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Abstract: Diabetes mellitus (DM) is associated with periodontal disease. Clinically, periodontal
treatment is less effective for patients with DM. Oxidative stress is one of the mechanisms that
link DM to periodontitis. The production of reactive oxygen species (ROS) is increased in the
periodontal tissues of patients with DM and is involved in the development of insulin resistance in
periodontal tissues. Insulin resistance decreases Akt activation and inhibits cell proliferation and
angiogenesis. This results in the deterioration of wound healing and tissue repair in periodontal
tissues. Antioxidants and insulin resistance ameliorants may inhibit ROS production and improve
wound healing, which is worsened by DM. This manuscript provides a comprehensive review of
the most recent basic and clinical evidence regarding the generation of ROS in periodontal tissues
resulting from microbial challenge and DM. This study also delves into the impact of oxidative
stress on wound healing in the context of periodontal and dental implant therapies. Furthermore, it
discusses the potential benefits of administering antioxidants and anti-insulin resistance medications,
which have been shown to counteract ROS production and inflammation. This approach may
potentially enhance wound healing, especially in cases exacerbated by hyperglycemic conditions.

Keywords: diabetes; oxidative stress; periodontitis; reactive oxygen species; wound healing

1. Introduction: Oxidative Stress in Periodontitis
1.1. Basic and Clinical Findings

Reactive oxygen species (ROS) are free oxygen radicals, including superoxide an-
ion radicals (O,*7), hydroxyl radicals (*OH), and other nonradical oxygen derivatives
involved in oxygen radical production, such as hydrogen peroxide (H,O;), hyperchlorous
acid (HOCl), and singlet oxygen (10,) [1]. ROS are essential for normal cellular metabolism
and biological processes and are constantly generated by tissue cells. However, high levels
and prolonged presence of ROS, leading to oxidative stress, may worsen systemic inflam-
matory conditions and directly induce severe tissue damage involving lipid peroxidation,
DNA and protein damage, and the oxidation of critical enzymes [2], leading to cell death.
Typically, another class of substances within cells, known as antioxidants, can effectively
interfere with or inhibit ROS-induced oxidative stress [2]. In normal physiological states,
antioxidants efficiently counteract ROS, thus preventing ROS-induced tissue damage and
deterioration. Over the past decade, oxidative stress has been reported to be involved in the
etiology, pathogenesis, and progression of many chronic inflammatory diseases, including
periodontitis [2].

Periodontal disease is a multifactorial inflammatory condition that results in the loss
of tooth-supporting tissue. In addition to the immune-inflammatory responses involved in
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the onset and progression of periodontitis, oxidative stress has been garnering growing
attention. Previous in vitro studies have demonstrated an increase in oxidative stress in hu-
man gingival fibroblasts (HGFs) [3] and human periodontal ligament (PDL) fibroblasts [4]
after exposure to lipopolysaccharide (LPS) from Porphyromonas gingivalis. Various exami-
nations have revealed increased levels of oxidative stress markers in the saliva, gingival
crevicular fluid, and plasma of patients with periodontitis, supporting the relationship
between oxidative stress and periodontal inflammation.

1.2. Diabetes Mellitus (DM)-Induced ROS Production in Periodontal Tissues

DM, a metabolic disorder characterized by hyperglycemia, is a risk factor for delayed
wound healing in periodontitis [5]. The association between these two diseases was verified
as a two-way relationship [6]. Increased oxidative stress contributes substantially to the
etiopathogenesis of DM and periodontal disease [7]. Studies have suggested that insulin
resistance, induced by oxidative stress in the gingiva of rodent models with pre-diabetes,
leads to vascular inflammation and periodontal destruction [8]. Moreover, increased levels
of advanced glycation end products (AGEs) have been reported in the gingival tissue of
patients with DM compared to that in non-DM individuals, enhancing oxidative stress and
escalating tissue injury [9,10].

Furthermore, systemic oxidative stress levels were elevated in periodontitis
patients [11], and periodontitis is associated with increased oxidative stress and com-
promised glycemic control in patients with Type 2 DM [12], which may explain the in-
creased vulnerability of patients with DM to periodontitis and the progression to advanced
periodontitis in patients with DM than in patients without DM (Figure 1).
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Figure 1. Upregulated reactive oxygen species (ROS) in the periodontal tissues of patients with DM.
In a microbial invasion, fragments of periodontal pathogens such as P. gingivalis and lipopolysac-
charides (LPS) invade gingival tissues, activating the inflammatory response. Polymorphonuclear
neutrophils (PMNs) gather in the gingiva sulcus and periodontal tissues, release inflammatory medi-
ators, and cause the overproduction of ROS, resulting in oxidative stress within the tissues. ROS can
trigger cytotoxic effects on periodontal-resident cells through fibroblast migration and proliferation,
induce osteoblast apoptosis, and activate osteoclasts. Furthermore, ROS can damage proteoglycan,
hyaluronan, and collagen, leading to connective tissue breakdown and impairing wound healing
in periodontal disease. Similarly, in DM conditions, hyperglycemia-induced oxidative stress in
periodontal tissue results in delayed gingival wound healing in patients with periodontitis and DM.
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2. Basic Research on the Influence of Oxidative Stress on Periodontitis
2.1. ROS Upregulation Impairs Wound Healing in the Periodontal Tissues

ROS play crucial roles in antimicrobial defense mechanisms, cell signaling, and gene
regulation [13,14]. ROS overproduction leads to an increased oxidant load and diminished
antioxidant capacity, resulting in oxidative stress within tissues [15]. Additionally, ROS
generation is promoted during constant bacterial challenge in the periodontal tissues. Poly-
morphonuclear neutrophils (PMNs) are critical components of the innate immune system as
the first inflammatory cells to gather in the gingival sulcus and periodontal tissues [16]. In
addition to protecting the periodontium from microbial invasion, these cells release potent
lysosomal enzymes and ROS that potentially trigger cytotoxic effects and facilitate hard
tissue deterioration through osteoclastogenesis, which is responsible for the progression
of periodontal disease [17,18]. Moreover, ROS are the end products of the mitochondrial
respiratory burst in PMN during phagocytosis [2] and are considered the predominant
source of ROS in periodontitis [19,20]. The successful healing of periodontal wounds relies
on a coordinated process that engages various cell types within the periodontium. These
include keratinocytes, fibroblasts, endothelial cells, macrophages, and platelets. Notably,
fibroblasts, which are the most prevalent cells in connective tissue, play a pivotal role in
orchestrating the wound healing process within the periodontium. ROS mainly act through
lipid peroxidation [14,21] and damage proteins [22] and DNA [14,23]. Therefore, the in-
teractions between ROS and lipid peroxidation products significantly influence fibroblast
adhesion, proliferation, and viability. In normal conditions, collagen and other extracellular
matrix components play a crucial role in regulating the function of connective tissue cells.
On the other hand, the generation of ROS can damage proteoglycans, hyaluronan, and
collagen, leading to the breakdown of connective tissues [2] and impairing wound healing
in periodontal tissue.

DM is a risk factor for periodontitis. Hyperglycemia, a state of high glucose concentra-
tion, is a significant factor responsible for the activation of oxidative stress [15,24]. Similarly,
literature has reported impaired gingival wound healing in patients with periodontitis
and DM. Various concentrations of glucose have been proposed to create an environment
that mimics DM conditions in periodontal cells [25-28]. In a previous in vitro study, it
was shown that hyperglycemia-induced oxidative stress inhibits cell proliferation and
migration while leading to cell toxicity in HGFs. This effect was observed in conjunction
with a significant increase in intracellular ROS levels in HGFs when they were exposed to
media containing high glucose concentrations (50 and 75 mM). Furthermore, the impact
of oxidative stress and cell toxicity was found to increase in a dose-dependent manner
compared to those in normal conditioned media. Interestingly, elevated mRINA expres-
sion levels of oxidative stress markers, including nuclear factor erythroid 2-related factor
2 (Nrf2), heme oxygenase 1 (HO1), superoxide dismutase 1 (SOD1), and catalase (CAT),
were also shown under high-glucose conditions [27].

Consistently, a significant decrease in cell migration and proliferation and an increase
in the accumulation of ROS were observed in gingival fibroblasts from rats with DM. In the
same study, the gene expression of Nox1, Nox2, Nox4, and p47 was upregulated in rats with
DM compared to that in control rats in both in vitro and in vivo experiments, resulting in
prolonged wound closure. In agreement with these studies, low epithelial wound coverage,
reduced new connective tissue formation, and decreased fibroblast density were observed
in the gingival wounds of mice with DM [29].

2.2. ROS Upregulation Inhibits the Osseointegration of Dental Implants

Recently, dental implants have replaced edentulous dentition. ROS overproduction
induces dysfunction and apoptosis of osteoblasts [30] and activates osteoclasts [31], leading
to defective bone regeneration at the titanium-bone interface. Previous in vitro studies
have reported that oxidative stress substantially impairs the proliferation, differentiation,
and mineralization of osteoblasts.



Antioxidants 2023, 12, 1787

4 of 14

As previously mentioned, DM regulates ROS overproduction during periodontitis.
Evidence also indicates compromised osteointegration owing to oxidative stress, which
increases the risk of dental implant failure. In vitro studies have shown that DM exacer-
bates periodontal bone loss by enhancing osteoblast apoptosis and osteoclast formation
in rats with ligature-induced periodontitis [32]. Mesenchymal stem cells are stimulated
to differentiate into osteoblasts within 1 to 6 days after implantation [33]. A recent study
on rat bone marrow-derived mesenchymal stem cells (BMMSCs) under hyperglycemic
conditions revealed ROS overexpression, leading to decreased proliferative capability and
inhibition of the calcification process on titanium discs [34].

Due to the slower recovery of alveolar bone defects compared to that of bones [35],
experimental models were needed to validate the impacts of DM on bone healing in the
alveolar bone. Several studies reported oral implant osseointegration and bone regeneration
in an experimental alveolar ridge tooth extraction model [36-38]. A prior study discovered
that there was a significant generation of ROS both in diabetic serum and within osteoblasts
located on porous titanium implants (pTi). This ROS production had the potential to
result in substantial osteoblast dysfunction, ultimately impairing the process of bone
ingrowth into pTi in DM rabbits [39]. Interestingly, a recent study showed compromised
osseointegration of titanium implants in the maxilla of rats with diabetes, with increased
oxidative stress markers, such as p47 and Nox2, and decreased SOD1 in the bone adjacent
to the implant in the DM group [34].

2.3. Antioxidants Recover Wound Healing In Vitro and In Vivo Studies

Oxidative stress occurs only when ROS and antioxidants are imbalanced, and antioxi-
dants cannot neutralize ROS overproduction [40]. Reduced SOD1 and CAT activities and
cell apoptosis have been observed in human gingival tissue with increasing periodontal
pocket depth [41]. Antioxidants play a critical role in the defense against ROS. Accordingly,
studies have examined the application of antioxidants in the treatment of periodontitis.
However, only a few studies have investigated the protective role of antioxidants in the
wound healing of periodontal-resident cells.

N-acetylcysteine (NAC), a widely employed antioxidant, has garnered significant
attention as a therapeutic agent owing to its robust antioxidant properties [42]. The pharma-
cological and biological attributes of NAC, encompassing anti-inflammatory, antimicrobial,
and antioxidant activities, position it as a promising therapeutic candidate for applications
within the dental field [43]. In vitro studies suggested that applying NAC to the culture
could restore osteoblast dysfunction to a near-normal level because of the improved redox
balance [44]. Resveratrol suggests antioxidant effects by nearly abrogating ROS produc-
tion, enhancing cell proliferation, promoting type I collagen synthesis, and facilitating
mitochondprial respiration in HGFs better than quercetin and NAC [45].

NAC prevents LPS-induced ROS production in HGFs [46]. Furthermore, NAC treat-
ment notably mitigated the intracellular ROS generation enhanced by cyclic mechanical
stress in human periodontal ligament stem cells (PDLSCs). This was achieved through
the downregulation of Nrf2 expression, ultimately leading to improved osteogenic dif-
ferentiation [42]. Furthermore, in DM conditions, NAC treatment restores cell migration,
improves proliferation, and partially reverses cellular damage in high glucose-induced
oxidative stress in HGFs [27]. Resveratrol has showcased remarkable antioxidant effects
in comparison to quercetin and NAC. It has proven effective in reducing ROS production,
boosting cell proliferation, promoting collagen synthesis, and enhancing mitochondrial
respiration in HGFs [45].

Metformin is the most commonly used antihyperglycemic drug in patients with
type 2 DM. However, reports regarding the effects of metformin on periodontal wound
healing are limited. A recent study demonstrated that metformin upregulated the expres-
sion of vascular endothelial growth factor (VEGF), which is related to angiogenesis and
tissue formation through Akt activation, thereby improving cell migration and prolifer-
ation. Moreover, metformin administration improved the mRNA expression of eNOS,
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VEGEF, and fibroblast growth factor 2 (FGF2) through insulin signaling in vivo. Thus, re-
epithelialization and wound closure are significantly accelerated in metformin-treated
pre-DM mice [47].

Enamel matrix derivatives (EMD) are widely used in periodontal regeneration [48,49].
EMD has been in clinical use for nearly three decades, and its capacity to regenerate peri-
odontal tissues, encompassing cementum, periodontal ligament, and alveolar bone, has
been well established [49]. A recent clinical study has further demonstrated that periodon-
tal regenerative therapy utilizing EMD effectively enhances clinical outcomes, even in
elderly patients with delayed healing [48]. EMD is extracted from developing porcine teeth
and comprises over 90% of the protein complex, which is comprised of amelogenin and
other peptides. These components play pivotal roles in enamel crystal formation during
crown maturation and are involved in mediating acellular cementum formation as well
as the attachment of the periodontal apparatus during root development [50]. Multiple
in vitro studies have provided evidence that cells exposed to EMD establish a link between
these effects and the potential benefits it offers in terms of periodontal wound healing and
regeneration. In vitro studies have demonstrated the anti-inflammatory effects of EMD in
human PDL cells [51] and HGFs [52]. In addition, EMD induces periodontal regeneration,
as evidenced by the enhanced proliferation and cell-matrix interaction of human PDL
cells [53], promotes the differentiation of osteogenic progenitor cells, and increases matrix
production in rat gingival fibroblasts [54]. Following the application of EMD, several key
mechanisms have been observed. There is a decreased production of interleukin-1b and
interleukin-18, alongside increased levels of PGE2, with minimal changes in TNF-alpha
expression. EMD also brings about a significant adjustment in the osteoprotegerin and
RANKL balance, characterized by elevated osteoprotegerin levels and reduced RANKL
levels, leading to reduced osteoclast formation and activity. Furthermore, EMD enhances
the proliferation and migration of T lymphocytes, which facilitates tissue debridement
by macrophages. Moreover, EMD promotes mesenchymal cell differentiation into hard
tissue-forming cells and enhances periodontal ligament cell regeneration. It also improves
the differentiation of microvascular cells and angiogenesis following its application. Ad-
ditionally, studies have demonstrated that EMD lowers bacterial numbers, resulting in
a diminished inflammatory state. Furthermore, EMD accelerates vascular endothelial
growth factor (VEGF) expression in diabetic rats, thereby promoting periodontal tissue
regeneration [55]. Additionally, a recent study on the EMD treatment of rat BMMSCs
revealed a significant reduction in ROS production in high-glucose cultures, verifying the
antioxidant effect of EMD [56]. In patients with periodontitis, there is an elevation in the
levels of oxidative stress markers within gingival tissues. Additionally, individuals with
diabetes are known to experience heightened systemic oxidative stress. Given that patients
with diabetes are more susceptible to periodontitis and its exacerbations, oxidative stress
is believed to potentially play a role in the underlying mechanisms. BMMSCs hold the
potential for early-phase hard tissue formation. Previous studies have indicated a relation-
ship between oxidative stress and BMMSCs, where the production of ROS has detrimental
effects on the functionality of BMMSCs [57]. ROS production has also been linked to the
increased expression of proinflammatory cytokines, which contribute to connective tissue
destruction and bone resorption [2]. Furthermore, there is evidence to suggest that down-
regulating ROS is responsible for enhancing osteogenic differentiation in BMMSCs [58].
However, conditions associated with HG levels inhibit the function of BMMSCs and alka-
line phosphatase activity [59]. Notably, EMD treatment contributes to BMMSC calcification
by downregulating ROS, thereby affecting periodontal tissue regeneration, even in the
presence of HG conditions. Particularly, the in vivo results showed reduced inflammatory
cells and increased mRNA expression of SOD-1 in EMD-treated sites, even in rats with
DM. Enhanced connective tissue attachment formation, cementum formation, and primary
wound closure have been documented in EMD-treated sites, regardless of the control
or rats with DM [56], contributing to the early phase of wound healing and periodontal
tissue regeneration. This study suggests that the antioxidative effects of EMD contribute
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to the promotion of periodontal tissue regeneration by inhibiting high glucose-induced
oxidative stress. To date, surgical periodontal therapy, including periodontal regenerative
therapy, has not been widely recommended for patients with diabetes, primarily due to
concerns about potential delays in wound healing. However, recent literature reports [60]
have shown that regenerative therapy using EMD and minimally invasive techniques can
achieve clinical outcomes in diabetic patients that are comparable to those in individuals
without systemic health issues. This improved outcome may be attributed in part to the
antioxidant effects of EMD.

3. Clinical Study
3.1. Increased ROS in Patients with Periodontitis

Periodontal disease is caused by plaque biofilms and is an inflammatory process
that results in the loss of periodontal tissue attachment to the root surfaces and adjacent
alveolar bone, causing tooth loss. Previous clinical studies have reported elevated ROS
levels in the periodontal tissues of patients with periodontitis. A clinical study conducted in
Tunisia investigated biochemical parameters and oxidative stress markers in the plasma of
healthy subjects and patients with chronic periodontitis. The results indicated a significant
reduction in plasma antioxidant activities, including catalase, glutathione reductase (GR),
and total antioxidant capacity (TAOC), among patients with periodontitis. This decrease in
plasma antioxidant activity may contribute to the development of periodontal diseases [61].

Studies have established a link between periodontitis and oxidative stress markers
in the saliva, gingival crevicular fluid, and plasma of patients with periodontal disease.
Elevated levels of the lipid peroxidation marker malondialdehyde (MDA) have been
reported in the serum, saliva, and gingival crevicular fluid of patients with periodontitis [14].
Moreover, the levels of 8-Hydroxy-deoxyguanosine (SOHdG) [11,62], MDA, nitric oxide
(NO), and total oxidant status (TOS) [11] were elevated in the saliva of patients with
periodontitis, and significantly higher levels of total protein carbonyls in patients with
periodontitis were correlated with advanced periodontal attachment loss [22,63].

Previous studies have hypothesized that periodontitis induces oxidative stress and
reduces antioxidant activity in periodontal tissues. Thiobarbituric acid reactive substances
(TBARS) are enzymatic antioxidants acting as a series of antioxidant defense mechanisms
to prevent the harmful effects of ROS. Patients with periodontitis had significantly higher
TBARS levels than healthy subjects. In addition, the plasma, erythrocytes, erythrocyte
membranes, and periodontal tissues of patients with periodontitis have been shown to
have significantly higher levels of enzymatic antioxidant activity and lower levels of
non-enzymatic antioxidants than those of healthy subjects [64]. In a recent clinical study;
it was observed that the expression of genes responsible for encoding the antioxidant
enzyme products, specifically glutathione peroxidase 1 (GPX1) and thioredoxin 1 (TXN1),
was significantly higher in the saliva of patients with periodontal disease. Conversely,
the expression of genes encoding SOD1, GPX1, and TXN1 in the gingival tissue was
significantly lower in patients with periodontitis compared to the control group [65].

3.2. Patients with Both Periodontitis and DM

Hyperglycemia, a characteristic of DM, increases ROS [66]. Numerous biochemical and
basic pathogenic pathways associated with hyperglycemia, such as glucose autoxidation,
polyol pathways, prostanoid synthesis, and protein glycation, increase ROS production in
patients with DM [67-69]. Elevated ROS levels promote apoptosis by increasing cytochrome
C and caspase-3 [70]. Excess ROS production in DM increases inflammation [71] and may
lead to the destruction of periodontal tissues in patients with DM.

Oxidative stress is strongly linked to the development of chronic periodontitis in
individuals with diabetes [72]. Specifically, patients with type 2 diabetes and and diabetic
individuals with periodontitis exhibit significantly lower plasma small molecule antiox-
idant capacity (pSMAC) and significantly higher levels of protein carbonyls, a marker
of oxidative stress, compared to non-diabetic patients with periodontitis. In addition,
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high-sensitivity C-reactive protein (hsCRP) levels are significantly higher, suggesting that
periodontitis is associated with increased oxidative stress and worse glycemic control in
patients with type 2 diabetes [12]. When comparing oxidative stress markers between
patients with type 2 diabetes and periodontitis and healthy individuals with periodontitis,
it was found that salivary 8-OHdG concentrations were significantly higher in patients with
periodontitis, regardless of their systemic status. Additionally, serum AGE concentrations
were reported to be significantly higher in the diabetic group compared to healthy subjects
with a systemic status [73].

Given these findings, it is essential to explore the effects of oxidative stress on “inflam-
matory diseases” associated with chronic periodontitis [74]. Future studies should aim
to investigate the intricate relationship among reactive oxygen species, antioxidants, and
oxidative stress concerning periodontal disease and diabetes.

3.3. Beneficial Effects of Antioxidants in Periodontal Therapy

In general, non-surgical treatments such as scaling, root planing (SRP) [75], and
periodontal surgery [76] effectively improve periodontitis by reducing the probing pocket
depth (PPD). Previous systematic reviews have shown that the combination of SRP and
different treatment modalities does not provide any additional benefits to the primary
outcomes of periodontal treatment [75,76].

Clinical studies of antioxidant application with non-surgical periodontal therapy were
summarized in Table 1. Abou et al. investigated the plasma total antioxidant capacity (TAC)
of patients with ChP to determine the adjuvant effect of vitamin C in non-surgical periodon-
tal therapy. The results showed that TAC levels in patients with ChP significantly decreased,
and non-surgical treatment with SRP increased plasma TAC levels in patients with ChP
and significantly improved clinical parameters. However, compared with SRP alone, there
was no additional effect on clinical indices and TAC concentrations [77]. Kunsongkeit
et al. conducted a study to assess the effects of adjuvant periodontal therapy combined
with vitamin C administration (500 mg/day) in patients with chronic periodontal disease
and uncontrolled type 2 diabetes mellitus. The study showed significant improvements
in all periodontal parameters (PI, BOP, GI, PPD, and CAL) from baseline in both groups.
However, there were no significant differences between the groups, indicating that vitamin
C administration did not provide additional benefits for promoting periodontal status [78].
The potential antioxidant effects of vitamin C as an adjunctive treatment for periodontal
disease warrant further investigation [78]. Mathur et al. also compared SRP alone and SRP
plus lycopene, zinc, and selenium as antioxidants and elucidated no significant difference in
salivary uric acid levels between SRP alone and SRP plus antioxidants, whereas there was
a significant increase in salivary uric acid levels over time in the antioxidant combination
group. A significant increase in salivary uric acid levels was observed in the combined
antioxidant group over time [79]. Taalab et al. conducted a clinical evaluation to assess
the efficacy of tea tree oil (Melaleuca alternifolia) gel applied in the periodontal pocket as an
adjunct to SRP for the treatment of moderate periodontitis. The study reported significant
improvements in all clinical parameters (PPD, CAL, GI, and BOP) in both groups [80]. Raut
et al. compared the efficacy of Coenzyme Q10 (CoQ10) and tea tree oil gel as adjuncts to
SRP and showed that both antioxidant treatments were effective in reducing the clinical
markers (Gingival Index, GI; PPD; and Clinical Attachment Level, CAL) of ChP [81]. Kaipa
et al. reported significant improvements in GI, BOP, PPD, and CAL in patients with ChP
following SRP adjunctive with Spirulina as an antioxidant [82].
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Table 1. Clinical studies of antioxidant application with non-surgical periodontal therapy.

Authors
(Year)

Study
Type

Treatment

Treat t .
reatmen Duration

Sample Type

Results

Abou Sulaiman
and Shehadeh
(2010) [77]

RCT

SRP with vitamin C

(2000 mg /d) 1 month

30 patients

with ChP

30 healthy
controls

Significantly lower TAOC
levels in patients with ChP
SRP increased plasma TAOC
and improve clinical
measures in patients

with ChP

No additional effect of the
adjunctive vitamin C on
clinical parameters and
TAOC levels when
compared to SRP alone

Mathur et al.
(2013) [79]

CH

SRP

SRP with
antioxidants

(6 mg/d; lycopene,
zinc, and selenium)
Antioxidant only

3 doses in
2 weeks

30 patients
with ChP
30 gingivitis
patients
10 healthy
controls

Low UA levels in gingivitis
and patients with ChP
(significantly lower in
patients with more loss of
periodontal attachments)
No significant difference in
UA levels between SRP
alone and SRP with
antioxidant. However, an
increase in the mean UA
levels was observed as
elapsed time

Antioxidant treatment
significantly increased UA
levels within 45 days in both
gingivitis and patients
with ChP

Raut and Sethi
(2016) [81]

CH

SRP with
coenzyme Q10
SRP with tea tree
oil gel

SRP with
placebo gel

7 days

15 patients with
ChP
(moderate to
severe)

Both antioxidant were effec-
tive in improving clinical
markers of ChP (PI, GI, PPD,
and CAL)

Only the group treated with
tea tree oil gel reported a
slight change in taste

Kunsongkeit
(2019) [78]

A double-
blind,
placebo-
controlled,
clinical trial

SRP with vitamin
C (500 mg/day)
SRP with placebo

2 months

31 patients
with ChP

There was no significant
difference between groups
in terms of either FBS

or HbAlc

All periodontal parameters
(PI, SBI, GI, PD, and CAL)
were significantly improved
from baseline in both groups.
However, no significant
difference was found
between groups.
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Table 1. Cont.

Authors
(Year)

Study
Type

Treatment
Treatment Duration Sample Type Results

Taalab [80]
(2021)

RCT

e A significant improvement
of all clinical (PPD, CAL, GI,
and BOP) and biochemical

SEIIZ al?iel 1 parameters (MMP-8) was ob-
with locally 30 patients served in both groups
delivered 5% tea 6 months with ChP e A significant c‘lgiffer}:ence be-
tree oil gel tween the two groups was
found in terms of both clini-
cal and biochemical parame-
ters.

Kaipa (2022)
[82]

CH

e  The clinical parameters(GI,
BOP, PPD, and CAL) were
statistically significant in the
experimental group com-
pared to the control group.

e  SRP with Spirulina ) e The sali\./eu'"y MDA 'h.evels
microspheres 90 days 60 patients were statistically significant
e SRP with placebo with ChP in the experimental group
compared to the control

group.

e The serum MDA levels were
reduced in both groups, but
they were not statistically sig-
nificant.

RCT, randomized controlled trial; ChP, chronic periodontitis; SRP, scaling and root planing; TAOC, total an-
tioxidant capacity; CH, cohort study; UA, uric acid; PI, plaque index; GI, gingival index; PPD, probing pocket
depth; CAL, clinical attachment level; BOP, bleeding on probing; SBI, Sulcus Bleeding Index; MMP-8, matrix
metalloproteinase-8; MDA, malondialdehyde.

Furthermore, a systematic review by Merle et al. examined whether CoQ10 combined
with non-surgical periodontitis treatment improved periodontal parameters in patients
with ChP. Approximately half of the studies reported significant group differences in
the PPD. Further high-quality randomized controlled trials (RCTs) are required in the
future [83]. A systematic review by Chatzopoulos et al. evaluated the effects of herbal
products on periodontal disease in patients with periodontitis and examined the effects
of using herbal products with anti-inflammatory and antioxidant properties in the oral
cavity. Herbal products used as adjuncts to SRP demonstrated better clinical outcomes
than placebo or no adjuncts. When used with SRP, these products were equivalent to or
superior to those of chlorhexidine. These results suggest that herbal oral care products may
be helpful for the treatment of patients with chronic oral diseases. These results suggest
that herbal oral care products play a pivotal role in periodontal disease management [84].

Conversely, combination therapy may be effective in patients with type 2 DM [6],
which is associated with periodontal disease progression [85] and impaired postoperative
healing. Mizutani et al. conducted a systematic review and meta-analysis to examine
whether the use of antioxidants in combination with periodontal therapy improved the
periodontal parameters in patients with type 2 DM. These results suggest that the combi-
nation of melatonin, resveratrol, and omega-3 fatty acids with cranberry juice, propolis,
and aloe vera gel in periodontal therapy significantly improves periodontal parameters in
patients with type 2 DM. These results indicate that using antioxidants in combination with
non-surgical periodontal therapy may significantly reduce periodontal pocket depth [86].

Because of the antioxidant properties of EMD, as mentioned above [56], EMD may also
have potential benefits for periodontal tissue regeneration therapy in periodontal patients
with type 2 DM. Mizutani et al. reported that minimally invasive surgery combined with
EMD resulted in significant clinical attachment gain and bone filling at comparable levels
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in the type 2 DM and non-DM groups [87]. Although various factors may have contributed
to these results, the anti-inflammatory and antioxidant effects of EMD may have influenced
the periodontal tissues of DM patients, which may be associated with delayed healing
after surgery.

3.4. Dental Implants and Antioxidant

Dental implants are widely used as prosthetics for partially or entirely edentulous
dentition, and their demand is rapidly increasing. The incidence of implant mucositis and
peri-implantitis is on the rise. Recent research has delved into the pathophysiology of
wound healing and the mechanisms of regeneration mediated by reactive oxygen species
in peri-implantitis. Patients with peri-implantitis exhibit elevated levels of oxidative stress-
related genes, including NADPH oxidase and NOX4, along with reduced expression of
osteogenesis-related genes such as RUNX, Osterix, and b-Catenin, when compared to
healthy individuals [88]. This suggests that bone loss in inflammatory conditions such as
peri-implantitis may result from the dysregulation of the differentiation process of MSCs
into osteoblasts, which is closely associated with ROS production.

Recent research has explored the effectiveness of employing antioxidants alongside
implant therapy. It has been observed that the application of gels containing nanovitamins
C and E as adjuncts to mechanical debridement in the treatment of peri-implant mucositis
significantly reduces PI, BOP, and PPD [89]. The administration of vitamin C, an antioxidant,
to patients with ChP disease promotes soft tissue wound healing after implantation [90].
Given the expected continued increase in the use of implant therapy, further investigation
into antioxidant combination therapies is warranted.

It is worth noting that DM has been associated with an increased risk of
peri-implantitis [91]. Hyperglycemic conditions can accelerate bone loss related to peri-
implantitis by altering the microbiome and intensifying the local inflammatory response [92].
However, there is limited clinical data available regarding the effectiveness and underlying
mechanisms of peri-implantitis treatment in patients with DM. The use of antioxidants in
patients with diabetes may be a potential avenue for improving osseointegration during
implant therapy, and we await further clinical data in the future.

4. Conclusions

Previous studies indicate that oxidative stress may be an essential factor in the patho-
genesis of DM and periodontal diseases. Furthermore, the coexistence of these diseases
may increase the pathological effects of oxidative stress. As the role of oxidative stress
changes as the disease progresses, antioxidant therapy, which affects oxidative damage
and inflammatory processes, may have various impacts at each stage of the complex
pathogenesis [86].

Oxidative stress may be an essential factor in the progression of DM and periodontal
disease. Based on the literature review, the comorbidity of both diseases may exacerbate the
pathological effects of oxidative stress in periodontal tissues. Additionally, antioxidants and
anti-insulin resistance medications can inhibit ROS production and suppress inflammation,
which may improve wound healing that is exacerbated by hyperglycemia.
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