatographic peaks, along with their proposed chemical
structure, are depicted in Figure S1. In summary, 33 constituents were tentatively identified from the
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tea infusion, including 2 alkaloids, 7 flavan-3-ols, 7 organic acids and esters, 4 proanthocyanidins, 11
flavonoid glycosides, 1 theaflavin, and 1 amino acid. Of the total chromatographic peak areas, caffeine
(peak 16), epigallocatechin (peak 13), epicatechin (peak 20), gallic acid (peak 5), and caffeoyl-hexoside
(peak 1) were the most abundant constituents.

Table 1. The phenolic profiles of the oolong tea infusion.

Peak No. a tR (Min) Tentative Identification Chemical
Formula

[M-H]− (m/z)

Measured
Mass (Da)

Theoretical Exact
Mass (Da)

Mass Accuracy
(ppm)

1 1.05 Caffeoyl-hexoside C15H18O9 341.0875 341.0873 0.58
2 1.40 L-Theanine C7H14N2O3 173.0931 173.0927 2.53
3 1.97 Epigallocatechin-glucuronide C21H22O13 481.0991 481.0983 1.74
4 2.49 Theasinensin C C30H26O14 609.1235 609.1245 −1.60
5 2.74 Gallic acid C7H6O5 169.0140 169.0137 1.52
6 2.92 Theogallin C14H16O10 343.0665 343.0666 −0.19
7 3.80 Theobromine b C7H8N4O2 181.0736 181.0725 6.04
8 3.84 Gallocatechin C15H14O7 305.0662 305.0662 0.09
9 4.37 Theasinensin B C37H30O18 761.1348 761.1354 −0.83
10 4.41 Digalloyl-hexoside C20H20O14 483.0758 483.0775 −3.57
11 4.54 O-Methylgallic acid C8H8O5 183.0295 183.0294 0.58
12 4.81 Theacitrin A C37H28O18 759.1196 759.1198 −0.24
13 4.91 Epigallocatechin C15H14O7 305.0689 305.0662 8.94
14 5.16 p-Coumaroylquinic acid C16H18O8 337.0923 337.0924 −0.26
15 5.36 Catechin C15H14O6 289.0718 289.0713 1.87
16 5.60 Caffeine b C8H10N4O2 195.0888 195.0882 3.30
17 5.68 Procyanidin C30H26O12 577.1356 577.1346 1.65
18 5.79 Epicatechin-epicatechin C30H26O12 577.1356 577.1346 1.65
19 6.14 p-Coumaroylquinic acid C16H18O8 337.0923 337.0924 −0.26
20 6.23 Epicatechin C15H14O6 289.0734 289.0713 7.41
21 6.34 Epigallocatechin gallate C22H18O11 457.0777 457.0771 1.24
22 6.41 p-Coumaroylquinic acid C16H18O8 337.0918 337.0924 −1.74
23 6.68 Gallocatechin gallate C22H18O11 457.0773 457.0771 0.37
24 6.92 Theaflavin C29H24O12 563.1199 563.1190 1.60
25 7.01 Myricetin-hexoside C21H20O13 479.0827 479.0826 0.19
26 7.11 Myricetin-hexoside C21H20O13 479.0825 479.0826 −0.23
27 7.21 Quercetin-hexosyl-hexosyl-deoxyhexoside C33H40O21 771.1986 771.1984 0.22
28 7.36 Quercetin-hexosyl-hexosyl-deoxyhexoside C33H40O21 771.1982 771.1984 −0.30
29 7.62 Kaempferol-deoxyhexosyl-deoxyhexoside C27H30O14 577.1555 577.1558 −0.48
30 7.72 Kaempferol-hexosyl-hexosyl-deoxyhexoside C33H40O20 755.2029 755.2035 −0.81
31 8.00 Kaempferol-hexosyl-hexosyl-deoxyhexoside C33H40O20 755.2048 755.2035 1.70
32 8.43 Kaempferol-hexosyl-hexoside C27H30O15 593.1508 593.1507 0.18
33 8.78 Kaempferol-hexoside C21H20O11 447.0927 447.0928 −0.18

a Peaks were assigned from the chromatograms in Figure S1; b [M+H]+ mode.

3.2. Overall Salivary Bacterial Structure

The salivary bacterial components of the three subjects during the 12-week experimental period
were investigated and evaluated using the Illumina HiSeq sequencing analysis. A total of 1,983,489
(average length = 425 bp) quality filtered sequencing reads corresponding to the V3–V4 region of
bacterial 16S rRNA genes were obtained. Good’s coverage estimation values were within the range
of 99.8%–100%, which indicated adequate sequence coverage to reliably describe the full bacterial
communities present in all the samples. All sequences were clustered into 189 to 458 OTUs with a 97%
similarity level for each sample. The summary of the sequencing results is listed in Table S1.

After the taxonomic assignment, these sequences were then annotated into 25 phyla and 260
genera. At the phylum level, Firmicutes (41.04%), Bacteroidetes (24.23%), and Proteobacteria (23.31%)
comprised the majority of OTUs (88.59%). While at the genus level, Streptococcus (28.24%), Haemophilus
(15.97%), Prevotella (14.64%), Alloprevotella (5.27%), and Neisseria (4.21%) were the most prevalent
bacterial taxa throughout the three subjects, which in totality accounted for 69.05% of all salivary
bacteria. The relative abundance of these bacterial taxa at the phylum level and genus level are
presented in Figure 1. These findings were generally in line with the findings of Belstrøm et al., which
indicated the five most predominant genera identified were Streptococcus, Haemophilus, Prevotella,
Rothia, and Neisseria, accounting for around 50% of the identified OTUs [29].
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Figure 1. Relative abundances of the most abundant phyla and genera in each salivary sample in the
(A) phylum level and (B) genus level.

3.3. Comparisons of Salivary Bacterial Communities

Based on the relative abundance of all the OTUs, salivary bacterial community diversity (expressed
by the Shannon and Simpson indexes) was investigated first, and the results are shown in Table 2.
Compared with baseline (week 0), after eight weeks of tea consumption, a remarkable reduction in the
community diversity was noticed across the three subjects, with the exception of the Shannon index of
subject 3.
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Table 2. The temporal changes of the salivary microbial community diversity in each subject.

Baseline Tea Intervention Follow-Up

Week 0 Week 4 Week 8 Week 12

Subject 1

Shannon 5.28 ± 0.41 a 4.68 ± 0.27 ab 4.00 ± 0.39 b 4.17 ± 0.40 b

Simpson 0.94 ± 0.02 a 0.89 ± 0.03 ab 0.81 ± 0.04 b 0.84 ± 0.06 b

Subject 2

Shannon 4.79 ± 0.58 a 4.63 ± 0.22 ab 4.02 ± 0.27 b 4.37 ± 0.13 ab

Simpson 0.91 ± 0.06 a 0.88 ± 0.06 a 0.83 ± 0.05 b 0.90 ± 0.02 a

Subject 3

Shannon 3.99 ± 0.57 a 3.93 ± 0.27 a 3.90 ± 0.17 a 4.07 ± 0.65 a

Simpson 0.85 ± 0.10 a 0.83 ± 0.03 a 0.80 ± 0.03 b 0.83 ± 0.09 a

Values are expressed as the mean ± SD (n = 3). Means with different superscript letters (a, b) within a row suggest
significant differences (p < 0.05); means with the same superscript letters (a, b) within a row suggest the differences
are not significant (p ≥ 0.05), as determined by Duncan’s multiple range test.

In order to adequately compare the homogeneity of salivary bacterial communities among the
three subjects, MRPP and Anosim tests were then performed. In the pairwise comparisons, positive
delta values from MRPP tests and R values from Anosim tests were observed, which indicated a higher
similarity within the groups (Table 3). Thus, diversities of salivary microbiota among individuals were
much larger than the variation within individuals over the course of tea consumption.

Table 3. Summary of multiple response permutation procedure (MRPP) and analysis of similarity
(Anosim) tests between each subject.

Compared Data Sets
MRPP Anosim

Delta p-Value R p-Value

Subject 1 vs. Subject 2 0.1969 0.001 0.7105 0.001
Subject 1 vs. Subject 3 0.1479 0.001 0.4886 0.001
Subject 2 vs. Subject 3 0.1919 0.001 0.7562 0.001
Subject 1 vs. Subject 2 vs. Subject 3 0.2227 0.001 0.6482 0.001

The general profiles of salivary microbiota of each individual subject at different sampling times
were further compared with PCA (Figure 2). For subject 1, the salivary bacterial communities in the
baseline period were separated from the tea intervention and follow-up period, while in the follow-up
period bacterial communities gathered with those in the tea consumption period. For subject 2, clear
distinctions in the bacterial communities were discovered between week 0 and the other experimental
periods, while the bacterial communities in week 12 and week 4 were overlapped. In the case of subject
3, relatively higher similarities were found among the different treatment periods, which might suggest
a slighter or lower impact of tea consumption on the salivary microbiota.

3.4. Correlation Networks of Salivary Microbiota

Based on the Illumina sequencing results, 67 OTUs were defined as the predominant salivary
microbiota of the three subjects, with relative abundance over 0.1%. Pearson’s correlations were
calculated among the predominant salivary microbiota of each subject, and the strong connections (|r| >
0.9 and p < 0.05) were further visualized as networks (Figure 3A,C,E). When comparing the networks
of the three subjects, subject 1 had the most complicated co-occurrence patterns of salivary bacteria,
with a total strong connection number of 128. For subjects 2 and 3, the strong connection numbers
were 49 and 41, respectively.
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Figure 2. Principal component analysis (PCA) score plots based on the relative abundance of all
operational taxonomic units (OTUs) of each subject.

3.5. Hub Salivary Microbiota Identification

The size of each node in the network represents the number of strong connections with other
nodes. Thus, the OTUs with a larger node size were identified as the hub salivary microbiota of each
subject, which had more connections with other bacteria. In this study, approximately 20 hub OTUs
from each subject were intentionally selected. In particular, for subject 1, 21 OTUs were defined as the
hub microbiota (Figure 3A). The relative abundance changes of these bacteria were further visualized
as a heatmap plot (Figure 3B). Of these, 8 OTUs (OTU 133, 23, 42, 5, 6, 7, 8, and 9) increased after tea
intervention, while the remaining 13 OTUs decreased; moreover, OTU 1, 42, and 5 increased during the
follow-up period (week 12). For subjects 2 and 3, 20 and 25 OTUs were identified as hub microbiota
(Figure 3C,E). The successions of these hub salivary microbiota during the 12-week experimental
period are illustrated in Figure 3D,F.

Through a Venn diagram, seven OTUs, including OTU_1 (Streptococcus sp.), OTU_133 (Veillonella
sp.), OTU_23 (Veillonella sp.), OTU_33 (Ruminococcaceae sp.), OTU_42 (Actinomyces odontolyticus), OTU_6
(Gemella haemolysans), and OTU_696 (Haemophilus sp.), were identified as the shared hub microbiota of
the three subjects (Figure 4A). The unique hub salivary microbiome is also shown in Figure 4A. Based
on the relative abundance of these shared hub bacteria during the entire experimental period for the
three subjects, a PCA plot was further depicted (Figure 4B). A clear separation of the baseline period
(week 0) from other score points was observed, which revealed a significant change with regard to these
seven OTUs which occurred after tea infusion drinking. The PCA score plots of week 4 and week 8 were
gathered into two discrete clusters, which indicated a time-dependent response of these bacteria to tea
drinking. For week 12, this cluster was in-between those of week 4 and week 8, indicating a relatively
similar bacterial profile pattern in the follow-up period with tea treatment. The temporal shifts of
these seven shared hub salivary microbiota during the 12-week experimental period are reflected in
Figure 5. In general, compared with the baseline period, in week 4, Ruminococcaceae sp. (OTU_33) and
Haemophilus sp. (OTU_696) were suppressed significantly (p < 0.05), while Veillonella sp. (OTU_133),
Actinomyces odontolyticus (OTU_42), and Gemella haemolysans (OTU_6) were promoted significantly
(p < 0.05). After eight weeks of tea consumption, Streptococcus sp. (OTU_1), Ruminococcaceae sp.
(OTU_33), and Haemophilus sp. (OTU_696) were suppressed significantly (p < 0.05), while Veillonella
spp. (OTU_133 and OTU_23), Actinomyces odontolyticus (OTU_42), and Gemella haemolysans (OTU_6)
were promoted significantly (p < 0.05). In the follow-up period, only Streptococcus sp. (OTU_1) was
return to its initial level (p > 0.05).
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Figure 3. Correlation networks of the predominant salivary microbiota (A,C,E) and heatmaps of the
hub salivary microbiota (B,D,F) in each subject. In correlation networks, each node represents an
OTU; the color of nodes indicates the phylum information; the size of nodes represents the number of
linkages; lines between nodes represent a strong correlation between these two OTUs (|r| > 0.9 and p <
0.05, Pearson’s correlation); red line represents a positive correlation and blue line represents a negative
correlation. The nodes with high strong connection numbers were selected as the “hub microbiota”
and their dynamic shifts of relative abundance were further depicted on heatmaps. The color of the
data matrix in heatmaps corresponds to the normalized relative abundance of the OTUs; the color bar
on the top right indicates the scale.
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Figure 4. (A) The Venn diagram of the hub salivary microbiota in each subject. (B) PCA score plots
based on the relative abundance of the shared hub microbiota across the three subjects.

 
Figure 5. The temporal shifts of the shared hub salivary microbiota during the 12-week
experimental period.
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4. Discussion

In the present study, an oolong tea infusion containing a total of 2.83 ± 0.02 g/L polyphenols,
including catechin, epicatechin, epigallocatechin gallate, and at least 30 other components, was used to
evaluate its salivary microbiota modification effect. Three subjects were required to consume 1.0 L
of tea infusions daily, which equaled approximately 52 mg/kg body weight of tea polyphenols. The
preparation method and intake amount of tea infusions followed the general tea drinking habits of
individuals in the southern part of China, which would provide a more pragmatic and appropriate
insight. Under this consumption amount, diverse responds of salivary microbiota were observed
among the three subjects.

Following the Illumina high-throughput sequencing, a highly diverse salivary bacterial community
was observed. A total of 8801 OTUs with a 97% similarity level was identified from the 36 saliva samples
and annotated into 25 phyla and 260 genera. In addition to the complexity, a high inter-individual
variation in salivary microbiota was also discovered. It was revealed that the salivary microbial
communities within the three subjects were significantly distinct from each other, exhibiting host-specific
microbiota profiles; their overall collective responses to tea consumption also varied among each
participant. The positive delta values from MRPP tests and R values from Anosim tests indicated
the differences of salivary microbiota profiles among subjects were far more significant than that
among different time points within one subject (Table 3). When all 36 salivary microbiota data sets
from the three subjects were depicted into one PCA plot, no clear cluster was observed (Figure S2).
The host-specific salivary microbiota were also confirmed by the distinct correlation networks of
each participant. These results were consistent with the findings of Belstrøm et al., since the authors
confirmed that the five individuals in their study had a personalized salivary bacterial fingerprint [29].
Hall et al. also stated that the oral bacterial community fingerprint varied from person to person in
their study [17]. Thus, in order to minimize the inter-individual variations, the data sets from different
subjects were analyzed separately, otherwise the effect of tea may be obscured by the inter-individual
variations, as shown in Figure S2.

In general, it was revealed that oolong tea consumption led to a profound reduction in diversity
of the salivary bacterial communities of subject 1 and subject 2. Takeshita et al. stated in their
population-based study that good oral health was associated with a lower phylogenetic diversity of
the salivary microbiome [5]. Moreover, Vestman et al. reported that the diversity of the tooth biofilm
samples was reduced after probiotics supplementation [30]. The increase of diversity of gut microbiota
is normally associated with better gut health conditions, such as through the extension of the functional
genes for facilitation of the absorption of nutrients and energy, or for appropriate development of
immunity. In contrast to the commensal microbiota residents in the intestinal tract, which typically
live in harmony with the host, the oral microbiota is responsible for the two most common diseases,
including dental caries and periodontal diseases [31]. The increase of diversity in salivary microbiota
may be associated with the flourish of dental plaque which resulted from the accumulation of attached
bacteria, and thus increase the risk of dental caries and periodontal diseases; while, the decrease in
taxonomic diversity in saliva may indicate the shrinking of bacterial communities in dental plaque
biofilms, and thus lead to healthier oral ecological conditions. However, for subject 3, the decrease of
the salivary microbial community diversity was not significant, except for Simpson index of week 8,
which might indicate a lower modulation effect of tea on subject 3. Furthermore, according to PCA,
significant overall shifts of salivary microbiota composition were noted in subjects 1 and 2. However, in
the case of subject 3, a higher variation was discovered amongst different sampling time points, which
may also suggest a lower effectiveness of tea consumption upon the salivary microbiota of subject 3.

The oral cavity, as the portal of entry to the gastrointestinal tract, is one of the most complex
microbial colony sites within the human body [32]. In order to better understand the complex ecologic
system, a correlation network was employed in this study to simplify and visualize the co-occurrence
patterns of salivary bacteria. The bacteria taxa with robust connections with other salivary bacteria
were defined as “hub salivary bacteria”. Subsequently, via a heatmap plot, the temporal dynamic of
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each individual hub salivary bacteria was clearly presented. Afterwards, through a Venn diagram, the
shared hub microbiota across the three subjects were further identified. Separated correlation network
analysis revealed the detailed influence of tea consumption on the salivary microbiota composition
within the same contactable environment. Thus, it minimized the inter-individual variations between
subjects. While, an additional Venn diagram further helped in seeking the common influences of
tea consumption.

In particular, seven shared hub OTUs across the three subjects were identified from the highly
complex and personalized oral ecosystem. Notably, OTU_1 (Streptococcus sp.), as the most predominant
taxon, also acted as a shared hub microbiota and favorably interacted with other oral bacteria. Due to
the biofilm formation and acid production ability of Streptococcus, multiple members of this genus,
including Streptococcus mutans, Streptococcus sobrinus, Streptococcus salivarius, Streptococcus constellatus,
and Streptococcus parasanguinis, were considered as opportunistic pathogens [33]. With regard to the
shifts of Streptococcus sp., a significant decrease (−16.94%, p = 0.035) was found after eight weeks of tea
consumption. Therefore, a Streptococcus inhibitory effect of tea was observed in this study, and the
effect may assist in the prevention of dental caries. There is a preponderance of evidence to support the
beneficial role of tea in protecting against this oral pathogen. Narotzki et al. reviewed the clinical and
biological studies regarding the correlation between green tea and oral health and concluded that green
tea may reduce dental caries through bacterial growth repression and enzyme activity inhibition [14].
With the exception of green tea, it has also been reported that black tea extracts could inhibit S. mutans
adhesion in vitro [34]. Kawarai et al. compared the S. mutans biofilm formation inhibitory effect of
Assam tea (a black tea variety) and green tea and ascertained that Assam tea exhibited a stronger
biofilm inhibition activity than green tea [35]. The inhibitory activity of specific teas against oral
pathogens are commonly attributed to the phenolic components within the tea [14].

Similar inhibitory effects were also observed on OTU_33 (Ruminococcaceae sp.) and OTU_696
(Haemophilus sp.), both of which were also hub microbiota across the three subjects. Haemophilus are a
common bacteria which inhabit the mouth, vagina, and intestinal tract. The genus includes commensal
organisms, along with some pathogenic species such as H. influenzae and H. ducreyi. The inhibitory
effect of tea on Haemophilus may also reduce the risk of infection. Ruminococcaceae, one of the most
typical gut microbiotas, can be found in significant numbers in the intestines of humans. However, the
biological meaning regarding the depletion of this bacterium induced by tea drinking was not clear.

Along with oolong tea consumption, a significant elevation of OTU_133 (Veillonella sp.), OTU_23
(Veillonella sp.), OTU_42 (Actinomyces odontolyticus), and OTU_6 (Gemella haemolysans), which were all
demonstrated as robust network nodes across the three subjects, was observed in this study. Lim et
al. illustrated a significant negative association between Haemophilus and Veillonella [36], which was
consistent with our findings. Furthermore, it was reported that the establishment of some certain oral
commensals was linked to oral health, such as the bacterial species belonging to Neisseria, Veillonella,
and Actinomyces [37], although details regarding the exact mechanisms are not yet available. Moreover,
the elevated effect on these four hub bacteria continued throughout the follow-up period, which
demonstrated the sustained effect of tea drinking.

With regard to the mechanisms behind the modification effect of tea on salivary microbiota,
several hypotheses have been invoked to account for this particular effect: (i) tea polyphenols possess
antimicrobial properties, which are believed to aid in the inhibition of certain bacteria, including
some pathogens [13,14]; (ii) tea polyphenols as antioxidants may alleviate oral oxidative stress and
inflammation, which may further impact the oral immune system and induce a drift of the bacterial
community [14]; (iii) tea polyphenols can precipitate salivary proteins and inhibit the activity of
salivary alpha-amylase, and thus, induce the decrease of fermentation of carbohydrates involved in
caries formation [38]. However, the precise mechanism is still ambiguous, resulting in the necessity for
further studies. Numerous epidemiologic studies and clinical trials have validated that regular tea
consumption could reduce the risk of cardiovascular disease, including coronary heart disease, stroke,
and peripheral arterial disease [39]. Recent studies show a correlation between periodontal disease and

22



Nutrients 2020, 12, 966

cardiovascular disease [40,41]. Thus, from the perspective of alleviating systematic inflammatory and
immunological processes, explicating the underlying mechanisms (e.g., to link the levels of endogenous
mediators, such as endothelin [42] and vitamins [9] of tea consumption may open an innovative avenue
toward the development of new antibiotics with good safety and tolerability margin.

It was also acknowledged that the inadequate number of subjects in this study might limit the
statistical analysis. As explained previously, using limited subjects and following the time course of
each individual may help to minimize the inter-individual variations. However, further studies with
larger sample sizes are warranted to validate these findings.

5. Conclusions

In summary, using three healthy adult volunteers as our subjects, our study demonstrated that
a daily consumption of 1.0 L oolong tea for eight weeks caused a reduction in bacterial community
diversity, as well as the disturbance of hub salivary bacterium with strong connections to other salivary
microbiota. Additionally, it was also noticed that large inter-individual variations were found, implying
diverse responses to oolong tea consumption may exist among subjects. Larger sample sizes and more
in-depth mechanism studies are necessary to further clarify and elucidate the physiological relevance
of the shifts of salivary microbiota to the oral health of the host.
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Abstract: vitamin C and antioxidants play a crucial role in endothelial function and may be a link for
the known interaction of periodontitis and ischemic heart disease (CAD). This pilot study evaluates
the association of gingival health, periodontitis, CAD, or both conditions with salivary and serum
vitamin C and antioxidant levels. The clinical and periodontal characteristics, serum, and saliva
samples were collected from 36 patients with periodontitis, 35 patients with CAD, 36 patients with
periodontitis plus CAD, and 36 healthy controls. Levels of vitamin C, antioxidants, and C-reactive
protein (hs-CRP) were assessed with a commercially available kit. The median concentrations of
salivary and serum vitamin C and antioxidants (α-tocopherol, β-carotene, lutein, and lycopene) were
significantly lower in the CAD group (p < 0.001) and in the periodontitis plus CAD group (p < 0.001)
compared to periodontitis patients and controls. In univariate models, periodontitis (p = 0.034), CAD
(p < 0.001), and hs-CRP (p < 0.001) were significantly negatively associated with serum vitamin C;
whereas, in a multivariate model, only hs-CRP remained a significant predictor of serum vitamin C
(p < 0.001). In a multivariate model, the significant predictors of salivary vitamin C levels were
triglycerides (p = 0.028) and hs-CRP (p < 0.001). Patients with CAD and periodontitis plus CAD
presented lower levels of salivary and serum vitamin C compared to healthy subjects and periodontitis
patients. hs-CRP was a significant predictor of decreased salivary and serum vitamin C levels.

Keywords: vitamin C; retinol; α-carotene; β-carotene; β-cryptoxanthin; γ-tocopherol; lutein;
zeaxanthin; lycopene; periodontitis; ischemic heart disease; C-reactive protein; cardiovascular
disease; clinical trial

1. Introduction

About 50% of adults in the United States of America (USA), aged over 30 years, are affected by
periodontitis, and almost 10% of the world population have a severe form of periodontal disease [1,2].
Periodontitis can be defined as a chronic inflammatory multifactorial disease caused by periodontal
bacteria that determine the destruction of the tooth-supporting tissues, including alveolar bone, and
which can lead to tooth loss [3]. Some observational studies during the last few decades have shown
a direct and positive association between periodontitis and coronary heart disease, known also as
ischemic heart disease (CAD), including myocardial infarction, stroke, and cardiovascular disease
(CVD) [4,5]. More specifically, recent large cohort studies and a systematic review highlighted a
positive graded association between periodontitis and increased risk of stroke and CAD [6–8].
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The etiology of periodontitis comprises inflammatory and immunological processes that cause
dysregulation in the host response due to the superinfection of periodontal bacteria [9]. Moreover,
periodontitis has been positively associated with higher serum levels of different inflammatory
biomarkers, such as interleukin 6 (IL-6), IL-17, C-reactive protein, and prostaglandins [10].

vitamin C has been shown, together with some other antioxidant agents, to be an endogenous
modulator of the metabolism of nitric oxide (NO) and subsequent endothelium-dependent
vasodilation [11]. NO is one of the important mediators that regulate function and vasodilatation
of the endothelium, because it controls the level of inflammation in the vessels, vascular tone, and
cell proliferation, and it modulates the release of different growth factors [12]. vitamin C has been
extensively used to evaluate and predict early signs of endothelial dysfunction and CAD events [13].
A prospective study on 200 patients with heart failure showed that patients with high serum vitamin C
deficiency moderated the relationship between inflammation and CAD events [14]. Furthermore, a
multi-trial study on 134 subjects with CAD showed a therapeutic use of vitamins C and E against the
reperfusion damage produced during angioplasty [15].

Few reports have associated periodontitis with CAD, endothelial dysfunction, and augmented
the risk of CVD [16–18]. It has previously been hypothesized that several inflammatory mediators are
systemically released during periodontitis, including CRP, metalloproteases, and prostaglandins, into
the bloodstream and decrease the production of NO [19]. The reduced production of NO negatively
impacts the vascular endothelial cells, whose impairment determines, finally, endothelial dysfunction,
vasodilatation, and CAD [20,21]. Hence, this has aroused interest in assessing possible oral factors that
influence and regulate endothelial changes as subclinical signs of CAD.

Previous studies have demonstrated an indirect association between high serum vitamin C and
a direct association between high CRP levels and consequent endothelial damage in patients with
periodontitis [22,23].

The local production of NO has an essential role in the development and progression of
periodontitis. Both increases and decreases in the production of salivary NO metabolites during
periodontitis in gingival tissue against periodontal bacteria and periodontal tissues have been reported
to be associated with impaired endothelium-dependent vasodilatation [24]. More specifically, it has
been shown that vitamin C and several antioxidants act as a competitive stimulator of the NO synthase,
and that lower serum vitamin C levels have been reported in several metabolic disorders, including
periodontitis [25,26].

All of these studies were performed only on serum vitamin C. To date, few studies have evaluated
salivary vitamin C levels during periodontitis. Moreover, there are insufficient data on the association
of periodontitis on both serum and salivary vitamin C levels during periodontitis and CAD.

The aims of this study were to evaluate a possible association of gingival health, periodontitis,
CAD, or a combination of both diseases on saliva and serum vitamin C and antioxidant levels. Moreover,
the association between both saliva and serum vitamin C levels were assessed, and whether salivary or
serum vitamin C levels were mediated by serum CRP in patients with periodontitis and with CAD.

2. Materials and Methods

2.1. Study Design

The study population consisted of 309 patients with periodontitis, CAD, and healthy controls
selected among those who attended the Department of Periodontology, School of Dentistry, from June
2016 to October 2018. Groups were selected from a prespecified age range (40–60) and sex so that a
similar proportion to the cases fall into the categories defined by the selection variable (sex and age in
this study). Fifty percent of the cases and controls were males aged 45–58 years.

The study was performed by the Declaration of Helsinki, revised in 2016 by medical research.
Ethical approval was obtained from the local IRB of the University of Messina (012-2016). The study
was registered at clinicaltrials.gov (NCT03873789). Written informed consent was obtained from each
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patient about the study characteristics and possible risks of the study. This study followed the STROBE
guidelines for the strengthening of reporting of observational studies (Table S1) [27].

Inclusion criteria for the periodontitis group were: (1) Presence of at least 16 teeth; (2) a minimum
of 40% of sites with clinical attachment level (CAL) ≥2 mm and probing depth (PD) ≥4 mm [28];
(3) presence of at least one site for each quadrant with ≥2 mm of crestal alveolar bone loss verified on
digital periapical radiographs; and (4) presence of ≥40% sites with bleeding on probing (BOP) [29].
Healthy individuals presented no systemic disease, ≤10% sites with BOP, no sites with PD ≥4 mm or
CAL ≥4 mm, no sites with BOP [29] or radiographic signs of bone loss.

Inclusion criteria for the CAD group were: At least ≥18 years old with a diagnosis of CVD, ≥50%
of stenosis of at least one coronary artery verified by coronary angiography or a coronary artery bypass
surgery, or past or current percutaneous coronary intervention [30]. Moreover, information on previous
medical conditions, cardiovascular risk factors, medications, electrocardiography, echocardiography,
and coronary angiogram results were collected. The inclusion criteria for the periodontitis + CAD
group were based on the same criteria of the single periodontitis and CAD groups but combined.

The exclusion criteria for all patients were: (1) Use of contraceptives; (2) use of antibiotics,
immunosuppressive or anti-inflammatory drugs throughout the last three months prior to the study;
(3) status of pregnancy or lactation; (4) previous history of excessive drinking; (5) allergy to local
anaesthetic; (6) use of drugs that may potentially determine gingival hyperplasia such as Hydantoin,
Nifedipine, Cyclosporin A, or similar drugs; (7) periodontal therapy throughout the last three months
prior to the study.

After a first screening, 166 patients were excluded from the final sample because they did not meet
the inclusion criteria (n = 141), declined to participate (n = 14), or did not attend the first appointment
(n = 11). Finally, for this study, 36 patients with periodontitis, 35 patients with CAD, 36 patients with
periodontitis plus CAD, and 36 healthy subjects were finally enrolled (Figure 1).

Figure 1. Flowchart of the study.

The demographic (level of education), clinical and medical characteristics (sex, age, body mass
index, hypertension, diabetes, dyslipidemia, previous CVD events), and medications were assessed in
all enrolled subjects. The presence of diabetes mellitus was based on the history of the patient or a
fasting blood glucose ≥126 mg/dL. Body Mass Index (BMI) was estimated on the weight of the patient
divided by the square of the patient’s height, i.e., kilogram per square meter (kg/m2).

The periodontal evaluation comprised probing depth (PD), clinical attachment loss (CAL), bleeding
on probing (BOP), and plaque score (PI) [31], and the presence of bleeding was recorded up to 30 s
after probing. CAL was recorded as PD plus recession, with the cementoenamel junction as a reference
for CAL measurements. All clinical periodontal parameters were recorded, in all patients, at six sites
per tooth on all teeth present, excluding third molars, by two independent calibrated examiners (a
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principal examiner and a second control examiner) not involved in the subsequent data analysis with
a manual periodontal probe (UNC-15, Hu-Friedy, Chicago, IL, USA). The inter- and intra-examiner
reliability of the outcomes PD and CAL were assessed using the intraclass correlation coefficient (ICC).
The inter-examiner reliability resulted in an agreement for PD (ICC = 0.817) and CAL (ICC = 0.826),
denoting a reasonable degree of reliability for both parameters. The intra-examiner reliability of PD
and CAL was performed only on 20 selected patients (five patients per group chosen randomly) for
both examiners. The intra-examiner reliability for the first examiner resulted in an agreement for PD
(ICC = 0.834) and CAL (ICC = 0.809), and for the second examiner, it resulted in an agreement for PD
(ICC = 0.851) and CAL (ICC = 0.819), denoting a reasonable degree of reliability for both parameters.

A power analysis was performed to calculate the minimum sample size required. The sample
size was established considering a number of groups equal to 4, an effect size of 0.30 for vitamin C
(that represented the primary outcome variable), an expected standard deviation of 1.5 [25], a 2-sided
significance level of 0.05, and a power of 80%. It was determined that approximately 32 patients per
group would be needed. Thus, it was estimated that 128 subjects were needed to ensure a power level
of 80%. One hundred and forty-three patients were enrolled so that the study achieved a power of
83%. Power and sample size calculations were performed using statistical software (G*Power version
3.1.9.4, Universitat Dusseldorf, Germany).

2.2. vitamin C Assessment in Saliva and Serum

Fasting samples were collected in all subjects between 8:00 and 10:00 am. Participants were asked
to refrain from eating, drinking, chewing gum, brushing teeth, as well from using any mouthwashes,
in the last 12 h before the sampling.

The venous puncture was performed, and blood samples were collected, cooled on ice immediately,
and centrifuged at 4 ◦C (800× g per 10 min). Serum samples were stabilized immediately using
metaphosphoric acid in order to avoid oxidization of vitamin C. To collect saliva, subjects were asked
to chew on a cotton roll for 2 min, and saliva samples were collected using Salivette collection devices
(Sarsted, Verona, Italy) and immediately centrifuged at 4 ◦C (1000× g per 2 min). Serum and saliva
samples were stored at −20 ◦C until analysis.

Levels of vitamin C and antioxidants (retinol, α-carotene, β-carotene, γ-tocopherol,
β-cryptoxanthin, lutein, zeaxanthin, and lycopene) were assessed by use of the commercially available
kit for high-performance liquid chromatography (HPLC) measurements (Eureka, Ancona, Italy).
In fasting conditions, levels of C-reactive protein (hs-CRP) were assessed by a commercially available
nephelometric assay. An hs-CRP level higher than 3 mg/L was associated with an increased risk of
CAD. Plasma lipids and glucose were determined by routine methods.

2.3. Statistical Analysis

The numerical data are expressed as median, 25% and 75% percentiles, and categorical variables
as number and percentage. The Kruskal–Wallis test was applied in order to compare the four groups
with regard to all numerical variables, and the Mann–Whitney test in order to perform two-by-two
comparisons between groups. Since most of the examined variables (e.g., triglycerides, fasting glucose,
and all periodontal variables) did not present normal distribution, as verified by a Kolmogorov–Smirnov
test, the analysis was performed by non-parametric tests. For these multiple comparisons, Bonferroni’s
correction was applied, for which the significant alpha level 0.050 was divided by the number of possible
comparisons (n = 6), so the “adjusted” significance level for this analysis was equal to 0.050/6 = 0.008.
A p-trend was performed with the Jonckheere–Terpstra Test for serum and salivary vitamin C levels to
assess whether the vitamin C levels were significantly increased in healthy, periodontitis, CAD, and
periodontitis + CAD patients. The Spearman correlation test was applied to determine the existence of
any significant interdependence between hs-CRP, serum, and salivary vitamin C.

In all enrolled subjects, univariate and multivariable linear regression models were performed
in order to assess the dependence of salivary and serum vitamin C levels on potentially explicative
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variables such as age, gender, education, socioeconomic status (SES), BMI, CRP, triglycerides, total
cholesterol, and antioxidants. In the final multivariate model, only age, gender, education, and SES
were included as confounders, and tests were carried out to analyze if periodontitis, CAD, and hs-CRP
influenced serum vitamin C levels. The same analysis was performed for salivary vitamin C as
an outcome. Statistical analyses were performed using statistical software (SPSS 22.0 for Windows
package (SPS Srl, Bologna, Italy)). A p-value < 0.05 was considered statistically significant.

3. Results

The patient characteristics and biochemical parameters of the recruited subjects are summarized
in Table 1. Controls and patients were matched for age and gender, and there were no significant
differences between the distribution of education levels or median values (25% and 75% percentiles)
of BMI, triglycerides, or total cholesterol between the groups (Table 1). Increased values of hs-CRP
were observed among patients with periodontitis, CAD, and periodontitis + CAD in comparison with
healthy subjects (p < 0.001). Patients with CAD and periodontitis + CAD had a similar proportion
of previous CVD events (atrial fibrillation, angina pectoris, stroke, heart failure) and took more CVD
drugs (antihypertensive, statins, low-dose aspirin, beta-blockers). Patients with CAD and periodontitis
+ CAD presented lower serum retinol, α-carotene, β-carotene, γ-tocopherol, β-cryptoxanthin, lutein,
zeaxanthin, and lycopene levels compared to periodontitis and healthy controls (Table 1).

Table 2 shows dental variables in patients with periodontitis, CAD, periodontitis + CAD, and
controls. Patients with periodontitis and with periodontitis + CAD presented a lower median number
of teeth and higher median values of periodontal parameters (CAL, PD, BOP, PI) compared with
CAD and control subjects (p < 0.001). Moreover, the median values of periodontal parameters were
significantly higher in patients in the periodontitis and periodontitis + CAD groups compared to
patients with CAD and healthy controls (p < 0.001, Kruskal–Wallis test) (Table 2).
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Table 2. Clinical dental variables of recruited subjects.

Controls
(N = 36)

Periodontitis
(N = 36)

CAD
(N = 35)

Periodontitis + CAD
(N = 36)

N of teeth 26 (24; 28) 19 (17; 20) ** 23 (20; 24) **,§§ 18 (13; 20) **,##

CAL (mm) 1.1 (0.8; 1.3) 4 (3.5; 4.2) ** 2.1 (1.7; 2.4) **,§§ 4.1 (3.6; 4.8) **,##

CAL 4–5 mm (% sites) 38.7 (36.2; 43.4) ** 42.2 (38.9; 48.7) **,##

CAL ≥6 mm (% sites) 20.2 (16.8; 21.7) ** 18.2 (16.4; 24.2) **,##

PD (mm) 1.4 (1.1; 1.8) 4.5 (4.1; 5.2) ** 2 (1.9; 2.3) **,§§ 4.1 (3.8; 4.7) **,##

PD 4–5 mm (% sites) 42.1 (40.1; 46.4) ** 44.8 (41.5; 51.1) **,##

PD ≥6 mm (% sites) 22.3 (17.9; 23.1) ** 23.9 (21.6; 27.6) **,§§,##

BOP (%) 8.8 (6.1; 10.9) 47.1 (45.1; 48.9) ** 8.7 (5.2; 9.2) **,§§ 45.7 (44.6; 56.2) **,§§,##

PI (%) 6.9 (5.3; 10.8) 34.9 (33.3; 36.1) ** 12.9 (12.1; 13.4) **,§§ 34.3 (31.2; 35.1) **,##

Data are expressed as median (25th and 75th percentile). ** p < 0.001 significant differences vs. control subjects
calculated by the Mann–Whitney test. §§ p < 0.001 significant differences vs. periodontitis patients calculated by the
Mann–Whitney test. ## p < 0.001 significant differences vs. CAD patients calculated by the Mann–Whitney test.
CAL, clinical attachment level; PD, probing pocket depth; BOP, bleeding on probing; PI, plaque index.

vitamin C Evaluation

Median (25th and 75th percentile) serum and salivary vitamin C levels are presented in Figure 2.
The median concentrations of serum and salivary vitamin C were lower in the CAD (p < 0.01) and
in the periodontitis + CAD (p < 0.001) groups compared to controls. Serum and salivary vitamin C
concentrations were also significantly decreased in patients of the periodontitis + CAD group in
comparison with periodontitis patients (p < 0.01; Figure 2). Overall, the p-value for trend analysis
performed (Jonckheere–Terpstra test) indicated that serum vitamin C progressively decreased in
patients with periodontitis, CAD, and periodontitis + CAD (p < 0.001; Figure 2).

Figure 2. Median values (25% and 75% percentiles) of serum and salivary vitamin C levels in each
group of subjects. * p < 0.05, ** p < 0.01, and *** p < 0.001 significant differences vs. control subjects
(derived by Kruskal–Wallis test). §§ p < 0.01 significant differences vs. periodontitis patients. p < 0.001
(obtained by Jonckheere–Terpstra test).

There was no statistically significant correlation between salivary and serum vitamin C levels
(rs = 0.157, p = 0.087; Figure 3).
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Figure 3. Correlation analysis of serum and salivary vitamin C levels in all enrolled subjects.

Moreover, across all subjects, serum/salivary vitamin C concentrations correlated negatively
(rs = –0.378, p < 0.001)/(rs = −0.427, p < 0.001) with hs-CRP levels (Figure 4).

Figure 4. Correlation analysis of serum and salivary vitamin C levels with CRP values in all
enrolled subjects.

The adjusted multivariate linear regression analysis, aimed at assessing the possible association
of periodontitis and CAD on serum and salivary vitamin C levels, showed that hs-CRP (p < 0.001)
was the only statistically significant predictor variable for serum vitamin C; hs-CRP (p < 0.001) and
triglycerides (p = 0.028) were the statistically significant predictor variables for salivary vitamin C
(Table 3).
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Table 3. Uni- and multivariate linear regression model for serum and salivary vitamin C levels in all
enrolled subjects.

Univariate Multivariate

Variable B 95% CI p B 95% CI p

Serum vitamin C levels

CAD −0.378 −0.222; 0.578 <0.001 −0.069 −0.341; 0.498 0.644
Periodontitis −0.223 −0.016; 0.404 0.034 −0.141 −0.039; 0.389 0.112

hs-CRP −0.119 −0.075; 0.137 <0.001 −0.112 0.065; 0.149 <0.001
Age (years) 0.078 0.29; 0.004 0.081 0.039 −0.148; 0.187 0.436

Female gender −0.149 −0.041; 0.327 0.149 −0.178 −0.112; 0.344 0.078
Triglycerides −0.066 −0.199; 0.078 0.209 0.074 −0.167; 0.366 0.141

Salivary vitamin C levels

CAD −0.236 0.134; 0.41 <0.001 −0.029 −0.433; 0.312 0.655
Periodontitis −0.064 −0.087; 0.214 0.387 0.005 −0.151; 0.184 0.972

hs-CRP −0.078 0.038; 0.132 <0.001 0.077 0.061; 0.146 <0.001
Age (years) 0.041 −0.041; 0.012 0.207 0.012 −0.029; 0.036 0.786

Female gender −0.038 −0.114; 0.226 0.419 0.079 −0.047; 0.239 0.178
Triglycerides 0.079 −0.178; 0.006 0.039 −0.714 −0.058; 0.241 0.028

Serum vitamin C −0.149 −0.031; 0.378 0.079 −0.029 −0.223; 0.154 0.599

Age was included as a continuous variable. For periodontitis and CAD, controls served as reference. For gender,
males served as reference. For education, primary school served as a reference.

4. Discussion

This study evaluated the association of different conditions such as gingival health, periodontitis,
CAD, or a combination of both diseases (periodontitis and CAD) on saliva and serum vitamin C levels.
This study found that periodontitis in CAD patients was associated with decreased levels of serum
and salivary vitamin C and hs-CRP levels. However, compared to periodontitis and healthy subjects,
only patients with CAD and periodontitis + CAD presented significantly lower salivary and serum
vitamin C levels, supporting the hypothesis that CAD may have contributed to decreased serum and
salivary vitamin C levels.

Moreover, our results showed that the presence of periodontitis in patients with CAD might
serve as an inhibitor of vitamin C and for associated risk of CAD and CVD. Recent investigations
suggested that low serum vitamin C levels, through inactivation of NO signaling, are independent risk
factors of CVD and related to increased mortality [32]. More specifically, it has also been demonstrated
that a decrease in vitamin C levels was associated with carotid endothelial damage in patients
with atherosclerosis, highlighting the positive role of vitamin C and antioxidants on NO levels [33].
The co-occurrence of periodontitis in CAD patients may be a possible pathway for the observed
deterioration of endothelial function via decreased vitamin C levels. Periodontal treatment clinically
decreased serum vitamin C and antioxidants levels in patients with chronic kidney disease [34].

As a support of the present study, several lines of evidence have shown that stimulating oxidative
stress conditions, such as periodontitis and CAD, may have led to the lower the production of vitamin C,
which in turn could augment serum and salivary CRP levels [35]. The high inflammation present
during periodontitis and CAD is believed to accelerate vitamin C oxidation [35]. In accordance with
our results, Amaliya et al. [36] found that low serum vitamin C and high CRP levels were associated in
a dose-dependent manner in a sample of 98 subjects with periodontitis.

Moreover, while there are some observations on the serum vitamin C levels as a marker for
endothelial dysfunction or CAD risk, there are no reports that analyze both salivary and serum
vitamin C levels during periodontitis. However, the present study did not find a statistically significant
correlation between serum and salivary vitamin C levels; salivary vitamin C levels were associated by
hs-CRP levels. This could be explained by the fact that the saliva levels of vitamin C could mainly
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reflect the serum vitamin C levels or that the salivary vitamin C levels may have been influenced by
the saliva collection method used in the present study [37].

In the present study, patients with CAD and with periodontitis plus CAD presented low salivary
vitamin C levels, in accordance with previous studies which demonstrated that saliva contains many
biochemical systems known to be involved in soft-tissue repair, and many antibacterial components,
including lysozyme, lactoferrin, and salivary peroxidase [38]. Human whole saliva contains a complex
peroxidase system, the major components of which include different forms of lactoperoxidase secreted
by the salivary glands and myeloperoxidases from polymorphonucleocytes [39].

While the systemic impact of reduced vitamin C levels on endothelial dysfunction via decreased
NO has been demonstrated, the effect of oral vitamin C is less clear. As a matter of fact, there are
reports which show that periodontitis is positively associated with impaired salivary NO levels [19,24].
NO can be produced in the gingival tissues as part of the oral unspecific salivary antibacterial defense
against anaerobic periodontopathogens bacteria [12,24,40]. In this regard, some reports showed high
levels of NO synthesis and activity in the inflamed periodontal tissue [25,41–44]. Another explanation
for the contradictory results may be due to the method of saliva collection. Moreover, it can also
be argued that the difference in NO production at the periodontal level is probably different from
NO in the bloodstream: In the mouth, it is an antibacterial defense, whereas systemically, it impacts
endothelial function.

Moreover, endothelial dysfunctions in periodontitis patients with CAD could be due to a specific
immunoreactive pathway in which vitamin C modulates an anti-inflammatory response against
periodontopathic bacteria during periodontitis. It has been shown that vitamin C, during periodontitis
is involved in immune response through the activated endothelium and its heat shock proteins that are
present in the endothelium surface, finally stimulating some cross-reactive T-cells with particularity
for host-activated antibodies [45,46]. This process, modulated by vitamin C, also affects the inducted
defense mechanism mediated by NO, which promotes the hyperactivation of the endothelial cells that
increases the risk of further infection or systemic inflammation due to periodontitis [47–49].

However, the present preliminary study presents some limitations. One of the main limitations
is the cross-sectional nature of the study, which does not allow any evaluation on the impact of
vitamin C levels on periodontitis, which should be assessed only with a longitudinal observation.
Another limitation is the small sample size, which was due to matching age, gender, and education.
An advantage of matching is the elimination of the impact of these confounding variables. Significant
limitations also include the lack of analysis for dietary quality (e.g., intake of vitamin C and statins)
and the analysis of alpha-tocopherol.

5. Conclusions

During the last few decades, new approaches through salivary diagnostics have been developed
to evaluate the possible useful biomarkers for predicting the disease. This study indicated that patients
who have periodontitis and CAD presented lower serum and salivary vitamin C and antioxidant
levels compared to patients with periodontitis and healthy subjects. Moreover, this study suggests
that mainly CAD acts as a key factor on serum and salivary vitamin C and antioxidant levels through
a pathway mediated by the CRP. This pilot study is promising and demands further studies with a
larger sample and longitudinal observation in saliva, serum, and gingival crevicular fluid in order to
better understand the role of vitamin C levels during periodontitis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/12/2956/s1:
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Abstract: The study explores antibacterial, antiinflammatory and cytoprotective capacity of Pelargonium
sidoides DC root extract (PSRE) and proanthocyanidin fraction from PSRE (PACN) under conditions
characteristic for periodontal disease. Following previous finding that PACN exerts stronger suppression
of Porphyromonas gingivalis compared to the effect on commensal Streptococcus salivarius, the current work
continues antibacterial investigation on Staphylococcus aureus, Staphylococcus epidermidis, Aggregatibacter
actinomycetemcomitans and Escherichia coli. PSRE and PACN are also studied for their ability to prevent
gingival fibroblast cell death in the presence of bacteria or bacterial lipopolysaccharide (LPS), to block
LPS- or LPS + IFNγ-induced release of inflammatory mediators, gene expression and surface antigen
presentation. Both PSRE and PACN were more efficient in suppressing Staphylococcus and Aggregatibacter
compared to Escherichia, prevented A. actinomycetemcomitans- and LPS-induced death of fibroblasts,
decreased LPS-induced release of interleukin-8 and prostaglandin E2 from fibroblasts and IL-6 from
leukocytes, blocked expression of IL-1β, iNOS, and surface presentation of CD80 and CD86 in LPS +
IFNγ-treated macrophages, and IL-1β and COX-2 expression in LPS-treated leukocytes. None of the
investigated substances affected either the level of secretion or expression of TNFα. In conclusion, PSRE,
and especially PACN, possess strong antibacterial, antiinflammatory and gingival tissue protecting
properties under periodontitis-mimicking conditions and are suggestable candidates for treatment of
the disease.

Keywords: periodontitis; Pelargonium sidoides DC root extract; proanthocyanidins; bacteriotoxicity;
inflammatory cytokines; gene expression; fibroblasts; macrophages; leukocytes

1. Introduction

Periodontitis is an infectious inflammatory disease resulting in periodontal pocket formation,
progressive bone reduction and teeth loss in many industrialized countries [1,2]. Common treatment
strategies include systemic use of antibiotics and local synthetic antiseptic substances, both leading to
undesirable side effects and increased resistance of bacteria [3]. In consequence, prolonged and/or
repeatable treatment is risky, inefficient and fails to stop disease remission and further progression.
In fact, as a response to the extensive use of drugs, bacteria have developed a new mechanism
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to skip and counteract antibiotics activity: resistant polysaccharide envelope, more efficient efflux
pumps, intracellular modifications and genetic mutations are some of the pathways exploited by
bacteria to withstand drugs effect [4]. However, it is important to consider that not all body-resident
bacteria are pathogens: commensal strain present in the microbiota play a pivotal role in preserving
homeostasis in the skin and mucosal physiological systems of the human body [5,6]. The use of very
strong chemicals such as chlorhexidine [7] can be exploited only for short periods to prevent severe
side effects that can occur after prolonged exposure [8]. It follows that an ideal new antibacterial
compound should be able to affect bacteria metabolism by a different mechanism than those exploited
by antibiotics but at the same time would be harmless to the healthy cells and commensal bacteria.
In this light, multicomponent plant-derived antibacterial substances like proanthocyanidins (PACN)
make a promising alternative and adjunctive therapy candidates for periodontitis treatment because of
a lower risk of resistance development and side effects [9].

PACN are condensed tannins constructed form flavan-3-ol units [10]. The compounds possess
a range of biological activities including anti-inflammatory and antibacterial [11]. The capacity of
PACN to suppress inflammation is related to both strong antioxidant and metalloproteinase (MMP)
inhibiting properties [12,13], whereas antibacterial efficiency is achieved due to prevention of bacterial
adhesion and biofilm formation [14]. The chemical nature of PACN in crude extracts varies depending
on plant species used. Pelargonium sidoides DC, a medicinal plant native to South Africa, is one of the
most PACN-enriched plants. Medicinal raw materials—roots of the plant—are used in the treatment of
infectious and inflammatory disorders, and P. sidoides root extracts (PSREs) possess the same properties
with enhanced efficiency [15–18]. PSREs mediate their pharmacological effects via two classes of
compounds, namely oxygenated coumarins and prodelphinidins that belong to the PACN group [18].
The common properties of these compounds isolated from various sources suggest the significant part
of the activities of PSREs might be assigned to PACN. Indeed, we have recently shown that namely
prodelphinidin fraction from PSRE more efficiently suppress periodontal pathogens Porphyromonas
gingivalis compared to PSRE itself [19]. Moreover, the activity appeared to be strain selective: reducing
the viability of the pathogens while preserving the metabolic activity of the beneficial oral commensal
Streptococcus salivarius.

Based on these promising results, in the present study we decided to extend the examination of
antibacterial efficiency of PACN to other broad-range pathogens and commensals: two commercial
drug-resistant Staphylococcus aureus and Aggregatibacter actinomycetemcomitans strains, a clinical isolate
pathogen Staphylococcus epidermidis strain and a commensal Escherichia coli strain. Next, after verifying
extract cytocompatibility towards gingival fibroblasts, a “race for the surface” model of bacteria-cells
co-culture [20] was carried out to verify the extract ability to reduce bacteria proliferation while
preserving cells viability in the same microenvironment where cells and bacteria compete for the
same surface. Finally, we have made an extensive investigation on PACN activity in bacterial
lipopolysaccharide (LPS)-mediated inflammation, including measurement of secretion of inflammatory
cytokines and other mediators, inflammatory gene expression and viability of gingival fibroblasts,
macrophages and blood leukocytes.

2. Materials and Methods

2.1. Pelargonium sidoides Root Extract and Proanthocyanidin Fraction

The P. sidoides root extract (PSRE) was purchased from Frutarom Switzerland Ltd. Rutiwisstrasse
7 CH-8820 Wadenswil (batch no. 0410100). Proanthocyanidins (PACN) from PSRE were purified as
described by Hellström and co-authors [21] with some modifications [19]. Briefly, 4 g of PSRE was
dissolved in 200 mL of 50% methanol, the solution was centrifuged at 2000× g for 20 min and filtered
through 0.45 μm nylon filters. The solution was purified by gel adsorption over Sephadex LH-20.
The proanthocyanidins were released from the gel with 70% aqueous acetone (500 mL) and concentrated
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under vacuum at 35 ◦C. The aqueous aliquot was freeze-dried. The freeze dried PACN preparation
yielded in 1.37 ± 0.07 g and comprised about 34.25% of the loaded PSRE.

2.2. Bacterial Strains and Growth Conditions

Commercially available strains Staphylococcus aureus (S. aureus, pathogen, ATCC 43300),
Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans, pathogen, ATCC 33384) and Escherichia
coli (E. coli, non-pathogen, ATCC BAA-1427) were purchased from the American Type Culture Collection
(ATCC, MA, USA) and cultivated following the manufacturer’s instructions. A clinical isolate of
Staphylococcus epidermidis (S. epidermidis, pathogen) was collected at the Clinical Microbiology Unit
at the Novara Maggiore Hospital (Novara, Italy). The clinical isolate was obtained after patient’s
informed consent in full accordance with the Declaration of Helsinki. Clinical strain was cultivated in
Luria-Bertani medium (LB, Sigma-Aldrich, Milan, Italy) at 37 ◦C. For experiments, a single colony
from each strain was collected and inoculated in 9 mL of LB broth at 37 ◦C overnight (18 h). After
incubation, a new fresh LB tube diluted 1:10 was prepared and incubated at 37 ◦C for 3 h to achieve the
logarithmic growth phase. Finally, broth cultures were diluted in LB broth until the optical density
was 0.001 at 600 nm, corresponding to a final concentration of 1 × 105 cells/mL.

2.3. Antibacterial Efficiency Evaluation

To test antibacterial activity, PSRE and PACN were used at the following concentrations: 10,
30, 50, 70, 80, 90 and 100 μg/mL. PSRE and PACN powders were mixed and diluted directly into
LB medium containing the desired bacteria concentration (described in 2.2. chapter); 1 mL of the
obtained mix solutions (LB containing bacteria + PSRE/PACN) was seeded in the wells of a 24 multiwell
plate (SPL, BioSigma, Milan, Italy) and incubated 24 h at 37 ◦C. Bacteria cultivated into pure LB
medium were considered as control. After incubation, bacteria viability was evaluated by means
of the colorimetric metabolic assay Alamar blue (alamarBlue®, Thermo-Fisher, Waltham, MA, USA)
following the manufacturer’s instructions. Briefly, the ready-to-use solution was added to each well in
a 1:10 ratio and incubated for 4 h in the dark at 37 ◦C; then, fluorescence was recorded at 590 nm using
a spectrophotometer (Spark, Tecan, Basel, Switzerland).

2.4. Co-Cultures of Human Gingival Fibroblasts and Bacteria

To verify PSRE and PACN ability to preserve cells metabolism in the presence of infection, a race
for the surface cells-bacteria co-culture experiment was set up. S. aureus and A. actinomycetemcomitans
were selected and used with cells to simulate the oral and mucosal environments, respectively. Human
primary gingival fibroblasts (HGF, ATCC PCS-201-018) were used as a cellular model to be tested with
bacteria. Cells were seeded at a defined number (1.5 × 104 cells/well) in the wells of a 24 multiwell
plate and allowed to adhere overnight. Afterwards, the medium was removed and replaced by 1 mL of
solution composed by an antibiotics-free medium (minimal essential medium Eagle alpha-modification,
from Sigma) supplemented with 10% fetal bovine serum (FBS, Sigma) and 100 μg/mL of either PSRE or
PACN and 1 × 105 bacteria. The plate was incubated 24 h at 37 ◦C to allow cells-bacteria direct contact.
Then, cells and bacteria were detached from plate wells by a collagenase (1 mg/mL) trypsin-EDTA
(0.25%) solution and collected. The number of viable cells was determined by trypan blue and Burker
chamber count. Cells cultivated with fresh medium without bacteria were considered as a control.

2.5. Rat Gingival Fibroblast Cell Culture and Treatments

All experimental procedures were performed according to the Law of the Republic of Lithuanian
Animal Welfare and Protection (License of the State Food and Veterinary Service for working with
laboratory animals No. G2-80). The mice were maintained and handled at Lithuanian University of
Health Sciences animal house in agreement with the ARRIVE guidelines. Primary gingival fibroblasts
were isolated from gingiva of P5-7 rat pups. After isolation, the cells were grown in 75 cm2 flasks in
DMEM with high glucose and Glutamax (Thermo Fisher Scientific, Waltham, MA, USA), 10% FBS and
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Pen/Strep. At 70%–90% confluence, the cells were detached by 0.025% Trypsin/EGTA and plated in
96 well plates at a density of 2× 105 cells/well. The treatments were made 24 h after plating. All treatments
were made simultaneously, without pre-incubations, and lasted 24 h. LPS was used at concentration
of 2 mg/mL (1 mg/mL LPS did not induce significant increase in cell death), filtered PSRE and PACN
solutions at 50 and 100 μg/mL (both preparations induced toxicity starting from 200 μg/mL).

2.6. Bone Marrow-Derived Macrophages

For bone marrow-derived macrophages (BMDM) isolation male C57BL6/J inbred mice (18–20 weeks
old, Envigo, Netherlands) were used. The experimental procedures were carried out in accordance with
the guidelines of the European Community (2010/63/EU), local laws and policies and were approved by
the Latvian Animal Protection Ethical Committee, Food and Veterinary Service, Riga, Latvia. Mice were
euthanized by decapitation, and bone marrow cells were extracted from femur bones and differentiated
for 7 days in RPMI-1640 with Glutamax (Gibco,) supplemented with 10% FBS, 1% antibiotics and 10 ng/mL
M-CSF (monocyte-colony stimulating factor, PeproTech, London, UK). Then cells were detached by 0.5%
trypsin (Sigma Aldrich), and plated in a 12-well plate (11 × 105 cells/mL) in DMEM-high glucose medium
supplemented with 10% FBS, 1% antibiotics. After 1h incubation in 37 ◦C incubator, cells were stimulated
with PSRE and PACN at 100 μg/mL and LPS 10 ng/mL with murine IFNγ (interferon gamma, PeproTech)
100 U/mL for proinflammatory gene expression and macrophage polarization to M1 (pro-inflammatory)
phenotype for 2 h and 24 h, respectively.

2.7. Human Peripheral Blood Mononuclear Cells

Human peripheral blood mononuclear cells (PBMCs) were purchased from ATCC (ATCC®

PCS-800-011™, Manassas, VA, USA). The cells were cultured at 3.3 × 106 cells/mL (12 well plate) in
RPMI medium supplemented with 10% FBS, 1% antibiotics. After 1 h incubation in 37 ◦C incubator, cells
were stimulated with 1 μg/mL LPS (lipopolysaccharide, Sigma-Aldrich) in the presence of 100 μg/mL
PSRE or PACN, for 6 h.

2.8. Analysis of Cell Viability by Lactate Dehydrogenase Release, Alamarblue and MTT Assay

PBMCs’ viability was assessed by measuring lactate dehydrogenase (LDH) release in cell culture
media. LDH activity was measured using a method based on the reduction of a tetrazolium salt (yellow)
to formazan (red) [22]. The absorbance of kinetic parameters was determined spectrophotometrically at
503 nm on Hidex Sense microplate reader. The reaction mixture contained 30 mM lactate, 150 μM NAD+
(nicotinamide adenine dinucleotide), 0.4 mM 2-(4-iodophenyl)3-(4-nitrophenyl)-5-phenyltetrazolium
chloride (INT) and 3.25 mM N-methylphenazonium methyl sulphate (PMS) in 100 mM Tris buffer
solution (pH 8.0). In addition, PBMCs viability after 24 h incubation with different concentrations
of PSRE and PACN was determined with alamarBlue®, (Bio-Rad Laboratories, Hercules, CA, USA)
following the manufacturer’s instructions. Briefly, the ready-to-use solution was added to each well in
a 1:10 ratio and incubated for 2 h in the dark at 37 ◦C; then, fluorescence (Ex 544 nm/Em 590 nm) and
optical density (570 and 600 nm) using Hidex Sense microplate reader.

BMDM viability after 24 incubation with different concentrations of PSRE and PACN was determined
using MTT assay. After incubation, BMDM were incubated with MTT (TCI Europe) solution (1 mg/mL)
for 1 h, the formazan crystals formed during incubation were dissolved in isopropanol, and optical density
at 570 nm corresponding to the amount of viable cells was measured in a Hidex Sense microplate reader.

2.9. Necrosis Evaluation by Double Nuclear Staining

The level of necrotic cell death was assessed by double nuclear fluorescent staining with
Hoechst33342 (10 mg/mL) and propidium iodide (PI, 5 mg/mL), 5 min at 37 ◦C. PI-positive nuclei
indicating lost nuclear membrane integrity were considered necrotic. Cells were visualized under
fluorescent microscope OLYMPUS IX71S1F-3 (Olympus Corporation, Tokyo, Japan), counted in
fluorescent micrographs and expressed as the percentage of total cell number per image. The data are
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presented as averages ± standard deviation. LD50 was calculated by SigmaPlot v.13 (Systat Software
Inc, London, UK) using the equation proposed by a dynamic curve fitting tool.

2.10. Apoptosis Evaluation by Annexin V staining

The viable cells were analyzed on a BD FACS Melody™ (BD Biosciences, San Jose, CA, USA) flow
cytometer using Annexin V-allophycocyanin (BioLegend, San Diego, CA, USA) staining. For analysis
of BMDMs apoptosis, treated cells were stained with fluorescent annexin V antibody and, afterwards,
the proportion of apoptotic (Annexin V positive) cells was evaluated.

2.11. Caspase Activity Assessment

Caspase-3 activity in cell lysates after treatments was measured by means of a Caspase 3 Assay
Kit (Sigma-Aldrich) according to the manufacturer’s protocol, by assessing Ac-DEVD-7-amido-4-
methylcoumarin cleavage and subsequent increase in 7-amido-4-methylcoumarin (AMC) fluorescence in
a fluorometric plate reader Ascent Fluoroskan (Thermo Fisher Scientific, Waltham, MA, USA; λex = 360 nm,
λem = 460 nm). The data are presented as averages ± standard deviation of AMC concentration increase
rate normalized for mg of cellular protein, averages ± standard deviation.

Caspase-8 in cell lysates after treatments was measured by means of a colorimetric Caspase 8 Assay
Kit (Sigma-Aldrich) according to the manufacturer’s protocol, by assessing Ac-IETD-p-Nitroaniline
cleavage and increase in p-Nitroaniline (pNA) concentration in a spectrophotometric plate reader
Multiskan Go 1510 (Thermo Fisher Scientific, Waltham, MA, USA) reading absorbance at λex = 405 nm.
The data are presented as averages ± standard deviation of pNA concentration increase rate normalized
for mg of cellular protein, averages ± standard deviation.

2.12. Detection of Secreted Inflammatory Mediators

Medium collected after treatments was assayed for cytokines tumor necrosis factor-α (TNF-α),
interleukin-6 (IL-6), interleukin-8 (IL-8) and prostaglandin E2 (PGE2) production using TNF-α mouse
(Millipore), IL-6 human (Sabbiotech), IL-8 rat (Abbexa) and PGE2 rat (Abbexa) kits following the
manufacturer’s protocols.

2.13. Bone Marrow-Derived Macrophage Polarisation to M1 Phenotype and Analysis by Flow Cytometry

BMDMs were incubated with PSRE and PACN (100μg/mL each) and LPS+ IFNγ (10 ng/mL/100 U/mL)
for 24 h. The cells were washed twice with HBSS and harvested by trypsin (0.5%), then DMEM-high glucose
medium with 10% FBS was added and cell suspension was centrifuged at 300× g for 5 min. Then cells were
incubated with specific conjugated antibody mixtures (in concentration 1:100 in cell wash buffer) for 30 min
on ice in the dark. The mixture contained following monoclonal antibodies purchased from BioLegend
(San Diego, CA, USA): FITC-conjugated anti-mouse F4/80, phycoerythrin (PE)-conjugated anti-mouse CD86
and biotin-conjugated anti-mouse CD80. Then cells were washed and stained with streptavidin-APC-Cy7.
After 30 min, cells were washed and stained for evaluation for apoptosis (see method above). After staining
samples were analyzed by flow cytometry (BD FACS Melody™, BD Biosciences, San Jose, CA, USA).

2.14. mRNA Isolation and Quantitative RT-PCR Analysis

Total RNA from cells was isolated using Ambion PureLink RNA Mini Kit (catalogue No. 12183025)
according to the manufacturer’s protocol. The first-strand cDNA synthesis was carried out using
a High Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM, Foster City, CA, USA)
following the manufacturer’s instructions. The quantitative RT-PCR analysis of gene expression was
performed by mixing SYBR Green Master Mix (Applied BiosystemsTM), synthesized cDNA, forward
and reverse primers specific for interleukin-1β (IL-1β), interleukin 10 (IL-10), inducible nitric oxide
synthase (iNOS), TNF-α, cyclooxygenase 2 (COX-2) and running the reactions on a Mic Real-Time PCR
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instrument. The relative expression levels for each gene were calculated with the ΔΔCt method and
normalized to the expression of glucose-6-phosphate isomerase gene.

2.15. Statistical Analysis

The quantitative results are presented as mean ± standard deviation (SD) of 3–7 replicates.
The data were processed using Microsoft Office Excel 2010 (Microsoft, Redmond, WA, USA) and
SPSS 20 (IBM, Armonk, NY, USA) software. For antibacterial activity testing and bacterial-fibroblast
co-culture experiments, the statistical data analysis was performed by applying the ANOVA with
a Tukey HSD post hoc test. For experiments on rat gingival fibroblasts, ANOVA with Dunn’s test was
used and data analyzed by SigmaPlot v.13 (Systat Software Inc., London, UK). In all cases, differences
were considered statistically significant when p < 0.05.

3. Results

3.1. Antibacterial Activity of Proanthocyanidins from Pelargonium sidoides Root Extract

For antibacterial efficiency evaluation, bacterial strains S. aureus, S. epidermidis, A. actinomycetemcomitans
and E. coli were subjected to PSRE and PACN treatments were used at the concentration ranging from 10 to
100 μg/mL. Antibacterial activity results are summarized in Figure 1.

Both PSRE and PACN significantly reduced bacterial metabolic activity in comparison to the
untreated control, starting from concentrations of 50–70 μg/mL. However, some differences were
noticed between the tested strains. In the case of S. aureus, PSRE was more effective than PACN
(Figure 1a). Fifty μg/mL of PSRE was enough to significantly decreased metabolic activity of this
strain, whereas PACN had a similar result at 80 μg/mL (p < 0.05 vs. control, indicated by the *).
For A. actinomycetemcomitans, the results were opposite (Figure 1d); PACN significantly decreased
metabolic activity at 50 μg/mL, but it required 80 μg/mL PSRE to achieve this level of activity.
The metabolism of the clinical isolate S. epidermidis (Figure 1b) was significantly decreased by both
PSRE and PACN applied at a 70 μg/mL concentration.

Interestingly, the non-pathogen E. coli demonstrated the highest resistance to the treatment
(Figure 1c) when the 0–80 μg/mL window was considered. After the 80 μg/mL PSRE treatment,
metabolic activity of E. coli decreased by 26% compared with untreated control, whereas metabolic
activity of S. aureus, S. epidermidis and A. actinomycetemcomitans was reduced by 75%, 97% and 57%,
accordingly. In the presence of 80 μg/mL PACN, the loss of metabolic activity of these four strains
listed in the same order was 47%, 74%, 96% and 99%. Moreover, even after addition of 100 μg/mL
PACN to the growth medium, E. coli still preserved nearly half of the control activity level, but in the
case of A. actinomycetemcomitans, the twice less amount of this preparation almost completely blocked
bacterial growth. Summarizing, the results of the antibacterial evaluation indicate stronger toxicity of
PSRE and PACN to S. aureus, S. epidermidis and A. actinomycetemcomitans than to non-pathogenic E. coli
strain when the extracts were used within the 80 μg/mL range. Conversely, at higher 90 and 100 μg/mL
concentrations a similar broad range effect was observed for all the tested strains as all results of both
PSRE and PACN were significantly different in comparison with untreated controls (p < 0.05, indicated
by the *).
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Figure 1. Antibacterial activity of Pelargonium sidoides root extract (PSRE) and proanthocyanidins from
PSRE (PACN) towards Staphylococcus aureus (a), S. epidermidis (b), Escherichia coli (c) and Aggregatibacter
actinomycetemcomitans (d). RFU—relative fluorescence units. Bars represent means and standard
deviations of six experimental replicates. * = p < 0.05 vs. untreated control.

3.2. The Effect of Proanthocyanidins from Pelargonium sidoides Root Extract on Gingival Fibroblast Viability
under Conditions of Bacterial Infection

3.2.1. Pelargonium sidoides Root Extract and Proanthocyanidins Preserve Gingival Fibroblasts in the
Presence of Bacteria

Next in the study, we investigated whether antibacterial properties of PSRE and PACN are
efficient in protecting human gingival fibroblasts during bacterial infection. For this purpose, two
microenvironments were simulated: oral, by growing together gingival fibroblast cells and bacteria
A. actinomycetemcomitans, and mucosal, by co-culturing gingival fibroblasts and S. aureus. Results
obtained by the co-culture “race for the surface” simulation are reported in Figure 2.

Both the presence of PSRE and PACN at 100 μg/mL were effective in protecting cells from
bacterial infection; the number of viable cells counted after 24 h of direct contact with bacteria was
comparable with the control consisting of cells cultivated in fresh medium without bacterial presence.
Conversely, when bacteria were cultivated in the same wells of cells but in the absence of PSRE or
PACN (no treatment), they were able to fully colonize the well. In this scenario, no viable cells were
detected for both applied models. The results indicate that the presence of either of the substances was
effective in preserving gingival fibroblast cell viability by lowering bacteria proliferation.
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Figure 2. The effect of Pelargonium sidoides root extract (PSRE) and proanthocyanidins from PSRE
(PACN) on human gingival fibroblast viability in co-culture “race for the surface” assay. Human
gingival fibroblasts were infected with A. actinomycetemcomitans (a) or S. aureus (b); bars represent
means and standard deviations of six experimental repeats. “Control” represents not infected cells, and
“n.d.” means there were no detectable cells in the samples. In (c), there are representative images of
human gingival fibroblasts with A. actinomycetemcomitans after 24 h of infection.

3.2.2. Pelargonium sidoides Root Extract and Proanthocyanidins Protect Gingival Fibroblasts from
Necrotic Cell Death Induced by Bacterial Lipopolysaccharide

The protective effect of PSRE and PACN under conditions of bacterial infection might be mediated
not only by suppression of bacterial growth, but also by increasing the resistance of the cells to bacterial
metabolites. Therefore, we examined how PSRE and PACN affect the viability of primary murine
gingival fibroblasts in the presence of bacterial LPS. To select the concentrations of PSRE and PACN
that has no harmful effect for the cells, the concentration-dependent toxicity was defined by double
nuclear staining with propidium iodide and Hoechst33342.

The level of necrotic cells with propidium iodide-positive nuclei significantly increased after
24 h treatment with 200 μg/mL and higher concentration of both PSRE and PACN (Figure S1). PSRE
demonstrated significantly higher toxicity compared to PACN in the concentration range between 200
and 350 μg/mL, and this was reflected by established LD50 for the preparations: 209 μg/mL for PSRE
and 288 μg/mL for PACN. In the concentration range from 400 to 550 μg/mL, there were no further
difference between the effect of both preparations and nearly all cells in the culture were found necrotic.
Based on these data, there were two concentrations of PSRE and PACN selected for antiinflammatory
effect study: 50 and 100 μg/mL. Both solutions were not toxic to gingival fibroblasts when applied for
24 h at these concentrations.

After treatment with 2 μg/mL LPS, the amount of necrotic cells with propidium iodide-positive
nuclei in fibroblast cell culture increased from 2.7% ± 2.2% in control to 31.7% ± 11.9%, reflecting
a statistically significant loss in cell viability (Figure 3). However, the treatments with 50 and 100 μg/mL
PSRE and PACN prevented cell viability loss induced by LPS. The data indicate that both PSRE and
PACN could protect gingival fibroblasts from bacterial LPS-induced necrosis.
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Figure 3. The effect of Pelargonium sidoides root extract (PSRE) and proanthocyanidins from PSRE (PACN)
on the viability of gingival fibroblasts affected by bacterial lipopolysaccharide (LPS). (a) Representative
fluorescent images after cell treatment with LPS and 100 μg/mL PSRE or PACN and nuclear viability
staining; propidium iodide-positive necrotic nuclei are red, all nuclei are stained blue with Hoechst33342.
(b) Quantitative viability results. Fifty and 100 represent the concentrations (μg/mL). The data are
presented as means plus standard deviation of five experiments. *—significant difference compared to
the untreated control, and #—significant difference compared to the LPS only treatment, p < 0.05.

3.2.3. Pelargonium sidoides Root Extract and Proanthocyanidin Fraction Prevent Caspase Activity
Induced by Bacterial Lipopolysaccharide

Next to necrosis, bacterial toxicity might initiate apoptosis that also contributes to the loss of
gingival tissue. Cysteine aspartic proteases (caspases) are key mediator enzymes in apoptosis [23].
There are two main groups of caspases according to their place in the apoptotic event cascade: initiator
caspases acting as apoptotic triggers and effector caspases that are amplified by triggers and execute
proteolysis leading to the characteristic biochemical and morphological changes in the apoptotic cell.
To determine apoptosis-preventing capacity of PSRE and PACN, we assessed the level of active initiator
caspase-8 and effector caspase-3 in LPS-treated fibroblast cells.

A 24 h LPS treatment induced elevation in caspase-8 substrate cleavage activity; it increased
from 0.007 ± 0.001 nmol/min/mg in control samples to 0.047 ± 0.013 nmol/min/mg (Figure 4a). PSRE
at a 50 μg/mL concentration did not significantly affect LPS-induced caspase-8 activity. However,
treatments with 100 μg/mL PSRE, 50 μg/mL PACN and 100 μg/mL PACN significantly prevented
caspase-8 activation by LPS by 2.2, 2.0 and 5.9 times, respectively. Treatments with 100 μg/mL PSRE
and PACN without LPS had no significant effect on the activity of the caspase.

After treatment with LPS, effector caspase-3 substrate cleavage rate increased from 0.012 ± 0.01 to
0.189 ± 0.06 nmol/min/mg (Figure 4b). Both PSRE and PACN at all tested concentrations significantly
reduced the effect of LPS on caspase-3 activity. When LPS was applied together with 50 μg/mL
PSRE, caspase-3 activity was nearly two times lower than in LPS only-treated samples. 100 μg/mL
PSRE decreased the effect of LPS on caspase-3 activity 4.7 times. Fifty and 100 μg/mL PACN lowered
LPS-induced caspase-3 activity 3 and 8.8 times, respectively. There was no significant effect on caspase-3
substrate cleavage rate observed after treatment with 100 μg/mL PSRE or PACN alone, without LPS.

Overall, caspase activity evaluation indicates that both PSRE and PACN could suppress apoptotic
protease activity evoked by bacterial LPS. Both preparations have a stronger effect in decreasing the
executing caspase-3 activity compared with the effect on trigger caspase-8. However, PACN was more
efficient in suppressing caspase-8 activity than PSRE, thus, PACN is a more powerful suppressor of
apoptosis at the early stages. None of the substances was toxic to gingival fibroblasts when applied for
24 h at these concentrations.
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Figure 4. The effect of Pelargonium sidoides root extract (PSRE) and proanthocyanidins from PSRE
(PACN) on LPS-induced caspase-8 (a) and caspase-3 (b) activation in gingival fibroblasts. Fifty and
100 represent the concentrations expressed in μg/mL. The data are presented as means with standard
deviation of seven experimental repeats. *—significant difference compared to untreated control,
#—significant difference compared to LPS only treatment and &—significant difference compared to
LPS plus 50 μg/mL PSRE treatment, p < 0.05.

3.3. The Effect of Proanthocyanidins from Pelargonium sidoides Root Extract on Inflammatory Responses to
Bacterial Lipopolysaccharide

3.3.1. The effect of Pelargonium sidoides Root Extract and Proanthocyanidin Fraction on
Lipopolysaccharide-Induced Secretion of Inflammatory Mediators

Infection-induced inflammation is the main responsible for gingival and dental tissue loss in the
pathogenesis of periodontal disease. Thus, for successful treatment of the disease it is important to
defeat both infection and inflammation. Next in the study, we examined antiinflammatory properties
of PSRE and PACN on LPS-induced release of inflammatory mediators from gingival fibroblasts and
blood leukocytes.

Increased IL-8 production by gingival fibroblasts is responsible for attraction of neutrophils to
inflamed regions and rapid tissue loss during periodontitis [24,25]. Evaluation of IL-8 amounts secreted
in the medium by cultured gingival fibroblasts revealed that after 24 h with LPS the amount of the
cytokine increased from nearly zero to 1022 ± 75 ng/mL (Figure 5a). In the presence of 50 μg/mL PSRE,
the level of IL-8 after same LPS stimulation was only 344 ± 49 ng/mL, i.e., three times lower than
without the extract. Increasing PSRE concentration to 100 μg/mL further suppressed IL-8 release to
201 ± 33 ng/mL (five times less than after LPS-only treatment). A similar suppression level was
achieved by 50 μg/mL PACN, and in the presence of 100 μg/mL PACN, the level of IL-8 after LPS
stimulation had further dropped to 32 ± 12 ng/mL, making the level 16 times lower than after treatment
with LPS alone.

The level of PGE2, a mediator of cyclooxygenase-2 inflammatory pathway, was found to be
dramatically increased in the cell culture medium after LPS treatment (Figure 5b). In control samples,
the average amount of PGE2 was 5 ± 2 ng/mL, but after 24 h with LPS, it had climbed up to
2372 ± 194 ng/mL. In the presence of both 50 and 100 μg/mL PSRE, the levels of PGE2 after LPS
treatment were 637 ± 58 ng/mL and 613 ± 133 ng/mL, respectively, i.e., nearly four times lower
compared with the level without the extract. Treatments with 50 and 100 μg/mL PACN were even
more efficient, further decreasing PGE2 level in the medium to 174 ± 41 ng/mL and 72 ± 16 ng/mL,
or 14 and 33 times compared with LPS only treatment, respectively. Thus, the effects of PACN on
LPS-stimulated PGE2 release were significantly stronger than those of PSRE.

Bacterial invasion also cause an infiltration of leukocytes that mediate inflammation and disturb
osteoblast-osteoclast balance via release of IL-6 [23]. Thus, we investigated how PSRE and PACN
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affect the release of IL-6 from PBMCs. One hundred μg/mL of PSRE and PACN significantly decreased
LPS-induced secretion of IL-6 from PBMCs to 67% and 18% of the level caused by LPS stimulation,
respectively (Figure 5c). Note that neither PSRE nor PACN were toxic to the cells at the concentrations
applied as revealed by metabolic viability analysis (Figure S2).

Figure 5. The effect of Pelargonium sidoides root extract (PSRE) and proanthocyanidins from PSRE
(PACN) on (a) interleukin-8 (IL-8) and (b) prostaglandin E2 (PGE2) secretion from gingival fibroblasts,
and (c) interleukin-6 (IL-6) secretion from peripheral blood mononuclear cells after LPS treatment. Fifty
and 100 represent the concentrations (μg/mL). The data are presented as means and standard deviations
of seven experiments. *—significant difference compared to untreated control, #—significant difference
compared to LPS only treatment and &—significant difference compared to LPS plus a 50 μg/mL PSRE
treatment, p < 0.05.

The data about inflammatory mediator secretion indicate that both PSRE and PACN efficiently
suppress LPS-induced IL-8 and PGE2 release from gingival fibroblasts and IL-6 release from mononuclear
leukocytes. PACN had slightly stronger IL-8 and IL-6 release suppressing activity, and significantly
stronger PGE2 release suppressing activity than PSRE.

3.3.2. The Effect of Pelargonium sidoides Root Extract and Proanthocyanidin Fraction on
Lipopolysaccharide-Induced Expression of Inflammation-Related Genes

The release of inflammatory factors is the first step of innate immune response to pathogens.
The next step leading to prolonged and enhanced inflammatory reaction is induction of inflammatory
genes to produce new mediators. If uncontrolled at this stage, acute inflammation may become chronic
and contribute to tissue loss in periodontitis. Activated macrophages and leukocytes are the main
source of interleukin-1β (IL-1β) and TNF-α, the acute phase pyrogenic cytokines involved in most of
the processes that maintain inflammation [26]. Bacterial infection also triggers inducible NO synthases
(iNOS) to produce reactive nitrogen species stress on pathogens [27]. Therefore, we have examined
the capacity of PSRE and PACN to modulate expression of inflammatory genes IL-1β, TNF-α and
iNOS in primary murine bone marrow-derived macrophages and human mononuclear leukocytes
under treatment of LPS. Stimulation of macrophages in the presence of interferon-γ (IFN-γ) acting
as enhancer of LPS-induced gene expression [28] induced an increase in transcription of all the three
genes investigated (Figure 6a–c).

Both preparations at a dose of 100 μg/mL significantly suppressed the mRNA transcription of
IL-1β and iNOS (Figure 6a,b). The level of the IL-1β mRNA decreased by 78% of the initial level with
LPS after treatment with PSRE, and by 89%—after treatment with PACN. For iNOS, the decrease in
mRNA level after PSRE and PACN treatment was 53% and 64%, respectively. However, the incubation
with both substances did not affect LPS plus IFN-γ-induced TNF-α gene expression (Figure 6c). 6 h
treatment with LPS caused significant increase in cyclooxigenase-2 (COX-2), TNF-α and IL-1β gene
transcription in human PBMCs (Figure 6d–f). PSRE and PACN at a concentration of 100 μg/mL
significantly suppressed mRNA transcription of COX-2 and IL-1β. When LPS was together with
PSRE, COX-2 and IL-1β mRNA levels dropped by 50%, 73% and 56%, respectively. For PACN, mRNA
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synthesis for these cytokines was suppressed by 63%, 89% and 76%. Similarly to BMDMs case, neither
PSRE, nor PACN significantly affected TNF-α gene expression. Both PSRE and PACN at a concentration
of 100 μg/mL were not toxic for PBMCs and BMDMs as revealed by metabolic activity and apoptosis
evaluation (Supplementary Figures S2 and S3).

Figure 6. The effect of Pelargonium sidoides root extract (PSRE) and proanthocyanidins from PSRE (PACN)
on proinflammatory gene expression in bone marrow-derived macrophages (a–c) and peripheral blood
mononuclear cells (d–f) after LPS or LPS and IFN- stimulation. (a,d) IL-1β (a,b) iNOS, (c,f) TNF- and (e)
COX-2. The data are expressed as a fold change of glucose-6-phosphate isomerase gene transcription
and presented as mean ± SD of three independent measurements. *—significantly different from the
LPS-treated samples (ANOVA followed by a Tukey’s multiple comparison test, p < 0.05).

The gene expression analysis indicate that both preparations acted as inflammatory signal
suppressors preventing expression of pro-inflammatory cytokine IL-1β and prostaglandin producing
enzyme COX-2 genes, as well as decreasing synthesis of iNOS and protecting tissues from the damage
of reactive nitrogen species. However, neither PSRE nor PACN significantly influenced TNF-α
gene expression.

3.3.3. The Effect of Pelargonium sidoides Root Extract and Proanthocyanidin Fraction on
Lipopolysaccharide-Induced Macrophage Conversion to M1 Phenotype

Activated macrophages can be polarized into a proinflammatory M1 phenotype and alternative
anti-inflammatory M2 phenotype [29]. Increase in the M1/M2 macrophage ratio can lead from
an antibacterial defense to the development of periodontitis and positively correlates with the severity
of the disease [30]. Next in the study, we tested how PSRE and PACN affect LPS and IFN-γ-stimulated
macrophage polarization to proinflammatory M1 phenotype characterized by the presentation of
surface markers CD80 and CD86 [31,32].

Flow cytometry analysis revealed that in response to LPS and IFN-γ, the amount of M1-polarised
macrophages increased 9.3 times compared to the untreated control (Figure 7). Both PSRE and PACN
at a concentration of 100 μg/mL were effective in reducing the level of CD80 and CD86-positive
cells. The population of cells with the exposed markers after treatment with PSRE was by 58% lower,
and after treatment with PACN by 71% lower than after LPS and IFN-γ stimulation without the
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treatments. The results indicate that both substances were potent in preventing macrophage conversion
to proinflammatory M1 phenotype under exposure to LPS and IFN-γ treatment.

Figure 7. Expression of proinflammatory cell surface markers CD80 and CD86 analyzed by flow
cytometry 24 h after treating LPS + IFNγ-activated BMDMs with PSRE and PACN. (a) Characteristic
mouse macrophage marker F4/80-positive cells were gated for double CD80 and CD86 analysis as
a measure of M1 macrophage phenotype (top right small quadrant). Representative plots of a total
of three independent experiments in three replicates are presented in the bottom. (b) Mean ± SD of
three independent measurements in three parallels. Differences between the measurements were tested
using a one-way ANOVA followed by a Tukey’s multiple comparison test. *—significantly different
from the LPS and IFN-γ treatment (p < 0.05).

4. Discussion

Increasing antibiotic resistance makes the search for alternative antimicrobial compounds of a crucial
importance for global health [33]. Failure to defeat fast adapting pathogens without significant damage
to host tissues is a key challenge in management of chronic infectious-inflammatory disease including
periodontitis [34]. Progressive bacteria-driven inflammatory response causes continuous damage on
periodontal cells making them more sensitive to harmful effects of antibiotics and antimicrobial
chemicals [3,35]. The damage is further exacerbated by the treatment-caused loss of beneficial commensal
bacteria [36]. This suggests reconsidering the possibilities of alternative treatment strategies including
use of specific pathogen-targeting bacterial strains [37] and plant-derived antibacterials, because such
strategies are characterized by lower or no side effects and resistance development risk, as well as
complex antiinflammatory and tissue renewal stimulating properties. This study explored antibacterial
and antiinflammatory properties of PSRE that is known as potent infection-defeating preparation
and PSRE-derived PACN possessing stronger antioxidant and antibacterial properties compared to
PSRE [17,19].

Both substances were effective in reducing metabolic activity of the selected strains suggesting a broad
range of antibacterial properties. This is in line with previous evidence about various extracts prepared
from P. sidoides roots. A commercial aqueous-ethanolic extract from P. sidoides EPs® 7630 (Umckaloabo®) is
reported to inhibit growth of Streptococcus pyogenes, Proteus mirabilis, Staphylococcus aureus, Escherichia coli,
Streptococcus pneumoniae, Haemophilus influenza, Staphylococcus epidermidis and some other gram-negative
and gram-positive bacterial strains (summarized in [38]). Aqueous-acetone PSRE was efficient in decreasing
growth of antibiotic-resistant S. aureus strains [39]. The present study for the first time demonstrated the
growth-suppressing efficiency of PSRE and PACN on Aggregatibacter actinomycetemcomitans, one of the most
important gram-negative anaerobic periodontal pathogens [40]. Similarly as in the previously demonstrated
case of P. gingivalis [19], PACN demonstrated significantly higher toxicity on A. actinomycetemcomitans,
compared to the effect of PSRE. Fifty μg/mL PACN reduced metabolic activity of A. actinomycetemcomitans
nearly 10 times more if compared to the untreated control value (Figure 1d). The same concentration had no
significant toxicity on other investigated strains. The minimal amount of PACN causing a significant effect
on metabolic activity of E. coli and S. aureus was 80μg/mL, and for S. epidermidis the significant toxicity started
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from 70 μg/mL PACN. The results indicate that there might be a specific interaction of proanthocyanidins
from PSRE with the main pathogenic strains (P. gingivalis and A. actinomycetemcomitans) responsible
for the development of periodontitis. Strain-specific activity of proanthocyanidins was already noticed
by other authors. Lacombe and Wu have reviewed the selective pathogen-suppressing and beneficial
strain-promoting activity of proanthocyanidins derived from various berries [41]. However, despite
many publications reporting a selective activity of natural extracts towards pathogen and non-pathogen
strains, it is still not completely clear how this selection occurs [42]. It was shown that cranberry-derived
proanthocyanidins are able to interfere with a N-acylhomoserine lactone-mediated quorum sensing of
Pseudomonas aeruginosa [43]. Moreover, proanthocyanidins have also been shown to compromise adhesion
to host cells by mimicking cell surface signaling [44]. Some authors have proposed the hypothesis that
proanthocyanidins might increase bacterial membrane permeability and cause indirect metabolism decrease
due to ATP and other intracellular metabolite loss [42,45]. A recent study shows that proanthocyanidins
can potentiate antibiotics by acting via bacterial multidrug efflux pumps [46]. Thus, the disturbance in
transmembrane transport indeed might be the cause of bacteriotoxicity. However, more studies definitely
are required to clarify the mechanism of action of proanthocyanidins against pathogenic bacterial strains.

On the other hand, PSRE was more efficient than PACN in suppressing both of Staphylococcus
strains that were investigated in this study suggesting that other than proanthocyanidin fraction
compounds were acting against these bacteria. Most likely, the distinct antibacterial activity of PSRE
can be ascribed to other phenolic compounds such as coumarins, phenolic acids, flavonols and
flavan-3-ols [16].

Bacterial infection simulation in the co-culture “race for the surface” assay revealed that addition
of 100 μg/mL of either PSRE or PACN in the medium was effective in preserving viability of human
gingival fibroblasts in the presence of both S. aureus and A. actinomycetemcomitans (Figure 2). Similarly,
B-type linked proanthocyanidin-coated surfaces are shown to inhibit bacterial spreading and promote
survival of mammalian cells [47]. The mechanism proposed to explain the activity is bacterial attachment
and biofilm formation prevention by prodelphinidin-rich proanthocyanidins. In our experimental
model, a similar efficiency was achieved by PSRE and PACN solutions, indicating that interaction of
soluble compounds with the walls of bacteria also could mediate bacterial adhesion and mammalian cell
protection. Accordingly, these results are very promising support to the use of natural extracts as an
effective alternative antibacterial compound able to preserve the naïve tissue.

Investigation of gingival tissue protecting properties of PSRE and PACN in the bacterial
LPS-mediated inflammation model revealed that both preparations efficiently prevent necrosis and
apoptosis of fibroblast cells. Both substances were more efficient in decreasing the executing caspase-3
activity compared with the effect on apoptosis triggering caspase-8. However, PSRE was less efficient
in suppressing caspase-8 activity than PACN, indicating that the latter had both upstream and
downstream targets in the apoptotic cascade. The antiapoptotic activity of proanthocyanidins from
grape seeds including decrease in executing caspases-3 and 9 was reported in a rotenone-induced
neurotoxicity model of SH-SY5Y cells [48]. However, exposure of human colorectal carcinoma cells
HCT-116 to proanthocyanidins from the same source significantly upregulated mRNAs encoding
caspase-2, caspase-3 and caspase-9 [49]. Another study reports apoptosis induction in lung cancer
cells NCI-H460 via stimulation of caspase-3 and mitochondrial cytochrome c release by gallic acid,
one of the important constituents of PSRE [50]. Such controversial data suggest that the effect of PSRE
and proanthocyanidins on apoptotic signaling pathways is cell type-dependent and they might have
opposite effects in cancerous and non-cancerous cells as well as in different toxicity models.

Evaluation of pro-inflammatory cytokine secretion and gene expression revealed that PSRE and
PACN suppress at least three different inflammatory processes: cytokine secretion (IL-8 from gingival
fibroblasts and IL-6 from bone marrow-derived macrophages), inflammatory gene expression (IL-1β,
iNOS and COX-2) and macrophage conversion to pro-inflammatory M1 phenotype related to the
tissue loss in periodontitis. Downregulation of COX-2 coding mRNA in mononuclear leukocytes
and PGE2 release from gingival fibroblasts indicate suppression of the prostaglandin inflammatory
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pathway. PGE2 is the most prominent in the pathogenesis of periodontitis among prostaglandins [51,52].
PGE2 is involved in the stimulation of inflammatory mediators and MMPs, as well as osteoclast
formation via receptor activator of nuclear factor-κB ligand (RANKL) [52,53]. IL-6 and IL-1β also
mediate bone resorption via osteoclasts activation [54], and increase in iNOS leads to reactive nitrogen
species-mediated apoptosis of gingival fibroblasts [55]. By suppressing these inflammatory pathways,
PSRE and PACN are expected to significantly improve condition and survival of periodontal tissues.
Similar antiinflammatory activity of PSRE together with Coptis chinensis root extract was recently
shown in LPS-stimulated RAW 264.7 cells [56]. The extract combination significantly decreased the
levels of iNOS, PGE2, TNF-α, IL-1β and IL-6 in RAW 264.7 macrophages, and the results were also
confirmed in vivo in a paw oedema rat model. Although the study reported lower levels of TNF-α
secretion from LPS-stimulated RAW 264.7 cells, in our study, we did not observe significant changes
on TNF-α gene expression in both LPS-stimulated leukocytes and LPS/IFN-γ-stimulated macrophages
after PSRE and PACN treatment. Proinflammatory cytokine TNF-α plays a critical role not only in
inflammatory cell migration, but also in both innate and adaptive immune responses, by up-regulating
antigen presentation and the bactericidal activity of phagocytes [57,58]. In periodontitis, TNF-α is one
of the key signals initiating several signaling pathways leading to chemotaxis of other inflammatory
cells, tissue destruction and osteoclast formation [59,60]. The fact that PSRE and PACN had no effect
on TNF-α expression level while suppressing several other related genes indicate the targets of the
substances are located either downstream of the TNF-α signal or in the TNF-a excluding pathway.

Although antiinflammatory properties of PACN and PSRE revealed in the study were of comparative
levels, PACN had stronger efficiency in suppressing caspases and preventing mediator release. Stronger
anti-inflammatory activity of PACN might be due to greater amounts of prodelphinidins. These
compounds possess higher antioxidant capacity and share certain important structural peculiarities,
namely hydroxyl groups in B ring (especially in C4’ position and catechol group), hydroxyl groups in the
A ring at the C5 and C7 positions [61].

5. Conclusions

In conclusion, both PSRE and PACN revealed antibacterial and antiinflammatory efficiency in
periodontitis mimicking conditions. However, the combination of strong pathogen-selective antibacterial,
antiinflammatory and gingival tissue protecting properties of PACN suggests this preparation as
a potential candidate for treatment and prevention of periodontal disease.
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Abstract: Ascorbic acid (vitamin C) is an important water-soluble vitamin found in many fruits
and vegetables. It has well-documented beneficial effects on the human body and is used as a
supplement, alone or in combination with other vitamins and minerals. Over recent years, research
has focused on possible new therapeutic actions in chronic conditions including periodontal disease
(PD). We conducted a systematic review on clinical trials from four databases (PubMed, Clinical Trials,
Cochrane, Web of Science) which measured plasmatic/salivary levels of ascorbic acid in PD–diabetes
mellitus (DM) association. Six studies were included in our review, three of them analyzing patients
with different grades of PD and DM who received vitamin C as a treatment (500 mg vitamin C/day for
2 months and 450 mg/day for 2 weeks) or as part of their alimentation (guava fruits), in combination
with standard therapies and procedures. Decreased levels of vitamin C were observed in PD patients
with DM but data about efficacy of vitamin C administration are inconclusive. Given the important
bidirectional relationship between PD and DM, there is a strong need for more research to assess the
positive effects of ascorbic acid supplementation in individuals suffering from both diseases and also
its proper regimen for these patients.

Keywords: vitamin C; ascorbic acid; diabetes mellitus; periodontal disease

1. Introduction

1.1. Diabetes Mellitus, Periodontal Disease and Their Interaction

Diabetes mellitus (DM) is a chronic metabolic disease that alters the physiologic circuit of glucose.
If left untreated it can lead to deadly complications such as cardiovascular disease, brain stroke, loss

Nutrients 2020, 12, 553; doi:10.3390/nu12020553 www.mdpi.com/journal/nutrients59
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of sight or renal insufficiency. In order to enter a cell and to be used for metabolic purposes, glucose
requires the presence of insulin. The pancreas produces insulin, but in some situations, it does not
produce enough [1]. This is the cause of type I diabetes, also known as “insulin-dependent DM” because
patients need insulin administration during treatment. In other situations, the cells may be resistant
and insensitive to insulin action, therefore preventing glucose metabolism. This happens in type II
diabetes, which is often associated with obesity. The first stages of type II diabetes treatment include
diet control, exercise, and antidiabetic medication but may eventually lead to insulin administration as
well. Type II DM is the most common type of adult diabetes, being diagnosed in about 90% of diabetes
cases [1].

Periodontal disease (PD) is a chronic inflammatory disorder and a worldwide public health
challenge. Since the 1960s scientific evidence has been published regarding an association between
DM and periodontitis [2]. It is related to many other chronic diseases, such as cardiovascular disease,
inflammatory bowel disease, rheumatoid arthritis, respiratory tract infection and Alzheimer’s disease,
displaying a particular interest in the relationship between oral and systemic health [3–5]. PD is
caused by specific oral microorganisms, such as Porphyromonas gingivalis, Treponema denticola, Tannerella
forsythia and Aggregatibacter actinomycetemcomitans [6–8], inducing loss of periodontal ligament and
alveolar bone, also representing the primary cause of tooth loss [9]. Periodontal impairment is
influenced by many risk factors, including alcohol, stress, smoking, heredity, DM and endocrinological
changes (pregnancy or menopause); thus, maintaining periodontal health becomes a real challenge [10].
The human oral microbiome is important in the pathogenesis of PD, nutrition being a significant aspect
in promoting periodontal homeostasis through antioxidant and immunomodulatory effects on bone
metabolism [10–12].

Since 2012, the American Diabetes Association has been including the periodontal examination
of diabetic patients in its “Standards of Medical Care for Diabetes”. This action has been motivated
by the fact that PD was officially recognized as a complication of DM, together with the five other
vascular-derived ones (retinopathy, neuropathy, etc.) [13].

Conversely, DM is also credited with an important influence on the pathogenesis process of
certain types of PD, as illustrated by the latest classification of periodontal conditions, issued by the
European Federation of Periodontology and the American Academy of Periodontology in 2018 [14].
The bidirectional relationship between the two disorders is currently well documented, opening
perspectives of common management of diabetic and periodontal patients, in terms of prevention,
early diagnosis and integrated treatment protocols [15].

The negative impact that diabetic pathology has on the periodontal status of affected patients has
been explained by various mechanisms. From a cellular perspective, it seems that the mobility, activity
and efficiency of immune cells, such as polymorphonuclear leukocytes is decreased in a diabetic setting,
favoring the aggressive actions of periodontal bacterial pathogens [16,17]. Also, the antibacterial
capacity of the saliva and gingival crevicular fluid (GCF) could be downregulated in DM patients,
further enhancing the growth of harmful bacteria. In addition to this, periodontal ligament fibroblasts
have been shown to decrease chemotaxis when placed in vitro in a hyperglycemic environment [18].
The glucose-rich GCF of DM patients is one such environment, which may explain the difficult
periodontal wound healing and the reduced local host response to bacterial attack, all favoring the
onset of periodontal inflammation and damage.

Proinflammatory markers, which drive the inflammatory reaction, are secreted by certain immune
cells when they are stimulated by bacterial antigens. It has been shown that the immune cells of DM
patients over-react to bacterial antigen stimulation, causing an overproduction of proinflammatory
markers. Consequently, a more intense inflammatory periodontal reaction is triggered in DM patients,
causing the rapid destruction of periodontal tissues [19,20]. The involved proinflammatory markers
include major cytokines, such as interleukin 1β (IL-1β), tumor necrosis factor-alpha (TNF-α) and
prostaglandin E2 (PGE2), which are all majorly upregulated in DM patients’ GCF compared to non-DM
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patients. When compared, the GCF levels of PGE2 and IL–1β were higher in DM patients’ samples
than in non-DM ones, in similar settings of PD inflammation and dissolution.

Poorly controlled diabetes is a key factor in the onset of aggressive and destructive forms of
PD [21].

Some studies support the direct connection between high PD prevalence and severity in DM
patients [22]. This seems to be especially true for type 2 DM patients, who are more prone to
difficulty in glycemic control [23]. Poor glycemic control can also impact the outcome of periodontal
treatment. Patients with well-controlled glycemia have been shown to reach similar results after
nonsurgical periodontal treatment (scaling and root planning) as those of non-DM patients at a four
month recall [24]. In contrast, a less favorable response to treatment can be expected from DM
patients with uncontrolled glycemia [25]. Periodontal surgery also delivers similar results in terms
of periodontal pocket reduction for well-controlled glycemia DM patients compared to non-diabetic
ones [26]. Therefore, favorable results can be expected when treating periodontally compromised DM
patients with stable glycemia levels.

It was also found that PD patients with undiagnosed DM exhibit significantly increased
glycosylated hemoglobin (HbA1C) serum levels compared to periodontally healthy individuals,
and PD was positively correlated with serum levels of (HbA1C) before DM onset [27]. If PD acts as an
aggravating cofactor for later DM complications, its treatment may be a way to improve the diabetic
status and to stabilize glycemic levels, thereby preventing the onset of dangerous complications.

1.2. Oxidative Stress and Reactive Oxygen Species—Background

Oxidative stress is a state of imbalance between oxidants and antioxidants in favor of oxidants,
leading to harmful effects [28]. Oxidants, also called reactive oxygen species (ROS), include free radicals
such as O2• - (superoxide), ONOO - (peroxynitrite) and HO• (hydroxyl) and nonradicals, such as H2O2

(hydrogen peroxide), are products of aerobic cell metabolism by reducing oxygen molecules [29]. There
are many sources of ROS, mainly generated by enzymes such as xanthine oxidase, cyclooxygenase,
lipooxygenase, myeloperoxidase, cytochrome P450 monooxygenase, uncoupled nitric oxide synthase
(NOS), peroxidase and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. They arise
intracellularly, extracellularly, or in specific intracellular compartments [30] and are generated by
polymorphonuclear lymphocytes through NADPH oxidase [31].

Oxygen-derived free radicals are oxidative agents produced during events such as mitochondrial
respiration and phagocytosis, causing post-translational modifications of proteins, with an impact on
cell signaling, gene expression and other physiological processes [32]. Low concentrations of ROS
enhance antioxidant response by activating a nuclear factor erythroid 2-related factor 2, promoting cell
survival [33]. ROS-induced impairment of glycocalyx, cell membranes and junctions contribute to
increased permeability and leukocyte and thrombocyte adhesion, with subsequent local activation of
inflammation and coagulation, leading to loss of endothelial vasodilation potential and attenuation of
vasoconstrictor response [34].

There is also a documented link between oxidative stress, DM and PD, with the
oxidative-stress-mediated changes in the inflammatory pathways being possible mechanisms in
affecting periodontal tissues [35] (Figure 1). DM and PD involve significant impairment of immune
system regulation, while hyperglycemia contributes to advanced glycation end products (AGE)
formation and extended levels of proinflammatory cytokines IL-1β, interleukin 6 (IL-6) and TNF-α [36]
(Figure 1).
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Figure 1. The interrelation between vitamin C, diabetes mellitus (DM) and periodontal disease (PD).

1.3. Vitamin C, DM, and PD

In the 1920s, the forthcoming Nobel laureate Albert Szent-Györgyi from Szeged University,
Hungary, identified vitamin C and its role in preventing and treating scurvy [37]. Ascorbic acid (vitamin
C) is an essential water-soluble vitamin that cannot be synthesized by the human organism [38,39].
It demands a regular and appropriate intake from natural sources, like citrus fruits, mango, strawberries,
kiwi, papaya, green leafy vegetables, tomatoes and broccoli [37], to hamper hypovitaminosis C that is
relatively common in Western populations [38,39].

Synthetic vitamin C derived from chemicals is similar to that contained in fruits and vegetables [40].
The main route of administration for ascorbic acid is oral ingestion from food or supplements. Healthy
individuals generally need 0.1–0.2 g daily doses. Intravenous administration is used in critically ill
patients requiring high doses (1–4 g/day) of this nutrient [41,42]. It is quickly eliminated by the kidneys
with a half-life of approximately two hours [41,43].

L-ascorbate, the reduced form of vitamin C, is a physiological antioxidant [44]. Antioxidants are
molecules that can donate a hydrogen atom or an electron to a radical, ceasing chain reactions [45]
such as metal chelation and protecting cells from radiation damage and the formation of nonradical
and nonreactive end products of antioxidant enzymes [28].

Vitamin C improves immune function and facilitates iron absorption, reduction of folic acid
derivatives and synthesis of collagen, cortisol, catecholamines and carnitine [46]. Vitamin C also
improves the synthesis of prostaglandins PGE1 and PGI2 and nitric oxide (eNO); it has a cytoprotection
role, antimutagenic activity, vasodilatory action and inhibitory effect on platelet aggregation, being
useful in type 2 DM and high blood pressure [47].

Ascorbic acid deficiency has been associated with stroke, DM, cancer, cardiovascular disease,
infectious diseases and sepsis [41].

In type 2 DM the plasma levels of IL-6 and TNF-α are elevated, lipid peroxides are increased and
unsaturated fatty acids, especially arachidonic acid (AA) and lipoxin A4 (LXA4), are reduced [48].
Besides, the usefulness of vitamin C in the management of type 2 DM is confirmed by a study conducted
by Mason et al. [49] which recorded that oral vitamin C (1000 mg daily) reduced hyperglycemia.
This action arose after a decrease of plasma isoprostane-F2 in these subjects and indicated that the
beneficial action of vitamin C was not only due to its antioxidant property but also to its ability to
improve PGE1, PGI2, LXA4 and eNO [49].
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Oxidative stress plays an important role in the development of vascular complications in type 2
DM, and the increase of ROS level is due to decreased production of some enzymatic/nonenzymatic
antioxidants, i.e., catalase, superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px), leading
to the development of diabetic complications [50]. Free radical formation in type 2 DM is accomplished
by nonenzymatic proteins glycation, oxidation of glucose, increased lipid peroxidation, inducing
enzyme damage and increased insulin resistance [51]. Insulin signaling is modulated by ROS/RNS
(reactive nitrogen species) in two ways: first, in response to insulin, ROS/RNS exerts a physiological
function; second, the ROS and RNS pathway negatively regulates insulin signaling, contributing to
development of insulin resistance, which is a risk factor for type 2 DM [52].

Oxidative stress and ROS induce complications of DM including coronary heart disease,
neuropathy, nephropathy, retinopathy and stroke [50]. Hyperglycemia plays a role in the generation of
oxidative stress leading to vascular endothelial dysfunction of patients with DM and, together with
dyslipidemia, develops macroangiopathies, which cause oxidative stress leading to atherosclerosis [50].
Vitamin C acts as an antioxidant by detoxification of ROS, hence being an important biomarker
of oxidative stress, but, depending on the situation, it might promote toxicity via pro-oxidant
formation [51].

Vitamin C plays a key role in maintaining the integrity of the connective tissues, thus of the
periodontium. It is a powerful antioxidant, particularly at the intracellular level, being an enzymatic
cofactor in metabolic reactions (hydroxylation of proline and lysine needed to stabilize collagen
structures during its synthesis) [10].

Regarding the interplay between vitamin C and PD, the results of observational studies are
contradictory, depending on the parameter evaluated, with several studies reporting no association
between vitamin C and PD [10]. However, Nishida et al. [53] in their study with 12,419 participants
identified a dose-dependent relationship between the vitamin C intake and the number of people with
PD. Contrary to these results, a relation between vitamin C deficiency and PD was not recorded by
other researches [54,55].

Vitamin C intake is necessary to avoid periodontal issues, but when a pathological condition has
been established, a supplement with vitamin C is not sufficient to cure periodontal pathology [10]. Also,
the effect of vitamin C combined with chlorhexidine can prevent and slow down the PD progression [56].

Monea et al. [57], in a case-control study (which included 10 patients with type 2 DM and 8
healthy adults), observed significantly increased malondialdehyde (MDA) levels in periodontal tissues,
suggesting increased lipid peroxidation and decreased glutathione tissue levels (GSH), resulting a
change of the local defense mechanism. Thus, histological aspects in the periodontal tissues of diabetic
subjects confirm the involvement of oxidative stress [57].

In a study with murine models with diabetes, Li et al. [58] found that simultaneous periodontitis
and DM synergistically aggravated both local and systemic oxidative lesions, being correlated with
more severe periodontal destruction in diabetic periodontitis.

In a study with 10,930 patients, Lee et al. [59] found that in patients with DM between the ages of
30 and 49, there was a significant link between vitamin C intake and periodontitis. In the stratified
analysis, the aforementioned association was highlighted among patients with type 2 DM. When there
was inadequate vitamin C intake, diabetic subjects were more sensitive to oxidative stress, developing
PD. These results pointed out the crucial role of vitamin C in promoting periodontal health among
adults [59].

In a prospective cohort study that included 579 men, Dietrich et al. [60] observed that participants
with periodontitis had a lower intake of vitamin C, increased risk of DM, higher levels of bleeding,
bacterial plaque, loss of attachment and fewer teeth.

Considering the positive association between PD and ischemic heart disease, serum and salivary
levels of vitamin C were analyzed in patients suffering from both conditions and were found to be
lower compared to PD patients and healthy individuals [61].
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The present study aims to systematically review the available clinical data about the plasmatic
and salivary levels of ascorbic acid in patients affected by PD and DM and about possible beneficial
effects of ascorbic acid supplementation in PD–DM association.

2. Methods

The protocol of the review was developed following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement guidelines [62] and was designed to gather the
results of clinical trials in patients with different grades of PD and DM whose plasma levels of vitamin
C were determined.

2.1. Study Selection Criteria

The population of interest for this review included patients with a current diagnosis of both
chronic PD and DM (type 1 or type 2). All the studies which met the following inclusion criteria were
included in this systematic review: (1) written in English; (2) published before 8 September 2019; (3)
investigating association between vitamin C, PD and DM; (4) clinical trials conducted on adults; and
(5) using quantitative methods of data collection. The design of the targeted studies, which were of
interest, depended on the dosage and frequency of administration of ascorbic acid, both as therapeutic
administration and as part of the patients’ usual alimentation. Other types of studies, such as cohort,
randomized and cross-sectional surveys were also included. Studies that included only plasmatic or
salivary measurements of vitamin C were also of interest and included. Articles’ exclusion criteria
were: (1) written in a language other than English; (2) reviews and animal studies; (3) abstract only or
no abstract; (4) not mentioning whether the patients had DM or not; or (5) not measuring ascorbic acid
plasma/salivary levels.

2.2. Literature Search

The electronic literature search was conducted by two independent authors (M.B. and A.D.M.)
within the following databases: PubMed, Clinical Trials, Cochrane and Web of Science.

The inclusion criteria were defined according to the PICO model: population (P = “human
adults”), intervention or exposure (I = “impact of vitamin C on patients with PD and DM”), comparison
(C = “dosage and frequency of dosage for vitamin C, received as treatment or as part of alimentation;
different concentrations of plasmatic vitamin C”), and outcome (O = “measurement of periodontal
status using specific disease parameters”). The following PICO question was used: “Is vitamin C
associated with an improvement of periodontal status in patients with DM?”

Four types of searches in each database were performed with the exact term combination: type
1—“vitamin C AND periodontal disease AND diabetes mellitus” OR type 2—“ascorbic acid AND
periodontal disease AND diabetes mellitus” OR type 3—“vitamin C AND periodontitis AND diabetes
mellitus” OR type 4—“ascorbic acid AND periodontitis AND diabetes mellitus”.

2.3. Selection of Studies

Both authors assessed the eligibility of all the studies and screened them, eliminating duplicates
and removing all the studies that did not respect the selection criteria after assessing the content from
titles and abstracts. The reviewers shared their independently obtained data and resolved decided
any disagreements by general approval. The final titles were included for further data extraction
and analysis.

2.4. Data Extraction and Analysis

The two authors independently extracted data from the final articles into an Excel template
developed by the research team. The included elements were publication year, study type design, the
country where the study was run, participants’ characteristics (number, age and gender), periodontal
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status and type of measurement, type of intervention, along with diabetes status and type of
measurement. The experimental design of the final list of studies was reported to cover the duration of
the study, the administration (dosage and frequency) of vitamin C, the measurement of vitamin C and
their main results.

3. Results

The literature search resulted in 71 articles across the four databases (PubMed, Clinical Trials,
Cochrane, Web of Science), of which 33 were reviewed after duplicates (n = 38) were removed (Figure 2).
After screening with inclusion/exclusion criteria, six papers remained for the systematic analysis.
Detailed summaries of final studies are included in Tables 1 and 2.

Figure 2. Flowchart of the systematic search based on PRISMA guidelines.
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Two of the remaining six studies aimed to evaluate the relationship between plasma ascorbic
acid levels and PD in systemically healthy and type 2 DM subjects, following the administration
of vitamin C in similar 450–500 mg daily doses. Gokhale et al. [63] randomly divided participants
into subgroups, using a coin-toss method: subgroup A (15 adults) receiving 450 mg chewable tablet
associated with daily scaling and root planning and subgroup B (15 adults) receiving placebo as
lemon-flavored sugar-free candy chewable tablets with scaling and root planning spaced over two
appointments. It revealed that dietary ascorbic acid supplementation associated with scaling and
root planning improved the sulcus bleeding index in subjects with gingivitis and diabetics with
periodontitis. They also obtained additional results, by using Tukey’s multiple post-hoc procedures,
regarding the plasma ascorbic acid levels in subgroup A, which supported their conclusion [63].
Similarly, Kunsongkeit et al. [64] assessed the administration of daily 500 mg vitamin C tablets, for 2
months in 15 adults or placebo tablets in 16 adults, both groups receiving full scaling and root planning
from baseline to the last administered tablet, comparing the results within groups using Bonferroni
post-hoc test. Periodontitis patients with uncontrolled type 2 DM did not exhibit evident benefits by
supplementation of 500 mg/day vitamin C [64], but the differences between their results may have
been generated by the recently diagnosed type 2 DM patients included in the Gokhale et al. study and
uncontrolled type 2 DM patients included in the Kunsongkeit el al. study. Therefore, the progression
and severity of periodontitis were greater in patients with uncontrolled diabetes and perhaps the
dosage of vitamin C should have been larger to sustain the conclusions revealed in the Gokhale et al.
study. Even so, both studies assumed the bidirectional relationship between periodontitis and DM,
which means further assessments should be aimed by other medical specialists.

Three studies from the ones selected [65–67] evaluated the effect of dietary intake of vitamin
C, as an antioxidant and immunomodulatory agent, and the evolution of PD in patients with DM,
without specifying certain consumed fruits or vegetables or dosage, but measuring plasmatic [65,67] or
salivary concentration of ascorbic acid [66]. Thomas et al. [65] measured plasmatic ascorbic acid levels
in their case-control study by using spectrophotometric quantitation on all three groups: 20 patients
with type 2 DM and PD, 20 healthy patients with PD and 20 healthy patients without PD. This method
was useful for comparing the micronutrient levels not only of vitamin C but also of zinc and copper
in diabetic patients and healthy individuals with periodontitis, finally showing that diet plays a
modifying role in the progression of periodontal disease. The idea was sustained by a statistically
significant decrease in vitamin C levels in diabetic patients with periodontitis when compared to
healthy individuals with periodontitis [65]. The same conclusion appeared in a cross-sectional survey,
also held in India, by Patil et al. [67], even though vitamin C was measured by a different chemical
method (dinitro phenyl hydrazine method). They included an additional group consisting of patients
who suffered from gingivitis, an incipient form of PD, and a group of recently diagnosed patients who
suffered from periodontitis and diabetes, who had not received any antidiabetic medication, before
the study onset [67]. Gumus et al. [66] conducted a case-control study in Turkey by measuring the
total antioxidant capacity in patients with PD, divided into three groups: 16 patients with type 1 DM,
25 patients with type 2 DM and 24 patients with no associated disease. They used the Kruskal–Wallis
test, followed by the Mann–Whitney U test for the group comparisons of the salivary antioxidant levels,
as well as the clinical periodontal measurements; however, their conclusion was different from the
Indian studies, because vitamin C did not seem to play a major role in the pathogenesis of periodontal
manifestations in diabetes. They mentioned the absence of a group with diabetes with a clinically
healthy periodontium which would have enabled them to conclude whether the levels of salivary
antioxidants are related to the diabetic status independently of the clinical periodontal situation [66].
This limitation of the Turkish study might have led to a different conclusion regarding the ascorbic
acid levels in patients with both diabetes and periodontitis than the one commonly presented in
Indian studies.

Amaliya et al. [68] organized a cohort study in Indonesia analyzing the intake of vitamin C from
the dietary origin while monitoring all 98 patients using a full set of dental radiographs with long
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cone paralleling technique. Their results depended on the consumption of guava fruit over one month
in all 53 women and 45 men, with an age range from 39 to 50 years, who were included in the study.
Amaliya et al. stated that guava fruit contains 228 mg vitamin C per 100 g (USDA 2010), which implied
that the consumption of one guava (without skin and kernel) results in an intake of about 400 mg
vitamin C. Since the guava consumption varied between 0 and 30 guavas in the month preceding
plasmatic ascorbic acid measurements, a great variation in the amount of vitamin C intake existed in
their included population, possibly contributing to the significant association with alveolar bone loss.
In their study, 45% of the population showed vitamin C depletion/deficiency, 70% were in a prediabetic
state and 6% had untreated diabetes. Their new finding was that guava fruit consumption may play a
protective role against periodontitis in the 10% malnourished population, which showed a relatively
low body mass index. These conditions may have contributed to the extent and severity of alveolar
bone loss in the population. It is important to mention that Amaliya et al. had a limitation because 70%
of their population were in a prediabetic state and 6% had undiagnosed diabetes, which is why no
relation could be assessed between HbA1c plasma levels and alveolar bone loss, probably due to the
small number of subjects with HbA1c values ≥6.5% and insufficient conclusive data of the study [68].

All studies included in our systematic review had in common the assessment indication for PD,
which included certain parameters: alveolar bone loss, bleeding on probing, clinical attachment level
(CAL > 3 mm), the community periodontal index, pocket depth or probing pocket depths (PPDs of
≥5 mm, along with the presence of attachment loss of ≥2 mm within at least three teeth (assessed at
four sites per tooth)), plaque index and the sulcus bleeding index (SBI score of ≥2).

The plaque index had the following scoring criteria: score 0—no plaque, score 1—a film of plaque
adhering to the free gingival margin and the adjacent area of the tooth, seen in situ only after the
application of disclosure solution or by using the probe on the tooth surface, score 2—moderate
accumulation of soft deposits within the gingival pocket, or the tooth and gingival margin, which
can be seen with the naked eye, score 3—abundance of soft matter within the gingival pocket and/or
on the tooth and gingival margin [63]. The assessment of gingival bleeding is done on a scale of 0–5
according to the following criteria: score 0—healthy appearance of the gingiva and no bleeding upon
sulcus probing, score 1—apparently healthy gingiva showing no color or contour changes and no
swelling, but sulcus bleeding on probing, score 2—bleeding on probing and color change caused by
inflammation, but absent swelling, score 3—bleeding on probing, change in color and slight edematous
swelling, score 4—bleeding on probing, obvious color change and swelling, and score 5—spontaneous
bleeding on probing, color change, marked swelling with or without ulceration [63].

The parameters used to sustain the diagnosis of DM included body mass index (BMI), glycosylated
hemoglobin (HbA1C > 7%), fasting blood sugar (FBS ≥ 126 mg/dL), two-hour postprandial glucose
(PPG ≥ 200 mg/dL) and random blood sugar (RBS ≥ 200 mg/dL with symptoms such as polyuria,
polydipsia and polyphagia).

4. Discussions

Three of our selected studies [63,65,67] were held in India, with a similar number of participants
(60–120) and similarly composed groups of study, classified by periodontal status, but with the first
two not mentioning their age. All the Indian studies used plasmatic measurement of vitamin C
and they also had in common a finding regarding the lower plasmatic levels of ascorbic acid in
periodontitis and diabetic patients than periodontitis nondiabetic patients. Four of our six eligible
studies [63–65,67] excluded patients with any systemic disorder (other than the groups with type 1
or type 2 DM), those with presence of any disease that may alter the immune system (bacterial or
viral infections, hypercholesterolemia, cardiovascular events), those who had been treated with any
dietary supplements, antibiotics, and anti-inflammatory drugs in the previous 6 months, those with
history of smoking or tobacco consumption, those with history of using any mechanical or chemical
aids for plaque control (mouthwashes) and pregnant subjects. On the other hand, two studies included
smokers (for example, Gumus et al. [66] recorded patients’ smoking history), one of them targeting the
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smoking population to shape a conclusion (Amaliya et al. [68] included 26 heavy smokers of which the
number of cigarettes per day ranged from 15 to 24 and 19 light smokers who smoked on average 8
cigarettes per day), but fulfilled the other exclusion criteria present in all the mentioned studies.

An interesting conclusion was presented in Amaliya et al.’s [68] study, referring to vitamin C as an
important prophylactic and protective measure, especially in malnourished people with both DM and
PD, even though they included heavy smokers with high exposure to ROS. Their results were based
on the intake of about 400 mg vitamin C daily, for at least one month, by consuming approximately
30 guava fruits, a specific diet for people living in Purbasari Tea Estate in West Java, Indonesia [68].
On the contrary, Gumus et al. only supported a difference between diabetic patients regarding the
evolution of PD by mentioning that subjects with type 2 DM had fewer teeth and more sites with
probing depths >4 mm than patients with type 1 DM. In this study, vitamin C and the total antioxidant
capacity did not appear to play a significant role in the pathogenesis of PD–DM [66].

Individuals afflicted with DM and PD may also exhibit a decrease in vitamin C concentration
through a confounding factor, depression. Depression often complicates the management of other
conditions (cancer, diabetes, myocardial infarction, severe trauma) or can occur secondary to other
diseases such as inflammatory conditions, Parkinson’s disease and hypothyroidism [69].

Some articles demonstrated the association between poor vitamin C and increased depression
symptoms [70,71], between DM and depression [72] and between severe PD [73] and depression.
Studies have shown that depression is a consequence of inadequate levels of ascorbic acid [74]. More,
vitamin C can reduce the problems associated with depression [75]. Depression prevalence is two to
three times higher in patients with DM, with some cases remaining underdiagnosed [76]. Depression
is also a risk factor for PD [77–79]. This is the reason some future research must be done to minimize
the influence of this confounding factor and evaluate its strength using different questionnaires [80,81].

Several recent reviews analyzed the role of vitamin C in the pathophysiology of periodontal tissue
damage [10,54,82,83].

Kaur et al. and Muniz et al. pointed out the beneficial effects of ascorbic acid as a dietary
antioxidant on PD management in the context of the established link between PD and oxidative stress.
They implied that, as a complementary treatment for PD, the use of an antioxidant has the potential to
improve periodontal clinical parameters [82,83].

In 2018, Varela-Lopez et al. [10] performed a systematic review of human and animal studies,
and they concluded that vitamin C may be useful for prevention or improvement of PD. They
also emphasized the need for more research to clarify dosages and taking frequency of ascorbic
acid supplementation.

In a systematic review from 2019, Tada and Miura [54] highlighted the effects of vitamin C on the
prevention of incidence and the development of PD. The authors observed proof of the association
between vitamin C, PD and DM which suggests a complex mechanism of action between ascorbic acid
and the two disorders that requires further study.

In our analysis, decreased levels of vitamin C were observed in PD patients with DM but data
about efficacy of vitamin C administration are few and inconclusive. Perhaps larger doses administered
over a longer period of time are needed, especially for periodontitis patients with uncontrolled type
2 DM.

To our knowledge, this is the first systematic review to assess and summarize the current outcomes
on the correlation between ascorbic acid levels and PD–DM interaction. There are limitations to the
present study because of the heterogeneity of the included studies’ methodology. The findings of our
review reflect different outcomes because of the different experimental designs.

5. Conclusions

Considering the complex and strong relation between DM and PD and the paucity of available
clinical evidence for the effects of ascorbic acid in individuals affected by both conditions, further
detailed studies should be performed to establish the efficacy of vitamin C for these patients. Besides the
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issue of the required doses, the frequency and duration of administration for ascorbic acid supplements
need to be clarified.
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Abstract: Several factors affect dental implant osseointegration, including surgical issues, bone quality
and quantity, and host-related factors, such as patients’ nutritional status. Many micronutrients might
play a key role in dental implant osseointegration by influencing some alveolar bone parameters,
such as healing of the alveolus after tooth extraction. This scoping review aims to summarize the role
of dietary supplements in optimizing osseointegration after implant insertion surgery. A technical
expert panel (TEP) of 11 medical specialists with expertise in oral surgery, bone metabolism, nutrition,
and orthopedic surgery performed the review following the PRISMA-ScR (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews) model. The TEP
identified micronutrients from the “European Union (EU) Register of nutrition and health claims
made on foods” that have a relationship with bone and tooth health, and planned a PubMed search,
selecting micronutrients previously identified as MeSH (Medical Subject Headings) terms and adding
to each of them the words “dental implants” and “osseointegration”. The TEP identified 19 studies
concerning vitamin D, magnesium, resveratrol, vitamin C, a mixture of calcium, magnesium, zinc,
and vitamin D, and synthetic bone mineral. However, several micronutrients are non-authorized by
the “EU Register on nutrition and health claims” for improving bone and/or tooth health. Our scoping
review suggests a limited role of nutraceuticals in promoting osseointegration of dental implants,
although, in some cases, such as for vitamin D deficiency, there is a clear link among their deficit,
reduced osseointegration, and early implant failure, thus requiring an adequate supplementation.

Keywords: dietary supplements; dental implants; osseointegration; vitamin D; magnesium;
resveratrol; ascorbic acid; zinc; calcium; bone

1. Introduction

Osseointegration is defined as “a process whereby a clinically asymptomatic rigid fixation
of alloplastic materials is achieved and maintained in bone during functional loading” [1].
Osseointegration is involved in dental implants healing, thus leading to a functional unit that
may rehabilitate one or more missing teeth, supporting dental prosthesis.

In addition to key factors that affect the osseointegration, such as the surgical technique, bone
quality and quantity, postoperative inflammation or infection, smoking habits, and implant material

Nutrients 2020, 12, 268; doi:10.3390/nu12010268 www.mdpi.com/journal/nutrients77
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and surface [2–7], other factors should be taken into account, including the immunological and
nutritional status of the host. Alongside the promotion of a healthy diet, such as the Mediterranean
one, to achieve a desirable general health status, recently, increasing attention was paid to promoting
the consumption of micronutrients that could have benefits on health and resistance to diseases [8].

Several micronutrients affecting bone metabolism were demonstrated to have an influence
on skeletal system; in particular, calcium, fluorides, magnesium, potassium, vitamin B6, vitamin
D, and zinc positively influence bone health, reducing the risk of fracture [9]. In addition, fat-,
carbohydrate-, and cholesterol-rich diets and reduced calcium intake exhibit detrimental influences on
jaw bone and alveolar bone [10]. Therefore, a specific diet regimen and micronutrients might play a
key role in the different phases of dental implant osseointegration.

Recent evidence demonstrated that some nutritional regimens directly influence alveolar bone
parameters in experimental models of periodontitis [11–13], orthodontic tooth movement [14], and bone
repair after tooth extraction [15]. In particular, it was demonstrated that diet (in its different meanings
of macro- and micronutrients) can affect the healing of the alveolus after tooth extraction, influencing
both the morphology and the quality of alveolar bone [15].

Bone tissue repair mechanisms and bone metabolism are strongly influenced by nutritional aspects
and are crucial to obtaining proper bone restoration optimizing osseointegration processes.

The aim of this scoping review is to summarize the state of the art regarding the role of
micronutrients, currently available in nutraceuticals or dietary supplements, on dental implantology,
highlighting which of them, supported by evidence-based medicine (EBM), might effectively have an
influence on the achievement and the maintenance of osseointegration after implant insertion surgery.

2. Materials and Methods

In performing this scoping review, we followed the PRISMA-ScR (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses Extension for Scoping Reviews) model [16].

As a first step, a technical expert panel (TEP) consisting of 11 medical specialists was established.
In particular, the TEP was composed of two oral surgeons with expertise in osseointegrated dental
implants, two periodontists with expertise in peri-implant oral tissues physiology and pathology,
three bone specialists, two experts on scoping review methodology, one nutritionist, and one
orthopedic surgeon.

2.1. Search Strategy

The TEP selected micronutrients from the “European Union (EU) Register of nutrition and health
claims made on foods” that have a relationship with bone and tooth health, included in dietary
supplements and nutraceuticals. Therefore, the TEP planned a research on PubMed (Public MedLine,
run by the National Center of Biotechnology Information, NCBI, of the National Library of Medicine
of Bethesda, Bethesda, MD, USA), selecting micronutrients as MeSH (Medical Subject Headings)
terms; to each of them, the following terms were added to run the PubMed Search Builder: “dental
implants”, “osseointegration”. For example: (“Vitamin D” [Mesh]) AND “Dental Implants” [Mesh])
(see Supplementary Materials, Table S1).

2.2. Study Selection

According to the objective of the study, the TEP defined the characteristics of the sources of
evidence, considering for eligibility any researches published in medical literature in the last 10 years
(last update on 16 October 2019), including only those in the English language.

2.3. Data Extraction and Quality Assessment

All types of studies were included in our scoping review, both pre-clinical (in vitro and
animal studies) and clinical studies. Methodological quality assessment was made according to
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the EBM pyramid: meta-analysis, systematic review, randomized controlled trial (RCT), cohort study,
case–control study, case series, and case report.

Finally, the TEP summarized the resulting micronutrients with effective and safe daily doses that
improve bone and tooth health.

3. Results

From the micronutrients listed in the “EU Register of nutrition and health claims made on
foods”, the TEP selected the following 18 nutraceuticals that may have influence on bone and teeth:
calcium, fluorides, magnesium, potassium, resveratrol, vitamin C (ascorbic acid), vitamin D, vitamin
E (alpha-tocopherol), vitamin K2 (menaquinone-7, MK7), zinc, vitamin A, vitamin B1 (thiamine),
vitamin B2 (riboflavin), vitamin B3 (niacinamide), vitamin B5 (pantothenic acid), vitamin B6, vitamin
B7 (biotin), and vitamin B12 (Table 1). However, according to the “EU Register of nutrition and health
claims made on foods”, fluoride is non-authorized for supporting bone mineralization, and potassium
is non-authorized for maintaining tooth mineralization, whereas vitamin B2, vitamin E, vitamin A,
vitamin B1, vitamin B2, vitamin B3, vitamin B6, vitamin B7, and vitamin B12 are non-authorized
for both functions. Moreover, potassium and zinc are not considered to influence tooth metabolism,
while vitamin K2, resveratrol, and vitamin B5 are not recommended for bone and tooth metabolism
according to the “EU Register of nutrition and health claims made on foods”. Among these substances,
we found studies concerning nutraceuticals and dental implants or osseointegration only for vitamin D,
magnesium, resveratrol, vitamin C, a mixture of calcium, magnesium, zinc, and vitamin D, and synthetic
bone mineral (a supplement containing calcium, phosphate, magnesium, zinc, fluoride, and carbonate).

Table 1. Effects of selected micronutrients on bone and tooth health.

Nutrient or Non-Nutrient
Compound

Effect

Calcium

99% of calcium in the body is in the form of hydroxyapatite, which is bone
and tooth mineral [17]. Relationship between calcium and maintenance of
normal bone and tooth assessed with a favorable outcome (European Food
Safety Authority (EFSA) opinion).

Fluorides Stimulates osteoblast growth and bone formation, increasing bone mineral
density (BMD) [18], and supports tooth mineralization (EFSA opinion).

Magnesium
Essential for the conversion of vitamin D into its active form and necessary
for calcium absorption and metabolism [19], and maintenance of normal
bone and teeth (EFSA opinion).

Potassium

Potassium citrate helps maintain acid–base balance and support bone
health, counteracting bone resorption [20]. However, a cause-and-effect
relationship is not established between the dietary intake of potassium salts
of citric acid and maintenance of normal bone (EFSA opinion).

Resveratrol

Active substance found in food, such as red grapes, peanuts, and berries,
with anti-inflammatory and antioxidant effects; it additionally provides an
inhibitory effect on osteoclast differentiation and potentially induces bone
formation [21] (EFSA opinion about bone and tooth health not available).

Vitamin C (ascorbic acid)
Enhances osteoblastogenesis and inhibits osteoclastogenesis via
Wnt/β-catenin signaling [22]. Vitamin C contributes to normal function of
bones and teeth (EFSA opinion).

Vitamin D
Modulates calcium and phosphate metabolism; it promotes growth, bone
mineralization of the skeleton and teeth [17], and maintenance of normal
bone and teeth (EFSA opinion).
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Table 1. Cont.

Nutrient or Non-Nutrient
Compound

Effect

Vitamin E (alpha-tocopherol)

Reduces the expression of receptor activator of nuclear factor kappa B
(NF-κB) ligand (RANKL) in osteoblasts and inhibits osteoclastogenesis [23].
However, a cause-and-effect relationship is not established between the
dietary intake of vitamin E and maintenance of normal bone and teeth
(EFSA opinion).

Vitamin K2 (MK7) Stimulates osteoblasts differentiation, protects these cells from apoptosis
[24], and maintains normal bone (EFSA opinion).

Zinc
Stimulates osteoblast proliferation, differentiation, and mineralization,
which may facilitate bone formation [25,26] and maintain normal bone
(EFSA opinion).

Vitamin A

Increases the effect of bone morphogenetic proteins (BMPs) on osteogenic
differentiation [27]. A cause-and-effect relationship is not established
between the dietary intake of vitamin A and maintenance of normal bone
and teeth (EFSA opinion).

B Vitamins

Deficiency in folic acid and vitamins B6 and B12 can result in increased
serum homocysteine that leads to endothelial dysfunction (decreased bone
blood flow) and enhanced osteoclast activity (bone resorption).
Moreover, hyperhomocysteinemia interferes with cross-linking of collagen
(altered bone matrix) [28]. However, a cause-and-effect relationship is not
established between the dietary intake of B vitamins and maintenance of
normal bone and teeth (EFSA opinion).

In particular, we included 11 studies concerning vitamin D, of which five were clinical studies
(three retrospective studies, one case series, and one case report), and six were preclinical studies on
animals: two preclinical studies on animals concerning magnesium, two preclinical studies on animals
for resveratrol, one preclinical study on animals concerning the supplementation with a combination of
calcium, magnesium, zinc and vitamin D, two preclinical studies on animals concerning synthetic bone
mineral (composed by dicalcium phosphate dihydrate and magnesium and zinc chlorides), and one
clinical study concerning vitamin C supplementation (Figure 1, Table 2).

Figure 1. Flow diagram of sources selection process.
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Table 2. Relevant data from each study included in the scoping review.

Author, Year
Nutraceutical
Compound

Study
Design/Experimental

Model
Main Aim Results

Mangano et al.,
2018 [29] Vitamin D Retrospective

study

To investigate the
correlation
between serum
levels of vitamin D
and early dental
implant failure

In patients with serum levels of
vitamin D < 10 ng/mL, there were
11.1% early dental implant failures
(EDIF; failures that occurred before
prosthesis positioning), 4.4% EDIFs in
patients with vitamin D levels
between 10 and 30 ng/mL, and 2.9%
EDIFs in patients with levels >
30 ng/mL. No statistically significant
correlation was found between EDIF
and vitamin D serum levels, but a
clear trend toward an increased
incidence of EDIF with lowering of
serum vitamin D levels was reported.

Wagner et al.,
2017 [30] Vitamin D Retrospective

parallel group

To evaluate the
influence of
osteoporosis on the
marginal
peri-implant bone
level

Osteoporosis was shown to have a
significant negative influence on the
marginal bone loss (MBL) at the
mesial and the distal implant aspect.
Vitamin D positively and significantly
affected the MBL, showing beneficial
effects on the peri-implant bone
formation.

Mangano et al.,
2016 [31] Vitamin D Retrospective

study

To investigate the
correlation
between early
dental implant
failure and low
serum levels of
vitamin D

There were 9% EDIFs in patients with
serum levels of vitamin D < 10 ng/mL,
3.9% EDIFs in patients with vitamin D
levels between 10 and 30 ng/mL,
and 2.2% EDIFs in patients with
vitamin D levels > 30 ng/mL.
Although there was an increasing
trend in the incidence of early implant
failures with the worsening of
vitamin D deficiency, the difference
between these 3 groups was not
statistically significant.

Fretwurst et al.,
2016 [32] Vitamin D Case series

To evaluate the
correlation
between vitamin D
deficiency and
early implant
failure

After vitamin D supplementation,
implant placement was successful in
2 patients with previous early implant
failures.

Bryce & Macbeth,
2014 [33] Vitamin D Case report

To investigate the
influence of
vitamin D
deficiency in the
osseointegration
process of a dental
implant

Authors reported a case of a patient
that received dental extraction and
the insertion of an immediate implant
that failed to osseointegrate.
Medical investigations revealed that
he was severely vitamin D-deficient
and that this may have contributed to
the implant failure.

Liu et al., 2014
[34] Vitamin D Animal study

To investigate the
effect of Vitamin D
supplementation
on implant
osseointegration in
CKD mice.

In rats with chronic kidney disease
(CKD), vitamin D supplementation
led to bone-to-implant contact rate
(BIC) and bone volume/total volume
levels higher than the CKD group
without supplementation and
comparable to rats without CKD.
Also, at the push-in test, the CKD +
vitamin D group had better results
than the CKD group, which were
comparable to the control group.
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Table 2. Cont.

Author, Year
Nutraceutical
Compound

Study
Design/Experimental

Model
Main Aim Results

Zhou et al., 2012
[35] Vitamin D Animal study

Investigate the
effects of
1,25(OH)2D3 on
implant
osseointegration in
osteoporotic rats

Vitamin D supplementation in
osteoporotic rats led to formation of
more cancellous bone around
implants, an increase of bone volume
by 96.0% in terms of osseointegration,
by 94.4% in terms of mean trabecular
number, by 112.5% in terms of mean
trabecular thickness, by 51.8% in
terms of trabecular connective density,
and by 38.0% in terms of connective
density, as well as a decrease in terms
of trabecular separation by 39.3%.
Vitamin D increased bone area density
by 1.2-fold and bone-to-implant
contact by 1.5-fold and increased the
maximal push-out force by 2.0-fold.

Wu et al., 2012
[36] Vitamin D Animal study

Effect of insulin
and vitamin D3 on
implant
osseointegration in
diabetic mellitus
rats

Vitamin D and insulin combined
treatment of diabetic rats led to an
improvement of bone volume per
total volume, percentage of
osseointegration, mean trabecular
thickness, mean trabecular number,
connective density, maximal push-out
force, and ultimate shear strength,
BIC, and bone area ratio (BA), while
the mean trabecular separation
decreased. These indexes showed
values comparable to those of healthy
control rats.

Akhavan et al.,
2012 [37] Vitamin D Animal study

Compare the effect
of vitamin D
administration on
bone to implant
contact in diabetic
rats

At the histological analysis 3 weeks
after implant insertion, diabetic rats
reported a BIC level of 44 ± 19, while
diabetic rats receiving vitamin D had
a level of 57 ± 20. At 6 weeks,
the control group reported BIC level
of 70 ± 29 and the vitamin D group
had a level of 65 ± 22.
Considering these results, vitamin D
seems not to have an effect on
osseointegration of implants in
diabetic rats.

Dvorak et al.,
2012 [38]

Vitamin D
(deficiency) Animal study

Impact of vitamin
D supplementation
on the process of
osseointegration

Vitamin D depletion in
ovariectomized rats led to a
significant decrease in
bone-to-implant contact in the cortical
area compared to rats fed with a
standard vitamin D diet, while no
significant reduction in BIC was
observed in the medullar and the
periosteal compartment.

Kelly et al., 2008
[39]

Vitamin D
(deficiency) Animal study

To evaluate the
effect of a common
deficiency of
vitamin D on
implant
osseointegration in
the rat model

Vitamin D deficiency in rats, 14 days
after implant insertion, led to a lower
push-in test and a lower BIC,
compared to rats without deficiency.
SEM analyses showed that the
calcified tissues after push-in test,
in the vitamin D deficiency groups,
fractured between the implant and
the surrounding tissue, resulting in
exposed implant surface.
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Table 2. Cont.

Author, Year
Nutraceutical
Compound

Study
Design/Experimental

Model
Main Aim Results

Belluci et al., 2011
[40] Magnesium Animal study

To evaluate the
effect of
magnesium dietary
deficiency on bone
metabolism and
bone tissue around
implants with
established
osseointegration

Rats fed with a diet with 90%
magnesium reduction presented loss
of systemic bone mass, decreased
cortical bone thickness, and lower
values of removal torque of the
implants.

Del Barrio et al.,
2010 [41] Magnesium Animal study

To evaluate the
effect of severe
magnesium dietary
deficiency on
systemic bone
density and
biomechanical
resistance of bone
tissue to the
removal torque of
osseointegrated
implants

Magnesium intake reduction of 90%
in diet of rats led to a statistically
lower removal torque of the implants
compared to rats fed with the
recommended magnesium content,
while no difference was demonstrated
between the group with a 75%
magnesium reduction and the control
group.

Ribeiro et al.,
2018 [42] Resveratrol Animal study

To investigate the
effect of resveratrol
on peri-implant
repair, and its
influence on
bone-related
markers in rats

Systemic assumption of resveratrol
positively affected biomechanical
retention of titanium implants,
measured as torque removal values,
and determined a higher BIC in
smoking rats, when compared to
smoking + placebo rat group.

Casarin et al.,
2014 [43] Resveratrol Animal study

To investigate the
effect of resveratrol
on bone healing
and its influence on
the gene expression
of osteogenic
markers

Resveratrol increased the
counter-torque values of implant
removal when compared to placebo
therapy and increased bone healing of
critical size defects in rats.

Pimentel et al.,
2016 [44]

Calcium,
magnesium, zinc,
and vitamin D3

Animal study

To investigate the
effect of
micronutrients
supplementation
on the bone repair
around implants

Rats receiving calcium, magnesium,
zinc, and vitamin D intake for 30 days
after implant insertion showed
counter-torque values with no
statistical difference compared to rats
that received a placebo solution.
Neither bone volume per total
volume nor BIC showed a statistically
significant difference between the
2 groups.
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Table 2. Cont.

Author, Year
Nutraceutical
Compound

Study
Design/Experimental

Model
Main Aim Results

Takahashi et al.,
2016 [45]

Synthetic bone
mineral

(dicalcium
phosphate
dihydrate +

magnesium and
zinc chlorides)

Animal study

To investigate
whether oral intake
of synthetic bone
mineral improves
peri-implant bone
formation and bone
micro architecture

Synthetic bone mineral (SBM; a
mixture of dicalcium phosphate
dihydrate and magnesium and zinc
chlorides) intake led to a significantly
higher bone volume per total volume,
trabecular thickness, trabecular star
volume compared to rats fed without
SBM. The bone surface ratio of the
rats that were fed with SBM was
significantly lower than that of the
rats fed without SBM. The trabecular
number of the rats fed with SBM was
not significantly increased compared
to rats fed without SBM. Rats fed
without SBM had no bone formation
at 2 weeks, while bone formation was
clearly observed in rats fed with SBM
at 2 and 4 weeks after implantation.
In rats fed without SBM at 4 weeks
after implantation, irregular bone
bands around the implants were
observed.

Watanabe et al.,
2015 [46]

Synthetic bone
mineral

(dicalcium
phosphate
dihydrate +

magnesium and
zinc chlorides)

Animal study

To investigate the
effect of synthetic
bone mineral in
accelerating
peri-implant bone
formation

Pull-out strength was greatly higher
in the SBM group compared to control
group at 2 and 4 weeks. Bone mineral
density was approximately double in
the SBM group compared to control
group both at 2 and 4 weeks, and this
result was confirmed also by bone
mineral density (BMD) color imaging.
Microscopy observation showed
green fluorescence in the SBM group
at 2 and 4 weeks and only at 4 weeks
in the control group.

Li et al., 2018 [47] Vitamin C Parallel group

To explore the
effects of vitamin C
supplementation in
wound healing,
following the
placement of dental
implants with or
without bone grafts
and patients with
chronic
periodontitis

Patients that received implants with
guided bone regeneration (GBR) or
with Bio-Oss collagen grafts and
received vitamin C supplements,
14 days post-surgery, showed
significantly improved wound
healing compared with patients
receiving the same surgical therapy
but without vitamin C supplements.
Patients suffering from chronic
periodontitis that received implants
showed significantly better wound
healing at 7 and 14 days when they
had vitamin C supplements compared
to patients without supplements.
Vitamin C showed no postoperative
pain relief proprieties in any group.

3.1. Vitamin D

3.1.1. Animal Studies

In our scoping review, we included six preclinical studies on animal models, more precisely,
on rats.

Liu et al., in 2014 [34], found that vitamin D supplementation in rats affected by chronic kidney
disease (CKD) improved bone-to-implant contact (BIC) compared to CKD rats that did not receive
vitamin D, making this finding comparable to that of rats without CKD. Also, the bone volume in the
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circumferential zone within 100 mm of the implant surface increased after vitamin D administration.
At two weeks, the push-in test showed significantly better results for the vitamin D-treated group
compared to untreated CKD mice.

Zhou et al., in 2012 [35], demonstrated that vitamin D supplementation in osteoporotic rats,
eight weeks after implantation, improved bone volume, osseointegration, mean trabecular number,
mean trabecular thickness, and trabecular connective density, while it decreased trabecular separation,
as well as increased bone area density, BIC, and the maximal push-out force.

Wu et al., in 2012 [36], inserted titanium implants in diabetic rats and evaluated the effects of
different kinds of diabetes therapies. The combined therapy with insulin and vitamin D showed the
best effects on osseointegration, bone volume, mean trabecular thickness, mean trabecular number,
connective density, mean trabecular separation, push out force, shear strength, BIC, and bone area
ratio. Treatments with vitamin D or insulin only showed better results compared to untreated diabetic
rats, but worse than the combined therapy. All the parameters listed above, in the combined treatment
group, resulted similar to those of the control healthy group.

Akhavan et al., in 2012 [37], evaluated the effects of vitamin D supplementation on BIC in diabetic
rats compared to a placebo group. At three weeks, the vitamin D group showed higher values of BIC
compared to the placebo group, and also at six weeks, even if in a non-statistically significant way,
leading the authors to conclude that vitamin D seems to not have an effect on the osseointegration of
implants in diabetic rats.

Dvorak et al., in 2012 [38], showed that, in osteoporotic rats, a vitamin D depletion led to a
significant decrease in BIC in the cortical area. In rats that received a vitamin D-free diet, followed
by vitamin D repletion, no significant difference could be found compared to the control group that
received a standard vitamin D diet.

Kelly et al., in 2008 [39], found that vitamin D deficiency, 14 days after implantation, led to a lower
push-in test and a decreased BIC compared to a normal vitamin D status.

3.1.2. Clinical Studies

The clinical studies on vitamin D that we included in this scoping review were three retrospective
studies, one case series, and one case report.

From the retrospective studies of Mangano et al. of 2016 [31] and 2018 [29], it emerged that,
in patients with vitamin D deficiency, there were a higher percentage of early dental implant failures
(failures that occurred before prosthesis positioning, EDIF). However, although there was a clear trend
toward an increased incidence of EDIF with lower serum 25(OH)D, no statistically significant difference
was found among the three groups with different vitamin D status.

In the retrospective study of Wagner et al. of 2017 [30], osteoporosis was shown to have a
significant negative influence on marginal bone loss around implants, but vitamin D significantly
affected the marginal bone loss at the mesial and distal implant aspect, showing beneficial effects on
the peri-implant bone formation.

Fretwurst et al., in 2016 [32], reported two cases of implant failures occurring within 15 days
of surgery in patients with vitamin D deficiency; in one patient, there were even two consecutive
implant failures. In both patients, after vitamin D supplementation, implants were placed successfully.
The authors also noticed that failures were sometimes associated with pain and discomfort in vitamin
D-deficient patients.

Also, Bryce and Macbeth, in 2014 [33], reported a case of missed osseointegration in a patient
affected by severe vitamin D deficiency.

3.1.3. Magnesium

We included two animal studies that evaluated the effects of magnesium deficiency on
osseointegration of titanium implants. The deficiency of magnesium led to lower cortical bone thickness,
lower values of removal torque of the implants, and lower bone mineral density (BMD) [40,41]. In detail,
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Bellucci et al., in 2011 [40], found that a 90% reduction of magnesium intake, 90 days after implant
insertion, led to lower BMD values. In the magnesium reduction group, upper and lower cortical
thicknesses were significantly reduced, as well as the removal torque of the implants. On the other
hand, the radiographic bone density and cortical thickness around the implants resulted similar
between the two groups.

Del Barrio et al., in 2010 [41], reported that only a 90% reduced magnesium intake resulted in
low BMD after implant insertion compared to both a 75% magnesium intake reduction and a normal
magnesium intake.

3.1.4. Resveratrol

We found two animal studies that evaluated the effects of resveratrol intake on the osseointegration
of titanium implants.

In 2018, Ribeiro et al. [42] demonstrated that supplementation of resveratrol led to an improvement
in counter-torque and BIC in rats exposed to cigarette smoking, compared to rats exposed to cigarette
smoking but receiving placebo. This finding seems quite relevant, considering that detrimental effects
of smoking on oral health in terms of increased postoperative infections and marginal bone loss
in patients receiving dental implants are well established [48–50]. Also, Casarin et al., in 2014 [43],
demonstrated that resveratrol intake had positive effects on the biomechanical retention of the implants,
because there were significantly higher average counter-torque values for implant removal in rats that
received resveratrol.

3.1.5. Mixtures of Micronutrients

Pimentel et al., in 2016 [44], evaluated the effects of a mixture of calcium, magnesium, zinc,
and vitamin D on rats that received titanium implants. They found that there was no statistically
significant difference among the counter-torque values for implant removal, bone volume, and BIC in
the placebo group when compared to the micronutrient group.

Takahashi et al., in 2016 [45], evaluated the effects of supplementation with synthetic bone mineral
(SBM), a mixture of calcium phosphate dihydrate and magnesium and zinc chlorides, on titanium
implants in osteoporotic rats. They found significantly higher bone volume and lower bone surface
ratio in the SBM group. Moreover, the trabecular thickness increased significantly from two to four
weeks after implant insertion in treated group, while the improvement of the same parameters was not
significant in the control group. Also, other histomorphometric parameters significantly improved in
SBM group, such as the trabecular star volume, although the between-group difference in terms of
trabecular number was not significant. Finally, rats receiving SBM showed enhanced bone formation,
evaluated by micro-computed tomography (micro-CT), both at two and at four weeks compared to
rats fed without SBM.

Also, Watanabe et al., in 2015 [46], evaluated the effects of SBM on osseointegration in rats.
They found that pull-out strength in the treated group was six times higher than in the control group
two weeks after implantation and twice higher at four weeks. The BMD in the SBM group was
approximately double compared to the control group at two weeks and more than double at four
weeks. BMD color imaging showed that the control group colors mainly ranged from blue to yellow at
two and four weeks after implantation, while the SBM group mainly occupied the orange and red
end of the spectrum at two and four weeks after implantation. Given that blue and light blue, green
and yellow, and orange and red represent low, medium, and high BMD, respectively, the BMD color
imaging indicated that peri-implant bone had a higher BMD in the SBM group than in the control
group. Fluorescence microscopy imaging of the control group revealed no green fluorescence at two
weeks after implantation. However, green fluorescence was clearly observed in the SBM group at two
and four weeks after implantation, while irregular bands appeared around the implants in the control
group at four weeks.
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3.2. Vitamin C

Li et al., in 2018 [47], evaluated the effects of vitamin C supplementation on four populations:
patients receiving dental implants by guided bone regeneration (GBR), patients treated with Bio-Oss
collagen, patients with chronic periodontitis receiving dental implants, and a control group without
any bone grafting or periodontal disease. The authors found that vitamin C supplementation improved
postoperative wound healing following dental implant surgery in patients with chronic periodontitis
and in those treated with GBR or Bio-Oss collagen grafts. However, vitamin C supplementation was
ineffective in decreasing the postoperative pain associated with dental implant surgery.

4. Discussion

To the best of our knowledge, this is the first scoping review to investigate the putative role of
dietary supplements in affecting bone structural and mechanical properties involved in dental implant
osseointegration, as well as in improving clinical outcomes, such as the maintenance of peri-implant
tissue health and implant success rate.

The Federal Food, Drug, and Cosmetic Act defines a dietary supplement as a product that is
intended to supplement the diet, which bears or contains one or more ingredients including a vitamin,
mineral, herb, and amino acid, or a concentrate, metabolite, constituent, extract, or combinations of
these [50]. The term “nutraceutical” was coined by Stephen De Felice to define “food (or parts of a
food) that provides medical or health benefits, including the prevention and/or treatment of a disease”,
by the fusion of the words “nutrition” and “pharmaceutical”, commonly used in marketing with no
regulatory legal definition [51]. Ten years later, nutraceuticals are defined as dietary supplements
that include a concentrated form of a presumed bioactive substance, originally derived from a food,
but present in a non-food matrix, and used to maintain or improve health status in dosages exceeding
those obtainable from conventional foods [52].

It should be stressed, however, that there is no consensus with regard to “nutraceutical” definition
or similar terms. Aronson recently considered that the term “nutraceuticals” is too vague and should
be abandoned, even if he did not propose any robust alternatives [53].

According to the recent data of the United States (US) Centers for Disease Control and Prevention’s
National Health and Nutrition Examination Survey (NHANES), more than 25% of the US population
had an insufficient intake of vitamins A, C, D, and E, as well as calcium, magnesium, and potassium
in their diet; thus, the modern diet of Western countries does not seem to have an adequate intake
of micronutrients. It was reported that micronutrient deficiencies affect around two billion people
worldwide [54]. However, a consensus about the use of these substances, particularly concerning
the adequate amount and safety, is not yet reached, even if they are supposed to have multiple
physiological beneficial effects.

Several micronutrients are hypothesized to have an influence on skeletal system, particularly on
jaw bone and alveolar bone [9] and on dental implant osseointegration. However, according to our
findings, very few elements (i.e., vitamin D, magnesium, resveratrol, and vitamin C) were the matter
of previous investigations on their role in dental implant osseointegration. Available data suggest that
severe vitamin D deficiency or even the presence of established osteoporosis led to a higher implant
failure rate [29,31] or to a worse BIC [34,35]. In osteoporotic rats, vitamin D depletion led to a significant
decrease in BIC in the cortical area. Moreover, rats that received vitamin D showed a similar BIC to the
control group [34]. Animal studies on vitamin D and osseointegration confirmed that the early stages
of bone healing could be significantly influenced by vitamin D status [35–40]. In humans, Mangano
et al. [29,31] reported a clear trend toward an increased incidence of early implant failures within the
group with lower serum 25(OH)D levels. In particular, the authors reported 11.1% EDIF in patients
with serum 25(OH)D < 10 ng/mL (severe vitamin D deficiency), 4.4% for those with 25(OH)D between
10 and 30 ng/mL, and 2.9% in patients with normal vitamin D status.
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Moreover, Wagner et al. [30] showed that osteoporosis has a significant negative influence on
marginal bone loss around implants and that vitamin D supplementation counteracts the marginal
bone loss, with overall results of beneficial effects on the peri-implant bone formation.

Vitamin D deficiency commonly occurs in the general population. This hormone has a crucial
function in skeletal mineralization, but also plays an important role in immunity and inflammatory
response, increasing anti-inflammatory cytokines and decreasing pro-inflammatory ones [55].

Bashutski et al. [56] showed that, in vitamin D-deficient individuals, minimal benefits could be
obtained from periodontal surgery along with an impaired post-surgical healing. Vitamin D could have
other effects on osseointegration that are more related to soft tissue healing and marginal seals around
implants, together with an effect on resistance against bacterial infections of the peri-implant sulcus.
Also, topical applications of vitamin D were used for implant coating, showing some beneficial effects
in animals, such as a reduction in crestal bone loss and an increase of BIC [57]. However, several critical
issues persist regarding the use of vitamin D in enhancing osseointegration, particularly concerning
its mechanism(s) of action, the influence of different serum 25(OH)D levels, and the recommended
dosages required to significantly improve dental implant success rate.

Also, vitamin C deficiency may have a role in tissue healing and stability around dental implants.
This micronutrient plays an important role in the biosynthesis of collagen, which is an important
component of connective tissue of the gingiva, peri-implant mucosa, and alveolar bone [58]. These effects
were confirmed by Li et al. [47], who found that vitamin C supplementation improved postoperative
wound healing following dental implant surgery. Moreover, protective effects of this intervention on
bone health could be expected, as vitamin C could hinder the effects of oxidative stress in promoting
bone resorption and consequently reducing bone strength [59], although this hypothesis is not yet
confirmed. However, the role of vitamin C supplementation in the general population, as well as
in patients receiving dental implants, might be significantly affected by lifestyle, including smoking
habits and diet, two factors that affect wound healing times. Furthermore, plasma ascorbic acid
concentrations are not reported in clinical practice [60].

With regard to resveratrol, Casarin et al. [43] investigated its role on bone healing of calvarial
defects in rats through messenger RNA (mRNA) quantification of bone morphogenetic protein (BMP)-2,
BMP-7, osteopontin (OPN), bone sialoprotein (BSP), osteoprotegerin (OPG), and receptor activator of
nuclear factor kappa B (NF-κB) ligand (RANKL). Gene expression analysis showed a higher expression
of BMP-2 (p = 0.011), BMP-7 (p = 0.049), and OPN (p = 0.002) genes in the resveratrol-fed group than in
the control group.

Ribeiro et al. [42] reported encouraging data about biomechanical retention and peri-implant
bone formation in resveratrol-fed rats exposed to cigarette smoking inhalation, supporting a positive
role of this substance in controlling different osteogenic mechanisms. Their gene expression analysis
demonstrated that lower RANKL/OPG levels were detected in rats receiving resveratrol, as well
as in non-smoking animals, when compared to animals exposed to smoking and receiving placebo.
Both studies on resveratrol confirmed the substantial improvement in implant stability, by modulating
the expression of genes involved in bone regulatory processes. However, the main limitation of
findings supporting resveratrol, as well as magnesium, is the availability of animal studies only.

However, considering the results of our research, several micronutrients are non-authorized
or even not considered by the “EU Register on nutrition and health claims” on the basis of current
scientific evidence.

Major nutrients involved in skeletal health include calcium, phosphorus, vitamin D, magnesium,
and potassium, but other micronutrients and trace elements such as boron, selenium, iron, zinc,
and copper also impact bone metabolism. Information on the influence of such “minor” elements
coming from studies on nutrient depletion and studies on osseointegration is still lacking.
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5. Conclusions

Our scoping review overall demonstrated a lack of data about the effects of micronutrients and
nutraceuticals on osseointegration of dental implants, although, for some of them, such as vitamin
D, there was a clear association among their deficit, reduced osseointegration, and increased early
implant failure incidence in both animal and human studies.

Some micronutrient deficiencies are supposed to increase oxidative stress and inflammation and
to affect collagen structure and bone mineralization. For these reasons, it would be desirable that
further studies investigate the hypothesis of an influence of micronutrients and nutraceuticals on
dental implant osseointegration and long-term success, as well as the opportunity of a diet integration
to enhance peri-implant wound healing, bone healing, and peri-implant tissue stability. However, data
for many micronutrients that might modulate bone metabolism are lacking, and dosing regimens
for dietary supplements that improve dental implant osseointegration are not defined according
to available findings; furthermore, safety issues remain to be carefully investigated. In conclusion,
our findings support an ancillary role of vitamin D, in patients with vitamin D deficiency, as well as
vitamin C supplementation, in facilitating the success of the dental implant surgery.
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