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1 | INTRODUCTION

The mature periodontium, anchoring and supporting the tooth in its
alveolar bone, is a multifaceted vital construct. Anatomically, it is
responsible for the dento-alveolar homeostasis and function and is
comprised of four tissues of divergent embryological origins, namely
the alveolar bone, the cementum, the gingiva, and the periodontal
ligament.! An intricate attachment of these tissues results from a
sequence of synchronized compound interactions between neural
crest ecto-mesenchymal and epithelial cellular components during
embryogenesis.2 Divergent cellular populations reside in the mature
functional periodontium, comprising cementoblasts, endothelial
cells, epithelial cells, fibroblasts, nerve cells, osteoblasts, in addition
to a minor population of stem/progenitor cells.>?

Periodontitis is a chronic complex multifactorial inflammatory
disorder of the tooth supporting and investing structures, associated
with microbial dysbiosis, and hall-marked by a phasic destruction
with irreversible damage of the periodontal tissues.’® A multitude
of investigations associated periodontitis with major systemic con-

11

ditions, including unfavorable pregnancy outcomes, cardiovas-

13,14 gestational diabetes® and

cular disorders,12 diabetes mellitus,
rheumatoid arthritis.® Surgical as well as nonsurgical periodontal
treatment approaches, employing a multitude of biomaterials, and
biological mediators, were proposed to re-establish the destroyed
periodontal tissues and prevent further disease progression, thereby

enhancing teeth prognosis and quality of life.}”~2?

Initiation of periodontitis requires a challenging of the peri-
odontal tissues via the dysbiotic subgingival oral microbial biofilm's
virulence factors, spurring an immune response, which principally
dictates the course of the disease and associated tissue destruc-
tion.2>?* In the primary phase, polymorphonuclear lymphocytes
(PMNs) liberate lysozymes, proteinases, and reactive oxygen species
(ROS),%°7 in an attempt to eradicate the subgingival tissue-invading
periodontal pathogens of the subgingival dysbiotic plaque. The re-
sultant oxidative stress is believed to amplify the subsequent peri-
odontal tissue damage.30 This amplified dysregulated periodontal
chronic inflammation is characterized by a disproportionate phago-
cytic recruitment and activation, especially of M1 macrophages,
massively liberating inflammatory cytokines, comprising interleu-
kin-1 beta (IL-1p), interleukin-4 (IL-4), interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), and interferon gamma (IFN—«/),23’31
accompanied by an excessive release of proteinases and additional
ROS, depleting the body's own antioxidants,3? and reducing its total
antioxidant capacity (TAOC).%3 In this context it is generally believed
that a physiological antioxidant status, with low ROS, could reduce
the periodontitis-induced tissue damage and disease progression.>*
Yet, whether a pre-existent antioxidants depletion increases the pa-
tient's susceptibility to periodontal disease or such a depletion arises
as a consequence of periodontal disease remains debatable.

In this context, a balanced nutrition or a supplementation/replen-
ishment of essential antioxidant micronutrients, restoring the body's

TAOC have been suggested as possible modifying factors with positive
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effects on periodontal disease occurrence and progression, as well as
periodontal wound healing.3>%¢ It was hypothesized that the outcome
of periodontal treatment could be enhanced through a synchronized
supplementation of these micronutrients with surgical as well non-
surgical periodontal therapy, relying on their antioxidant properties as
well as their abilities to govern and direct pivotal cellular repair/regen-
erative events during periodontal wound healing.®” Thus, the aim of
the present article was to review the current evidence on the possible

effects of vitamins on periodontal wound healing and regeneration.

2 | THE ROLE OF MICRONUTRIENTS
IN PERIODONTAL HEALTH, DISEASE,
AND PERIODONTAL WOUND HEALING/
REGENERATION

A multitude of investigations have explored the possible impact
of nutritional adequacy or deficiency on periodontal health and
disease.?>%837 Malnutrition is a broad term that encompasses de-
ficiency, excess or imbalance in the intake of essential nutrients, in-
cluding vitamins, minerals, proteins, carbohydrates and fats, that can
be caused by reduced dietary intake, altered metabolic demands,
malabsorption or increased nutrients loss.*® An unbalanced nutri-
tion could be branded by a lack of certain micronutrients, a tissue
depletion of important antioxidants, an inverted helper-suppressor
T-cell ratio, pronounced histaminemia, hormonal imbalance with in-
creased free cortisol levels in the blood and saliva, defective mu-
cosal integrity as well as impaired acute-phase protein cellular and
cytokine response.***2 |n addition, malnutrition has the potential to
influence the prognosis of periodontal disease, through depletion of
micronutrients essential for healing/regeneration, through disrup-
tion of cellular and immune functions, through a disturbance of the
oral microbial ecology, as well as through altering the volume and the
antimicrobial properties of saliva.®®

Currently, it is widely accepted that a higher dietary intake of
nutrients with anti-inflammatory and antioxidant properties in a
balanced nutrition** could be strongly linked to lower odds of de-
veloping periodontitis with slower disease progression. Higher, vi-
tamin A,33 vitamin C,33'45'49 vitamin E,45"18 fruits and vegetables,48
and omega-3 fatty acids (FAs)*°~>% intake were linked to populations
with pronounced periodontal tissue health.2*>* Certain modifiable
lifestyle risk factors associated with periodontal disease, including
smoking and alcohol consumption, have been further demonstrated
to result in lowered serum levels of essential micronutrients,” in-

A,>¢57 vitamin C5 and vitamin E>%°7 (typical serum

cluding vitamin
vitamin levels are listed in Table 1). It appears plausible to assume
that these vitamins may be pivotal in the initial periodontal disease
stages to avert its onset rather than reversing its effects once the
disease has been established.” Yet, due to the intricacy of biological
systems, it is still not possible to accurately state whether the low
dietary antioxidants intake or the periodontitis-associated high oxi-
dative stress levels within the periodontal tissues (or a combination

of both) contributes stronger to the periodontal disease occurrence

TABLE 1 Typical plasma/serum concentration ranges for
vitamins.

Plasma/serum

Vitamin concentration ranges References
Vitamin A (retinol) 0.7-2.8 umol/L [346]
Vitamin B1 (thiamine) 66-200nmol/L [347]
Vitamin B2 (riboflavin) 5.4-28.4umol/L [348]
Vitamin B3 (niacin) 28-125pmol/L [349]
Vitamin B5 (pantothenic acid) 1.1-12pmol/L [350]
Vitamin B6 (pyridoxine) 4.1-43.7ng/mL [351]
Vitamin B7 (biotin) 0.49-1.33nmol/L [352]
Vitamin B9 (folic acid) 7-39.7 nmol/L [353]
Vitamin B12 (cobalamin) 152-568 pmol/L [354]
Vitamin C (ascorbic acid) 23-85umol/L [355]
Vitamin D 75-120nmol/L [356]
(25-hydroxyvitamin D)
Vitamin E (a-tocopherol) 7-40pmol/L [357]
Vitamin K (phylloquinone) 0.2-1pg/L [358]
Coenzyme Q,, (CoQ,) 0.5-1.5pg/mL [359]

and progression.>? In this context, it is pivotal to note that the TAOC
of an individual does not necessarily represent the arithmetic sum
of each antioxidant's concentration. Thus, measuring each individ-
ual antioxidant quantity in the serum or tissues does not necessary
give the complete biological picture. Moreover, it remains a possi-
bility that further antioxidants exist, which till now have not been
accounted for.®® Furthermore, an antioxidant's serum or tissue level
could act as biological marker of active pathological processes, and
hence a higher supplementation would not have an impact on disease
progression.®® Finally, apart from the antioxidant activities, these
micronutrients govern pivotal cellular events, affecting periodontal
disease onset, progression as well as healing and regeneration.36

A multitude of studies have produced conflicting findings, mak-
ing it ambiguous when micronutrients could be most effective in
halting or preventing the periodontal pathological processes. Thus,
the currently existing data should be interpreted with caution, as the
majority of the available data stem primarily form in vitro, preclinical

(animal), cross-sectional and cohort studies.

3 | VITAMINS AS MICRONUTRIENTS
IN PERIODONTAL WOUND HEALING/
REGENERATION

3.1 | Vitamin A and carotenoids

3.1.1 | Sources, biological structure and function
and roles in periodontal health/prophylaxis and disease

Vitamin A, a major antioxidant, is a lipid-soluble vitamin, repre-
sented in various isotypes, including retinol (A,), 3,4-dehydroretinol
(A,), 3-hydroxyretinol (A;) and retinal in addition to 50 carotenoids
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(vitamin A precursors).37 The various forms of vitamin A have diverse
biological effects on cellular metabolism, growth, proliferation, dif-
ferentiation, apoptosis, and pIuripotency.“’l""2

Retinoic acid (the biologically active form of vitamin A) has been
shown to be pivotal in preserving the mucosal integrity, for ensur-
ing proper cellular differentiation and for apt immune cell func-
tions.37¢3 Investigations reported a significant association between
deficiencies in vitamin A and a number carotenoids, and the onset

and severity of periodontal disease,®4-%¢

yet with the exception
for retinol, where no association was noted between its deficiency
and the severity of periodontitis.>*¢” In a survey conducted on al-
most 21000 subjects in Alaska, Chile, Colombia, Ecuador, Ethiopia,
Lebanon, Thailand and Vietnam, vitamin A deficiency tended to be
associated with higher periodontal disease scores.® In the United
States' third National Health and Nutrition Examination Survey
(NHANES II1) conducted on 11480 male and female patients from
various ethnic groups,®® a significant correlation was evident be-
tween a low serum level of a number of carotenoids, particularly
a-, p-carotene, B-cryptoxanthin, vitamin C, bilirubin and TAOC, and
periodontitis, when the analysis included all periodontitis cases
irrespective of their severity. Yet, focusing solely on severe peri-
odontitis cases, with the presence of two or more mesiobuccal sites
with clinical attachment level (CAL) loss of at least 5mm and at least
one mesiobuccal site with probing depth (PD) of 4mm or higher, a
significant association of periodontitis with uric acid, f-carotene,
vitamin A, vitamin C, and bilirubin levels,3® especially in never
smokers, was evident. Similar observations on periodontitis preva-
lence were revealed in an investigation on 60-70vyears old western
men in Northern Ireland.>? A further investigation demonstrated
that a positive outcome following scaling and root planning (SRP),
was demonstrated in patients showing higher intake of $-carotene,
a-tocopherol, vitamin C, fruits, vegetables, docosahexaenoic acid,
and eicosapentaenoic acid.®? Yet, a 2-year follow-up study from
Japan, estimating the intake of a- and p-carotenes, through a brief
self-administered diet-history questionnaire, negated the reported
positive effects of a higher p-carotene intake on periodontal dis-
ease severity.*® Similarly, further studies found no association
between an increase in periodontal index scores and vitamin A
deficiency.7°'71

Vitamin A and carotenoids express a variety of immunological
and anabolic properties, which combined could augment biological
events during periodontal healing/regeneration. Apart from their
antioxidant roles, with their ability to reduce the levels of markers
for systemic inflammation, including IL-6’? and C-reactive protein
(CRP),“’OJ3 vitamin A, and carotenoids exert immunomodulatory
effects on B cells, dendritic cells, macrophages, stem/progeni-
tor cells and T cells in a doses-dependent manner, inducing pro-
inflammatory (to combat the periodontal pathogens), or tolerogenic
(to endorse the anabolic tissue formation phases during healing/
regeneration of the periodontium) responses.sg"74 Vitamin A can
increase cellular viability and counteract the inflammatory reac-

tion, following the activation of toll-like receptor (TLR)-4 through

ooy ) AR

).75

its ligand lipopolysaccharides (LPS).”> The observed beneficial ef-

fects of vitamin A on the periodontium were further attributed

to its bone anabolic’®78

79,80

and osteoclastic inhibitory as well as
apoptotic effects. Furthermore, vitamin A is chemotactic for
stem/progenitor cells, inducing their migration, amplifying the ex-
pression and activity of matrix metalloproteinases-2/-9, inhibiting
caspase-3 enzyme activity,®! and driving cellular pluripotency and
differentiation,®? all important events during periodontal healing/

regeneration.

3.1.2 | Rolesin periodontal therapy and biological
wound healing/regeneration

In vitro studies results
Although no association between retinol adequacy/deficiency and
severity of periodontitis was observed,’”®’ retinol at a concentra-
tion of 20pmol/L has been shown to cause epigenetic demethyla-
tion of nuclear bases, driving the de-differentiation of adult cells
into pluripotent ones®® and to increase the colony-forming units
(CFUs) ability of adult gingival mesenchymal stem/progenitor cells
(G-MSCs).28 These effects are thought to be primarily brought about
through activation of the ten-eleven translocation (TET) demethy-
lases, causing DNA demethylation with epigenetic reprogramming
and heightened pluripotency.®?8* Similar pluripotency inductive ef-
fects were further reported for retinoic acid (RA) with a potential
for teratoma formation.®> Such anabolic potential remains of impor-
tance to periodontal tissue engineering/regeneration approaches,
where pluripotency inductive attributes could help formation of
the three tooth supporting tissues of different embryological origin,
namely alveolar bone, periodontal ligament and cement, pivotal for a
complete periodontal regeneration, from in the defect-residing peri-
odontal or gingival fibroblasts, even without the need for exogenous
cellular transplantation.83

RA further demonstrated notable anabolic properties in vitro.
RA enhanced epithelial growth and differentiation, induced directly
through the epithelial nuclear RA receptors,® as well as indirectly
through connective tissue fibroblasts' growth factors expression
independent of RA concentration in the culture medium.?”88 The
keratinocytes growth factor (KGF), whose presence is important in
the maintenance and development of oral epithelial tissues as well
as during epithelial wound healing, was higher expressed in gingival
and periodontal fibroblasts treated by RA in vitro.2? A short-term
RA stimulation of human dental pulp,’® gingival and periodontal
ligaments cells,”* and adipose tissue-derived mesenchymal stem
cells? was shown to enhance their osteogenic potential and tissue
nonspecific alkaline phosphatase (TNSALP) expression. Similarly,
RA treatment of periodontal ligament stem cells (PDLSCs) or stem
cells from human-exfoliated deciduous teeth (SHED) for 21 days at
concentrations of up to 2pM inhibited their proliferation, yet signifi-
cantly enhanced their osteogenic differentiation, alkaline phospha-

tase (ALP), RUNX2 and osteopontin (OPN) gene expression as well
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as calcified deposits formation compared to dexamethasone. This
remarkable osteogenic inductive effect could be further boosted

through additional insulin supplementation to RA in the culture

TABLE 2 Effect of vitamin A—in vitro studies.

Author, year, Form of

country, study  Study material (stem cells, vitamin

type fibroblasts, etc.), sample size application

Chadipiralla PDLSCs and SHED In culture
et al. N=5 medium
20107

USA

Fawzy El- G-MSCs In culture
Sayed N=5 medium
etal.

2019%

Egypt

Kautsky et al. Oral epithelial keratinocytes In culture
199587 from cornified or medium

USA noncornified epithelium

seeded on collagen lattices
of:

GM10 fibroblasts from human
fetal dermal tissue, oral and
dermal fibroblast

Mackenzie Human gingival and periodontal In culture
& Gao fibroblasts medium
2001% N=5 (tissue culture)

UK N=10 (sectioning)

San Miguel hPDL cells In culture
et al. N=3 medium
19987

Japan

San Miguel Human dental pulp cells In culture
et al. N=3 medium
19997°

Japan

medium. Remarkably, RA-induced PDLSCs demonstrated a higher

proliferative and osteogenic potentials compared to RA-induced

SHED?® (Table 2).

Groups

Groups:

Serum-free medium either alone or
supplemented with RA (0.5, 1, 2uM)
or Dexamethasone (Dex: 1, 10,
100nM) for 21 days

Control group: basic medium

Inflammatory group: basic medium with
IL-1B8 (1 ng/mL), TNF-a (10ng/mL), and
IFN-y (100 ng/mL),

Retinol group: basic medium with retinol
(20 pmol/L)

Inflammatory/retinol group: retinol added
to the inflammatory group.

Control group:

Serum retinoid concentration
5% 107 mol/L

Test groups:

RA prepared under yellow light at
concentrations O, 10’10, 10’9, 10’8,
107 mol/L.

Groups:
RA at concentrations from 10~ to 10°°M

Groups:
RA at concentrations O, 10’5, 10’6, 107M

Groups:
RA at concentrations 0, 10, 107, 107 M

Methods of evaluation
(ELISA, etc.)

Proliferation assay
Enzyme assay
Immunohistochemistry
RT-PCR

Western blot

ELISA

Cell count
Histochemistry
RT-PCR.

Morphology
Immunohistochemistry
Immunoblotting

RT-PCR

In situ hybridization with
digoxigenin-labeled
riboprobes

RT-PCR
Enzyme assay

RT-PCR
Protein assay
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Animal studies results

Although animal preclinical

sights on potential agents favoring periodontal wound healing/

Evaluated parameters

Cell count
ALP activity
Mineralization
Col-I

FSP

PPARy2

ALP

ONN

OPN

RUNX2

B-catenin levels

Cellular proliferation
Colony-forming
Pluripotency
genes Multilineage
differentiation.

Filaggrin
Profilaggrin Keratin 1
Keratins 13 & 19

KGF

ALP activity

TNSALP gene expression

(bone-type and
liver-type)

ALP activity

TNSALP gene expression

(bone-type and
liver-type)

models can provide valuable in-

regeneration,

Outcomes

Proliferation of SHED and PDLSCs was significantly
inhibited by RA and Dex.

RA significantly upregulated gene expression and
activity of ALP in SHED and PDLSCs.

Positive Alizarin red and von Kossa staining of calcium
deposition was seen on the RA-treated SHED and
PDLSCs after 21 days.

Influences of RA on osteogenic differentiation of SHED
and PDLSCs were significantly stronger than Dex.
Supplementation with insulin enhanced RA-induced
osteogenic differentiation of SHED.

Intracellular p-catenin significantly declined in the
stimulated groups (p<0.001).

Cellular proliferation at 72h were most prominent in the
control and inflammatory group followed by an upsurge
in the retinol group.

At 14 days, the retinol group exhibited the highest
CFUs.

Nanog was most expressed in inflammatory and retinol
group.

Inflammation significantly upregulated Sox2 expression,
while its expression was diminished in retinol and
inflammatory/retinol group (p <0.001).
Inflammatory/retinol group exhibited the highest
multilineage differentiation potential.

RA concentrations altered terminal differentiation

of oral keratinocytes by disruption of organized
stratification, inhibition of filaggrin/profilaggrin and K1
expression, and stimulation of K13 and K19 expression.
K19 was expressed higher in keratinocytes from non-
cornified as compared to those from cornified epithelia.
RA regulation was ultimately dependent on the type of
fibroblasts underlying the epithelial cells.

Gingival and periodontal fibroblasts expressed KGF
transcripts in vitro.

Degree of expression was markedly influenced by the
presence of RA.

KGF expression is dose-dependent with increasing
expression of KGF seen up to about 108 M RA.

After treatment with RA (1076 M) for 4 days, there was a
significant increase in ALP activity of hPDL cells.

The increased ALP activity had properties of the
TNSALP type.

RT-PCR analysis revealed that bone-type mRNA was
highly stimulated in hPDL cells by RA treatment, but
expression of liver-type mRNA was not detected.

Elevated ALP activity had properties of the TNSALP

type.

RT-PCR showed that RA enhanced the expression of
bone-type TNSALP mRNA in pulp cells. However, the
liver-type TNSALP mRNA was not detected.

94-96

ooy ) AR

a limited number of animal studies explored the

effects of vitamin A or carotenoids supplementation on periodon-

tal healing/regeneration. In a Wistar rat animal experiment on

Conclusion

RA is an effective inducer of osteogenic
differentiation of SHED and PDLSCs, whereas
RA treatment in combination with insulin
supplementation might be a better option for
inducing osteogenic differentiation.

Controlled short-term inflammatory/retinol
stimuli activate the Wnt/p-catenin pathway,
affecting G-MSCs' pluripotency, proliferation,
and differentiation. The present findings
provide further insights into the inflammatory-
regenerative interactions and their modulation
potential for G-MSCs-mediated periodontal
repair/regeneration

Results indicate that RA regulation of oral epithelial
differentiation is mediated by two separate
mechanisms: a direct, RA concentration-
dependent effect, and an indirect, fibroblast-
mediated effect.

Results point to a role of KGF in maintenance of
normal growth and differentiation of gingival
epithelia. Lack of KGF expression by periodontal
fibroblasts in vivo is expected to hinder
apical epithelial migration and thus stabilize
the epithelial attachment. Effects of RA on
KGF expression in vitro provide an indirect
mechanism by which RA may regulate the
growth and differentiation of gingival epithelia.

Results indicated that upregulation of ALP activity
in hPDL cells by RA was due to the increased
transcription of bone-type mRNA of the TNSALP
gene.

Findings suggest that the high ALP activity of
RA-treated dental pulp cells is associated with
increased transcription of the bone-type mRNA
of the TNSALP gene and not with liver-type.
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TABLE 3 Effect of vitamin A—animal studies.

Author, year, country, study type  Animal type, sample size

Treatment, form of vitamin application

Group 1: Orthodontic tooth movement (OTM)
Group 2: Extraction of upper 1st molar+OTM
Within each group 1 and 2:

Study duration

37 days (30days before the
surgery + 7 days after
the surgery)

Experimental group:
Oral gavage isotretinoin (7.5mg/kg)
Control group: Animals with oil solution

Nishio et al. 20177 Wistar rats
Canada N=16
Wang et al. 201378 Mice
China N=12

Periodontitis model: oral infection with
P.gingivalis

Test group: All-trans retinoic acid (ATRA) every
other day (oral gavage)
Control group: no ATRA application

tooth extraction and orthodontic tooth movement, supplementa-
tion with a synthesized retinoid (isotretinoin) via daily gavage for
37days resulted in higher tissue VEGF levels, larger bone medul-
lary spaces with abundant hematopoietic, inflammatory cells and
blood vessels as well as enhanced gingival tissue regeneration and
re-keratinization.”” Similarly, in an experimental mouse periodon-
titis model, induced through oral infection with P.gingivalis, oral
all-trans retinoic acid (ATRA) supplementation demonstrated the
ability to reduce P.gingivalis-induced alveolar bone resorption, halt
periodontal inflammation, inhibit Th17 responses, enhance Treg cell
responses, reduce RANKL expression on CD* T cells, decrease IL-
17 levels, reduce inflammatory cell infiltration into the periodontal
tissues, and increase I1L-10 and TGF-B1 levels, thereby impeding the
periodontitis-associated alveolar bone destruction. These ATRA-
induced immunomodulatory events, favoring wound healing/re-
generation, were linked to a reduced level of CD4" retinoid-related
orphan receptor yt positive cells and increased CD4* forkhead box
P3 positive cells in the mice cervical lymph nodes’® (Table 3).

Clinical trials results

Clinical studies exploring the effects of vitamin A supplementation
on periodontal healing/regeneration are limited. In a randomized,
double-blind trial, 42 systemically healthy patients with chronic
periodontitis (ages from 25 to 52years) received either 8 mg per
day of oral lycopene, a natural carotenoid present in red-colored
fruits especially tomatoes, (test group) or placebo (control group) for
2months, following full-mouth SRP. Although CAL, PD and serum
levels of TNF-a did not differ between both groups, a significant im-
provement in BOP, MGI, PI, serum IL-1p, and salivary uric acid were

notable in favor of the test group.”’ Systemic lycopene supplemen-
tation (in the same concentration and application time as described
in the previous study) as an adjunct to SRP was investigated on 20
systemically healthy patients (ages from 35 to 50years) with moder-
ate periodontitis. MGlI, PD, CAL, and serum malondialdehyde levels
(a marker for oxidative stress) improved after 2months, yet with a
minute relapse in measured parameters noted at 6 months.*%° A simi-
lar randomized, controlled, double-blind clinical trial was conducted
on the adjunctive effect of lycopene gel (8 mg for 8 weeks) on type 2
diabetes patients with chronic periodontitis in addition SRP as com-
pared to SRP alone. A similar reduction was noted in the test group
patients for PD and serum malondialdehyde levels, with an improve-
ment in the glycemic control.1

The local usage of a 2% lycopene gel in periodontal defects as an
adjunct to SRP was further described. In a placebo-controlled split-
mouth clinical trial, 50 smoking and 50 nonsmoking patients (ages
from 30 to 55 years) with chronic periodontitis treated with the lyco-
pene gel demonstrated significant improvement in PD and CAL com-
pared to the placebo sites irrespective of their smoking status.'%?
Similar results were demonstrated in a further trial on 31 nonsmok-
ing chronic periodontitis patients (ages from 30 to 55years) with 2%
lycopene gel as an adjunct to SRP, improving CAL and PD é6 months
post-therapy.l®® Supplementation with a lycopene gel-loaded in
solid lipid microparticles and delivered locally with a needle into
periodontal defects as an adjunct to SRP in periodontitis patients,
significantly decreased the oxidative stress-associated protein car-
bonyl groups in the gingival crevicular fluid and improved gingival
inflammation as well as CAL for up to 6 months post-operatively'®
(Table 4).
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Methods of

evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Micro-CT
Immunohistochemistry

Histomorphometry
Flowcytometry
RT-PCR

Evaluated parameters

Bone volume
VEGF-C
COX-2

IL-1p

Alveolar bone
resorption (ABR)

CD4* T cells in spleen
and cervical lymph
nodes (CLN)

Th17/Treg cell-
related cytokine
messenger

Outcomes: clinical, histological,
immunological

No significant difference of OTM and
bone volume was observed between the
control and experimental group.
Alveolar bone of the isotretinoin group
revealed more medullary spaces with
inflammatory, hematopoietic cells, blood
vessels and intense immunolabeling for
VEGF-C.

This group also showed faster gingival
regeneration.

ATRA suppressed ABR and inhibited
inflammatory cell infiltration into
periodontal tissues.

Effects were closely associated with
reduced CD4(+) retinoid-related orphan
receptor yz(+) cells and increased CD4(+)
forkhead box P3(+) cells in the CLNs.
ATRA downregulated IL-17A expression

ooy ) MUK

Conclusion

Isotretinoin did not affect the OTM nor
did it cause an alteration in maxillary
bone volume. This exogenous acid
may contribute to the acceleration of
gingival healing.

ATRA modulation of the Th17/Treg
imbalance provides protection
against periodontitis by enhancing
Treg cell activation and inhibiting
Th17 cell activation. These results
indicate the potential for clinical
prevention of periodontitis.

ribonucleic acid

and upregulated IL-10 and TGF-p1

expression in CLNs and P. gingivalis-
infected gingival tissues.

Evidence box

Presence Effect
Association studies v ++
Biological mechanism 4 ++
Animal model “proof of principle” v +/-
Clinical studies with surrogate parameters v ++/-
Clinical studies with hard end points (%]

3.2 | VitaminB
3.2.1 | Sources, biological structure and function
and roles in periodontal health/prophylaxis and disease

Thiamin (vitamin B1), riboflavin (vitamin B2), niacin (vitamin B3), pan-
tothenic acid (vitamin B5), pyridoxine (vitamin Bé), biotin (vitamin
B7), folic acid (FA, vitamin B9), and cobalamin (vitamin B12) form the
water-soluble vitamin B complex.3* Each member of the family has
a unique structure and function, with no biological function in the
body requiring their conjoint presence simultaneously.35

Thiamin is essential for the normal muscular and neural func-
tions, especially during the process of energy extraction from
glucose.’®® Thus, a deficiency in thiamin greatly reduces the cells
capacity to generate energy.®® Riboflavin is pivotal for growth and

106 with its deficiency

development, especially of muscles and hair,
being rarely reported due to its presence in adequate amounts in

cereals, egg, meat, and milk.>® Niacin remains to be an important

biomolecule for normal enzymatic function and creation of stable
collagen structures during wound healing.X®’~%? Pantothenic acid
contributes to the extraction of energy from fats, carbohydrates,

and proteins,*°

the formation of proline (the essential amino acid
during collagen formation) from hydroxyproline as well as the pro-
motion of cellular proliferation.’®"**2 Pyridoxine remains essential
in amino acids metabolism.!*® Biotin is found in a variety of food
and is further synthesized by the intestinal microflora. It is involved
in carbohydrate, fat and protein metabolism, normal hormonal syn-
thesis, and function, with important roles in erythropoiesis.35 It is
further important for growth, collagen synthesis, digestion, muscle
function, and periodontal wound healing.1*4-116

FA is an essential micronutrient involved in the body's methylation
reactions, pyrimidine and purine biosynthesis, and the conversion of
homocysteine to methionine, pivotal to avert DNA damage as well as
to repair damaged DNA. FA has an anti-mutagenesis effect, enhanc-
ing apoptosis of dysplastic cells with damaged DNA, through activat-
ing the p53 and blocking the Bcl-2 gene. '8 Hence, a multitude of
ailments have been linked to FA deficiency, including heart diseases,
neural tube defects, higher tendency to mutagenesis, and poor wound
healing.“znc”’120 Dietary FA could be damaged during food processing
and cooking, and it is partially compensated for by FA synthesized by
the gut microflora.t*”11%120 |n the human body, serum FA is required in
arange of 7-39.7 nmol/L, playing a critical role together with cyanoco-
balamin in erythropoiesis, cardiovascular health, during pregnancy, and
in mucosal health. FA deficiency weakens hematopoietic cell functions
and increases nuclear staining in the basal cell layer with degeneration
and widening of intercellular spaces in the spinous cell layer, negatively
affecting the epithelial integrity and barrier functions and predisposing
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TABLE 4 Effect of vitamin A—clinical studies.

Author, year, country, study
type
Ambati et al. 2017

India
Single arm intervention study

Arora et al. 201377
India
RCT

Chandra et al. 2012102
India
RCT

Chandra et al. 2013'°°
India
RCT

Reddi et al. 20151
India
RCT

Tawfik et al. 201914

Egypt
RCT

Patients, sample size, gender, smoker,

diagnosis

N=20 patients

Single arm intervention study
Non-smokers

CcP

N=42 patients
Non-smokers
CP

N=100 patients (50/group)
Smokers and Non-smokers
CP

N=31 patients
Nonsmokers
Chronic periodontitis

N=40 patients
Nonsmokers

CcP

Type 2 diabetes mellitus

N=16 patients

5 males and 11 females
Nonsmokers

CP

Treatment, form of vitamin

Methods of
evaluation (ELISA,
immunohistochemistry,

application Study duration histological, etc.)
Test group: 2, 6months Serology
8mg of oral lycopene + SRP Clinical measurements
Control group: SRP
Test group: 2months Serology
8mg of oral lycopene +SRP Saliva samples
Control group: SRP Clinical measurements
Test group: SRP +local 2% 6 months ELISA

lycopene gel Clinical measurements
Control group: SRP +placebo
Test group: SRP +local 2% 12 weeks ELISA

lycopene gel Clinical measurements
Control group: SRP +placebo
Test-group: 8weeks ELISA
8mg of oral lycopene +SRP TBARS assay
Control group: SRP Clinical measurements
Group I: SRP+local 2% 6 months Liquid chromatography

lycopene (LP) loaded solid
lipid microparticles

(SLMs) delivered with a needle

inside the defect
Group Il: SRP only
Group IlI:
No treatment

of GCF
Clinical measurements

the oral mucosa to infection, ulceration, gingivitis, periodontitis, and
poor wound healing outcomes.*?>!? |n an epidemiological study in-
volving 497 nonsmoking subjects, aged 18years or older, with 20 or
more teeth, an inverse relationship was evident between a dietary FA
intake and gingival bleeding scores, underlining the importance of FA
in promoting gingival health.?? Still, a double-blinded randomized clin-
ical trial evaluating the impact 2mg FA oral supplementation twice per
day for 30days on gingivitis, demonstrated no significant differences
in gingivitis or plaque scores in favor of the FA as compared to the
negative control group. Yet, a significant reduction in gingival crevicu-
lar fluid (GCF) exudation was evident in the FA group, pointing at the
possibility of a FA-induced subclinical reduction in gingival inflamma-
tion.2% Conversely, a double-blind randomized clinical trial assessed

the effectiveness of a topical FA mouth rinse (5mL of FA mouth rinse;
concentration 1mg/1mL, twice daily) on established gingivitis, regard-
ing gingival color, bleeding sites and plaque scores. At 4weeks, the FA
group demonstrated a significant improvement in gingival color and
bleeding scores as compared to the negative control group, demon-
strating a positive impact of the FA mouth rinse on gingival health.'%
As opposed to the previous investigation, these findings suggest that
FA could be more effective if applied locally than when administrated
systemically in the treatment of gingivitis, even in the absence of non-
surgical periodontal intervention.

Cobalamin is a pivotal cofactor of the methylmalonyl-CoA
mutase enzyme, responsible for energy extraction from proteins

and fats, and serves as a cofactor for the 5-methyltetrahydrofola
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Evaluated parameters

Serum malondialdehyde levels
MGI, PD, CAL

Serum IL-1B3, TNF-a
Salivary uric acid
PI, MGlI, PD, CAL, IBD

GCF 8-hydroxydeoxyguanosine
PI, MGlI, PD, CAL

GCF 8-hydroxydeoxyguanosine
PI, MGI, PD, CAL

Serum malondialdehyde (MDA)
CRP
Gl, PD, CAL

Protein carbonyl (PC)
PI, MGI, PD, CAL, IBD

Outcomes: clinical, histological, immunological,
microbiological, PROMS

From pretreatment to posttreatment at 2 months, the
mean values of all parameters were reduced.

From 2 to 6 months when lycopene was not administered,
an increase in the mean values of all the parameters was
observed; however, these values were still below baseline
values.

Lycopene showed better results after therapy compared
to the placebo group with reference to Pl (p=0.004),
MGl (p=0.002), BOP (p=0.021), salivary IL-1R8 (p=0.05),
and uric acid levels (p=0.02).

CAL gain, PD reduction and serum TNF-a value were
not statistically significant but showed an improvement
compared to the placebo group.

Compared to placebo, lycopene-treated sites in smokers
and nonsmokers showed significant reductions in probing
depths and gain in CAL.

There was no statistically significant difference in clinical
parameters when lycopene-treated sites in smokers and
nonsmokers were compared, except for the reduction in
the 8-OHdG levels.

The 8-OHdG levels at 1week and 3months in sites
treated with lycopene in smoker and nonsmoker group
were comparable with those in the periodontally healthy
control group.

The gel, when delivered to the sites with oxidative stress,

was effective in increasing clinical attachment and in
reducing gingival inflammation, probing depth, and 8-
OHdG levels as compared to the placebo and sham sites.

Inter-group comparison showed group A giving
statistically significant results in reducing mean serum
MDA levels at 2months and 6 months, and in reducing
mean PD (mm) and mean HbA1c (%) levels at 2months
(p<0.005).

SLMs recorded 30days of drug release with no burst
effect.

Patients treated with LP SLMs showed significantly lower
levels of PC after SRP compared to those treated with
SRP only, in addition to improvement in measured clinical
parameters.

Conclusion

There was a reduction in oxidative stress and
improvement in clinical parameters following
systemic antioxidant therapy along with SRP,
which was maintained up to 4 months after
discontinuation of lycopene treatment.

Further longitudinal studies are required to establish
the role of lycopene in the management of
chronic periodontitis.

The gel formulation was effective in increasing
clinical attachment and reducing gingival
inflammation, probing depth, and oxidative
injury compared with the placebo in smoking and
nonsmoking subjects.

From this trial conducted over a period of 6 months,
it was found that locally delivered lycopene
seems to be effective in reducing the measures
of oxidative stress and periodontal disease.

Lycopene as an adjunctive treatment was effective
in reducing oxidative stress and restoring altered
glycemic levels. Further longitudinal studies with
a larger sample size are required to establish the
role of lycopene in the management of chronic
periodontitis.

Locally delivered LP SLMs along with SRP could have
a protective effect over periodontal tissues and
it has the ability to decrease oxidative damage of
proteins in diseased periodontium.

ooy ) AR

te-homocysteine methyltransferase enzyme, which catalyzes the
formation of 5,10-methylene-methyltetrahydrofolate, important
in DNA and thymine synthesis.*?*12° Recurrent aphthous ulcer-

126-128 4)legedly

ation has been linked to cobalamin deficiency,
due to a dysregulation in DNA synthesis, cell-mediated immunity
and changes in the oral epithelium. A 6-month study on patients
with serum cobalamin deficiency and suffering from recurrent
aphthous ulcers, demonstrated a 96% positive response to cyano-
cobalamin treatment (intramuscular injection 1000g per day for
7 days then once a week for 1 month and then once a month for
6 months), with a significant increase in serum cobalamin levels
and decreased ulceration frequency.125 Increased CAL loss, with

associated higher risk for tooth loss, were found to be linked to

low levels of cobalamin'?? (an overview of important biological
functions of different members of the vitamin B family is pre-
sented in Table 5).

3.2.2 | Rolesin periodontal therapy and biological
wound healing/regeneration

In vitro studies results

Only limited in vitro studies are available on the impact of vari-
ous members of the vitamin B family members, isolated or com-
bined, on periodontal cellular attributes. The addition of biotin, in
an avidin-biotin combination, to highly porous three-dimensional
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hydroxyapatite scaffold, improved the cellular adhesion as well as
the strength of the attachment of periodontal ligament fibroblasts
to it.*%° The described potential to improve cellular adhesion to tis-
sue engineering scaffolds could be pivotal for any periodontal heal-
ing/regeneration approaches (Table 6).

Animal studies results

Limited animal studies were further available on the effect of
vitamin B family members, isolated or combined, on periodon-
tal wound healing. Nicotinamide (single intraperitoneal injec-
tion, 270mg/kg body weight) exerted a protective effect in a

TABLE 5 Reported functions of Vitamin B family members.

Vitamin B member Reported functions

streptozotocin-induced diabetic rat model, reducing the blood
glucose level, body weight loss, tibial bone loss, the amount of the
experimental periodontitis-related bone loss and RANKL-positive
cells in the periodontal tissues.! A further study, compared the
effects of riboflavin, nicotinamide, and FA (each at concentrations
of 50mg/kg or 100 mg/kg body weight of each daily for 11 days)
on alveolar bone loss, inflammatory cells infiltrate, osteoclast
number and serum IL-1f levels in a Wistar rat experimental peri-
odontitis model. Riboflavin, nicotinamide, and FA, supplied to the
rats by gastric gavage daily for 11 days at both concentrations re-
duced the amount of bone loss, the inflammatory cells infiltrate

Vitamin B1 (thiamin) e Essential for energy metabolism and the conversion of carbohydrates into glucose
e Supports muscular and nerve function
e Helps maintain a healthy cardiovascular system
e Contributes in the synthesis certain hormones

Vitamin B2 (riboflavin) e Importantin energy production (metabolism of fats, proteins, and carbohydrates)

e Involved in antioxidant activity

e Converting tryptophan into niacin
e Supports healthy muscles, skin, vision, and red blood cell production

Vitamin B3 (niacin) e Supports energy metabolism and collagen formation
e Important in DNA repair and cell signaling
e Involved in the production of enzymes necessary for cellular function
e Maintaining healthy skin and nerves

Vitamin B5 (pantothenic acid) e Important in energy production (metabolism of fats, proteins, and carbohydrates)
e Important in the production of hormones, cholesterol and red blood cells
e Involved in the synthesis of coenzyme A
e Importantin the conversion of hydroxyproline to proline

Vitamin Bé (pyridoxine) e Important in metabolism of amino acids, fats and carbohydrates
e Important in the synthesis of neurotransmitters and red blood cells
e Involved in immune functions and brain development
e Involved in homocysteine metabolism

Vitamin B7 (biotin) e Importantin energy production (metabolism of fats, proteins, and carbohydrates)
e Essential for the synthesis of fatty acids and erythropoiesis
e Important for cell growth and maintenance of healthy hair, skin, and nails
e Involved in the regulation of gene expression

Vitamin B9 (folic acid) e Essential for DNA synthesis, cell division and the production of red and white blood cells
e Important during pregnancy for proper fetal development
e Involved in homocysteine metabolism

Vitamin B12 (cobalamin) e Important in metabolism of fats and proteins
e Essential for the formation of red blood cells and DNA synthesis
e Important for proper nerve and brain functions
e Participates in the metabolism of amino acids and fatty acids

TABLE 6 Effect of vitamin B—in vitro studies.

Study material (stem
cells, fibroblasts, etc.),
sample size

Author, Year, Country,

study type application

Jang et al. 2011%%° Human periodontal

Form of vitamin

Avidin-biotin binding

Methods of evaluation (ELISA,
Groups etc.)

Group 1: ABBS cell Cell attachment (WST-1 assay)

Korea ligament fibroblasts system scaffold seeding Scanning electron microscopy
N=8 (ABBS) bound to n-HA Group 2: static cell
seeding
Group 3: Agitation
cell seeding
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and the number of osteoclasts as compared to the untreated peri-
odontitis controls.®? Although limited in number, the reported
positive effects exerted by members of the vitamin B family in the
animal preclinical models, makes them interesting micronutrients
with promising potential in the field of periodontal healing/regen-
eration (Table 7).

Clinical trials results

Limited clinical trials evaluated the impact of the vitamin B fam-
ily members on periodontal wound healing following surgical or
nonsurgical periodontal treatment. A randomized double-masked
placebo-controlled clinical trial was conducted on 30 patients taking
one capsule a day of either vitamin B complex, consisting of 50 mg of
thiamine HCI, riboflavin, niacinamide, d-calcium pantothenate, and
pyridoxine HCI, and 50 ug each of d-biotin and cyanocobalamin, and
400mg of FA, or placebo for 30days following access flap surgery.
Results demonstrated significant CAL gain and PD reduction, in
shallow (1-3mm) and deep pockets (26 mm), at 180days in the vita-
min B complex group.t*¢ In a further randomized controlled clinical
trial, 60 periodontitis patients treated with either SRP with systemic
FA (400mg tablet containing FA, calcium, vitamin D, and inactive
ingredients) or placebo thrice a day for 4 weeks, while avoiding any
dairy products, demonstrated better healing and clinical outcomes
with significant improvement in the CAL and gingival recession val-
ues in the SRP with FA group as compared to SRP and placebo one'?’
(Table 8).

In conclusions, results from in vitro, animal, and clinical studies
hint at a positive impact of vitamin B family members on periodontal
wound healing/regeneration. Still, the scarcity in studies warrants
further conduction of in vitro, animal as well as randomized con-
trolled clinical trials on different members of this family and in vari-

ous application forms.

Evidence box

 perocartaogy 2000 SUINSEER

3.3 | VitaminC

3.3.1 | Sources, biological structure and function
and roles in periodontal health/prophylaxis and disease

Vitamin C (L-ascorbic acid, AA) is a potent water-soluble antioxidant,
essential for collagen formation'®® and wound healing, with a mul-
titude of reported positive effects on oral health and periodontal
disease prevention.134’135 AA is believed to support wound healing
through pleiotropic mechanisms, including the promotion of neo-
vascularization, VEGF expression, extracellular matrix deposition,
cellular renewal, and differentiation, while inhibiting cellular apop-
tosis.!3¢ Furthermore, AA boosts the telomerase activity and pluri-
potency of stem/progenitor cells, osteoblasts and fibroblasts.?37-142
AA stimulates fibroblast migration and keratinocyte proliferation,
with the potential for improving the epithelial phenotype.’*® It
functions as an enzymatic cofactor for a large family of metallo-
enzymes involved in the synthesis and stabilization of collagen of
the periodontal ligament, gingiva, cement and alveolar bone, 44>
in the production of peptide hormones and neurotransmitters, and
in the regulation of transcription factors, such as hypoxia inducible
factor-1,146147

Immunologically, AA favors wound healing through upregulat-
ing the intracellular glutathione levels,**® thereby inhibiting nuclear
factor kappa-light-chain enhancer of activated B cells and endothe-
lial cells, which plays important roles in the regulation of gene ex-
pression during inflammation.*? It further possesses anti-histaminic
properties, through direct histamine inactivation.’® AA suppresses
ROS production,®® and promotes anti-inflammatory responses in
macrophages,****>! governing their responses to CRP, tumor necro-
sis factor (TNF), interferons (INF), and ILs.1>?

Thus, AA deficiency is believed to be linked to impaired repara-
tive and immune functions.?>31%4 Following dietary intake and ab-
sorption, AA is transported from the plasma to gingival tissues by a

sodium-dependent low-affinity and high-capacity vitamin C trans-

Presence Effect porter 1 (SVCT1).%>1%¢ As SVCT1 does not function properly at low
Association studies v/ /- AA concentrations, it remains pivotal to define the optimal dosage
Blologleal mechanism v o AA required for efficient periodontal wound healing. A daily intake
. « oy of at least 60mg AA was recommended by the Food and Nutrition
Animal model “proof of principle 4 +
. . . Board of the National Academy of Sciences in the United States for
Clinical studies with surrogate parameters 4 + 157 . ] ]
adults.™’ Yet, ideally for the body to function properly, it has been
Clinical studies with hard end points (%] . .
recommended that adults should receive >200mg of AA from their
Evaluated parameters Outcomes Conclusion
Ratio of attached living cells e Number of periodontal ligament fibroblasts The high-affinity ABBS enhances the ability of

attached was greater for ABBS seeding method
than for static or agitating method.

periodontal ligament fibroblasts to attach to
three-dimensionally constructed n-HA scaffolds.

o No difference was observed among seeding
methods with scanning electron microscopy.
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TABLE 7 Effect of vitamin B- animal studies.

Author, year, country,

study type Animal type, sample size
Akpinar et al. 201632 Wistar rats

Turkey N=64 (male)

Kim et al. 2014%%! Rats

South Korea N=>5-6 animals/group

Study

Treatment, form of vitamin application duration

Control group 11days

Ligated group

Intervention groups:

RBF50 (RBF, 50mg/kg daily)

NAS5O (NA, 50 mg/kg daily)

FA50 (FA, 50mg/kg daily)

RBF100 (RBF, 100 mg/kg daily)

NAZ100 (NA, 100mg/kg daily)

FA100 (FA, 100 mg/kg daily).

Gastric gavage, daily for 11 days

Periodontitis-induced with ligature around left
mandibular first molar.

Group 1: IV application of streptozotocin 20days
(STZ)

Group2: Intraperitoneal of nicotinamide (NA,
270mg/kg) 15min before IV STZ

Group 3: untreated controls

Methods of

evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Clinical
Histopathology
ELISA

Accu-check active system
Micro-CT

Histochemistry
Histomorphometry

Periodontitis-induced with ligature around
left mandibular first molar, 1 week after

injection.

daily diet.**® In this context, a dietary intake of AA in concentrations
>150mg per day in combination with fruits, vegetables, p-carotene,
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) has
been reported to exert beneficial impacts on periodontal healing in
nonsmokers following SRP.*

AA remains to be the nutrient that received most of the attention
of all vitamins, regarding its effect on periodontal healing over the
pastyears, where low circulating or depleted AA levels were reported

to be associated with increased risk for gingival inflammation®>%1¢°

as well as periodontal disease onset and progression, 334549161162
Case control studies demonstrated lower AA plasma levels in peri-
odontitis patient than in healthy controls, with periodontitis patients
who additionally smoke showing lower AA levels than nonsmok-
ers. 163164 Results of NHANES Ill demonstrated that a reduced di-
etary intake of AA was weakly, yet significantly, associated with an
increased risk of periodontitis.*” Additionally, results from NHANES
Il showed that the occurrence of periodontitis was inversely as-
sociated with serum concentration of antioxidants, including AA
and various carotenoids, after adjusting for age, gender, ethnicity,
smoking status, contraceptive intake, diabetes, income, and educa-
tion. The study showed a stronger inverse association between AA

concentration and sever periodontitis occurrence in a sub-group of
never smokers than in the whole sample.®® Similar results were fur-
ther demonstrated in data from the fourth Korean National Health
and Nutrition Examination Survey.®”

Unlike the reduction in plasma AA levels following major sur-
gical therapies (e.g., cardiac surgery), as a result of the occurring
oxidative stress, a clinical trial demonstrated that nonsurgical peri-
odontal therapy did not significantly alter the plasma AA levels in
smokers between the first SRP session and the last one 4weeks
later. These findings were explained by the lower extent of tissue
damage and inflammatory reactions with oxidative stress occurring
following SRP as compared to these major surgical interventions.*6?
In a recent pilot study on 20 patients, AA serum levels were fur-
ther linked to periodontitis severity and CRP levels. Interestingly,
the study demonstrated that AA serum levels were not related to
the patient's reported vegetable or fruit intake yet associated with
a higher consumption of processed meat. In patient with low AA
serum levels a significant positive correlation was evident with the
periodontitis stage (severity), demonstrating a further significant
inverse correlation with elevated CRP levels.}®® Conversely, a re-
cent cohort investigation examining associations of oral nutrient
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Evaluated parameters

ABL

Serum IL-1p level

Presence of inflammatory cells and
osteoclasts

Body weight

Blood glucose

Glucose tolerance

Serum insulin

Tibia bone loss

ABL

Number of inflammatory cells, RANKL-
positive, area of osteoid

Outcomes: clinical, histological, immunological

Mean ABL in mandibular first molar was significantly
lower in RBF100 than in Control group.

In the Ligated group, ABL was significantly higher
than in all other groups.

The ratio of presence of inflammatory cell infiltration
in the Ligated group was significantly higher than in
the Control group.

The differences in serum IL-1p levels between groups
were not statistically significant.

Osteoclasts that were observed in the Ligated group
were significantly higher than those of the Control
and FA100 groups. The osteoblastic activity in the
Ligated group, RBF100, and NA100 groups were
shown to be significantly higher than those in the
Control group.

In STZ-treated rats, hyperglycemia over 300 mg/dL
and severe weight loss were observed.

Insulin level was approximately 14% compared to
control rats.

STZ-NA-treated rats were impaired in glucose
tolerance compared to control rats; body weight and
insulin levels were not different.

Tibia bone loss was increased in STZ-treated rats,
but significant change was not observed in STZ-NA-
treated rats compared to control rats.

In ligatured teeth, ABL was increased in both STZ-
and STZ-NA-treated rats compared to control.

ABL, the number of inflammatory cells and RANKL-
positive cells in STZ-treated rats were greater than in
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Conclusion

Systemic administration of RBF, NA, and
FA in different dosages (50-100mg/
kg) reduced ABL in periodontal disease
in rats.

Results indicate that STZ- and STZ-
NA-treated rats exhibit diabetic
characteristics similar to type 1
diabetes mellitus and a pre-diabetic
state, respectively, and suggest that the
level of bone loss in alveolar bone and
tibia depend on diabetic status.

STZ-NA-treated rats.

e Area of osteoid decreased in STZ-treated rats
compared to control, but not STZ-NA-treated rats.

intake and corresponding serum metabolites with clinical severity of
human periodontitis showed an opposite relationship, where higher
AA dietary intake was associated with the sub-group of periodonti-
tis patients demonstrating higher tooth loss. This conflicting result
was explained through the fact that in this cohort, patients suffering
from severe forms of periodontitis associated with teeth loss were
more aware of their critical situation and subsequently increased
their self-administrated dietary amount of AA intake.'*” The inter-
individual differences observed in AA absorbance between studies,
which additionally influences plasma AA concentrations, may be
explained through genetic variations in the AA transporter protein
SVCT1.28 In this context, an investigation suggested that a genetic
variance in SLC23A1 encoding SVCT1 could be linked to periodonti-
tis, through reducing the serum availability of AA, irrespective of the
individual's dietary intake.'*

Aninvestigation correlating serum AA levels to A. actinomycetem-
comitans and P. gingivalis 1gG antibodies of Finnish and Russian male
patients demonstrated a significantly negative correlation between
serum AA and P.gingivalis 1gG levels only. Unlike A.actinomycetem-
comitans 1gG levels, with increasing of AA the number of P.gingivalis
seropositive subjects decreased.!’® In a male guinea pigs preclinical

model, marginal ascorbate deficiency induced a significant reduction
in the amount of stimulated saliva as well as increased the plasma
and to a lesser degree the salivary cortisol content. The elevated
cortisol levels were explained by the previously reported effects
that reduced AA levels cause adrenal hypertrophy, with increased
cortisol liberation.”* Yet, apart from the direct impact of a AA de-
ficiency on the body, such elevated cortisol levels would indirectly
compromise oral inflammatory responses to dental plaque, reduce
collagen formation, decrease bone matrix formation as well as impair
periodontal wound healing.t’? Taken together results suggested a
strong association between AA and periodontal disease and war-
ranted the need for further in vitro, animal, and clinical intervention

studies to further explore the underlying mechanisms.

3.3.2 | Rolesin periodontal therapy and biological
wound healing/regeneration

In vitro studies results
A number of studies tested the cellular effects of AA as well as
the underlying intracellular mechanisms in vitro. AA exerted an
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TABLE 8 Effect of vitamin B—clinical studies.

Patients, sample size, gender, smoker,

Author, year, country, study type  diagnosis Treatment, Form of vitamin application  Study duration
Keceli et al. 2020%° N=460 patients (30/group) Group 1: SRP +placebo (P) 6months
Turkey 37 completed the study (22 females and Group 2: SRP+FA
RCT 15 males)

(20 in SRP+FA and 17 in the SRP+P)

Nonsmokers

Periodontitis
Neiva et al. 20051 N =30 patients (13 males, 17 females) Group 1: A capsule/day of either 6months

USA RCT
Non-smokers

Generalized moderate to severe CP

immunomodulatory protective effect on human PDLSCs and was
able to revert the P. gingivalis-LPS-induced expression of ROS, NFkB,
MyD88, and p300, while restored the expression of miR-210 (im-
plicated in the protection against periodontitis as well as in osteo-
genesis, angiogenesis, and cell survival).’317# Interestingly, a further
investigation demonstrated a synergistic effect of IL-11 (10ng/mL)
and AA (50pg/mL) on the osteoblastic differentiation potential
of periodontal ligament cells, with their combined application for
1week inducing higher collagen |, RUNX2, ALP, OCN, and tissue inhib-
itor of metalloproteinase-1 production. It appeared that IL-11, com-
bined with AA at the tested concentration and stimulation time, can
function as an osteo-promotive cytokine, in line with recent reports
on the possible beneficial effects of controlled inflammatory stimuli
on periodontal regeneration.'’® The observed effects were linked to
an AA-induced inactivation of the intracellular janus kinase/signal
transducers and activator of transcription and MAPK signaling path-
ways.?¢ In a further in vitro investigation G-MSCs were stimulated
by AA (250pumol/L) under an uninflamed as well as an experimental
inflammatory setup (1ng/mL IL-1f8, 10ng/mL TNF-«, and 100ng/mL
IFN-y). AA stimulation improved G-MSCs' stemness, proliferation,

Vit-B (50 mg of: thiamine HCI,
riboflavin, niacinamide, d-calcium
pantothenate, pyridoxine HCI;
50 microg each of d-biotin and
cyanocobalamin and 400 mcg of
folate)

Group 2:

Placebo

For 30days following access flap
surgery (AFS)

and differentiation attributes, associated with a Wnt/p-catenin
signaling pathway activation. Apart from firstly enhancing cellular
metabolism and Sox2 and Oct4A pluripotency gene expression, in-
flammation seemed to reduce these AA-induced positive effects.!””

AA was further extensively applied in the biosynthesis of cell
sheets of mesenchymal stem cells from the bone marrow, umbilical
cord, stem cells from the apical papilla (SCAP), PDLSCs, and human
dental pulp stem cells (DPSCs), with great potential in periodontal
regenerative approaches.’ AA at concentrations of 20pg/mL pre-
dictably produced cell sheets from SCAP, PDLSCs, and DPSCs, with
upregulated expressions of the pluripotency markers OCT4, SOX2
and NANOG as well as ALP, RUNX2, OPN, osteocalcin (OCN), integrin
p1, fibronectin, and collagen 1.7817? Interestingly, DPSCs showed
a significantly higher expression of OCT4 and TERT pluripotency
markers.r®17? Ectopically formed tissue, following the AA-induced
cell sheets transplantation subcutaneously in nude mice, demon-
strated that PDLSCs cell sheets formed directionally arranged
tissue fibers, while SACP cell sheets showed the highest mineral-
ization potential.’’’ These AA-induced cell sheets further demon-
strated elevated telomerase activity.}”® When cultured in a Matrigel
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Methods of
evaluation (ELISA,
immunohistochemistry,

histological, etc.) Evaluated parameters

Clinical parameters

ELISA baseline, (one (PT-1), three
(PT-3) and six (PT-6) months for
CRP and homocysteine (Hcy)

PI, GI, PD, CAL, GR, GCF (at e Compared to SRP+P, CAL was lower in

SRP+FA at PT-1 (p=0.004) and PT-3

(p=0.035), whereas GR was lower at only

PT-1 (p=0.015).

evaluation) e GCF volume and CRP did not show inter-
group differences, whereas Hcy was
higher in SRP +FA at PT-3 (p=0.044) and
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Outcomes: clinical, histological,
immunological, microbiological, PROMS

Conclusion

Systemic FA intake may be
recommended adjunctive
to periodontitis treatment
for better outcomes.
However, its impact
mechanisms should be
further enlightened.

PT-6 (p=0.041).

e GCF volume and Hcy showed reduction
after treatment in both groups
(p<0.001).

Clinical parameters

BANA test Microbial assessment

CAL, BOP, GI, PI e Both groups showed comparable
levels of PD reduction following
AFS (test: -1.57 +0.34 mm; control:
-1.50+0.21 mm).

e Changes in mean CAL were more
favorable in Vit-B supplemented

Vitamin B complex supplement
in combination with AFS
resulted in statistically
significant superior CAL
gains when compared to
placebo.

subjects (test: +0.41 +0.12 mm; control:
-0.52+0.23mm; p=0.024).

e Stratified data demonstrated significantly
better CAL results for test group in both
shallow (test: —0.08 +0.03 mm; control:
-1.11+0.27 mm; p=0.032) and deep
sites (test: +1.69 +0.31 mm; control:
+0.74+0.23mm; p=0.037).

e No significant differences were observed
between groups regarding PI, Gl, and

BOP.

o BANA test values were significantly
reduced in both groups after surgical
treatment and no significant differences
were noted between groups.

conditioned medium and transplanted subcutaneously in nude
mice for 3months, the cell sheets successfully regenerated peri-
odontal as well as dentin pulp-like structures.*®® Transplantation
of AA-stimulated PDLSCs into the back of immunocompromised
mice formed significantly higher quantities of ectopic cementum-
and bone-like mineralized structures, compared to unstimulated
cells.*®! In combination with 10mM p-glycerophosphate, AA at con-
centrations of 50 ug/mL is commonly used for osteogenic induction
of mesenchymal stem/progenitor cells.*®283 The AA-induced os-
teoblastic differentiation in periodontal ligament cells increased the
expression of the osteoblastic markers RUNX2, ALP, and OCN, an
effect ascribed to an activation of the extracellular signal-regulated
kinase (ERK)1/2.184 Similarly, a further study attributed AA-induced
periodontal ligament progenitor cells' differentiation to ERK1/2
pathway activation, relying on an AA-induced upregulation of the
PELP1 nuclear receptor co-regulator, with no involvement of JNK
or p38 pathways. An inhibition of the ERK1/2 signaling pathway, re-
duced RUNX2 expression and mineralized nodule formation.'® The
differentiation inductive potential of AA was further exploited in
cementogenesis and cementogenic commitment of human PDLSCs,

with an elevation of cementum attachment protein (CAP) and cemen-
tum protein 1 (CEMP1) expression.

In a recent study, sodium ascorbyl phosphate (SAP), a hydro-
philic L-ascorbic acid derivative, convertible to free AA by cell
phosphatases for sustained release in the medium, was tested at
concentrations ranging from 50 to 500 pmol/L on mouse MC3T3-E1
pre-osteoblastic cells. SAP stimulated pre-osteoblastic cellular dif-
ferentiation, inducing RUNX2, COL1A1, and OCN genes, collagen |
secretion and increased extracellular matrix mineralization (espe-
cially at concentrations of 200 or 400 pmoI/L).185 In a further study,
SHED stimulated with 10pM AA similarly enhanced OCT4, SOX2,
and NANOG expression and their cellular differentiation potential as
well as altered their secretom profile, with elevated secretions of
VEGF, TGF-a and B, SCF, IGF-1, HGF, b-FGF, EGF, Ang-1&2, DKK-1,
BMP-2, PTH, Leptin, ACP5, ALPL, and OPN. It further enhanced the
expression of the inflammatory cytokines TNF-a, IL-6, IL-17A, NO,
IDO, SDF-1, and PGE2, while also increasing the anti-inflammatory
cytokine IL-10.18¢ The described alterations in the secretom expres-
sion profile could open interesting potentials for therapeutic ap-
proaches.*®” Porous decalcified dentin matrices loaded with human
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dental follicle cell sheets, subsequently induced by 50 mg/mL AA for
9-11days and ectopically transplanted in the renal capsule of nude
mice, formed periodontal like tissues with bone, fibers organized
perpendicular to the dentin and positive staining for OPN and peri-
ostin after 8 weeks. 88 Taken together these findings for pronounced
positive effects on regenerative attributes of periodontal cells and
the elucidation of the underlying cellular mechanisms appeared to
provide first evidence for an explanation of the observed association
of dietary AA intake with periodontal health. Thus, further animal
and clinical studies were warranted (Table 9).

Animal studies results

Limited animal studies exist on the effects of AA on periodontal
healing/regeneration. AA demonstrated remarkable regenera-
tive potential in animal experimental models. Human AA-induced
DPSCs cell sheets transplanted into a miniature swine's preclini-
cal periodontitis model demonstrated improved periodontal tissue
healing as compared to DPSCs cellular injection, with significantly
higher amounts of regenerated bone volumetrically.® Similarly, AA-
induced PDLSCs cell sheets in combination with flap surgery showed
remarkable periodontal regeneration in a miniature pig periodontitis
model, with regularly arranged periodontal ligament fibers inserted
histologically into newly formed cementum and higher amount of
bone formation, compared to dissociated PDLSCs on a gelfoam scaf-
fold.'7® Although limited in number, these studies further accentu-
ated the positive regenerative attributes of AA reported earlier on

cellular level (Table 10).

Clinical trials results

Although evidences collected from epidemiological, in vitro, and
animal studies suggested a positive effect of AA supplementa-
tion on periodontal treatment outcomes, the results of the clinical
intervention studies were very modest and mostly failed to show
an additional benefit of AA systemic supplementation on periodon-
tal therapeutic outcomes. An earlier clinical trial demonstrated no
additional beneficial effect of adjunctive 250mg q.i.d. AA in mega
doses 1week prior to SRP on the healing response to nonsurgical
periodontal therapy.*® Similarly, in a clinical trial, 2000mg per day
of AA given orally to patients undergoing SRP for 4 weeks had no in-
fluence on periodontal outcomes (CAL, PD, BOP, PI, and GI) or TAOC
plasma levels.?!

Yet, although systemic AA supplementation failed to show ad-
ditional effect on periodontal wound healing, local AA application
seemed to represent an interesting alternative with promising re-
sults. In a recent study, AA in a concentration of 250ug/mL was
amalgamated into platelets rich fibrin (PRF) and incorporated di-
rectly into intra-osseous defects of stage-lll/grade C periodontitis
patients with open flap debridement (OFD). Compared with PRF
alone, the AA/PRF group demonstrated significantly better reces-
sion reduction and linear radiographic defect fill over a 6-month
follow-up period.192 These results shed light on a new perspective,
employing local AA application as an adjunct to periodontal wound
healing following periodontal surgical therapeutic interventions.

Yet, the absence of beneficial effect of AA systemic supplemen-
tation on periodontal therapeutic outcomes underlines the multi-
factorial intricacy of the body's biological systems and negates the
simplistic unifactorial therapeutic approaches. It further hints at the
fact that, unlike under idealized in vitro conditions, certain vitamins
could need additional cofactors and micronutrients to exert their

expected beneficial effects on the periodontium in vivo (Table 11).

Evidence box

Presence Effect

Association studies v ++/-
Biological mechanism v ++
Animal model “proof of principle” v ++
Clinical studies with surrogate parameters v -—/+
Clinical studies with hard end points @

3.4 | VitaminD

3.4.1 | Sources, biological structure and function

and roles in periodontal health/prophylaxis and disease

Vitamin D is a fat-soluble vitamin, which functions through vi-
tamin D receptors (VDR), a member of the steroid nuclear re-
ceptor superfamily, universally expressed on nucleated cells.
Biologically, 90% of vitamin D is produced through sunlight
ultraviolet-B exposure of the subcutaneous cholesterol-like pre-
cursor (7-dehydrocholesterol) to pre-vitamin D, which isomerizes
to cholecalciferol (vitamin D3). The rest is obtained from dietary
sources (e.g., fatty fish, fish oils, egg yolk, and dairy products).}?®
Vitamin D2 stems from plant sources.!”® Both vitamin D3 and
D2 are biologically inactive. Through a process driven mainly by
the parathyroid hormone (PTH) and growth hormone, vitamin D
undergoes 25-hydroxylation in the liver to 25(0OH)D3 (calcidiol,
half-life 2-3weeks), followed by hydroxylation in the kidneys or
nonrenal sites, including alveolar macrophages, osteoblasts, lymph
nodes, placenta, colon, breast, and keratinocytes to its most active
form, 1,25(0OH)D3 (calcitriol, half-life of 4-6h).1*

The ability of periodontal cells to self-produce vitamin D was
demonstrated in vitro. Following incubation of primary cultures of
human gingival fibroblasts and periodontal ligament cells with the
25-hydroxylase substrate vitamin D3, 25(0OH)D3 was detectable, fol-
lowed by the production of 1,25(0OH)D3. A knockdown experiment
confirmed that the vitamin D activating enzyme la-hydroxylase
(CYP27A1) mRNA was responsible for the production of 1,25(0OH)
D3 extra-skeletally in these cells. Interestingly, challenging both cell
types by IL-1p and P. gingivalis-LPS strongly induced CYP27A1 mRNA
expression.!”® The amount of vitamin D in the human organism is
determined through identifying the concentration of its main circu-
lating metabolite 25(0OH)D3 in the plasma. A concentration below
37.5nmol/L denotes vitamin D deficiency, while a concentration
above 200nmol/L signifies hypervitaminosis.!”® To exert an effect
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on the periodontium, the plasma concentration of 25(0OH)D3 should
reach 90-100 nmol/L.*’

Apart from its endocrine actions, facilitating intestinal calcium
absorption and osteoclast activity, vitamin D further functions
though VDR present on a variety of immunological and nonimmu-
nological cells in an autocrine mechanism, regulating gene signal-
ing/expression, hormone/protein synthesis, immune/inflammatory
responses, and cellular turnover.'?®1%? In this context, vitamin D
deficiency was linked to the occurrence of a multitude of diseases,
including autoimmune diseases, cancer, diabetes, myopathies, met-
abolic syndromes, osteoporosis, infections, cardiovascular disease,
and chronic obstructive pulmonary disorder (COPD)1?4200.201
Silencing of VDR was shown to result in hyperresponsiveness of
macrophages to LPS.2%2
Vitamin D received significant attentiveness as an anti-

inflammatory agent,203

with a relationship reported between peri-
odontitis and low serum vitamin D levels, especially in adults of the
middle and higher age groups.?°4-2%¢ Thus, it was suggested that a
vitamin D supplementation starting from the middle age could be
beneficial in preventing periodontal disease progression, due to its
pleiotropic functions and given that aging itself could pose a risk

).37 A study on

factor for bone health disorders (e.g., osteoporosis
85 postmenopausal women demonstrated that compared to age
and sex matched controls, periodontal disease appeared to be more
common in them, combined with a lower vitamin D as well as a higher
RANKL and osteoprotegerin (OPG) expression. It appears that the
osteoclastic activation associated with low vitamin D levels could
represent a common risk factor linking both diseases together.207 A
similar correlation was demonstrated between serum 25(OH)D3 and
periodontal health status in type 1 diabetes mellitus patients?°® and
postmenopausal women,?°? where low serum 25(0OH)D3, denoting
vitamin D deficiency and an unbalanced immune response, could
pose a common risk factor for the enhanced progression potential
of the diseases. A case-control study, examining the relationship
between serum 25(0OH)D3 and periodontitis in pregnant women be-
tween 14 and 26 weeks of gestation, concluded that serum 25(OH)
D3 levels below 75nmol/L were associated with maternal periodon-
tal disease. The authors concluded that vitamin D supplementa-
tion could represent an important strategy to improve oral health
of pregnant women.?!® A further case-control study explored the
association between serum 25(OH)D3 levels, periodontal health
and COPD, demonstrating that lower serum 25(0OH)D3 levels were
significantly associated with poor periodontal health and COPD.?*!

A cross-sectional study examining the association between total
vitamin D intake and periodontal health in 562 older veteran men
demonstrated that subjects who received vitamin D 28001U per day
had a lower risk having severe periodontitis (PD 25 mm on more than
one tooth and CAL 26 mm at more than two tooth, and moderate-to-
severe alveolar bone loss 240% at more than sites), whereas those
receiving <4001U per day of vitamin D suffered from a more ad-
vanced level of alveolar bone resorption.212 In a randomized con-
trolled trial, vitamin D was given in three doses of 2000, 1000, and
5001U per day and compared to a placebo group regarding changes in
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gingival scores for up to 3 months, demonstrating a dose-dependent
anti-inflammatory effect. Gingivitis scores changed in direct rela-
tionship to the dose of vitamin D supplementation, where the group
receiving the higher supplement dose demonstrated the fastest
resolution in gingivitis scores followed by the lower dose groups
in a dose-dependent manner. In contrast to the placebo group,
where serum 25(0OH)D3 concentration increased by 0.87 nmol/L
over the 3months period, the consumption of 500IU increased
serum 25(0OH)D3 by 32.03nmol/L, the consumption of 10001U by
42.12nmol/L and the consumption of 20001U by 74.22 nmol/L.2*3 It
was further postulated, that vitamin D levels may be crucial during
post-surgical periodontal healing and that baseline deficiencies can-
not be reversed through a 6 weeks vitamin D supplementation at the
time of surgery, as it may take up to 3months of supplementation
for serum 25(OH)D3 levels to normalize.?' Conversely, a presurgical
4- to 6-week supplementation with a mixture of micronutrients was
reported to increase 25(0OH)D3 levels from an average plasma level
of 24.76 ng/mL to 50.11 ng/mL.2%° Still, lower serum vitamin D levels
(«30ng/mL) were demonstrated to be marginally associated with a
slightly nonsignificantly reduced periodontal healing following non-
surgical periodontal therapy.216

A multitude of clinical studies demonstrated the protective role
of vitamin D against periodontal disease as well as the direct associ-
ation between periodontal health and serum 25(0OH)D3 levels. A 5-
year prospective clinical study suggested that vitamin D and calcium
supplementation reduced the risk of tooth loss in elderly individu-
als.?'” Findings from the NHANES IIl implied that serum 25(0OH)D3
levels were negatively correlated with CAL loss in men and women
50years and older.?*® Similarly, a further linear correlation was evi-
dent between serum 25(0OH)D3 and gingival inflammation indepen-
dent of race, gender or being a user/nonuser of further vitamins/
minerals supplements, where individuals with the highest serum
25(0OH)D3 levels demonstrated 20% less BOP than those with the
lowest levels.?'? A cohort study correlated serum 25(0OH)D3 levels,
PD, CAL, BOP, body mass index (BMI), current smoking status, and
smoking history (packyears). Although 25(OH)D3 deficiency was
significantly associated with periodontal disease, serum 25(0OH)D3
levels did not correlate directly with CAL, PPD, or BOP,220

An earlier study exploring the relationship between serum adi-
pokines, vitamin D, and clinical and microbiological parameters in 56
periodontitis patients, demonstrated positive correlations between
adiponectin and vitamin D as well as between IL-6 and leptin, a neg-
ative correlation between IL-6 and vitamin D as well as leptin and
vitamin D, but did not show associations between adiponectin, vita-
min D, IL-6 or leptin and clinical or microbial parameters. Although
periodontal therapy improved clinical and microbiologic parame-
ters, it did not influence the levels of adiponectin, vitamin D, IL-6,
or leptin.?%!

It was reported that vitamin D performs its major anti-
inflammatory effect, through inhibition of the MAPK signaling,
thereby reducing the production of a multitude of inflammatory cy-
tokines, including IL-6, IL-17, and TNF-a.??? Vitamin D further pos-
sess the ability to switch the macrophage's phenotype from the M1
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(pro-inflammatory phenotype) to the M2 (anti-inflammatory pheno-
type).??® The immunomodulatory effects of vitamin D were further
demonstrated in an in vitro experiment, where cultures of human

periodontal ligament cells were treated with 1,25(0OH)D3, P. gingivalis

TABLE 9 Effect of vitamin C—in vitro studies.

or their combination. While P. gingivalis significantly upregulated IL-6
and IL-8 expression, 1,25(0OH)D3 inhibited IL-8 expression especially
when combined with P.gingivalis. Yet 1,25(0OH)D3 was not able to
affect the IL-6 expression with or without P.gingivalis stimulation.?*

Study material
Author, year, (stem cells, Form of
country, study fibroblasts, etc.), vitamin
type Sample size application Groups Methods of evaluation (ELISA, etc.)
Bhandi et al. SHED In culture Group 1: Cytometric bead array
2021186 N=5 medium  SHED+AA (10pg/mL) RT-PCR
Saudi Arabia Group 2:
SHED
Fawzy El-Sayed G-MSCs In culture Control group: basic medium ELISA
etal. N=5 medium Inflammatory group: basic medium with IL-1p  Cell count
202077 (1ng/mL), TNF-a (10ng/mL), and IFN-y Histochemistry
Germany (100ng/mL), RT-PCR
AA group: basic medium with AA
(250 umol/L)
Inflammatory/AA: AA added to the
inflammatory group.
Gauthier et al. hPDLSCs In culture Group 1: RT-PCR
20178 N=20 medium hPDLSCs+AA (20pg/mL) Subcutaneous transplantation in
USA Group 2: immunocompromised mice
hPDLSCs Immunohistochemistry
Hu et al. DPSCs In culture Group 1: RT-PCR
202077 PDLSCs medium DPSCs+AA (20pg/mL) Subcutaneous transplantation in nude
China SCAP Group 2: mice
N=5 PDLSCs+AA (20pg/mL) Immunofluorescence
Group 3: Immunohistochemistry
SCAP+AA (20pg/mL)
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A further study investigating a newly discovered vitamin D analog,
eldecalcitol (ED-71), as a potential therapeutic agent in periodon-
titis, demonstrated the ability of ED-71 to counteract P.gingivalis-
LPS-induced NLRP3 inflammasome-dependent pyroptosis (a type

Evaluated parameters Outcomes

 perocartaogy 2000 SUINSEES

of caspase-1-dependent inflammatory apoptosis) in human gingival
fibroblasts. Results further revealed that the pyroptosis-inhibition
effect was mediated through activating the intracellular Nrf2/HO-1
pathway.??® 25(0OH)D3 treatment reduces serum inflammatory

Conclusion

Human Growth Factor Panel (Ang-2,
EGF, Ang-1, FGF-basic, HGF, IGF-1,
TGF-p, SCF, TGF-a, and VEGF)

Human Immune Panel (PGE-2, SDF-1,
TGF-p1, DO, NO, CCL2, IL-17A, IL-6,
IL-10, and TNF-q)

Human Bone Metabolism Panel (OPG,
OPN, ALP, ACP5, Leptin, RANKL,
PTH, BMP-2, DKK-1)

B-catenin levels

Cellular proliferation Colony-forming
Pluripotency genes Multilineage
differentiation.

Expression of CAP, CEMP1, BSP, OCN

Expression of collagen I, fibronectin,
integrin p1, vimentin

NANOG, OCT4, SOX2 and TERT gene
expression

Treatment with AA enhanced secretion of growth factors,
anti-inflammatory cytokines, and factors related to bone
metabolism.

AA altered SHED secretom profile, with elevated secretions
of the anabolic growth factors VEGF, TGF- a&p, SCF, IGF-1,
HGF, b-FGF, EGF, Ang-1&2, DKK-1, BMP-2, PTH, Leptin, ACP5,
ALP and OPN.

It further enhanced the expression of inflammatory cytokines

as TNF-a, IL-6, IL-17A, NO, IDO, SDF-1 and PGE2, while also
increasing the anti-inflammatory cytokine IL-10

p-Catenin significantly decreased intracellularly in all
experimental groups (p=0.002).

AA group exhibited significantly higher cellular counts on
days 3, 6, 7, 13 (p<0.05) and the highest CFUs at 14 days
[median-CFUs (Q25/Q75); 40 (15/50), p=0.043].
Significantly higher Nanog expression was noted in AA
group [median gene-copies/PGK1 (Q25/Q75); 0.0006
(0.0002/0.0007), p<0.01].

Significant multilineage differentiation abilities, especially
into osteogenic and chondrogenic directions, were evident in
the AA group

RT-PCR analysis showed that cementogenic CAP was
expressed only slightly higher in STRO-1¥/CD146", STRO-
17/CD146" and STRO-1/CD146™ subpopulations than in
the original cell pool, while CEMP1 expression in these
subpopulations was not different from the original pool.
Under the stimulation with osteogenic medium, CAP and
CEMP1 were downregulated while osteogenic BSP and OCN
were upregulated.

CAP and CEMP1 were upregulated by AA treatment.

- Transplantation of AA-treated PDLSCs into
immunocompromised mice resulted in significantly more
ectopic cementum- and bone-like mineral tissues.
Immunohistochemical analysis of the ectopic growth showed
that CAP and CEMP1 were mainly expressed in the mineral
tissue and in some cells of the fibrous tissues.

No differences were found in histological structure and
extracellular matrix protein expression between DPSCs,
PDLSCs and SCAP sheets.

DPSCs sheet showed higher expression of OCT4 and TERT
than PDLSCs and SCAP sheets.

All three cell sheets displayed ability of mineral tissue
formation and highly expressed periostin.

The tissue derived from DPSCs sheet showed higher CD31
expression and porous fibers compared with that from the
others.

The tissue fibers formed from PDLSCs sheet were
directionally arranged, while the tissue derived from SCAP
sheet showed highest mineral tissue formation.

SHEDs displayed enhanced

multifaceted activity, which may
have applications in regenerative
therapy.

AA stimulation enhances G-MSCs'

stemness, proliferation, and
differentiation properties,
effects which are associated
with a Wnt/g-catenin signaling
pathway activation.

Apart from initially boosting

cellular metabolism as well as
Sox2 and Oct4A pluripotency
marker expression, inflammation
appeared to attenuate these AA-
induced positive effects.

Osteogenic stimulation is not

inductive but appears to be
inhibitory of cementogenic
pathways, whereas AA
induces cementogenic lineage
commitment by PDLSCs and
may be a useful stimulus for
cementogenesis in periodontal
regeneration.

Although in vitro DPSCs, PDLSCs

and SCAP cell sheets have
similar characteristics, their
regenerative characteristics in
vivo are different, with each
showing potential application for
regeneration of different tissues.
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TABLE 9 (Continued)

Study material
Author, year, (stem cells, Form of
country, study fibroblasts, etc.), vitamin
type Sample size application Groups Methods of evaluation (ELISA, etc.)
Leon et al. Human In culture Group 1: Immunohistochemistry
2007%7¢ periodontal medium Human periodontal ligament cells+IL-11 RT-PCR
Japan ligament cells (10ng/mL) ELISA
N=3 Group 2:
Human periodontal ligament cells+1L-11
(10ng/mL)+AA (50 pg/mL)
Marconi et al. hPDLSCs In culture Group 1: MTT assay
2021%7° N=6 medium Untreated hPDLSCs Immunofluorescence
Italy Group 2: Western blot
hPDLSCs+AA (50 pg/mL) microRNA quantization
Group 3: hPDLSCs+ P. gingivalis
lipopolysaccharide (LPS-G (5 pg/mL)
Group 4: hPDLSCs + LPS-G (5 ug/mL)
+AA (50 pug/mL)
Okajima et al. Mouse pre- In culture MC3T3-E1 +sodium ascorbyl phosphate RT-PCR
20208 osteoblastic medium (SAP) at concentrations of 0, 50, 100, 200,  ELISA
Brazil cells 300, 400, 500 Immunohistochemistry
MC3T3-E1 pgmol/L
N=3
Wei et al. PDLSCs In culture PDLSCs+AA at concentrations of 0, 5, 10, MTT assay
201278 N=16 (human) medium 20, 50 pg/mL Transmission electron microscopy
China N=9 minipigs ELISA

cytokine levels (TNF-a, INF-y, and IL-6) and alveolar bone loss
and it was suggested that through its immunomodulatory effects,
25(0OH)D3 positively affects periodontal “inflammaging,” reducing
the senescence-associated secretory phenotype (SASP) through
a SOCS3/STAT-dependent mechanism, and inactivating NF-kB
pro-inflammatory signaling in diabetics.??® Furthermore, 25(0OH)
D3 boosted PTPN2 expression, an intracellular tyrosine-specific

phosphatase, that regulates immune and inflammatory responses in

Western blot

Histochemistry

Subcutaneous transplantation in nude
mice

Transplantation in miniature swine
periodontal defects

diabetic patients, as a protein downstream of the VDR.??’ The 25(0OH)
D3-enhanced PTPN2 and VDR expression decreased the expression
of TLR4 and the JAK1/STAT3 inflammatory signaling proteins in the
gingival epithelium, through their dephosphorylation.?28:22?
Conversely,itwasalso demonstrated that vitamin D could exert pro-
inflammatory and antimicrobial actions.?®%%3! Following stimulation
with 1,25(0OH)D3, VDR and the 1-a-hydroxylase gene were activated

and cathelicidin secretion and LL-37 (a potent inhibitor of intracellular
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Evaluated parameters

ALP activity

Gene expression of RUNX2, OCN and
BSP

Type 1 collagen and tissue inhibitor of
metalloproteinase-1 production

Cell proliferation

ROS analysis

DNMT1,

NFxB, MyD88, and p300
miR-210

Gene expression of RUNX2, COL1A1,
Osteocalcin (BGLAP2)
Collagen |

Cell proliferation/survival
Telomerase activity
RT-PCR

Outcomes

IL-11 enhanced ALP activity and RUNX2, OCN and BSP gene
expression in the presence of AA.

IL-11 induced type 1 collagen and tissue inhibitor of
metalloproteinase-1 production in periodontal ligament cells.
Type 1 collagen inhibitor completely inhibited the ALP
activity enhanced by IL-11 and AA.

Furthermore, janus kinase/signal transducers and activator
of transcription and MAPK signaling inhibitors reduced IL-11/
AA-induced ALP activity in periodontal ligament cells.

Cells co-treated with LPS-G and AA showed restoration of
cell proliferation.

The expression of NFxB, MyD88, and p300 was upregulated
in LPS-G exposed cells, while the expression was attenuated
in co-treatment with AA.

DNMT1 expression is attenuated in cells exposed to the
inflammatory stimulus. - The level of miR-210 was reduced
in stimulated cells, while the expression was evident in the
hPDLSCs co-treated with LPS-G and AA.

SAP at concentrations from 50 to 500 pmol/L does not
influence preosteoblast cell viability, but stimulates their
differentiation, observed by the induction of RUNX2,
COL1A1, and BGLAP2; by the higher secreted levels of
collagen I; and by increase in the mineralization of the
extracellular matrix in cells exposed to this agent at 200 or
400pumol/L, compared with those not exposed.

AA at 20 ug/mL was capable of forming cell sheets and
inducing telomerase activity in PDLSCs, with upregulated
expression of extracellular matrix type | collagen, fibronectin,
and integrin B1, stem cell markers Oct4, Sox2 and Nanog

and osteogenic markers RUNX2, ALP, OCN. - Under AA
treatment, PDLSCs can form cell sheet structures because of
increased cell matrix production.

 perocartaogy 2000 SUINSERS

Conclusion

IL-11/AA-induced osteoblastic
differentiation of periodontal
ligament cells through type 1
collagen production and janus
kinase/signal transducers and
activator of transcription, and
MAPK signaling pathways
were involved in this process.
Findings suggest that IL-11
may function as an osteo-
promotive cytokine, stimulating
osteoblastic differentiation of
periodontal ligament cells mainly
through the synthesis of type
1 collagen and possibly by the
induction of tissue inhibitor of
metalloproteinase-1.

AA could enhance a protective
effect in in vitro periodontitis
model, downregulating the
inflammatory pathway and ROS
generation and modulating the
miR-210 level.

The incorporation of SAP into local
release devices, membranes/
scaffolds or biomaterials, could
favor bone tissue formation and
therefore periodontal healing.

PDLSCs sheets demonstrated a
significant improvement in tissue
regeneration compared with
untreated control dissociated
PDLSCs and offered an effective
treatment for periodontal
defects in a swine model. The
development of AA-mediated
mesenchymal stem cell sheets
may provide an easy and
practical approach for cell-based
tissue regeneration.

LPS signaling) production increased up to 13 folds. Furthermore, trig-
gering receptor expressed on myeloid cells-1 (TREM-1), a pivotal ampli-
fier of the innate immune response in macrophages, was upregulated
16 folds, and the activation on the gingival epithelial cells increased
their IL-8 mRNA levels, with antimicrobial activity against A.actinomy-
cetemcomitans.2*® An imbalance in vitamin D-mediated functions due
to its relative deficiency could further put the body at an increased risk

of infection.2*#%3% Aggressive forms of periodontitis were found to be

associated with high serum 25(OH)D3 levels and its binding protein.
In this context, polymorphism in the VDR was reported to be associ-
ated with aggressive forms of periodontal disease.?®42%¢ Additionally,
an increase in IL-6, leukocytes and neutrophils was observed. This in-
crease was ascribed to a VDR polymorphism as well as to an increased
25-hydroxylase activity of periodontal cells during acute inflammation,
with 25(OH)D3 concentration in the periodontal pockets reaching 300

times greater levels than those in the plasma.?%’
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TABLE 10 Effect of vitamin C—animal studies.

Author, year, country,
study type size

Hu et al. 2016%®?
China

Wei et al. 201278
China

Miniature swine
N=12

Miniature swine
N=9

Animal type, sample

Treatment, form of vitamin application

Group 1:

Group 2:

AA-induced hDPSCs sheets

hDPSCs injection

Flap surgery with either:

Group 1: AA-induced autologous PDLSCs

sheets

Group 2: UpCell dish PDLSCs sheet

Group 3:

Gelfoam scaffolds + dissociated autologous
PDLSCs with gelfoam.

TABLE 11 Effect of vitamin C—clinical studies.

Author, year, country,
study type

Abou Sulaiman &
Shehadeh 20107

Syria

RCT

Elbehwashy et al. 202172

Egypt
RCT

Woolfe et al. 19847°
USA
RCT

Patients, sample size, gender,
smoker, diagnosis

N =460 patients (30 diagnosed
with chronic periodontitis
(ChP) and 30 matched
controls)

Females: 42

Males: 18

Non-smokers

N=20 patients (10 in each

group)
Females: 17
Males: 3

Stage-lll/grade C periodontitis

Non-smokers

N=10 patients (5 in
experimental and 5 in
control group)

Gingivitis

Non-smokers

Treatment, Form of vitamin
application

ChP group randomly allocated

ChP1: (15 patients SRP+AA
(2000 mg/day for 4 weeks)

ChP2: (15 patients SRP alone)

Test group:

OFD+PRF+AA (250 ug/mL)
Control group:

OFD+PRF

Group 1: 250mg AA q.i.d.

Group 2: placebo

SRP done after 1 week
supplementation of the
tables

Study
duration

12weeks

12 weeks

Study
duration

1month

6 months

7 weeks

Methods of evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Scanning electron microscopy

Transmission electron microscopy

Clinical, Radiological Quantitative
histology

RT-PCR

MTT assay

Transmission electron microscopy

ELISA

Western blot

Histochemistry

Subcutaneous transplantation in
nude mice

Transplantation in miniature swine
periodontal defects

Methods of evaluation (ELISA,
immunohistochemistry,
histological, etc.)

ABTS assay
Clinical measurements

Clinical measurements
Radiographic measurements

Blood samples

Clinical measurements
(Baseline, 2, 6 and 7 weeks after)
Gingival biopsy taken at week 6
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Evaluated parameters Outcomes: clinical, histological, immunological Conclusion
Volume of bone regeneration o After 12weeks, both hDPSCs sheet treatment and Both hDPSCs injection and cell sheet
Human p-globin gene hDPSCs injection significantly improved periodontal transplantation significantly regenerated
Hight of bone regeneration tissue healing clinically in comparison with control periodontal bone in swine. The hDPSCs
Percentage of bone regeneration group. sheet had more bone regeneration
e The volume of regenerative bone in the hDPSCs sheet capacity compared with hDPSCs
group (52.7 +4.1 mm?®) was significantly larger than in injection.

the hDPSCs injection group (32.4+5.1 mm°®) (p <0.05).

e Percentage of bone in the periodontium in hDPSCs
injection group was 12.8 +4.4%, while 17.4 +5.3% in
the hDPSCs sheet group (p<0.05).

Cell proliferation/survival e AA at 20pg/mL was capable of forming cell sheets The development of AA-mediated
Telomerase activity and inducing telomerase activity in PDLSCs, with mesenchymal stem cell sheets may
RT-PCR upregulated expression of extracellular matrix type provide an easy and practical approach
Histology I collagen, fibronectin, and integrin p1, stem cell for cell-based tissue regeneration.

markers Oct4, Sox2, and Nanog as well as osteogenic
markers RUNX2, ALP, OCN.

e Under AA treatment, PDLSCs can form cell
sheet structures because of increased cell matrix
production.

e PDLSCs sheets demonstrated a significant
improvement in tissue regeneration compared with
untreated control dissociated PDLSCs and offered an
effective treatment for periodontal defects in a swine
model.

Outcomes: clinical, histological, immunological,

Evaluated parameters microbiological, PROMS Conclusion
Plasma TAOC levels measured e Plasma TAOC levels were significantly lower in ChP ChP is significantly associated with lower
by an at baseline and 1- patients than controls (p <0.001). levels of plasma TAOC. Non-surgical
month post-therapy. e The periodontal therapy resulted in increasing plasma periodontal therapy seems to reduce the
PD, CAL, BOP, GI, PI TAOC and improvements in clinical measures among oxidative stress during the periodontal
both ChP1 and ChP2 groups (p <0.001). inflammation.
e The adjunctive dose of vitamin C did not offer additional =~ However, the use of adjunctive vitamin C still
effect (p>0.05). needs further investigation.
PD, CAL, RD, FMBS, FMPS e OFD+AA/PRF and OFD + PRF showed no differences OFD + PRF with/without AA significantly
RLDD, RDBD regarding FMBS or FMPS (p>0.05). improved periodontal parameters 6 months
e -OFD+AA/PRF demonstrated significant RD reduction post-surgically. Augmenting PRF with AA
of 0.90+0.50mm and 0.80+0.71 mm at 3 and 6 months, additionally enhanced gingival tissue gain
while OFD + PRF showed RD reduction of 0.10+0.77 mm and radiographic defect fill.
at 3months, with an RD increase in 0.20+0.82mm at
6months (p<0.05).

e OFD+AA/PRF and OFD + PRF demonstrated significant
RLDD reduction (2.29 +0.61 mm and 1.63+0.46 mm;
p<0.05) and RDBD-increase (14.61+5.39% and
12.58+5.03%; p>0.05).

e Stepwise linear regression analysis showed that baseline
RLDD and FMBS at 6 months were significant predictors
of CAL reduction (p<0.001).

Plasma AA levels Correlations between the clinical parameters and the The use of megadoses of vitamin C in

PD, CAL, GI, PI ascorbic acid levels at the different time periods revealed normal human subjects does not have a
no significant differences between the vitamin and the predictable or strong effect on the gingival
placebo groups response to initial therapy.
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3.4.2 | Roles in periodontal therapy and biological
wound healing/regeneration

In vitro studies results
A number of in vitro studies explored the immunomodulatory and re-
generative effects of vitamin D on cellular level. The inductive potential
of 1,25(0OH)D3 on proliferation, differentiation, and matrix mineraliza-
tion of MC3T3-E1 osteoblast-like cells was investigated in vitro. At low
concentration (1072M), 1,25(0H)D3 demonstrated favorable anabolic
effects with increased cellular proliferation, ALP, Col-I, OCN and VDR
expression and no notable effect on the degree of calcification.?*® A
further study compared 10nM of 1,25(0OH)D3 to enamel matrix de-
rivatives (EMD) regarding their osteogenic and cementogenic potential
on human PDLSCs. In contrast to EMD, 1,25(0OH)D3 resulted in higher
expressions of most cementogenic genes, including RUNX2, TGF-41,
BMP-2, BMP-4, collagen I, ALP, bone sialoprotein (BSP), OPN, osteocalcin
(OCN), and Wnt signaling negative modulators (SFRP1 and DKK1) along
with higher mineralized nodule formation. In contrast, EMD stimulated
stronger CEMP1 and CAP protein formation, with weaker minerali-
zation. The study concluded that cementogenic factors could be in-
versely correlated to mineralization factors, with EMD and 1,25(OH)
D3 acting at different stages during cementogenesis.239

Human periodontal ligament cells treated with 1,25(OH)D3 el-
evated OPN and OCN mRNA expression at 24h and ALP activity at
48h. Interestingly, the E. coli LPS-induced IL-6 and CXCL1 transcripts
were attenuated by 30ng/mL 1,25(OH)D3 for 24 h, yet with no ef-
fect on E.coli-LPS-induced IL-1 and MCP-1 mRNA expression.?*® To
further explore the osteoinductive potential of 1,25(OH)D3 under
inflammatory conditions and elaborate on the underlying intracellu-
lar mechanism, human PDLSCs were cultured with P.gingivalis-LPS
or 1,25(0OH)D3 (in isolation or combined) in osteogenic induc-
tive media and the expression levels of osteoblastic markers and
Periodontal ligament-associated protein-1 (PLAP-1) examined.
PLAP-1, also known as asporin, is a member of leucine-rich repeat
proteoglycan family and act as a key regulator in the homeostasis of
periodontal tissues, with the ability to negatively affect the miner-
alization of PDLSCs.2*! P.gingivalis-LPS (10pg/mL) inhibited osteo-
blastic differentiation and upregulated PLAP-1 expression, an effect
that was reversed by 1,25(0OH)D3 and mediated through VDR ele-
ments identified in the PLAP-1 promotor region. 10nM of 1,25(0OH)
D3 restored collagen |, ALP and RUNX2, while downregulated PLAP-1
expression.?*? Combined results of these studies shed an interesting
insight into the periodontal immunomodulatory and regenerative
properties of vitamin D, with its clear ability to exert its anabolic ef-
fects even in the presence of strong bacterial virulence factors and

pro-inflammatory cytokines (Table 12).

Animal studies results

The osteogenic potential of a single topical application of 40x 10™7 pL
1,25(0OH)D3 soaked on collagen, tested for regeneration of 2x2mm
diameter alveolar defects, demonstrated no additional benefits
in bone regeneration, even in vitamin D deficient rats after 1 and

3weeks.?* It appears that for vitamin D to perform its regenerative

and immunomodaulatory actions, multiple applications are required. |
further questions the hypothesis if a topical application of vitamin D
would exert similar effects to systemic administration.

Thus, a study on a type 2 diabetic mice periodontitis model
demonstrated that multiple intraperitoneal 5pg/kg 25(0OH)D3 injec-
tions (every 2days till sacrifice) could attenuate periodontal destruc-
tion. The mechanism of 25(0OH)D3 action was thought to be mediated
through elevating the antimicrobial peptide cathelicidin production
by gingival epithelial cells, reducing TLR4 expression, and elevating
the VDR expression, aside from reducing fasting blood glucose lev-
els.?** The immunomodulatory and anti-inflammatory properties of
vitamin D were evident in a further animal rat model investigating
the effect of 25(OH)D3 on periodontitis and COPD. 25(0H)D3 was
applied intraperitoneal for 8weeks in animals with periodontitis or
periodontitis with COPD. 25(0OH)D3 treatment significantly allevi-
ated inflammation by decreasing the serum levels of nuclear factor kB
ligand (RANKL), TNF-a and IL-1 and increasing IL-10, while reducing
alveolar bone loss and slightly improving lung function.?* In a further
study in a rat periodontitis model, the immunomodulatory effect of
1,25(0OH)D3 on T cells was further evident. Calcitriol through oral ga-
vage, suppressed alveolar bone resorption, decreased alveolar bone
loss as well as inflammatory cell infiltration in response to the E.coli-
LPS-induced periodontitis. Furthermore, IL-17 levels were decreased,
while IL-4 and IL-10 levels were increased in the E.coli-LPS-injected
regions. In the peripheral blood, the percentages of Th2 and Treg cells
increased, while the percentages of Th1l and Th17 cells decreased in
rats receiving 1,25(0H)D3.2% It appears that vitamin D, as reported
earlier, possess the ability to “shape” the acquired immune response,
selectively stimulating specific Th-cell subsets and inhibiting other Th
cells.?® Through attenuation of the development of Th17, strongly im-
plicated in periodontitis progression with the production of variety of
pro-inflammatory cytokines as IL-1 and 1L-6,%* vitamin D performs a
protective effect on the periodontium, while fostering the periodontal
reparative/regenerative events though its cellular inductive proper-
ties portrayed above (Table 13).

Clinical trials results

Surprisingly, although vitamin D intake has been linked to maintenance
of periodontal health following initial periodontal therapy,248'249
rarely any clinical intervention tested its effect in isolation in a rand-
omized controlled trial's setting. To explore the combined importance
of daily vitamin D and calcium administration with or without PTH
in serum vitamin D-sufficient or insufficient patients on the perio-
dontal healing following surgical interventions, a longitudinal clinical
trial, correlated serum 25(0OH)D3 quantities, self-administrated daily
subcutaneous injections of 20 ug of PTH, oral vitamin D (8001U) and
oral calcium (1000 mg), 3days prior to surgery and 6 weeks afterward,
to periodontal outcomes in 40 patients diagnosed with severe peri-
odontitis. Results demonstrated that subjects with untreated vitamin
D deficiencies showed less favorable results with lower CAL gain,
greater residual PD, and less resolution of intrabony defects for up
to lyear following periodontal surgery. Yet, 25(0OH)D3 levels had
no significant effect on CAL and PD improvements in PTH patients
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at 1-year follow-up. Intrabony defect resolution was higher in PTH-
treated vitamin-D-sufficient as opposed to deficient patients, while
BOP was lower in PTH-treated vitamin-D sufficient as opposed to
deficient individuals.?*° Results of this study give important insights
into the interaction between the triad of PTH, vitamin D, and cal-
cium, and it remains to be controversial if the observed effects can
be ascribed to only one corner of this triad, or represents a result of
their conjoint biological actions. In contrast to the remarkable find-
ings from in vitro and preclinical animal studies, the absence of results
from well-planned randomized controlled clinical trials, testing the
adjunctive effect of vitamin D on the clinical outcomes of nonsurgi-
cal as well as surgical periodontal therapeutic approaches, delineates
an important knowledge gap in periodontal regenerative knowledge
(Table 14).

Evidence box

Presence Effect

Association studies 4 ++
Biological mechanism 4 ++
Animal model “proof of principle” v ++/-
Clinical studies with surrogate parameters 4 +
Clinical studies with hard end points (%]

3.5 | VitaminE

3.5.1 | Sources, biological structure and function

and roles in periodontal health/prophylaxis and disease

Vitamin E, first described in 1922 for its positive effects on repro-
duction in rats,?*! is a plant-derived, lipid-soluble biomolecule. It
comprises eight compounds, namely a-, -, y-, 8-tocopherols and
their corresponding four a-, -, y-, 8-tocotrienols. Tocopherols are
soluble in ethanol and aprotic solvents, insoluble in water and vis-
cous at room temperature. The most active and abundant form of
vitamin E in humans is a-tocopherol.?*? Only plants and photosyn-
thetic organisms can synthesize vitamin E, and it is found in green
leafy vegetables, seeds, fruits, rice, palm oil, annatto oil, poultry,
meat, fish, nuts, cereals 25325

Physiologically, vitamin E represents an essential micronutrient,
which has been successfully applied in medicine, cosmetics, phar-
maceutics, and foods. The recommended daily dose of Vitamin E is
15mg (22.41U). Similar to vitamins A and C, vitamin E is one of the
key extracellular antioxidants, especially active against free radical-
mediated lipid peroxidation, playing a pivotal role in stabilizing the
cell membrane by terminating free radical reactions.?%¢ It is involved
in regulating enzyme activity, cellular signaling, gene expression, and
cell proliferation. Additionally, vitamin E inhibits platelet coagulation
and is implicated in the prevention of a number of diseases, including
cardiovascular diseases, neurological disorders, age-related skin and

eye deterioration, and infertility.?®’
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Vitamin E has received more attention in the past two decades
regarding its potential role in periodontal health and disease. It
was suggested that vitamin E could improve periodontal health
primarily through reestablishing the redox status balance, minimiz-
ing the inflammatory responses and promoting wound healing.2%®
Vitamin E diets in various concentration administered for 35days
in rats exposed to stress, showed a significant protective effect on
stress-related bone loss.?*? Aside from earlier results, that failed
to demonstrate a positive effect of local vitamin E application on

260

gingivitis or periodontitis severity,“*” or a difference in serum a-

tocopherol levels between periodontitis and nonperiodontitis

patients,?%?

a significant association was evident between the se-
verity of periodontitis and insufficient systemic micronutrient (A,
B1, C, and E, iron, folate and phosphorus) intake.?%? Additionally,
favorable effects of vitamin E in relation to periodontal health and
inflammation control were reported, where reduced vitamin E lev-
els were identified in periodontitis patients compared to periodon-
tally healthy ones.?* In contrast to the analysis of results from
the NHANES Il survey showing no association between vitamin E
levels and periodontitis,®® data from the US NHANES survey col-
lected between 2011 and 2014 demonstrated that lower vitamin
E intake was significantly associated with increased severity of
periodontitis.2®?> An analysis of the previous NHANES data from
1999 to 2001, further demonstrated that reduced «-tocopherol
levels (yet within the normal range) were nonlinear inversely asso-
ciated with the severity of periodontitis in adults (after adjusting
for possible cofounders).?**Ina community-based study on elderly
Japanese citizens (271 years old) low serum levels of a-tocopherol
were significantly associated with a greater number of teeth with
CAL loss of 23mm over a period of 8 years (1999-2007), suggesting
that low a-tocopherol serum levels could represent a risk factor for
periodontitis.*> A further study conducted over a period of 2years
by the same group, reported an inverse association between high
vitamin E intake and the number of teeth with periodontal diseases
progression (CAL loss of 23 mm).*> Also, in an Indian population
significantly reduced vitamin E plasma concentrations and eryth-
rocyte membrane lipid peroxidation were registered in periodonti-
tis patients compared to periodontally healthy subjects.*®® Vitamin
E supplementation for 12 weeks reduced periodontal inflammation
in female patients with chronic periodontitis.?* Overall, the ob-
served associations suggested that vitamin E could be a key factor
linked to improved periodontal health status, yet its mechanism of
action is still to be clarified.

3.5.2 | Roles in periodontal therapy and biological
wound healing/regeneration

In vitro studies results
In light of the association studies linking vitamin E to periodontal
health, a number of in vitro studies were conducted to investigate

the possibly underlying cellular mechanisms. In this context, the
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TABLE 12 Effect of vitamin D—in vitro studies.

Author, year, country,

Study material (stem cells,
fibroblasts, etc.), Sample

Form of vitamin

study type size application
Hong et al. 20212% hPDLCs In culture
Taiwan N=6 medium
Kim et al. 2018738 MC3T3-E1 osteoblast-like  In culture
Korea cells medium
N=6
Nebel et al. 2015%%° hPDLCs In culture
Sweden N=4 medium
Zhang et al. 2020%4? hPDLCs In culture
China N=3 medium

Groups

Control:

OM medium:

a-MEM +10% FBS+10mM -
glycerophosphate+ 107 M
dexamethasone)

Group 1: OM+AA (100uM)

Group 2:

OM +calcitriol (10nM)

Group 3:

OM +calcitriol (100nM)

Group 4:

OM+EMD (50pug/mL)

Group 5:

OM+EMD (100pg/mL)

Negative control: a-MEM +10% FBS

Positive control: a-MEM +10% FBS+10mM
B-glycerophosphate + 50 pg/mL ascorbic
acid

Experimental group:

oa-MEM +10% FBS +10mM f-
glycerophosphate + 50 pg/mL
ascorbic acid + serial dilution (10’4,
107%,10°%,107%°, 1072, 107 M) of
1,25-dihydroxyvitamin D.

Control:

hPDLCs

Test group 1:

hPDLCs+30ng/mL vitamin D3 for 24h

Test group 2:

hPDLCs+30ng/mL vitamin D3 for 48 h

Test group 3:

hPDLCs+E. coli-LPS (1 pg/mL) for 4h
+vitamin D3 (0.3-300ng/mL) for 24h

Group 1: osteogenic induction (Ol) medium

Group 2:

Ol+LPS (0, 1, 10, 20, 50 ug/mL)

Group 3:

Ol+LPS (0, 1, 10, 20, 50 pg/mL)
+1,25(0H),D, (0,0.1, 1, 10nM)

Methods of
evaluation (ELISA,
etc.)

RT-PCR

Alkaline phosphatase
activity

Immunofluorescence
assay

Alizarin red and Von
Kossa staining

Dispersive x-ray
spectrometry

MTT assay

Alkaline phosphatase
activity assay

ALP staining

Alizarin red staining

RT-PCR

RT-PCR
Alkaline phosphatase
activity

Western blot

RT-PCR

Transplantation
in Wistar rat
periodontitis
model

effects of vitamin C and a-tocopherol, separately or combined, were
examined in reverting the cytotoxic effects of nicotine and cotinine
(at different concentrations) on MG-63 osteoblast-like cells and
human gingival fibroblasts (HGFs) in vitro. Vitamin E proved to be
significantly more effective than vitamin Cin enhancing cell viability,

migration, proliferation, and apoptosis reduction of cells exposed to
these toxins.?%> Similarly, accelerated wound healing and prolifera-
tion rate of human gingival and periodontal ligament fibroblasts, ac-
companied by an increased synthesis of collagen type | up to 72h,
in response of a-tocopherol was demonstrated.?%® Coating implant
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Evaluated parameters Outcomes
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Conclusion

BMP-2, BMP-4, BSP, CAP,
Cbfal, CEMP1, DKK1,
IL-6, OCN, OPG, OPN,
RUNX2, SFRP1, TGF-p1,
VDR

Mineralization

Ca, P, Ag

Cellular proliferation
ALP

Col-1

OCN

VDR

Mineralization

Cell count
OPN, OCN, IL-1p, IL-6, MCP1,

Col1, RUNX2, ALP, PLAP-1,

10nM calcitriol enhanced most cementogenic gene expression,
TGF-p1, BMP-2 and BMP-4, RUNX2, Type | collagen, ALP,

BSP, OPN, OCN, CEMP1, and CAP, and Wnt signaling negative
modulators, SFRP1 and DKK1, along with highest ALP activity and
mineralization formation in hPDLCs.

Only moderate CEMP1 protein was observed. In contrast, EMD
stimulated stronger CEMP1 and CAP protein, but presented
weaker mineralization capacity, hinting at the possibility

that strong stimulation of mineralization might dominate
cemetogenic-specific factors and vice versa.

1,25-dihydroxyvitamin D, did not inhibit cell growth and rate of
cell proliferation was higher than in positive control group at all
concentrations.

ALP activity was higher than in positive control group at low
concentrations of 1,25-dihydroxyvitamin D, (107™%, 1072, and
1074M).

RT-PCR showed that the gene expression levels of ALP,

Col-I, OCN, and VDR were higher at a low concentration of
1,25-dihydroxyvitamin D (1072 M).

Alizarin red staining after treatment with 1,25-dihydroxyvitamin
D, (10’12 M) showed no significant differences in the degree

of calcification. In contrast to the positive control group,
formation of bone nodules was induced in early stages of cell
differentiation.

Treatment with 30ng/mL of vitamin D3 for 24 h had no effect on
PDL cell number and morphology but increased OPN and OCN
mRNA expression by about 70 and 40%, respectively.

Treatment with vitamin D3 for 48 h enhanced hPDLCs

ALP activity by about two times.

Stimulation with LPS (1 ug/mL) for 4h increased hPDLCs

IL-6 cytokine and chemokine ligand 1 (CXCL1) chemokine mRNA
expression several fold.

LPS-induced increase in IL-6 and CXCL1 transcripts was
attenuated by vitamin D3 (30ng/mL).

Treatment with vitamin D3 (3-300ng/mL) for 24 h reduced the
LPS-evoked increase in hPDLCs

IL-6 protein by about 50%. Vitamin D3 (30ng/mL) had no effect
on LPS-induced IL-15 and MCP-1 mRNA expression.

Data showed that LPS inhibited osteoblastic differentiation and
induced the expression of PLAP-1 in hPDLSCs.

Increasing addition of 1,25(0OH),D, reversed the LPS-induced
inhibition of osteoblastic differentiation of hPDLSCs through the
suppression of PLAP-1 expression.

A potential VDR elements within the PLAP-1 promoter region
was identified and shown to bind with VDR by chromatin
immunoprecipitation (ChIP) assays. This negative region was also
found to mediate suppressor reporter gene activity.

Calcitriol demonstrated great

osteoinductivity, and potential to
induce cementogenic gene expression
by initiating hPDLC differentiation and
promoting mineralization. Compared
with calcitriol, EMD promoted
cemento-inductivity in hPDLCs at a
later time point via highly expressed
CEMP1 and CAP protein, but with
less mineralization. Thus, calcitriol
and EMD could provide differential
enhancement of cemento-induction
and mineralization, likely acting at
various differentiation stages.

1,25-dihydroxyvitamin D, positively

affects cell differentiation and matrix
mineralization. Therefore, it may
function as a stimulating factor in
osteoblastic bone formation and

can be used as an additive in bone
regeneration treatment.

Vitamin D3 promotes osteogenic

differentiation but also downregulates
inflammation promoter-induced IL-6
cytokine and CXCL1 chemokine
expression in hPDLCs, suggesting
that vitamin D3 stimulates bone
regeneration and antagonizes
inflammation in human periodontal
tissue.

1,25(0H),D, could enhances the

osteogenic differentiation of hPDLSCs
under inflammatory condition

through inhibiting PLAP-1 expression
transcriptionally.

surfaces with vitamin E and UV-irradiated vitamin D precursors (for
their activation) reduced the inflammatory response and extracel-
lular matrix breakdown in HGFs cultures, with increased levels of
collagen Il a1, fibronectin mMRNAs, increased TIMP-1 on mRNA
and protein levels, and decreased level of IL-8 mRNA.2%” A cellular

protective effect, with reduction in the oxidative damage and limited
hydroxyl radical development, was evident in human epithelial cells
pretreated with the vitamin E prior to H,0, exposure. Still, a vitamin
E pretreatment was not able to reverse the deleterious effects of

H,0, on the cell cycle of exposed cells.?*®
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TABLE 13 Effect of vitamin D—animal studies.

Author, year,
country, study type

Bi et al. 2019%%®
China

Fiigl et al. 201523
Austria

Han et al. 2019%%
China

Zhang et al. 2020%#?
China

Zhou et al. 2018%**
China

Positive cellular protective effects were further reported for a-
tocopherol when HGFs were exposed for 24 and 48 h to P. gingivalis-
LPS. a-tocopherol increased HGFs' proliferation and secretion of

Animal type, sample size

Sprague Dawley rats
N=230 (10/group)

Sprague Dawley
rats
N=60

Sprague Dawley rats
N=50
(10/group)

Wistar rats
N=80

BKS.Cg-
Dock7m*"*Leprdb/
Nju mice

N=30

FAWZY EL-SAYED ET AL.

Treatment, form of vitamin application

Control group:

LPS-induced periodontitis group (10mg/mL
E. coli-LPS-injected in the gingival sulcus,
LPS group)

Experimental group:

LPS-induced periodontitis treated+ calcitriol
group (0.2 ug/kgday oral gavage)

(LPS+ Cal group).

2mm diameter single defects in maxilla and
mandible

Control group: No treatment

Vitamin depletion group 1: No treatment

Vitamin depletion group 2: Calcitriol-soaked
collagen

Normal group (N)

Periodontitis group (P)

COPD/periodontitis group (CP),

Periodontitis/25-OHD3 treatment group
(PV), COPD/periodontitis/25-OHD3
treatment group (CPV).

Group A: normal control

Group B: 1,25(0H)2D3

Group C: periodontitis only

Group D: 1,25(0OH)2D3 + periodontitis.
Oral gavage

Diabetes group (D)

Diabetes/periodontitis group (DP, orally
inoculated P. gingivalis)

Diabetes/periodontitis group treated by 25-
OHD; (intraperitoneal injection, 5ug/kg
every 2day)

Study duration

4weeks

3weeks

21 weeks

COPD induced
at 5weeks
of age

Periodontitis-
induced at
12weeks
of age (P.
gingivalis)

14 days

12weeks

Methods of

evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Micro-CT

Histology
Immunohistochemistry
Flow cytometric analysis

Histomorphometry
Micro-CT
Serology

Whole-body flow
plethysmography

ELISA

Stereomicroscopy

Immunohistochemistry

Serology

ELISA

Dot blot analysis
Stereomicroscopy
Immunohistochemistry

human p-defensin-1 and 2, decreased secretion of IL-1p and IL-6, and
enhanced the cellular healing rate.?®” The anti-inflammatory activity
of all forms of tocopherols (a-, B-, y-, 8-) was further evident in a
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Evaluated parameters

ABL

Osteoclasts presence

TRAP-positive cells

RANKL/OPG ratio

IFN-y, IL-4, 1L-17, I1L-10

Th1, Th2, Th17, Treg cells in peripheral blood

Bone formation
Serum levels of 1,25(0OH)D3

Measurement of lung functions
RANKL, TNF-a, IL-1, IL-10
ABL

Anti-PLAP-1 antibody

Fasting blood glucose
25-OHD,

IL-1

Cathelicidin

Alveolar bone loss
VDR, TLR4, CAP18

Outcomes: clinical, histological, immunological Conclusion

e Calcitriol decreased ABL in response to LPS Calcitriol can be used to inhibit bone loss in
injection and inflammatory cell infiltration. experimental periodontitis, likely via the

e Analysis of osteoclast number and RANKL regulation of local and systemic Th cell
and OPG expression showed that bone polarization.

resorption activity was largely suppressed in
response to calcitriol administration, along
with decreased IL-17 levels but increased IL-4
and IL-10 levels in periodontal tissues (the
LPS-injected region).

Similarly, the percentages of Th2 and Treg
cells in peripheral blood increased, but the
percentages of Th1l and Th17 cells decreased
in rats receiving calcitriol.

Bone formation rate significantly increased Vitamin D deficiency does not necessarily
within the observation period in all groups. impair bone regeneration in the rat jaw
Bone regeneration was higher in the maxilla and a single local calcitriol application
than in the mandible. does not enhance healing.

Bone regeneration was lower in the control
group compared to vitamin depletion
groups, with no significant effects by

local administration of calcitriol (micro-CT
mandible p=0.003, maxilla p<0.001;
histomorphometry maxilla p=0.035,
mandible p=0.18).

Results showed that 25-OHDS3 treatment Findings suggest that vitamin D

significantly alleviated inflammation by supplementation could be a new clinical
decreasing the serum levels of RANKL, approach for the treatment of COPD and
TNF-a and IL-1 and increasing that of IL-10, periodontitis.

while reducing alveolar bone loss and slightly
improving lung function.

PLAP-1 expression was significantly 1,25(OH)2D3 could enhances the osteogenic
upregulated in periodontal ligament of rats differentiation under inflammatory

with periodontitis and the oral administration condition through inhibiting PLAP-1

of 1,25(0OH)2D3 attenuated PLAP-1 expression transcriptionally.

expression by periodontal ligament cells to
normal levels.

25-OHD; intraperitoneal injection attenuated ~ The study complemented the mechanism of
periodontal inflammation by promoting cathelicidin and extended knowledge of
cathelicidin production in gingival epithelia 25-OHD,'s role in diabetic periodontitis.
and reducing fasting glucose of diabetic mice.

Dotblotting of serum showed cathelicidin

secretion was consistent with 25-OHD,

treatment.

Immunochemistry exhibited enhanced

expression of cathelicidin and vitamin D

receptors along with reduced expression of

TLR4 in diabetic mice.

Stereomicroscopy showed less ABL when

injected with 25-OHD,.

murine model of macrophage-like cells stimulated with LPS, TNF-a, demonstrated by B-, y-, 8- tocopherols compared with the a- form,
or P.gingivalis fimbriae, with a significant increase in COX2 mRNA suggesting their potential useful role in preventing oral and peri-
expression. Yet, significantly higher anti-inflammatory effects were odontal diseases.?’® Taken together findings form in vitro studies
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TABLE 14 Effect of vitamin D- clinical studies.

Author, year, country,
study type

Bashutski et al. 2011%°°
USA
RCT

Patients, sample
size, gender, smoker,
diagnosis

N=40 patients
Females: 25

Males: 15

Smokers: 15
Former smokers: 12
Never smokers: 13
Sever periodontitis

Treatment, form of vitamin application

Open flap debridement
Group 1: Daily calcium (1000 mg) + vitamin D
(8001U) +self-administered teriparatide
subcutaneous injections (20 pg PTH)
Group 2: Daily calcium+ vitamin D + placebo
3days prior to surgery and continued for
6 weeks after surgery

Methods of
evaluation (ELISA,

Study immunohistochemistry,
duration histological, etc.)
1year Clinical

Radiographic

Serology

clearly outline remarkable cellular protective, antioxidant, immuno-
modulatory, and anabolic effects of vitamin E, that warranted fur-
ther exploration in vivo (Table 15).

Animal studies results

The effect of vitamin E supplementation, specifically a-tocopherol,
on gingival wound healing and alveolar bone loss has been inves-
tigated in a limited number of animal preclinical studies. Improved
wound healing was evident histologically in a rat gingivectomy
model receiving 601U d-a-tocopherol acetate daily for 14days
as compared to their untreated controls.?’* Similarly, significant
suppression of alveolar bone loss and increased collagen fiber
formation was observed in rats with ligature-induced periodon-
titis, where a-tocopherol had been administered systemically for
4weeks.?’? However, another study underlined the fact that al-
though vitamin E did not prevent alveolar bone loss, it prompted
a decreased inflammatory reaction and immunoreactivity to an
inducible isoform nitric oxidase synthase (iNOS), with reduced
oxidative damage in an experimental periodontitis rat model?”®
(Table 16). Combined, results of these studies underlined the vita-
min E antioxidative, immunomodulatory and reparative/regenera-
tive propensity.

Clinical trials results

A very limited number of studies explored effects of Vitamin E fol-
lowing nonsurgical periodontal therapy. In an investigation exploring
the effect of a 3-month vitamin E supplementation (oral supplemen-
tation of 200mg (3001U) vitamin E every other day) following SRP,
statistically significant higher improvements in PI, GI, BOP, PD and
CAL as well as higher serum superoxide dismutase levels, depicting
antioxidant activity, were observed in the vitamin E group compared
with controls.?’* Contrarily, in a split-mouth study, 2months fol-
lowing SRP, no significant differences for PD nor the total antioxi-
dant capacity were notable between the vitamin E (2001U daily for
2months) and the control group, yet with significantly lower mean
CAL loss demonstrated in the vitamin E group?”” (Table 17). This lim-
ited availability of clinical investigations warrants the conduction of
further high quality randomized controlled trails, testing vitamin E at
different concentrations and administration forms and frequencies

as an adjunct to surgical as well as nonsurgical periodontal therapies.
In light of the encouraging in vitro and preclinical animal findings, it
remains plausible to assume that vitamin E holds many unexplored
therapeutic options in the field of periodontology.

Evidence box

Presence Effect

Association studies v ++
Biological mechanism v ++/-
Animal model “proof of principle” v ++/-
Clinical studies with surrogate parameters v +
Clinical studies with hard end points @

3.6 | VitaminK

3.6.1 | Sources, biological structure and function

and roles in periodontal health/prophylaxis and disease

Vitamin K is a fat-soluble vitamin of herbal origin, found in many
fruits, vegetables (avocado, broccoli, kiwi, green grapes, and lettuce)
and oils (olive oil, soybean, and canola oil). It belongs to a group of bi-
omolecules necessary for the synthesis of several proteins involved
in blood coagulation and body hemostasis processes.276 Biologically,
it is implicated in the regulation of calcium metabolism, cell prolif-
eration and growth, inflammatory reactions and oxidative stress.?””
Vitamin K is responsible for the production of vitamin K-dependent
proteins (VKDP), including the seven proteins involved in blood
coagulation (Il, 11V, IX, X, protein S, protein X, protein Z), the four
proteins of the transmembrane Gla family, namely OCN (bone Gla
protein), matrix Gla protein, growth arrest specific 6 protein (Gas 6)
and protein §.278280

Two natural forms of vitamin K exist, namely vitamin K1 (phyl-
loguinone or phytonadione) and vitamin K2 (menaquinone). While
Vitamin K1, stored in the liver, is mainly responsible for the synthesis
of coagulation proteins, vitamin K2 is distributed in the entire body,
and its activity is related to y-glutymyl carboxylase and anti-NF-kB
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Outcomes: clinical, histological, immunological, microbiological,

Evaluated parameters PROMS

IBD resolution e Placebo patients with baseline vitamin D deficiency [serum
25(0OH)D, 16-19 ng/mL] had significantly less CAL gain
(-0.43mm vs. 0.92mm, p<0.01) and PD reduction (0.43mm vs.
1.83mm, p<0.01) than vitamin-D-sufficient individuals.

e Vitamin D levels had no significant impact on CAL and PD

PD, CAL, BOP

Conclusion

Vitamin D deficiency at the time of periodontal
surgery negatively affects treatment
outcomes for up to 1year. Analysis of these
data suggests that vitamin D status may be
critical for post-surgical healing.

improvements in PTH patients at 1year, but infrabony defect
resolution was greater in PTH-treated vitamin-D-sufficient vs.
-deficient individuals (2.05mm vs. 0.87 mm, p=0.03), while BOP
was lower in PTH-treated vitamin-D-sufficient vs. -deficient

individuals (p <0.01).

activity.zgl'282 A synthetic water-soluble analog of vitamin K, namely
K3 (menadione) was introduced with the ability to be converted in
the liver into vitamin K2.283284 The chemical formulation of vitamin
K2 relies on the MK-n formula, and comprises of a naphthoquinone
ring and a side chain of isoprenoid of variable lengths (“n”) in satu-
rated or unsaturated forms.?’8 Except for MK-4, found in liver, fish,
milk, eggs, vegetables, and primarily synthesized by conversion of

285,286 3l men-

vitamin K3 and secondly from dietary phylloquinone,
aquinones are synthesized by bacteria.

Vitamin K promotes bone formation and inhibits bone resorp-
tion. It endorses osteoblasts proliferation and differentiation, pre-
vents their apoptosis, especially the Fas-mediated apoptosis?®/288
and improves osteoblastic functions.?®! Vitamin K2 promotes al-
kaline phosphatase activity, expression of bone anabolic markers
(i.e., OCN)?87289291 3nd osteoblast transition to osteocytes.?’?
Additionally, vitamin K, especially vitamin K2, through direct and
indirect pathways hinders bone resorption,?®”2?° by exerting an

293-295 and

inhibitory effect on osteoclasts formation and functions
through interfering with the expression of various proteins involved
in osteoclastic activity, including RANKL or OPG, or cells (tartrate-
resistant acid phosphatase positive cells (TRAP+)) or inflammatory
cytokines such as PGE2 and IL-1a.2?4%%° Evidence from studies of
vitamin K on osteoblast and osteoclast activity in the entire body,
may possibly imply a similar effect of vitamin K on oral osteoblast
and osteoclast activity.zt”é’297

The impact of vitamin K on periodontal health or disease has
been little investigated so far. The effect of vitamin K on normal
or dysbiotic subgingival oral microbiome sampled from periodon-
tally healthy and diseased patients, respectively, was examined.?”®
Vitamin K alone or combined with hemin added to a nutrient-rich
medium (modification of SHI medium, brain-heart infusion (BHI), and
three sucrose concentrations (0%, 0.05%, and 0.1%)) was evaluated
compared to a nutrient-limited medium composed of saliva and 5%,
10%, or 20% inactivated human serum, determining the biomass of
the microbiome, its variability and 16s rRNA profile, as well as its
richness and diversity. Additionally, the dysbiosis was quantified
using the subgingival dysbiosis index. The microbiome in periodonti-
tis patients showed irrespective of the used medium, higher species
richness, a-diversity and were clustered with their inoculum separate

from the health-derived microbiomes, with vitamin K showing no ev-
ident effect on these variables. Nonetheless, vitamin K seemed to
have an impact on the biomass, with the medium supplemented with
vitamin K and hemin demonstrating the highest biomass.

3.6.2 | Rolesin periodontal therapy and biological
wound healing/regeneration

In vitro studies results

Only a single investigation tested the effect of vitamin K on peri-
odontal cells. A study investigated the effect of vitamin K2, specifi-
cally its MK-4 form, on the osteogenic differentiation potential of
PDLSCs, demonstrating an enhanced osteogenic aptitude in pres-
ence of MK-4, with a significant upregulation of osteogenic genes
and proteins like ALP, RUNX2, OCN, and osterix (Sp7 transcription
factor). Blocking the Wnt/p-catenin signaling pathway with XAV-
939, reversed the effect of MK-4, suggesting that the MK-4 effect
was mediated through the activation of the Wnt/p-catenin signaling
pathway??’ (Table 18). Further investigations are recommended in
this filed to test the effect of different forms, concentrations and
applications forms of vitamin K on the spectrum of periodontal and

inflammatory cells in vitro.

Animal studies results

Similar to the rarity in in vitro studies, only one animal preclinical
study was identified testing the effect of vitamin K on periodon-
tal therapy. Possible anti-inflammatory effects of vitamin K were
evaluated in a murine animal model in experimentally induced peri-
odontitis.’°° No effects were evident regarding the systemic ad-
ministration of vitamin K2 alone or in conjunction with vitamin D3
concomitant to SRP, regarding changes in alveolar bone level, the
levels of the cytokines IL-1p, IL-10, serum bone alkaline phosphatase
(B-ALP), tartrate-resistant acid phosphatase 5b (TRAP-5b), and Ca?*
levels (Table 19). Similar to the above recommendation regarding in
vitro studies, further animal studies are needed to explore effects of
different forms, concentrations, and applications forms of vitamin
K to determine the ideal formulation for in vivo clinical periodontal
therapeutic applications in human.
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TABLE 15 Effect of vitamin E—in vitro studies.

Author, year, country,
study type

Chapple et al. 20134
UK

Derradjia et al.
2015%7
Canada

Murakami et al.
2013%7°
Japan

Nizam et al. 2014%%®
Turkey

Royack et al. 2000268
USA

Satue et al. 2015%¢7
Spain

Study material (stem cells,
fibroblasts, etc.), sample size

Neutrophiles isolated
from venous blood of
periodontally

healthy volunteer (N=9-12
patients)

stimulation of cells with PMA
(phorbol myristate acetate,
or with Ig-opsonised F.
nucleatum, with S. aureus or
PBS (control) in the presence
/absence of vitamins

Primary HGFs
N=5

Murine macrophage-like cell line
RAW264.7
N=n.r.

Primary cultures of human GFs
and PDLFs
N=n.r.

Human oral epithelial cells
exposed to H,0,
2 primary cell lines

Coated titanium implants

and titanium disks

HGFs were cultured (passage 7
and 8 after isolation)

HGFs density: 2.3x10* cells/
cm®

N=6

Form of vitamin application

a-tocopherol (1mmol/L)

In culture medium

Alone or

in combination with AA
(10 uL) compared to AA
alone

In culture medium

a-tocopherol (0, 50, 100,
200pM)+1pg/mL LPS
(P.gingivalis LPS)

In culture medium
a-, B-, y- and
5-tocopherol solution

In culture medium

60puM a-tocopherol

Or combined with 5x1077M,
10x107'M, and
50x107°M Se

In culture medium

Vitamin E dissolved in ethanol

5 treatments: Control,
Ethanol only, Vitamin E
only, H,0, only

Vitamin E followed by H,0,.

Implants:

10pL 0.2nM 7-DHC+ vitamin
E

disks:

0.18 pmol vitamin E/disk

Followed by UV radiation
and incubation for 48h
at 23°C to allow D3
synthesis from 7-DHC
onto the Ti surface

Timepoint of evaluation

30min pre-stimulation
and 150 min
post-stimulation

24,48h

72h (48h culture +24h
incubation)

24,48,72h

Flow cytometry: 72h

Electron paramagnetic
resonance analysis:
at 5, 15, 25, 35min

Organotypic technique:
4-5days

After 3days of culture:
cytotoxicity, cell
morphology, gene
expression, protein
quantification,
wound healing,
inflammatory
response

After 14 days: gene
expression, protein
quantification

Methods of evaluation (ELISA,
etc.)

Dye exclusion (trypan blue)
Enhanced chemiluminescence
assay: isoluminol or luminol

Optical microscopy

MTT assay

ELISA

In vitro scratch wound assay

Cell counting kit (CCK-8)
Real-time PCR

Metabolic XTT assay

ELISA

New wound healing model
(evaluation on photographs)

Electron paramagnetic resonance
analysis

Flow cytometry

Organotypic technique

Cytotoxicity: assessing lactate
dehydrogenase activity

Cell morphology: confocal
microscopy

Gene expression: rt-PCR

Inflammatory response: ELISA for
TIMP-1, MMP-1

Wound healing: assay on
confluent monolayers of
grown HGFs,

Expression of RNA of MMP1,
ACTA2, EDN1, TGFB1 genes
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Evaluated parameters Outcomes Conclusion

Cell viability
ROS production
Isoluminol production

Cell adhesion

Cell growth

IL-1B, IL-6

Human p defensins 1 and 2
Fibroblast migration

Cytotoxicity (EC,,) of
tocopherols toward
RAW cells

Effect on expression of
COX2 mRNA stimulated
with E. coli-LPS, TNFx or
P. gingivalis fimbriae

Cell viability
Cell proliferation
bFGF

Collagen type | synthesis
Wound healing model

Hydroxyl radical
Cell cycle distribution
Cell morphology

Cytotoxicity, cell
morphology, gene
expression, protein
quantification, wound
healing, inflammatory
response

e Total and extracellular unstimulated, baseline ROS generation was unaffected
by a-tocopherol; it was inhibited by ascorbate and a combination of both
micronutrients.

e Fcy-receptor (Fcy-R)-stimulated total or extracellular ROS generation was not
affected by the presence of individual micronutrients.

e Vitamin combination significantly reduced extracellular FcyR-stimulated ROS
release.

e Neither micronutrient alone inhibited TLR-stimulated total ROS the vitamin
combination inhibited TLR-stimulated total ROS.

e Ascorbate and the micronutrient combination (without a-tocopherol) inhibited

extracellular ROS release by TLR-stimulated cells.

e No adverse effect on cell adhesion and morphology

e «a-tocopherol increased fibroblast proliferation with/without LPS

e No effect on IL-1p, IL-6 secretion

o After exposure to P. gingivalis LPS, a-tocopherol significantly decreased IL-1p,
IL-6, increased human p defensins 1 and 2

e «a-tocopherol increased healing rate of fibroblasts from 12 up to 48h

e Each tocopherol showed similar low toxicity

e Significant (p<0.01) inhibition of COX2 expression in RAW cells following
exposure to with E.coli-LPS, TNFa or P.gingivalis fimbriae

e p-,y-, 8- tocopherols showed significantly greater inhibitory effects (p <0.05)
than a-tocopherol

e a-tocopherol significantly increased the healing rate of PDFLs at 12h

e a-tocopherol increased bFGF and collagen type | release from GFs and PDLFs
at 24,48,72h

e a-tocopherol/Se combination significantly enhanced the proliferation rate of
both cells at 48 h, decreased the proliferation of PDLFs at 72 h, and increased
the healing rate of GFs at 12h and PDLFs at 12 and 48h.

e DbFGF and collagen type | synthesis was also increased in both cell types at 24,
48, and 72h by a-tocopherol/Se combination.

e Hydroxyl radicals' concentration in H,O,-treated cells decreased over a period

of time.

e Invitamin E pretreated cells, initial hydroxyl radical concentration was less
than H,0,-only group.

e Rate of hydroxyl radical degradation was comparable in both situations

e Cell cycle analysis: H,0,-treated cells differed from normal cells: % of cells
in the G1 phase decreased (34.3 vs. 61.2% in control); the S phase increased
(35.5 vs. 15.6% in control).

o Cells pretreated with vitamin E before exposure to H,0, showed similar
alteration in cell cycle as those treated to H,0, alone.

e Cells treated only with vitamin E showed similar results to the control group.

e Organotypic cultures treated with H,0, alone or pretreated with vitamin
E before exposure: nuclear hyperchromatism, loss of maturation and
prominent nucleoli; the features were consistent with premalignant epithelial
transformation.

e Beneficial effect of UV-radiated 7-DHC:VitE -coated Ti implants on HGFs
e UV-irradiated 7-DHC and vitamin E coating:

Increased collagen 1l a1 and fibronectin mRNAs

Decreased the level of interleukin-8 mRNA.

Increased TIMP-1 (mRNA and protein levels)

Decreased RANKL mRNA in HGFs

Micronutrient effects in vivo

could be beneficial in reducing
collateral tissue damage in chronic
inflammatory diseases, such as
periodontitis, while retaining
immune-mediated neutrophil
function.

a-tocopherol may play an active role

in countering the damaging effect
of LPS by reducing inflammatory
cytokines, increasing p-defensins
and promoting fibroblast growth,
migration, and wound healing.

Tocopherols exhibit anti-inflammatory

activity.

-, y- and 8-tocopherol have

particularly more potent anti-
inflammatory activity than
a-tocopherol.

Tocopherols may have potential utility

for prevention of periodontal and
chronic oral diseases.

a-Tocopherol and a-tocopherol/Se

combination is able to accelerate
the proliferation rate and wound
healing process and increase the
synthesis of bFGF and collagen

type | from both GFs and PDLFs.

H,0, produced hydroxyl radicals and

altered the cell cycle.

Vitamin E may have the potential to

reduce oxidative damage caused
by hydroxyl radicals.

UV-irradiated 7-DHC:VitE-coated Ti

implants have a positive effect on
HGFs in vitro showing a reduction
in the inflammatory response and
extracellular matrix breakdown.

8518017 SUOWWIOD 3AIIERID 3|qedljdde aup Aq paueAob afe Saplie VO ‘SN J0 S8 1o} Akeiq 1 3UIIUO AB]IM U (SUORIPUOD-PUe-SULB) LI A8 |IMATe1q 1[BUI|UO//SHNY) SUORIPUOD PUe SWwiie | U1 89S *[£202/80/T2] UO AlgiTaulluo A8 (1M ‘uied TIseAIuN AQ ETSZT PAd/TTTT OT/I0p/W00 A8 |1mAelq1jeul|uoj/Sdny woly papeojumod ‘0 ‘2G20009T



FAWZY EL-SAYED ET AL.

34
—I—W] |BaA'%% Periodontology 2000

TABLE 15 (Continued)

Author, year, country,  Study material (stem cells,
study type fibroblasts, etc.), sample size

Form of vitamin application

Methods of evaluation (ELISA,
Timepoint of evaluation  etc.)

Soeta et al. 2010%¢° Osteoblasts isolated from the rat  In culture medium 14 days Lowry's methods
Japan calvaria a-tocopherol (100, 200 M) Reverse transcription PCR
N=6 and §-tocopherol (2,

20uM) for 3days

Torshabi et al. et al. HGF1-PI 1 In culture medium 0,24,48h MTT assay
2017%¢° Human osteoblast-like cell-line a-tocopherol-albumin In vitro scratch test/wound
Iran MG-63 conjugate (0.1- healing assay
N=3 100mM)+Vitamin C Rt-PCR

(0.1-4mM)

+ Nicotine (5mM) +

or

+ Cotinine (5mM)

Clinical trials results
So far, to the best of our knowledge, no clinical human studies were
performed where vitamin K has been implemented in therapeutic

protocols of periodontal disease.

Evidence box

Presence Effect

Association studies %]
Biological mechanism v +
Animal model “proof of principle” 4 -
Clinical studies with surrogate parameters (%]
Clinical studies with hard end points %)

3.7 | Coenzyme Q,,

3.7.1 | Sources, biological structure and function

and roles in periodontal health/prophylaxis and disease

Coenzyme Q (C°Q1o, 2,3 dimethoxy-5-methyl-6-decaprenyl
benzoquinone) was firstly isolated from beef heart mitochondria,
with properties of reversible oxidation and reduction.°! CoQy is
a lipid-soluble micronutrient, synthesized in mammals and plants.
It is composed of two functional groups: a benzoquinone “head”
and an isoprene side chain “tail”. The lipid-soluble side chain con-
sists of ten isoprene units with a total of 50 carbon atoms.®*? CoQ,,
can be internally synthesized by humans or obtained from dietary
sources, including fish and meat, with highest concentrations iden-
tified in tissues with a high energy turnover (i.e. heart, brain, liver,
kidney).2%% It is only sparsely absorbed in the intestine due to its
lipophilic nature. However, after its gut uptake it circulates through

the lymphatic system and ultimately lands in the blood circula-
tion.3** CoQ, found in an oxidized (“ubiquinone”) and a reduced
(“ubiquinol”) form, is an important antioxidant and plays an essen-
tial role in mitochondrial ATP production, being the main carrier for
the electron transfer in the respiratory chain.®%>=3%¢ Apart from its
intercellular antioxidant activity, CoQ,, has also been recognized
to have an effect on gene expression, with an impact on the overall
tissue metabolism.39%310

For over two decades, CoQ,, has been widely used as a dietary
supplement for maintaining health without safety concerns or limita-
tion on the daily dosage. Several diseases have been associated with
CoQ,, deficiency and have been shown to benefit from its supple-
mentation. Primary and secondary CoQ,, deficiencies are found in
mitochondrial diseases, fibromyalgia, cardiovascular disease, neu-
rodegenerative diseases, cancer, diabetes mellitus, and male infer-
tility.3* Limited evidence exists for a possible association between
periodontal disease and CoQ, deficiency.®*? Yet, considering the fact
that during periodontitis, periodontal pathogens may induce an over-
production of ROS, antioxidants like CoQ,, may counteract such ROS
production and reduce the associated periodontal tissues' degrada-
tion. In this context, suboptimal CoQ,, levels were found in about 80%
of the gingival biopsies from periodontitis patients.3*® Earlier clinical
studies further showed an improvement of chronic periodontitis and

salivary secretion following systemic CoQ,, supplementation.n“'315

3.7.2 | Roles in periodontal therapy and biological
wound healing/regeneration

In vitro studies results
The antioxidant effects of CoQ, in relation to nicotine have been
studied on human periosteal fibroblasts and osteoblasts obtained
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Evaluated parameters

Outcomes

ALP activity e After 3days, significant decrease in the alkaline phosphatase activity of the
BSP mRNA cultured osteoblasts induced by both vitamin forms
OCN .

Nanocalcified nodules

After 14 days, no significant change in ALP activity and expression of bone
sialoprotein mRNA in the osteoblasts treated with the vitamins for 3days
Expression of osteocalcin mRNA was decreased by treatment of «-
tocopherol (100, 200pM) and  §-tocopherol (2, 20pM) at Days 4 and 7.

At Day 14, expression of osteocalcin mRNA was decreased only with
treatment of 200 uM a-tocopherol.

Noncalcified nodules were decreased by treatment of a-tocopherol (200 M)
and 8- tocopherol (20uM) at day 7.

Treatment of a-tocopherol and &-tocopherol showed No significant change
of formation of calcified nodules at Day 14.

 perocartaogy 2000 SUINSEER

Conclusion

Vitamin E inhibits differentiation of
osteoblasts especially from early
stage to osteoid-producing stage.

Cell viability and e Significantly greater dose-dependent negative effects of nicotine on
morphology, viability, proliferation and migration of MG-63 and HGF cells

proliferation

Cell migration than cotinine.

Gene expression of e Vitamin E improved statistically significantly more cell viability, proliferation,
and migration, reduced more cell apoptosis than vitamin C in cells exposed to

apoptosis-related genes
(BAX, BCL2, CASP3)
compared to control
gene GAPDH

nicotine/ cotinine than vitamin C.

from periodontally diseased patients. Incubation of human peri-
osteal fibroblasts and osteoblasts in the presence of C°Q1o, pycnog-
enol or phytoestrogens showed a significant stimulating effect on
physiologically active steroid metabolites even in the presence of
nicotine as opposed to cellular incubation solely with the toxin. Thus,
it seems that CoQ,,, pycnogenol or phytoestrogens could exert pro-
tective cellular antioxidative effects, reversing the catabolic effects
of nicotine®'® (Table 20). In light of the very limited availability of
in vitro studies, further investigations are warranted to explore the
effects of different CoQ,, concentrations and application forms on

periodontal cells.

Animal studies results

In a rat aging model, systemic supplementation with CoQ,, ame-
liorated the exacerbated age-related alveolar bone loss associated
with life-long n-6 polyunsaturated fatty acid diet (low in CoQ,).
Moreover, genetic analysis revealed that CoQ,, supplementation
restored the biogenesis and age-related increase in some mitochon-
drial components in gingival cells, probably due to improved oxida-
tive and respiratory balance.®"

Positive effects on periodontitis have been further observed
for the topical application of reduced CoQ,, (rCoQ,,) in a mu-
rine aging model, with significantly lower oxidative DNA damage,
lower tartrate-resistant acid phosphatase-positive osteoclasts,
and reduced expression of NLRP3, caspase-1, 8-OHdG, ASC, IL-1p,
and NF-xB as compared with the control group without rCoQ.
Additionally, the age-dependent serum increase of 8-OHdG were
significantly reduced in the experimental group®!® (Table 21).
Taken together, these results suggest positive periodontal immu-
nomodulatory effects of CoQ,, in both systemic as well as topical

application.

Vitamin C and specially vitamin E
(systemically/locally) may be
helpful in regeneration and repair
of oral soft and hard tissues in
smokers

Clinical trials results
Effects of CoQ,, on periodontal healing were mostly investigated
in the context of nonsurgical treatment of chronic periodontitis.
Subgingival application of CoQ,, as an adjunct to SRP demonstrated
significant additional reductions in bleeding index, PI, PD and
CAL gains, 3 and 6 months following treatment compared to SRP
alone 314319325 Recently, a new delivery system was established
in the form of a nanomicelles formulation (NMQm) encapsulating
CoQ,,. The entrapped CoQ,, in spherical-shaped NMQ10 gel deliv-
ery system was tested clinically, following SRP for the treatment of
chronic periodontitis,325 demonstrating significant improvements in
Gl, PI, PPD, and BOP with enhanced antioxidant activity as compared
to SRP alone.3?° Conversely, other studies, although demonstrating
a beneficial affect between baseline and follow-up, failed to show a
significant beneficial effect of such adjunctive CoQ,, application as
compared to SRP alone.?¢328 The contradictorily results could be
explained on the basis of the differences in study designs (i.e., split-
mouth studies vs. parallel group studies, number of patients, power,
sample size, etc.), carrier type, treatment duration and tested CoQ,,
concentrations.

Systemic CoQ,, administration, at doses of 30mg administered

twice daily for 3months®%’ 330

or 120mg per day for three months,
demonstrated improvements in periodontal clinical parameters in
periodontitis patients. Similarly, two studies evaluating systemic
CoQ,, effects, either 30mg twice daily for three months®*! or
100mg per day for 1 month,®*? in type 2 diabetic patients suffering
from moderate to severe chronic periodontitis, demonstrated sig-

331,332 3nd lower inflam-

nificant improvement in clinical parameters,
matory cytokine levels (MMP8)33! (Table 22). Taken together clinical
findings on CoQ,, suggest it could hold an interesting potential as an

adjunct to periodontal therapeutic approaches.
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TABLE 16 Effect of vitamin E—animal studies.

Author, year, country,
study type

Asman et al 199442
Sweden

Bas et al. 2021272
Turkey

Carvalho et al. 2013?73
Brasil

Kim and Shklar 198427
USA

Animal type, sample size Treatment, form of vitamin application
Rats a-tocopherol undiluted or in combination
Controls (PBS): N=5 with Se

Vitamin E 3mg (N=2) Administered subcutaneous or injected
Vitamin E 15mg (N=2) in collagen sponges (containing
Vitamin E + Se: homologous®H collagen powder) at the
1mg vitE+20pg Se (N=6) neck every 2days between the 8th and
1.5mg vitE+30pg Se (N=3) 18th day after sponge implantation

3mg Vitamin E+60ug Se (N=3)

6mg Vitamin E+120pg Se (N=2)

For injection in sponge):

Controls: N=15

Vitamin E+Se:

2mg VitE+40pg Se (N=7), 3mg
VitE+60pg Se (N=2)

Rat Experimental periodontitis (ligature-
N=40 (10/group) induced, 4 weeks)
Group A: Se

Group B: a-tocopherol («-T)

Group C: Se+a-T

Group D: control (saline)

Vitamin E form: a-tocopherol acetate once
a day for 4 weeks (intraperitoneal)

Wistar rats Ligature-induced periodontitis
N=18/group 4 treatment groups:
2 control groups with periodontitis
OR

sham surgery

two test groups: Vitamin E +surgery

OR

Vitamin E + periodontitis

Oral administration of vitamin E (500 mg/
kg) for 9days

Albino rats (N=40) Standardized gingivectomy between

mandibular incisor teeth

Group 1:

Gingivectomy

Group 2:

Gingivectomy +60 I.U. of d-a-tocopheryl
acetate daily, orally (n=20)

Group 3:

animals not wounded (n=10)

Group 4:

animals not wounded + 60 |.U. of d-a-
tocopheryl daily (n=10)

Study duration

8, 18days

4weeks

11days

Four animals: groups 1, 2 sacrificed
at 1, 2, 4, 7, 14 days following
gingivectomy

Two animals: groups 3, 4 sacrificed at
similar times.
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Methods of evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Light microscopy (ingrowth
of granulation tissue in
sponges)

Scintillation counting in
urine (breakdown of
implanted radioactivity
caused by sponge induced
granulation tissue)

Image analysis method in
connective tissue under
epithelium (N of iINOS,
CD95 positive cells, and
collagen fibers)

Immunohistochemistry

ELISAof serum IL-1p, IL-6, IL-4.

Elevated plus-maze (EPM) test
Morphometry and
immunohistochemistry

Gingival healing (grossly)

Histologically (hematoxylin
and Eosin stain+ Mallory
CT stain)

Evaluated parameters

Ingrowth of granulation
tissue in sponges (without
collagen)

Collagen degradation
monitored as total
radioactivity DPM/mg
Collagen in excreted urine

ABL

Inflammatory cell infiltrate
Collagen density

Nitric oxide synthase

N of iNOS, N of

CD95 cells, N collagen fibers
serum

IL-1B, IL-6, IL-4.
Anxiety
ABL

Lipid perioxidation
quantification

Activity of enzyme superoxide
dismutase

TNF-a

iNOS

Healing time

Healing tissue quality
Wound size remaining
Autopsy of major organs

Outcomes: clinical, histological, immunological

Similar reduction in radioactivity (in urine) in
the combination vitamin E +Se (for the groups
with 1mg, 1.5mg, 3mg vitamin E)

a higher dose induced a higher radioactivity
Vitamin E alone had negligible effect on
radioactivity

Vitamin E+Se injected subcutaneously had
no detectable effect on the development of
granulation tissue as compared to controls
Vitamin E+Se injected into the sponge arrested
the ingrowth of granulation tissue and after
10days of treatment there was no detectable
ingrowth of fibroblasts or capillaries in half

of the sponge (arrested the maturation of the
granulation tissue)

Se + T significantly suppressed ABL compared
with the control group (p <0.05). Other groups
showed no statistical significance.

N gingival collagen fibers in Se and oT tended to
be higher than in the control group

Se: N iNOS+ cells were smaller than in control
(p<0.05) (INOS important inflammation marker
and tissue destruction). The other groups
showed only a tendency toward lower iNOS
levels (p>0.05)

Serum IL-6, IL-1B, IL-4 levels were not
significantly different among groups
a-tocopherol alone or in combination did not
alter the cytokines levels

Experimental periodontitis-induced a marked
inflammatory process and intense ABL.
Treatment with vitamin E decreased
inflammatory reaction, prevented
malondialdehyde formation and reduced the
immunoreactivity to iNOS, but did not decrease
ABL.

Vitamin E had an anxiogenic effect on rats with
or without periodontitis.

Animals receiving vitamin E healed more
rapidly, with almost complete restoration of
gingiva by 7 days.

Complete healing was seen in both control and
experimental groups by 14 days.
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Conclusion

Vitamin E and Se are

potential inhibitors
of the free

oxygen radicals
from phagocytic
inflammatory cells.

Thus, it was suggested

that these radicals
may play a role

in the collagen
destruction by
granulation tissues,
as in periodontitis

Se has been concluded

to inhibit
inflammation of
the gum due to
reduction in iNOS.

Se and T can have

a remarkable
important role in
preventing ABL,
particularly in
combination.

Vitamin E may have

potential to reduce
oxidative damage
and inflammatory
response in
experimental
periodontitis but
does not prevent
ABL.

Attention should

be given to

indiscriminate use
of vitamin E due to
the risk of causing
anxiety in patients.

Vitamin E was shown

to accelerate
gingival wound
healing in
experimental
animals.
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TABLE 17 Effect of vitamin E—clinical studies.

Author, year, country, study
type

Behfarnia et al. 2021%7°
Iran

Patients, sample size, gender,
smoker, diagnosis

N =16 patients with
periodontitis

Treatment, form of vitamin

Methods of evaluation (ELISA,
immunohistochemistry,

Controlled clinical trial

Singh et al. 2014?74 N=38 patients

India CP

RCT (8 males, 30 femals)
Age: 37.5years (17-58 years)
and

N =22 controls (systemically
and periodontally healthy)
(6 males, 16 females)

Age: 22.5years (22-50years)

TABLE 18 Effect of vitamin K—in vitro studies.

Author, year, country, study  Study material (stem cells,
type fibroblasts, etc.), Sample size

Cuietal. 2021%%7 PDLSCs from premolars
China N=40

TABLE 19 Effect of vitamin K—animal studies.

Author, year, Animal type, sample
country, study type size

Treatment, form of vitamin application

application Study duration histological, etc.)
Control group: 41 teeth, SRP 2months TAC Kit
Test group: 42 teeth, SRP
+2001U Vitamin E daily for
2months
Randomization: 3months SOD assay

Test group 1: SRP ELISA
Test group 2: SRP+200mg

(3001U) vitamin E every
2days for 3months

Methods of evaluation
(ELISA, etc.)

Timepoint of

Form of vitamin application evaluation

In culture medium
Vitamin K2 (MK-4,
menaquinone-4)

7, 14days Flow cytometry

Cell counting kit-8 (CCK8)
Colony formation assays
Alizarin Red S staining
gRT-PCR

Western blot

Methods of
evaluation (ELISA,
immunohistochemistry,

Study duration histological, etc.)

Aral et al. 20153 Rats Vitamin K2 (30mg/kg) + 18days (10days Histological analysis (Masson
Turkey with experimentally SRP (group 5) vitamin trichrome) +light
Controlled, parallel induced vs. administration) microscopy
group periodontitis Healthy (group 1) ELISA
N=72 divided into 6 Periodontitis (group 2)
groups SRP (group 3)

SRP+vitamin D3 (2 pg/kg; group 4)

SRP+Vitamin K2+ Vitamin D3 (group 6)

Vitamin K2 (menatetrenone) was administered
daily for 10days in corn oil vehicle.

TABLE 20 Effect of coenzyme Q- in vitro studies.

Study material (stem cells,
fibroblasts, etc.), sample size

Author, year, country,
study type

Figuero et al. 2006°%¢ Human periosteal fibroblasts
UK from periodontally diseased patients
Osteoblasts
Cells were incubated previously with
14c-testosterone
N=8

Methods of evaluation
(ELISA, etc.)

Timepoint of

Form of vitamin application evaluation

In culture medium 24h
CoQyy
(20pg/mL) alone or in
combination with nicotine
(250pug/mL)
Compared to Pycnogenol (150 pg/
mL) and phytoestrogens (10
and 40 microg/ml) alone or
in combination with nicotine
(250ug/mL)

Combined gas
chromatography-mass
spectrometry
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Evaluated parameters

Saliva TAC (total °
antioxidant capacity)
PD, CAL .
(6 teeth/person) (p=0.03).
Superoxide dismutase °
(SOD) activity in serum
and saliva
Periodontal parameters: °
Pl, GI, BOP, PD, CAL °

Outcomes: clinical, histological, immunological, microbiological, PROMS

2months after SRP, no significant differences for the mean changes in
TAC (p=0.14) or PD changes (p=0.33)
Mean CAL loss in test was significantly less than the control group

SOD activity in both serum (p <0.05) and saliva (p <0.001) was lower
in patients with CP compared with controls (cross-sectional evaluation
compared to healthy controls).

3months after SRP, SOD activity improved in both treatment groups:
Serum SOD improvement in TG-2 was higher than in TG-1 (p <0.001)

e Higher improvement in periodontal parameters in TG-2 than TG-1
(p<0.001).
e Serum SOD levels in TG-2 increased above the level of the control group.

Evaluated parameters

ALP

Extracellular matrix mineralization

mRNA of ALP

Protein expression:

ALP, Runx2, OCN, Osterix

Correlation to Wnt/B-catenin signaling
pathway

Evaluated parameters

IL-1B, IL-10 .

Serum bone-ALP (B-ALP)

Tartrate-resistant acid phosphatase 5b o
(TRAP-5b)

Ca level

ABL

Evaluated parameters

Radioactive steroid metabolites (DHT)

Outcomes

10°M MK-4 significantly promoted the osteogenic
differentiation of PDLSCs.

Gene and protein expressions of ALP, Runx2, OCN, and
Osterix were all upregulated compared with control.
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Conclusion

Vitamin E supplementation with SRP can
reduce the inflammatory process of
periodontitis and improve periodontal
clinical indices and decrease the amount
of attachment loss.

Systemic and local SOD levels are lowered
in CP.

Adjunctive vitamin E supplementation
improves periodontal healing as well as
antioxidant defense.

Conclusion

MK-4 can promote osteogenic differentiation
of PDLSCs, which is likely related to the
activation of the Wnt/p-catenin signaling
pathway.

After blocking the Wnt/p-catenin signaling pathway with

XAV-939, the effect of MK-4 was apparently reversed.

Outcomes: clinical, histological, immunological

Conclusion

Vitamin D3 and K2 alone or in combination did not

ABL in the periodontitis group were significantly
greater than those in the other five groups.
No significant differences were found in gingival IL-1p

and IL-10, serum B-ALP, TRAP-5b, calcium and ABL
between the groups receiving SRP with vitamins and
the group receiving SRP alone.

Outcomes

Incubation of osteoblasts and periosteal fibroblasts
with CoQ,,, Pycnogenol® or phytoestrogens
stimulated the synthesis of the physiologically active
androgen DHT.

DHT was significantly reduced in response to
nicotine compared to control values (p <0.001 for
phytoestrogens).

Nicotine+CoQ,,, Pycnogenol® or phytoestrogens
increased yields of DHT compared with incubation
with nicotine alone in both cell types.

affect gingival IL-1f and IL-10, serum B-ALP
and TRAP-5b levels, or alveolar bone compared
with conventional periodontal therapy alone.

Conclusion

Addition of antioxidants such as CoQ,, or
Pycnogenol® and phytoestrogens could
reverse the catabolic effects of nicotine
in human periosteal fibroblasts and
osteoblasts.
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TABLE 21 Effect of coenzyme Q,—animal studies.

Author, year, country, study type Animal type, sample size Treatment, form of vitamin application Study duration

Varela-Lopez et al. 2016% Rat aging model Randomized to 3 groups: 24 months (animal age)

Spain N=72 based on 3 different dietary fat sources Sacrifice at 6, 24 months
(N=12/group/sacrifice) n-6, n-3 polyunsaturated fatty acid or

monounsaturated fatty acids (olive oil-
VQ-group, sunflower -SQ group or fish

oil-FQ group)
50mg/kg/day CoQ,,
Yoneda et al. 2013%8 Rat aging model Test: N=6, 4months old (with Q,) 2months
Japan N=34 Control: N=6, 4months old (without Q,)
(Aged 2months N=6 and 4months 1% Topical application of a reduced form
N=18) of co-enzyme Q,, (rCoQ,,)

All of the 2-month-old rats and six
of the 4-month-old rats were
sacrificed

12 remaining 4-month-old rats
received topically applied
ointment with or without 1%
rCoQ10 on the gingival surface
until they reached 6 months of
age.
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Methods of evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Quantitative rt-PCR

Histology (methylene blue)

High sensitivity multiplexed
beads immunoassays
(Milliplex MAP)

Lipid peroxidation analysis
-ELISA

Gas-liquid chromatography

Histology (hematoxylin eosin)
Immunohistochemical staining
for 8-OHdG
Tartrate-resistant acid
phosphatase (TRAP)
Real-time PCR

Evaluated parameters

ABL

OPG, RANKL

IL-1B, IL-6

Lipid peroxidation

Fatty acid profile of the
three fat sources

8-OHdG tartrate-resistant
acid phosphatase
(TRAP)

IL-1B,

NLRP3, caspase-1,
apoptosis-associated
speck-like protein (ASC),
nuclear factor (NF)-xB,

B-Actin

Outcomes: clinical, histological, immunological

e Age-related ABL (differences between 24 and
6months of age) were 139 +28um -VQ group,

163 +38pm -SQ group, 97 +57um - FQ group.

e No significant differences between groups.

e CoQ,, diminished the exacerbated age-
related alveolar bone loss associated to n-6
polyunsaturated fatty acid diet

e IL-1p: higher levels at 6 and 24 months for the
FQ group

e Higher cytokine circulating levels for old
animals in all 3 dietary groups

e At 6 months, SQ showed the lowest levels

e RANKL: significant age-related changes with
lower values for VQ and FQ groups

e OPG: similar plasma levels at 6 months, and
increased significantly with age (SQ and FQ-
highest levels)

e Gene expression analysis suggests that
involved mechanisms might be related to a
restored capacity of mitochondria to adapt
to aging in gingival cells from rats fed on
n-6 polyunsaturated fatty acid. Could be
due to an age-related increase of the rate of

mitochondrial biogenesis and a better oxidative

and respiratory balance in these animals.

e Rats showed an age-dependent increase in
circulating oxidative stress.

e No significant differences for ABL between the

2 groups at 6 months.
e No pathological changes: extension of blood
vessels or increased N of inflammatory cells.
e The periodontium in the experimental group
exhibited low expression levels of 8-OHdG

and TRAP, as compared with that in the control

group
e Gene expression of NLRP3, caspase-1, ASC,
IL-18, NF-kB, in periodontal tissues was

significantly lower in the experimental group as

compared to control (p<0.05)

e Serum levels of 8-OHdG tended to increase
with age, and these values were significantly
lower in the experimental than control group.

e rCoQ10 decreased oxidative DNA damage
and tartrate-resistant acidphosphatase-

positive osteoclasts in the periodontal tissue at

6 months of age as compared to control.

e The same conditions lowered gene expression
of caspase-1 and interleukin-1 in the
periodontal tissue.

e Nod-like receptor protein 3 inflammasomes

were less activated in periodontal tissues from

rCoQ10-treated rats as compared to control.

e Serum levels of CoQ,, (mean+SD) at émonths

of age were 0.018 +0.002 pg/mL - control
group and 0.023 +0.002 ug/mL experimental
group.

e There was a significant difference in the
serum total CoQ,, levels of the control and
experimental group (p <0.05).

 perocartaogy 2000 SUINSERR

Conclusion

Supplementation with CoQ,,
could counteract the
negative effects of n-6
polyunsaturated fatty acid on
ABL associated to age.

rCoQ10 suppresses age-related
inflammatory reactions and
osteoclast differentiation by
inhibiting oxidative stress.

8518017 SUOWWIOD 3AIIERID 3|qedljdde aup Aq paueAob afe Saplie VO ‘SN J0 S8 1o} Akeiq 1 3UIIUO AB]IM U (SUORIPUOD-PUe-SULB) LI A8 |IMATe1q 1[BUI|UO//SHNY) SUORIPUOD PUe SWwiie | U1 89S *[£202/80/T2] UO AlgiTaulluo A8 (1M ‘uied TIseAIuN AQ ETSZT PAd/TTTT OT/I0p/W00 A8 |1mAelq1jeul|uoj/Sdny woly papeojumod ‘0 ‘2G20009T



FAWZY EL-SAYED ET AL.

42
—I—W] |B=A%& Periodontology 2000

TABLE 22 Effect of coenzyme Q,,—clinical studies.

Author, year, country, study  Patients, sample size, gender,

type
Barakat & Attia 2019%%

Saudi Arabia
Split-mouth

Chatterjee et al. 2012%%°
India
Split-mouth, randomized

Chug et al 2020°%8
India
Split-mouth, randomized

ElBarbary et al. 2022°%

Egypt
RCT

Ghasemi et al. 20223%2
Iran
RCT

Hanioka et al. 1994°%%*
Japan
Cohort study

Hans et al. 2012%%*
India
Split-mouth

smoker, diagnosis

N =20 patients
Age: 40+4.33years (25-60years)
CP

N =230 patients
Age: n.r.
Gingivitis

N =30 patients

(N=25 sites/treatment group)
Age: 230years old

CcpP

N =32 patients
Stage Il grade B periodontitis

Controlled diabetic patients
N=42
CP

N =10 patients

Age: mean: 48.3years (35-61years)
All male

Adult periodontitis

N=12 patients
Age: 22-55years
Both genders
CP

Treatment, form of vitamin
application

Test:

SRP+CoQ,,
subgingivally + periodontal
dressing

Control:

SRP

SRP in 2 quadrants

Topical application of CoQ,,in a
scaled +unscaled quadrant for
28days

Group A: SRP

Group B: SRP+CoQ,,

Group C: CoQ,,

Group D: none

Test: SRP+subgingival application
of CoQ,,

Control: SRP + methyl cellulose

Both groups received periodontal
dressing for 15days

Surgical treatment with Sticky Bone
in nonresponding sites

Test: SRP +systemic 30mg CoQ,, 2

times/day for 3 months
Control: SRP

Test: SRP +systemic CoQ,, (100mg)
once/day for 30days
Control: SRP

Test: Topical application of CoQ,, for

3weeks+SRP

Topical application CoQ,, was
applied in 20 pockets once a
week for 6 weeks in total

In remaining 10 sites (control):
application of soybean oil

Quadrant wise

topical application once:
e extra-sulcular

e intra-pocket alone

e intra-pocket+SRP

e SRPonly

Perio-Q, gel

Study duration

1month

28days

12 months evaluation (recall 1, 3,
6, 12months)

6 months after surgical treatment
were Sticky Bone was placed

3months

4weeks

6 weeks (reevaluation at 3,
6 weeks)

6 weeks
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Methods of

evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Clinical measurements

Clinical evaluation

Clinical evaluation

Clinical measurements
ELISA

Clinical evaluation

Clinical measurements
Periotron

Periotest

Enzymatic assay system

Clinical evaluation

Evaluated parameters

BI, PI, PD, CAL

Gl, BI, PI

Pl, GI, PD, CAL

PD, CAL
MMP9

Pl, GI, BOP, CAL, PD

gingival

crevicular fluid flow
PD, CAL, PI, BOP, MGl
Peptidase activity

PI, GI, GBI, PD, CAL

Outcomes: clinical, histological, immunological,
microbiological, PROMS

e Significant improvement of all parameters
compared to baseline in both groups

e Significant intergroup differences favoring
SRP+CoQ,, for all clinical parameters

e Reduction in gingival, bleeding, and plaque
scores at the sites where CoQ,, was applied.

e Significant reduction in mean+SD gingival,
bleeding, and plaque scores at 28th day for
groups A, B, and C when compared with baseline

e Significant improvement for plaque index,
gingival index, and PD compared to baseline

e Increase in values of plaque and PD at 6 months
and significant increase in values of gingival and
plaque index, and PD seen at 12 months,

e No significant difference in values was seen at
12 months and baseline.

e Significant decrease in PD and gain in CAL in
both groups

e Significant better clinical results for the test
group.

e Significant decrease in MMP-9 levels in GCF was
detected in both groups

e Significant higher decrease in the test group at 1
and 3months

e PD, CAL, BOP, and Pl indices in the CoQ,, group
were significantly lower than the control group

e Gl was similar in both groups with a significant
decrease after therapy in both groups

e In the first 3-week period, significant reductions
in gingival crevicular fluid flow, probing depth
and attachment loss were found only at
experimental sites.

e Significant decreases in the plaque index,
gingival

e crevicular fluid flow, probing depth and
attachment loss were found in both groups

e Significant improvements in MGI, BOP, and
peptidase activity were observed only at test
sites.

e Significant reduction (p<0.01) of clinical
parameters (plaque index, gingival index, gingival
bleeding index, PD, CAL in all four treatment
groups

e Intra-pocket gel application+SRP showed
significant reduction (p <0.05) for PI, Gl, GBI,
and CAL in comparison to intra-pocket gel alone.
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Conclusion

CoQ,, gel intra-pocket applications
packed by periodontal dressing
provide precious clinical
outcomes and considered as a
useful adjunctive agent with non-
surgical periodontal therapy

Promising results were obtained after
application of CoQ,, alone or as
adjunct to SRP for treatment of

plaque induced gingivitis.

Coenzyme Q10 does not aid in the
treatment of periodontitis

The antioxidant action of CoQ,,
provided an added benefit to
SRP for PD, CAL and MMP9 GCF
levels.

Systemic administration of Q,
adjunctive to SRP in patients with
controlled diabetes and CP might
accelerate the treatment process
and significantly reduce the
pocket depths

Topical application of CoQ,,
improves adult periodontitis not
only as a sole treatment but also
in combination with traditional
nonsurgical periodontal therapy.

In CP patients, SRP only and with
Perio-Q gel showed almost
similar clinical results without any
stsignificant differences.

The study did not provide enough
clinical support for the superiority
of adjunctive use of Perio-Q gel.

It appears that Perio-Q gel in this
study may have a potential
additive effect.
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TABLE 22 (Continued)

Author, year, country, study
type

Manthena et al 2015%%°
India
RCT

Pranam et al. 2020%2¢

India

Randomized split-mouth
study

Raut et al. 2016°%?

India

Comparative, parallel-arm
study

Raut et al. 2019%2%
India
RCT

Sale et al. 20143%%

India

Comparative, parallel-arm
study

Shaheen et al 2020°%°

Egypt
Split-mouth, randomized

FAWZY EL-SAYED ET AL.

Patients, sample size, gender,
smoker, diagnosis

N=30 patients (n=15/group)
14 female, 16 male

Age: 18-35years
Non-smokers

Plaque induced gingivits

N =16 patients

Age: 30-50years old
Both genders
Mild-moderate CP

N =15 patients (45 sites)

6 males

9 females

Age: 37.4+9.75years

(20-60years)

Moderate-severe CP

Smokers with >10 cigarettes/day
were excluded

N =40 patients (=20 /group)

Age: 37.4+9.76 years (20-60vyears)

Moderate-severe CP

Only smokers included (210
cigarettes/day for min. 5years)

N =18 patients

Age: 33.8years (20-55years)
No smokers included

Both genders

CP

N=15 patients
CP

Treatment, form of vitamin
application

Test: SRP+CoQ,, 3months
Systemic CoQ,, (120 mg/day) for
3months

Control: SRP+placebo

Sites were randomized to 3months
Test: SRP+CoQy,
Single application of CoQ,, gel in the

treatment site at baseline after

SRP

Control: SRP +placebo

Test I: CoQ,,+SRP

Single application of CoQ,, gel in the
treatment site at baseline after
SRP

Test II: tea tree oil gel+SRP

Control: placebo gel+SRP

Periodontal dressing was used in all
groups

1month

Test: CoQ,,+SRP 3months
CoQ,, gel for single subgingival
application following SRP

Control: SRP

Test I: single supragingival application 4 weeks
of CoQ,, gel following SRP

Test Il: single subgingival application
of CoQ,, gel following SRP

Control: SRP

Q,, in nanomicelles (NMQm) 6 weeks
formulation
Incorporated in situ gelling systems
Treatment: full-mouth SRP
Test side: Intrasulcular injection of
Q,, formulation (F1); injection
was repeated every 2nd day for
1week
Control side:
No additional treatment

Study duration
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Methods of

evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Clinical evaluation

Microcapillary method
ELISA
Clinical evaluation

Clinical evaluation

Clinical evaluation

Biochemical assay
Transmission electron
microscopy

Evaluated parameters

Pl, GI, PD

Superoxide dismutase
(SOD)
PD, GI, PI

Pl, GBI, PD, CAL

PI, MSBI, PD, CAL

Pl, GBI, PD

Gingival tissue (color,
size, texture,
contour)

Gl, PI, PD, BOP

Total antioxidant
capacity (TAOC)

MDA-biomarker for
lipid peroxidation

Lipid peroxide
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Outcomes: clinical, histological, immunological,

microbiological, PROMS

PD reduction:
Control:0.50+0.2mm
Test 1: 2.95+0.20mm

Conclusion

Both groups showed marked reduction of clinical
periodontal parameters at 1 and 3months when
compared to baseline.

No significant difference in Pl and PD between
the two groups at any given time period

Test group showed significant difference in
gingival inflammation at 1 month and 3months
when compared to control group.

The use of systemic CoQ,, adjunctive
to SRP showed significant
reduction in gingival inflammation
when compared to SRP alone

Intergroup analysis: no statistically significant
difference for clinical parameters at all the time
intervals (p>0.05)

Significant increase in the level of SOD in the
test group (p>0.05) compared with the control
group at 3months.

Adjunctive use of CoQ,, with
SRP can boost the antioxidant
concentration, but it is not
superior to SRP in the treatment
of chronic periodontitis

CoQ,, and tea tree oil gel proved to
be effective in the treatment of
chronic periodontitis.

Test 11: 2.09+0.15mm
Mean CAL reduction:
Control: 0.45+0.22mm
Test I: 2.33+0.04mm
Test 11: 2.28 +0.09 mm
Changes in mean plaque scores:
Control 0.67 +017

Test 1:11.00+0.11

Test 11:1.08 +0.05

GBI scores:

Control 0.92+0.29
Test 1:11.08+0.13

Test I1: 0.88+0.28

Significant improvement in all clinical parameters
(PD, CAL, MSBI) in the test sites at 3months
compared to the control group

Significant clinical improvements (PD, CAL, PI,
MSBI) in both groups at 1 and 3months.

CoQ,, has beneficial effect on
smokers with periodontitis when
used as an adjunct to SRP

Significant improvement in all clinical parameters
in the test sites seen at 4 weeks.

Sites with BOP were reduced more in the test
group than in the control group

CoQ,, can be said to have a
beneficial effect on periodontitis
when used as an adjunct to SRP.

PD:

Control: 5+0.84 to 3.66+0.686 mm

Test I: from 5.72+0.57 to 3.72+0.826 mm
Test II: from 6.33+1.085 to 3.72+0.826 mm

Only SRP determined improvement of the
periodontal parameters.

Values of T-AOC and lipid peroxide diminished
by 21.5 and 23.8%, respectively.

SRP combined with local application of NMQ10
resulted in a significant improvement of
periodontal parameters

The assayed biomarkers proved enhanced
antioxidant activity over SRP alone

NMQ10 can be suggested as
a promising nanosystem
as an approach to support
the management of chronic
periodontitis.

(Continues)
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TABLE 22 (Continued)

Author, year, country, study  Patients, sample size, gender,

type smoker, diagnosis
Sharma et al. 2016°%’ N =24 patients (120 sites)
India Age: 25-55years
Split-mouth Periodontitis
Shoukheba et al. 201934 Diabetes patients (type Il, moderately
RCT controlled)
N=30 (N=15/group)
18 females
12 males

Age: 30-50vyears
Generalized moderate CP

Evidence box

Presence Effect
Association studies v
Biological mechanism v
Animal model “proof of v
principle”
Clinical studies with surrogate 4 ++/-
parameters
Clinical studies with hard end (%]
points

4 | VITAMINS COMBINATIONS

4.1 | Rolesin periodontal health/prophylaxis and
disease

Micronutrients provide essential factors and cofactors for several
enzymes required for their normal biological functions, structural
maintenance, and transport. The close dose-dependent associa-
tion between micronutrient intake, like vitamin A, B1, B2, E, C,
copper, iron, folate, selenium, phosphorus, etc., and a reduced
risk and severity of periodontitis has been suggested in various
investigations.3#35262:333.334 garym levels of vitamin C, bilirubin,
and total antioxidants were inversely associated with periodon-
titis, especially in severe cases of the large NHANES Ill cohort,
strongly underlining the positive effects of antioxidants on the re-
duction in the relative risk for periodontitis.>® A strong inverse as-
sociation between higher intake of multiple dietary antioxidants

and the progression of periodontal disease as well as tooth loss

Treatment, form of vitamin
application Study duration

Test I: intrasulcular application of 6 weeks
CoQ,, following SRP

Test Il: intrasulcular 0.8% hyaluronic
acid application following SRP

Control: SRP alone

Test: CoQ,, 30mg twice/day for 6months
3months after SRP
Control: SRP+placebo

was further evidenced in an older population (age = 75years).*
Additionally, aging seems to reduce the body's absorption and
production of vitamins and minerals, diminishing thus their pro-
tective role on certain anti-inflammatory mechanisms also in-
volved in periodontal disease. In a large population sample from
a NHANES examination from 1999 to 2004 with 15000 subjects,
moderate and severe periodontitis forms were found to be as-
sociated with lower cis-p-carotene, p-cryptoxanthin, folate, and
vitamin D levels. It was noted that for most micronutrients a con-
sistent age-dependent decrease was evident. A further analysis
of these data pointed to close interactions between age, peri-
odontitis on one hand, and vitamin D levels in females and FA in
certain population races on the other hand.®3” In further regional
nutritional survey in Japan, data from 487 nonsmokers demon-
strated a statistically significant negative correlation between
folate level and BOP, yet with an insignificant association with the
Community Periodontal Index.*??

Possible beneficial adjunctive effects of a multi-vitamin nu-
tritional supplement were reported in a 60-day randomized con-
trolled trial on periodontitis patients. Patients taking multi-vitamin
preparations, composed of 250mg AA, 600mcg FA, 100mcg
methlycobalamin, 100mg Echinacea Augustifolia root extract,
50mg Vitus Vinifera, 25mg CoQioy and 5mg Piper Nigrum per
serving, showed significant reduction in their gingival inflamma-
tion and plaque scores as well as their PD.%%¢ A further prepara-
tion of 400mg AA, 10mg vitamin B6, 30pug vitamin B12, 601U
vitamin E, 400 mg FA, 0.5mg copper, 100 pg selenium, 7.5mg zinc,
30mg alpha-lipoic acid, 25 of citrus bioflavonoids, 500mg green
tea extract, 125mg of phylox blend, 25 mg of quercetin, and 6 mg
of B-carotenes reduced gingival inflammation modestly over an 8-

week period, with no effects observed on CAL and PD.% Positive
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Methods of

evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Clinical evaluation

GCF samples
ELISA

Evaluated parameters

PI, PD, CAL

Gingival color change
index

Eastman interdental BI

Gl, BI, PD, CAL
MMP8

 perocartaogy 2000 SUINSERR

Outcomes: clinical, histological, immunological,

microbiological, PROMS Conclusion

e Intragroup analysis of all clinical parameters
showed clinically significant results between
baseline and 6th week.

e No significant intergroup differences

Local application of CoQ,, and
hyaluronic acid gel in conjunction
with SRP may have a beneficial
effect on periodontal health
in patients with chronic
periodontitis.

e Significant decrease in clinical parameters at
6 months compared to baseline in the test group
e Control group: the decrease in values for
the clinical parameters was not statistically
significant excepting the Bl
e Significant differences for all clinical parameters
between the groups favoring the test treatment
e Intest group there was a significant continuous

Dietary supplementation with
CoQ,, may provide a low-
cost intervention to augment
periodontal therapy. Hence,
CoQ,pasan antioxidant could
be used safely as an effective
adjunct to oral prophylaxis in
treatment of CP in diabetic

reduction in MMP8 levels up to 3months

patients.

e Significant lower levels of MMP-8 in the test
compared to control

effects of micronutrients were also reported in diabetic patients.
In a placebo-controlled randomized controlled trial with 196 type
2 diabetes patients receiving micronutrient tablets for 6 months,
a statistically significant increase in serum levels of total protein,
iron, FA, and hemoglobin and decrease in unsaturated iron-binding
capacity (UIBC) levels were observed in the experimental micro-
nutrients group compared to the placebo group. Immunologically,
blood concentrations of IgE, CD4", lymphocytic counts, basophils
increased, CD8"% count decreased, and CD4*/CD8" increased.
This was accompanied by a significantly lower incidence of upper
respiratory tract infection, vaginitis, urinary tract infection, gin-
givitis, and dental ulcers in the test as compared to the placebo
group.338 The supplementary administration of a micronutrient
combinations in high stress situations was further tested in 40
healthy students under examination situations. The micronutrient
supplementation for 3months exhibited beneficial effects in terms
of reducing the level of certain lipids (triglycerides and LDL) and
inflammatory processes (slight reduction of the degree of gingival
inflammation).®%? A decrease in inflammatory parameters was also
observed in a randomized pilot study with a special low-carb diet
and rich in omega-3 fatty acids, in vitamins C and D, antioxidants
and fiber for 4 weeks. Inflammatory parameters, including GI, BOP,
and periodontal inflamed surface area (PISA), were significantly re-
duced in the experimental compared to the control group.340
Nonetheless, single micronutrient supplementation in relation
to periodontal diseases and their treatment have been studied
more intensively than combinations. This may be related to the
fact that their individual effect can be better pursued in a single-
supplemented diet. Yet, micronutrients appear naturally in a rather
mixed/combined manner, ideally in the form of a well-balanced un-

supplemented diet.

4.2 | Roles in periodontal therapy and biological
wound healing/regeneration

4.21 | Invitro studies results

The effect of antioxidant micronutrients and o-tocopherol has
been investigated on neutrophils isolated from periodontally
healthy volunteers stimulated with PMA (phorbol mystrate ac-
etate), or with Ig-opsonized F.nucleatum, with S.aureus or PBS
(control). Although a-tocopherol alone did not affect neither the
extracellular nor the total ROS level, the combination between o-
tocopherol and ascorbate inhibited ROS production. Additionally,
the combination induced a significant inhibition/reduction of the
Fcg-receptor-stimulated ROS release, as well as reduced the TLR-
stimulated total ROS and the extracellular ROS release by the
TLR-stimulated cells. These findings suggested that combined sup-
plementation with micronutrients may be beneficial in reducing
periodontal tissue damage and retaining immune-mediated neu-
trophil function.3#

A further in vitro study on human gingival and periodontal liga-
ment fibroblasts that included in its analysis also a group of combined
a-tocopherol and selenium application, reported an accelerated prolif-
eration rate, wound healing, and increased synthesis of bFGF and col-
lagen type | of both cell types.266 Improved cell migration and wound
healing of human gingival fibroblasts and osteoblast in the presence of
nicotine or cotinine was further reported by other working groups, sug-
gesting a beneficial effect for regeneration and repair of the soft and
hard tissues in smokers.?®® In a further in vitro investigation, G-MSCs
were combinedly stimulated by AA and retinol under an uninflamed
as well as an experimental inflammatory setup. Results revealed that

AA/retinol reversed the inflammation-mediated decrease in G-MSCs'
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TABLE 23 Effect of vitamin combinations—in vitro studies.

Author, year, country,
study type

Chapple et al. 20134
UK

Fawzy El-Sayed et al.
202112
Germany

Nizam et al. 2014%6®
Turkey

Torshabi et al. 20172%°
Iran

clonogenic ability and CFUs, amplified chondrogenic differentiation

Study material (stem cells,
fibroblasts, etc.), sample size

Neutrophiles isolated from venous
blood of periodontally
healthy volunteers (N =20)

Stimulation of cells with PMA

(phorbol myristate acetate), or
with Ig-opsonised F.nucleatum,
with S.aureus or PBS (control)
in the presence /absence of
vitamins

G-MSCs
N=5

Primary cultures of human GFs and
PDLFs
N=n.r.

HGF1-PI 1

Human osteoblast-like cell-line
MG-63

N=3

Form of vitamin application

In culture medium

Combination of a-tocopherol
(Immol/L)+AA (10pL)
compared to a-tocopherol
orto AA

In culture medium

Control group: basic medium

Inflammatory group: basic
medium with IL-18 (1 ng/mL),
TNF-a (10ng/mL), and IFN-y
(100ng/mL),

AA/Retinol group: basic medium
with AA (250 pmol/L) retinol
(20 pmol/L)

Inflammatory/ AA/Retinol
group: AA/retinol added to
the inflammatory group.

In culture medium

60uM a-tocopherol

Or combined with 5x 1077 M,
10%x1077M, and 50x 107" M
Se

In culture medium

a-tocopherol-albumin conjugate
(0.1-100mM)

+ Vitamin C (0.1-4mM)

+ Nicotine (5mM) +

or

+ Cotinine (5mM)

422 |

Timepoint of evaluation

30min pre-stimulation
and 150 min
post-stimulation

3, 5, 14days

24,48,72h

0,24,48h

Animal studies results

Methods of evaluation
(ELISA, etc.)

Dye exclusion (trypan blue)

Enhanced
chemiluminescence
assay: Isoluminol or
luminol

ELISA

Cell count

Histochemistry

RT-PCR

Next generation
sequencing

Metabolic XTT assay

ELISA

New wound healing
model (evaluation on
photographs)

MTT assay

In vitro scratch test/wound
healing assay

Rt-PCR

potential, with a higher activation of genes associated with develop-
ment, proliferation, and migration (FOS, EGR1, SGK1, CXCL5, SIPA1L2,
TFPI2, KRATP1-5), survival (EGR1, SGK1, TMEM132A), differentiation
and mineral absorption (FOS, EGR1, MT1E, KRTAP1-5, ASNS, PSAT1).242
Again, in this study a conjoint application of micronutrient appeared to
be beneficial (Table 23).

Limited evidence exists on the benefits of combined vitamin/mi-
cronutrient supplementation or application in preclinical animal
investigations. Similar to the above-mentioned findings from in
vitro studies, selenium in combination with various forms of vita-

min E applied systemically or topically has been shown to positively
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Evaluated
parameters Outcomes Conclusion
Cell viability e Total and extracellular unstimulated, baseline ROS generation was Micronutrient effects in vivo could be beneficial
ROS production unaffected by a-tocopherol; it was inhibited by ascorbate and a combination in reducing collateral tissue damage in
Isoluminol of both micronutrients. chronic inflammatory diseases, such as
production e Fcy-receptor (Fcy-R)-stimulated total or extracellular ROS generation was periodontitis, while retaining immune-
not affected by the presence of individual micronutrients. mediated neutrophil function.
e Vitamin combination significantly reduced extracellular Fcy-R-stimulated
ROS release.
e Neither micronutrient alone inhibited TLR-stimulated total ROS
e Vitamin combination inhibited TLR-stimulated total ROS.
e Ascorbate and the micronutrient combination (without a-tocopherol)
inhibited extracellular ROS release by TLR-stimulated cells.
B-catenin levels e G-MSCs demonstrated all mesenchymal stem/progenitor cells Results point at possibly interesting interactions
Cellular characteristics. between controlled inflammation or AA/
proliferation e Controlled inflammation with AA/retinol significantly elevated NANOG retinol affecting stemness, proliferation, and

Colony-forming (p<0.05).

differentiation attributes of G-MSCs.

Stemness genes e  AA/retinol-mediated reduction in intracellular phosphorylated p-Catenin

Multilineage

was restored through the effect of controlled inflammation (p <0.05).

differentiation. e Cellular proliferation was highest in the AA/retinol group (p <0.05).
Up-/downregulated e AA/retinol counteracted the inflammation-mediated reduction in G-MSCs'

genes and
altered
intracellular
pathways

Cell viability

Cell proliferation

bFGF

Collagen type |
synthesis

Wound healing
model

Cell viability and
proliferation

Cell migration

Gene expression
of apoptosis-
related genes
(BAX, BCL2,
CASP3)
compared to
control gene
GAPDH

affect periodontal healing in animal experimental models. This was

clonogenic ability and CFUs.

Amplified chondrogenic differentiation was observed in the inflammatory/
AA/retinol group.

At 1 and 3days, the differentially expressed genes were associated

with development, proliferation, and migration (FOS, EGR1, SGK1,

CXCL5, SIPA1L2, TFPI2, KRATP1-5), survival (EGR1, SGK1, TMEM132A),
differentiation and mineral absorption (FOS, EGR1, MT1E, KRTAP1-5, ASNS,
PSAT1), inflammation and MHC-Il antigen processing (PER1, CTSS, CD74)
and intracellular pathway activation (FKBP5, ZNF404). Less as well as more
genes were activated the longer the G-MSCs remained in the inflammatory
medium or AA/retinol, respectively.

a-tocopherol significantly increased the healing rate of PDFLs at 12h
a-tocopherol increased bFGF and collagen type | release from GFs and
PDLFs at 24,48, 72h

a-tocopherol/Se combination significantly enhanced the proliferation rate
of both cells at 48 h, decreased the proliferation of PDLFs at 72h, and
increased the healing rate of GFs at 12h and PDLFs at 12 and 48h.

bFGF and collagen type | synthesis was also increased in both cell types at
24,48, and 72h by a-tocopherol/Se combination.

a-Tocopherol and a-tocopherol/Se combination
is able to accelerate the proliferation rate
and wound healing process and increase the
synthesis of bFGF and collagen type | from
both GFs and PDLFs.

Significantly greater dose-dependent negative effects of nicotine on
morphology, viability, proliferation and migration of MG-63 and HGF cells
than cotinine.

Vitamin E improved statistically significantly more cell viability, proliferation
and migration, reduced more cell apoptosis than vitamin C in cells exposed
to nicotine/ cotinine than vitamin C.

Vitamin C and vitamin E (systemically/locally)
may be helpful in regeneration and repair of
oral soft and hard tissues in smokers

4.2.3 | Clinical studies results

evident by an inhibition of ROS release from phagocytic cells in rats,
helping thus to diminish the associated collagen destruction.®#?
Furthermore, in another study, the same combination resulted in sig-
nificantly less alveolar bone loss and suppressed gum inflammation
by iNOS compared with the control group?”’? (Table 24). Results of in
vitro and preclinical animal studies suggest that selenium should be
regularly administered in the presence of vitamin E to exploit its full

potential in periodontal healing/regeneration.

Various anti-inflammatory effects of micronutrient combined with
vitamins supplementation were observed in several clinical stud-
ies. In a study on postmenopausal women, a multi-nutrient intake
consisting of beta carotene, zinc, selenium, and copper for 3months
following SRP, resulted in significant improvement of the enzymatic
antioxidant status as well as an significant adjunctive reduction in Gl
and BOP compared to the control group.3*3
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TABLE 24 Effect of vitamin combinations—animal studies.

Author, year, country, study

type Animal type, sample size
Aral et al. 2015°%° Rats
Turkey with experimentally induced

periodontitis
N=72 divided into 6 groups

Controlled, parallel group

Asman et al 1994342 Rats

Sweden Controls (PBS): N=5
Vitamin E 3mg (N=2)
Vitamin E 15mg (N=2)
Vitamin E +Se:
1mg vitamin E+20pg Se (N=6)
1.5mg vitamin E+30pg Se (N=3)
3mg vitamin E+60ug Se (N=3)
6mg vitamin E+120pug Se (N=2)
For injection in sponge):
Controls: N=15
Vitamin E +Se:

2mg vitamin E+40pg Se (N=7), 3mg

vitamin E+60pg Se (N=2)

Bas et al. 2021272 Rat
Turkey N=40 (10/group)

In a cross- sectional case-control study, where dietary intakes
following SRP were followed up in 86 patients for 16 weeks, it was
observed that intakes of fruits, vegetables, -carotene, vitamin C,
a-tocopherol, EPA, and DHA resulted in significant reductions of PD
in smokers. However, smokers with a chronic generalized form of

periodontitis seemed to have no benefit of this healthy diet.®?

Treatment, form of vitamin application Study duration
Vitamin K2 (30 mg/kg) + 18days (10days
SRP (group 5) vitamin

versus administration)
Healthy (group 1)
Periodontitis (group 2)
SRP (group 3)
SRP +vitamin D3 (2 ug/kg; group 4)
SRP +vitamin K2 +vitamin D3 (group 6)
Vitamin K2 (menatetrenone) was
administered daily for 10days in corn oil
vehicle.

a-tocopherol undiluted

or in combination with Se

Administered subcutaneously or injected
in collagen sponges (containing
homologous °H collagen powder) at the
neck every 2days between the 8th and
18th day after sponge implantation

8, 18days

Experimental periodontitis (ligature- 4weeks
induced, 4 weeks)

Group A: Se

Group B: a-tocopherol (a-T)

Group C: Se+a-T

Group D: control (saline)

Vitamin E form: a-tocopherol acetate once a

day for 4 weeks (intraperitoneal)

Combinations of vitamin C, vitamin E, lysozyme, and carbazo-
chrome (CELC) administered for 4 weeks following SRP resulted
only in limited adjunctive improvements compared to placebo,
yet with a significant reduction of the gingival inflammation.34
Micronutrients (vitamins A, D, E, K, B1, B2, Bé, C, niacin, folate,

pantothenic acid, biotin, minerals sodium, potassium, calcium,
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Methods of evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Histological analysis (Masson
trichrome) + light microscopy
ELISA

Light microscopy (ingrowth of
granulation tissue in sponges)

Scintillation counting in urine
(breakdown of implanted
radioactivity caused by sponge
induced granulation tissue)

Image analysis method in
connective tissue under
connective epithelium

Immunohistochemistry

ELISA

Evaluated parameters

IL-1B, IL-10

Serum bone-ALP (B-ALP)

Tartrate-resistant acid
phosphatase 5b (TRAP-5b)

Calevel

ABL

Ingrowth of granulation tissue in
sponges (without collagen)

Collagen degradation monitored
as total radioactivity DPM/
mg collagen in excreted urine

ABL

Inflammatory cell infiltrate

Collagen density

N gingival collagen fibers

Nitric oxide synthase N of iNOS,
N of

CD95 cells, N collagen fibers

Serum

IL-1B, IL-6, IL-4.

Outcomes: clinical, histological,
immunological

ABL in the periodontitis group were
significantly greater than those in
the other five groups.

No significant differences were
found in gingival IL-1f and IL-10,
serum B-ALP, TRAP-5b, calcium
and ABL between the groups
receiving SRP with vitamins and the
group receiving SRP alone.

Similar reduction of radioactivity (in
urine) in the combination vitamin
E +Se (for the groups with 1 mg,
1.5mg, 3mg vitamin E)

A higher dose induced a higher
radioactivity

Vitamin E+Se injected
subcutaneously had no detectable
effect on the development of
granulation tissue as compared to
controls

Vitamin E+Se injected into the
sponge arrested the ingrowth

of granulation tissue and after
10days of treatment there was no
detectable ingrowth of fibroblasts
or capillaries in half of the sponge
(arrested the maturation of the
granulation tissue)

Se +aT significantly suppressed
ABL compared with the control
group (p<0.05). Other groups
showed no statistical significance.
N gingival collagen fibers in Se and
oT tended to be higher than in the
control group

Se: N iNOS+ cells was smaller
than in control (p <0.05) (iNOS
important inflammation marker
and tissue destruction). The other
groups showed only a tendency
toward lower iNOS levels (p>0.05)
Serum IL-6, IL-1B, IL-4 levels were
not significantly different among
groups

a-tocopherol alone or in
combination did not alter the
cytokines levels
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Conclusion

Vitamin D3 and K2 alone
or in combination did
not affect gingival IL-1p
and IL-10, serum B-ALP
and TRAP-5b levels, or
alveolar bone compared
with conventional
periodontal therapy
alone.

Vitamin E and Se are
potential inhibitors of the
free oxygen radicals from
phagocytic inflammatory
cells.

Thus, it was suggested
that these radicals
may play a role in the
collagen destruction by
granulation tissues, as in
periodontitis

Se has been concluded to
inhibit inflammation of
the gum due to iNOS.

Se and oT can have a
remarkable important
role in preventing
ABL, particularly in
combination.

phosphorous, iron, zinc) administered for 8 weeks following peri- in combination at precise concentrations could provide a syner-

odontal surgery showed positive results regarding tooth mobility gistic periodontal reparative/regenerative effect, exceeding the
and early periodontal healing, yet with no notable effect on gin- arithmetic sums of their isolated effects. Yet, in light of the above-
gival inflammation®*° (Table 25). Combined it appears plausible to mentioned studies (Table 26), further investigations are warranted

conclude that certain vitamins and micronutrient administration to test this promising hypothesis.
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TABLE 25 Effect of vitamin combinations—clinical studies.

Author, year, country, study
type
Daiya et al. 2014343

India
Cohort study

Dodington et al. 2015%°

Canada

cross-sectional, case-control
study

Hong et al. 2019344
South Korea
RCT

Lee et al. 201434
Korea
Cohort study

Evidence box

Patients, sample size, gender, smoker,

diagnosis

Postmenopausal patients (N=43)
Group 1 (N=22, control)

Group 2 (N=21, test)

Only female

Age: 45-55years

CP

N =86 patients
63 nonsmokers
23 smokers

Generalized CP

N=100 patients
CP

Natients

Test (N=17)
Control (N=11)
18 males

10 females

Age: 30-65years

Association studies

Biological mechanism

Animal model “proof of principle”
Clinical studies with surrogate parameters

Clinical studies with hard end points

Presence Effect
v ++

v

v

v ++

%)

Treatment, form of vitamin application Study duration

Group 1: SRP 3months
Group 2: SRP+ systemic micronutrient

antioxidants (10 mg beta carotene,

27.5mg Zn sulphate monohydrate,

70 mcg Se dioxide, 2mg manganese,

1mg copper) 1x/day for 3months

SRP 16 weeks

Randomized: 8weeks
Test: SRP+ combinations of vitamin
C, vitamin E, lysozyme and
carbazochrome (CELC) for 8 weeks
Control: SRP+ placebo
for the first 4 weeks; next 4 weeks CELC

Allocation after periodontal flap surgery ~ 8weeks
to one of the following groups:

Test: nutritional supplement drinks for
8weeks

(Vitamins A, D, E, K, B1, B2, B6, C, niacin,
folate, pantothenic acid, biotin,
minerals sodium, potassium, calcium,
phosphorous, iron, zinc).

Control: no supplements

5 | CONCLUDING REMARKS

The above-mentioned findings draw an interesting picture for
vitamins, as possible host-modulatory adjunctive biomolecules,
with promising potentials in the field of periodontal wound heal-
ing/regeneration. Although strong associations were reported
between certain vitamins and the prevalence of periodontal dis-
ease, in addition to in vitro and animal preclinical studies provid-
ing plausible explanation approaches for mechanisms that could
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Methods of

evaluation (ELISA,
immunohistochemistry,
histological, etc.)

Clinical evaluation
SOD assay kit
ELISA

Block 2005 food frequency

questionnaire
Supplement questionnaire
Clinical evaluation

Clinical evaluation

Evaluated parameters

Serum and saliva superoxide
dismutase (SOD) activity

Periodontal parameters: PD,
CAL, BOP, G, PI

PD

Intakes of fruits,

vegetables, p-carotene, vitamin
C, a-tocopherol, a-linolenic
acid (ALA), eicosapentaenoic
acid (EPA), docosahexaenoic
acid (DHA)

Serum

25-hydroxyvitamin D
concentrations

Gl, PD, CAL, PI

Gingival recession

VAS for discomfort, bleeding and
swelling

Gl

Tooth mobility

OHIP-14

Anthropometric parameters:
body wight, body fat,
fat-free mass, BMI, waist
circumference, blood
pressure

Questionnaire: loss of appetite,
dietary intake

Outcomes: clinical, histological,
immunological, microbiological, PROMS

Salivary and serum SOD values
significantly (p <0.05) improved with
periodontal treatment.

Improvement in systemic enzymatic
antioxidant status

Significant improvement of al periodontal
parameters in both groups

Significant reduction in Gl and BOP (%)
sites was significantly greater in group 2 as
compared to group 1.

In nonsmokers, PD was associated with
fruit and vegetable, p-carotene, vitamin
C, a-tocopherol, EPA, and DHA intakes
(p<0.05).

PD was not significantly associated with
ALA intake or serum 25-hydroxyvitamin D
concentration.

Significant associations that included
supplements (B-carotene, vitamin C,
a-tocopherol) were attenuated or lost,
depending on the statistical model used.
There were no significant associations
within the group of smokers.

93 patients completed the study.

Gl in the test group was significantly
decreased after 4weeks (p <0.001) and
8weeks (p<0.001).

Gl change was significantly decreased in
the test group compared to baseline and to
control group after 4weeks (p=0.015).
In the model adjusting for age, gender
and visits test group showed 2.5 times
Gl improvement compared to the control
group (p=0.022).

At 1week, Gl values were reduced in the
intervention group (p <0.05), and tooth
mobility had increased, but to a lesser
extent in the intervention group (p <0.05).
At 8 weeks, the intakes of protein, vitamins
A and B1, and niacin were increased in the
intervention group.
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Conclusion

Adjunctive micronutrient
supplements reduce
periodontal inflammation
and improve the status
of systemic enzymatic
antioxidants in
postmenopausal women.

Dietary intakes of fruits
and vegetables, -
carotene, vitamin C, a
-Tocopherol, EPA, and
DHA are associated with
reduced PD after SRP in
nonsmokers, but not in
smokers, with chronic

generalized periodontitis.

These findings may lead
to the development of
dietary strategies to
optimize healing after
periodontal procedures.

Within the study, CELC
showed a significant
reduction in gingival
inflammation compared
with a placebo.

Other parameters, however,
were similar between
groups.

These results demonstrate
that nutritional
supplementation
improves early
periodontal healing after
surgery

establish a “cause-effect” relationship, interventional trials were
not always able to demonstrate such expected positive thera-
peutic effects. Even with the currently limited number of studies
available, some of the trials reported conflicting results, suffered
from structural flaws, including sample size, mode of vitamin ad-
ministration, randomization, and blinding, and have, therefore,
a high risk of bias. Many of the trials were even conducted on
subpopulations, with factors (as aging, smoking, or menopause),
which themselves represent risk factors for bone loss and would

benefit most from such vitamin supplementation, but do not rep-
resent all aspects of periodontitis populations. The picture de-
picts how little the current evidence is, on the effect of vitamins
on periodontal wound healing, especially in the context of high
quality randomized clinical trials, to the extent that for vitamin
K no such trials even exist to the best of our knowledge in the
published periodontal literature till now. It thereby sheds light on
the knowledge gap and highlights potential future research areas
in this field. Moreover, it clearly underlines the complexity of the
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multifactorial periodontal wound healing events under microbial
dysbiostic condition, as opposed to controlled in vitro experi-
ments under ideal settings.

Current findings should thus be critically appraised, and an
oversimplified explanation and generalization of the described ef-
fects strictly avoided. Despite possible positive effects linked to
a balanced nutritional improvement or micronutrient supplemen-
tation, in case of specific deficiencies (as in people not frequently
exposed to the sun, pregnancy, smoking, or alcohol consumption),
on daily basis or as adjunct to nonsurgical or surgical periodontal
treatment, the current evidence is still unsatisfactory and full of
limitations. Most of the trials tested single vitamin preparations at
arbitrary specified concentrations, dosage, frequency, and routes
of administrations, which does not represent a normal dietary
intake of vitamins, ideally in a well-balanced diet in combination
with further vitamins, micronutrient, and fibers. The reported
treatment effects are further sometimes limited or insufficient in
their magnitude in order to determine the best dose, route, fre-
guency, and duration to achieve the desired effects in periodontal
wound healing. A definition of such desired effect remains to be
further complex in light of the time at which the vitamin is re-
quired in the body's physiological systems and the biological ef-
fect it can exert in relation to periodontal wound healing events
(inflammation, proliferation, granulation tissue formation, matura-
tion). Furthermore, as surgical as well as nonsurgical periodontal
therapies are very effective, well-established, and evidence-based
treatment modalities themselves, additional benefits of adjunctive
therapies may have been partly masked. Regarding vitamins as
“nutraceuticals,” with the ability to revert periodontal diseases by
themselves, is thus not justified.

In this context, it is further critical to determine whether a
measured antioxidants or vitamin depletion increases the pa-
tient's susceptibility to periodontal disease or if such a depletion
arose as a consequence of an active periodontal disease. In this
context, it is further not plausible to conclude, especially in the
era of “patient tailored” therapeutic approaches, that all patient
could be prescribed a specified dose (according to age, weight or
BMI) for a certain vitamin in isolation or in combination. Not only
does the absence of data on the serum vitamin levels and differ-
ences in individual gene polymorphism and vitamin metabolism
(nutrigenetics) negate such a simplistic approach, but further the
difference in metabolism and biopotency between the individual
vitamin isoforms. It is further not possible to link the measured
serum effects solely to the periodontal condition, being a part of
the complex biological human body systems. Serious side effects
of hypervitaminosis, which take a considerable time to appear, are
further concerns, limiting a regular recommendation for a consis-
tent daily intake of certain vitamins as an adjunct to periodontal
therapy or as a life-long preventive modality for periodontal dis-
ease progression. On the other hand, it is plausible to conclude
that vitamins when administered in combination or in presence of
micronutrients (as copper, iron, or zinc) could exert a synergistic

or an antagonistic effect depending on the administrated agents,
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ingredients of the combination, carrier, and release kinetics, and
their synchronized chronological co-presence, which are all re-
search fields currently unexplored, warranting further extensive
research. Currently, we are still making the first step in a field that
requires great attention for the possibilities it hold in the context
of periodontal healing/regeneration.
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