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1 | INTRODUCTION

The use of food supplements and so-called superfoods to increase
fitness and regeneration or just to improve health and well-being
is very popular these days, particularly in people living the fitness
lifestyle. Some of the effects attributed to these supplements and
superfoods involve tissues and processes that may also play a role
in periodontal healing and regeneration. Although the number of
publications investigating the effect of these products on human
health and their possible use in medicine is increasing, only little is
known so far regarding their effects on periodontal tissues and their
possible use in periodontal treatment or medicine. The aim of this
review is to provide an overview of the current evidence of some
popular food supplements and superfoods that might be of interest
in periodontology.

2 | FISH OIL/OMEGA-3 FATTY ACIDS

Fish oil, and particularly the enclosed omega-3 polyunsaturated
fatty acids, is assumed to be beneficial for human fitness and well-
being. Their wholesome effects are claimed to promote or partici-
pate in heart and vascular health, brain or neurological development
and function, mental health and function, vision, immune system
balance, body weight control, joint function, and bone and muscle
mass and strength.l’24 Therefore, fish-oil supplements or other sup-
plements rich in omega-3 polyunsaturated fatty acids are today one
of the most common and widely used dietary supplements in the
health and fitness sector.

There are two classes of essential fatty acids, omega-3 and
omega-6. Omega-3 and omega-6 fatty acids are polyunsaturated
fatty acids containing more than one cis double bond that is lo-
cated between the third and the fourth carbon atoms from the
methyl end in omega-3 fatty acids and between the sixth and
seventh carbon atoms in omega-6 fatty acids. Alpha-linolenic acid
(18:3n-3) is the parent fatty acid of the omega-3 series and lin-
oleic acid (18:2n-6) is the parent fatty acid of the omega-6 series.
Both, alpha-linolenic acid and linoleic acid compete for the same
elongase and desaturase enzymes in the synthesis of long-chain
polyunsaturated fatty acids.?>?® Humans are able to synthetize
long-chain (20 carbon atoms or more) omega-3 polyunsaturated
fatty acids, such as eicosapentaenoic acid (20:5n-3), docosapen-
taenoic acid (22:5n-3), and docosahexaenoic acid (22:6n-3), from
alpha-linolenic acid and long-chain omega-6 polyunsaturated fatty
acids, such as dihomo-y-linolenic acid (20:3n-6) and arachidonic
acid (20:4n-6), from linoleic acid by desaturation (addition of a
double bond) and elongation (addition of two carbon atoms).?”%8
The main natural dietary sources for alpha-linolenic acid are plant-
based sources such as green leafy vegetables, flaxseed, chia seeds,
canola, soybeans, walnuts, and pecans, but also chicken and beef.
The main sources for linoleic acid are vegetable oils, safflower oil,
sunflower oil, borage oil, and corn oil (Figure 1).>>232?7 Fatty acids
are absorbed in the small intestine after hydrolyzation by pancre-
atic enzymes and under the presence of bile salts. Under normal
conditions, fat absorption throughout the small intestine is 85%-
95% efficient.?’

Fish oils contains more than 40 fatty acids. However, the
claimed health benefits associated with fish oil have been attributed

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Periodontology 2000 published by John Wiley & Sons Ltd.

146 wileyonlinelibrary.com/journal/prd

Periodontology 2000. 2022;90:146-175.


www.wileyonlinelibrary.com/journal/prd
mailto:﻿￼
https://orcid.org/0000-0003-1714-5727
mailto:﻿￼
https://orcid.org/0000-0003-4367-2125
mailto:axel.spahr@sydney.edu.au
http://creativecommons.org/licenses/by-nc-nd/4.0/

SPAHR anp DIVNIC-RESNIK

omega-6 fatty acids
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Dietary sources LA

(LA) Linoleic acid (LA) vegetable O.I|S
safflower oil
s ! 18:2n-6 sunflower oil
borage oil
corn oil

y-Linolenic acid (GLA)
18:3n-6

Dihomo-y-linolenic acid (DGLA)
20:3n-6

Dietary sources AA
meat, poultry,

eggs

Arachidonic acid (AA)
20:4n-6
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omega-3 fatty acids

COOH

Dietary sources ALA
(ALA) a-Linolenic acid (ALA) green leafy Yegetables,
flaxseed, chia seeds,
18:3n-3
e, | canola, walnut,
.~ e soybeans, pecans
Stearadonic acid (SDA) (chicken and beef)
18:4n-3

!

Eicosatetraenoic acid (ETA)
20:4n-3

Eicosapentaenoic acid (EPA) Dietary sources
20:5n—-3 EPA, DPA and DHA
oily cold-water fish:
l tuna, salmon, herring,
Docosapentaenoic acid (DPA n-3) liver of beef & lamb,
grass-fed beef
22:5n-3 ) .
supplements: fish ail,
1 algae oil, krill oil

Docosahexaenoic acid (DHA)
22:6n-3

FIGURE 1 Long-chain omega-6 and omega-3 polyunsaturated fatty acids deriving from their parent compound linoleic acid or alpha-

linolenic acid, including molecular structures and dietary sources?’

primarily to the most prevalent omega-3 polyunsaturated fatty
acids in fish oil, namely eicosapentaenoic acid and docosahexae-
noic acid. The third most prevalent omega-3 polyunsaturated fatty
acid in fish oil, docosapentaenoic acid, has recently gained more
attention by scientists.>3C Interestingly, in human breast milk, the
docosapentaenoic acid content is higher than the eicosapentae-
noic acid content and is comparable to the docosahexaenoic acid
content, indicating an important role of docosapentaenoic acid in

human development.®!

All three omega-3 polyunsaturated fatty
acids, eicosapentaenoic acid, docosapentaenoic acid, and docosa-
hexaenoic acid, share structural similarities which may explain some
of the overlapping functions.®

Although the long-chain omega-3 polyunsaturated fatty acids
eicosapentaenoic acid, docosapentaenoic acid, and docosahexae-
noic acid can be synthetized from alpha-linolenic acid, in reality
the conversion efficiency seems to be low to absent. Studies also
report that gender differences, existing diet, genetic variability in
enzymes involved in the fatty acid metabolism, and lifestyle fac-
tors may have an impact on the alpha-linolenic acid conversion
rate. In healthy young men, not more than about 8% of the dietary
alpha-linolenic acid is converted to eicosapentaenoic acid and do-
cosapentaenoic acid, and only 0%-4% is converted to docosahex-
aenoic acid. In healthy young women, up to 21% of the ingested
alpha-linolenic acid is converted to eicosapentaenoic acid, 9%
to docosahexaenoic acid, and 6% to docosapentaenoic acid.3?38
Interestingly, docosahexaenoic acid can also be retroconverted to
eicosapentaenoic acid following docosahexaenoic acid supplemen-

tation, although at a low rate.®*

Polymorphisms of the two key enzymes in fatty acid metabolism
(fatty acid desaturases 1 and 2) seem to be responsible for up to 30%
of the variability in blood levels of omega-3 and omega-6 fatty acids
among individuals.>>%¢ The already low conversion rate of alpha-
linolenic acid in long-chain omega-3 polyunsaturated fatty acids may
be further reduced by about 40% when diets are high in omega-6
fatty acids, as for example in a typical Western diet, since omega-6
fatty acids compete with omega-3 fatty acids for enzymes in bio-
synthetic pathways in the human body.37'38 Furthermore, lifestyle
factors, like alcohol consumption, have also been shown to reduce
docosapentaenoic acid levels in the plasma and the liver.®? Therefore,
it is suggested that long-chain omega-3 polyunsaturated fatty acids
may be considered as conditionally essential nutrients and an ade-
quate supply of eicosapentaenoic acid, docosapentaenoic acid, and
docosahexaenoic acid should be achieved by direct consumption
from food sources.?”*?%% Good food sources for eicosapentaenoic
acid, docosapentaenoic acid, and docosahexaenoic acid are sea food,
especially oily cold-water fish (tuna, salmon, or herring), but also liver
of beef and lamb, grass-fed beef, or just supplements like fish ail,
algae oil, or krill oil capsules. Unfortunately, the typical Western diet
is usually rather rich in omega-6 polyunsaturated fatty acid sources.
The omega-6 to omega-3 polyunsaturated fatty acid ratio in a typi-
cal Western diet is about 20-30:1, compared with a diet rich in fish
or seafood with an omega-6 to omega-3 ratio of about 1-2:1.40%4
Therefore, supplement capsules could be a good source of long-
chain omega-3 polyunsaturated fatty acids for people who cannot
or are not keen to eat a sufficient amount of fish or seafood.?”42-4>
However, the content of eicosapentaenoic acid, docosahexaenoic
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acid, and docosapentaenoic acid between the numerous fish oil, krill
oil, or flaxseed oil supplements may vary significantly. Therefore,
it might be prudent to check the content of the different omega-3
polyunsaturated fatty acids on the label of the particular supplement.
Owing to the increased absorption rate, it is also advised to take ome-
ga-3 polyunsaturated fatty acid supplements together with a meal.
Dividing the daily dose into two or three smaller doses throughout
the day may help to reduce fishy aftertaste or gastrointestinal side
effects.*®*” Current intake recommendations regarding omega-3
polyunsaturated fatty acids, and particularly eicosapentaenoic acid
and docosahexaenoic acid, vary between different organizations and
for different indications. The European Food Safety Authority rec-
ommends an adequate intake of 250mg/day for eicosapentaenoic
acid plus docosahexaenoic acid. The World Health Organization rec-
ommends an acceptable macronutrient distribution range for eicos-
apentaenoic acid plus docosahexaenoic acid of 250mg/day to 2g/
day (the upper limit applying to the secondary prevention of coronary
heart disease). The International Society for the Study of Fatty Acids
and Lipids recommends for healthy adults a minimum of 500 mg/day
of eicosapentaenoic acid plus docosahexaenoic acid for cardiovas-
cular health. The American Heart Association recommendation for
people without documented coronary heart disease is to eat fish at
least twice weekly, providing approximately 500 mg of eicosapentae-
noic acid plus docosahexaenoic acid. People with documented cor-
onary heart disease are advised to consume approximately 1g/day
of eicosapentaenoic acid plus docosahexaenoic acid, preferably from
oily fish or to consider supplements in consultation with a physician.
People who need to lower serum triglycerides may take 2-4 g/day of
eicosapentaenoic acid plus docosahexaenoic acid supplements under
a physician’s care. The Linus Pauling Institute advises that generally
healthy adults should eat fish twice weekly and to consume foods
rich in alpha-linolenic acid, such as walnuts or flaxseeds. People who
do not regularly eat fish should consider taking a 2g fish oil supple-
ment several times a week.?’

Omega-3 and omega-6 polyunsaturated fatty acids are important
structural components of the phospholipids of all cell membranes.
The composition and molecular structure of cellular membranes can
be changed by diet or by the fatty acid composition of the diet. An
increased intake of omega-3 polyunsaturated fatty acids via diet will
increase the omega-3 polyunsaturated fatty acid concentration in
complex lipids within the bloodstream and in phospholipid mem-
branes of cells and tissues.*® In humans on a typical Western diet
low in omega-3 polyunsaturated fatty acids, blood cells involved in
inflammatory responses contain only about 0.5%-1% eicosapentae-
noic acid, 2%-4% docosahexaenoic acid, but 10%-20% arachidonic
acid. An increased omega-3 fatty acid intake has been shown to in-
crease the omega-3 polyunsaturated fatty acid content of the cell
membranes at the expense of omega-6 polyunsaturated fatty acids,
and especially arachidonic acid.**=>% Investigations with an eicos-
apentaenoic acid/docosahexaenoic acid supplement showed that
the fraction of omega-3 polyunsaturated fatty acids increased in
red and in white blood cells following the consumption of the sup-

t,54

plemen However, whereas there was a linear relationship to the

dietary dose of the intake or supplement in red blood cells, this could
not be seen in white blood cells. This indicates differences in the
degree of omega-3 polyunsaturated fatty acid increase between dif-
ferent cell types.1%°%453

When incorporated into phospholipids, omega-3 and omega-6
polyunsaturated fatty acids affect key membrane properties, such
as membrane fluidity, flexibility, permeability, cell signaling, gene
expression, activity of membrane-bound enzymes, receptor ac-
tivity, signaling or activation of transcription factors, membrane
cation-transport system, and the pattern of lipid mediator or eico-
sanoid production.’®=¢° These lipid-derived mediators, eicosanoids,
are derived from long-chain 20-carbon polyunsaturated fatty acid
precursors and are considered as highly potent chemical messen-
gers and key mediators and regulators in immune and inflammatory
responses (Figure 2). After stimulation by hormones, cytokines, or
other factors, long-chain polyunsaturated fatty acids are released
from cell membranes and become substrates for eicosanoid pro-
duction. The synthesis of eicosanoids is catalyzed by three enzyme
families: cyclooxygenases, lipoxygenases, and cytochrome p450
monooxygenases. Cyclooxygenases produce prostaglandins, pros-
tacyclins, and thromboxanes, known as prostanoids. Lipoxygenases
produce leukotrienes and hydroxyl fatty acids, and cytochrome
p450 monooxygenases produce hydroxyeicosatetraenoic acids and
epoxides,2755:61-64

However, the physiologic responses to eicosanoids deriving
from long-chain omega-6 polyunsaturated fatty acids are quite
different from those to long-chain omega-3 polyunsaturated fatty
acid-derived eicosanoids. Eicosanoids generated from long-chain
omega-6 polyunsaturated fatty acids, like arachidonic acid, are con-
sidered mainly proinflammatory. By contrast, eicosanoids generated
from long-chain omega-3 polyunsaturated fatty acids are less potent
inducers of inflammation, blood vessel constriction, and coagulation
and are, therefore, considered as anti-inflammatory. Arachidonic
acid, for example, serves as precursor for 2-series prostaglandins like
prostaglandinE2 and 4-series leukotrienes like leukotrieneB4 via
the cyclooxygenase and lipoxygenase pathways, respectively. Both
eicosanoids show a high inflammatory potential, which increases
production of interleukin-6 and enhances vascular permeability and
vasodilatation. Leukotriene B4 recruits neutrophils to areas of tissue
damage, increases the production of interleukin-1 and tumor necro-
sis factor alpha, and induces the release of reactive oxygen species
from leukocytes.>®>~%7 However, it would be an oversimplification
to describe all arachidonic acid-derived eicosanoids as proinflam-
matory. Although arachidonic acid-derived prostaglandins induce
inflammation they also inhibit proinflammatory leukotrienes and
cytokines and induce anti-inflammatory lipoxins. This pathway mod-
ulates the intensity and duration of the inflammatory response via
negative feedback.>>¢®%? The long-chain omega-3 polyunsaturated
fatty acid eicosapentaenoic acid serves as a precursor for 3-series
prostaglandins such as prostaglandinE3 and 5-series leukotrienes
like leukotriene B5 (eicosanoids with a low proinflammatory poten-
tial). Their expression results in decreased vascular permeability and

vasodilatation as well as reduced immune cell recruitment.>%36470-72
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FIGURE 2 Bioactive lipid mediators derived from omega-6 and omega-3 fatty acids
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omega-3 fatty acids

a-Linolenic acid (ALA)
18:3n-3

Stearadonic acid (SDA)

18:4n-3 F3 isoprostanes
Resolvins
Eicosatetraenoic acid (ETA)
20:4n-3 Hydroxy fatty acids

Prostanoids
Leukotrienes

Eicosapentaenoic acid (EPA)
20:5n-3

v

Docosapentaenoic acid (DPA n—3)
22:5n-3

|
!
!

Hydroxy fatty acids

F4 isoprostanes

Docosahexaenoic acid (DHA) Rasoins
22:6n-3 Protectins
Maresins
Hydroxy fatty acids
27,55,61,62

Replacement omega-6 PUFAs
with omega-3 PUFAs in cell
membranes:

Increase in:
EPA, DPA, and DHA.
Resolvins and Protectins.
PGE3 and LTBs.

Dietary intake
omega-3 PUFAs

Reduction in:
IKB phosphorylation and NFkB production.
PGE2 and LTB4.
ICAM-1 and VCAM-1.
Vascular dilatation and permeability.
Neutrophil chemotaxis and recruitment.
Proinflammatory cytokines.
Localized and systemic inflammation.

Decreased cellular response to
=—>| mitogenic and inflammatory
stimuli

Omega-3 PUFAs:
—| Might indirectly act as antioxidants
in vascular endothelial cells, thus

decreasing inflammation

FIGURE 3 Effect of dietary intake of omega-3 polyunsaturated fatty acids (PUFAs) on inflammatory mediators. DHA, docosahexaenoic
acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; ICAM-1, intercellular adhesion molecule 1; IxB, inhibitor of kappa B; LTB,,,
leukotriene B4; LTB., leukotriene B5; NFxB, nuclear factor kappa-light-chain-enhancer of activated B cells; PGE,, prostaglandin E,; PGE,,

prostaglandin E3; VCAM-1, vascular cell adhesion molecule 1127374

Dietary supplements rich in omega-3 polyunsaturated fatty
acids have been shown to reduce the concentration of 2-series
prostaglandins and increase the synthesis of 3-series prosta-
glandins, which are suggested to be less inflammatory (Figure 3).

I”> compared the effects of prostaglandinE2 and pros-

Bagga et a
taglandin E3 on cell proliferation and the expression and transcrip-
tional regulation of the cyclooxygenase-2 in NIH 3T3 fibroblasts,
as well as the production of interleukin-6 in RAW 264.7 macro-
phages. Their study revealed that prostaglandin 3, unlike prosta-
glandin E2, is not mitogenic to NIH 3T3 fibroblasts; and although

both induce cyclooxygenase-2 messenger ribonucleic acid (nRNA)

via a similar signaling mechanism, prostaglandin E3 is significantly
less efficient in inducing cyclooxygenase-2 gene expression.
Furthermore, prostaglandin E3 induced interleukin-6 synthesis in
RAW 264.7 macrophages significantly less than prostaglandin E2
did. They also showed that increasing the omega-3 content of
membrane phospholipid results in a decrease in mitogen-induced
prostaglandinE2 synthesis. These results indicate that replace-
ment of omega-6 polyunsaturated fatty acids with omega-3
polyunsaturated fatty acids in cell membranes can result in a de-
creased cellular response to mitogenic and inflammatory stimuli.”®

Furthermore, it has been assumed that, owing to the position of
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their unsaturations, omega-3 polyunsaturated fatty acids are less
susceptible to oxidative damage than omega-6 polyunsaturated
fatty acids are and that long-chain polyunsaturated fatty acids of
the omega-3 series might also indirectly act as antioxidants in vas-
cular endothelial cells, thus decreasing inflammation.”37¢

Additionally, more recent studies revealed that long-chain
omega-3 polyunsaturated fatty acids also serve as substrates for
enzymatic conversion to a novel series of bioactive lipid media-
tors with anti-inflammatory, inflammation-resolving, and protec-
tive capabilities.”’go It is now widely recognized that resolution
of inflammatory responses is an active and not, as previously
considered, a passive process. Increasing evidence shows that the
resolution phase is a biosynthetically active process that is gov-
erned by a superfamily of specialized pro-resolving mediators.
These potent bioactive molecules are biosynthesized from essen-
tial polyunsaturated fatty acid precursors (eg, eicosapentaenoic
acid, docosahexaenoic acid, and docosapentaenoic acid) and were
named resolvins, protectins, their aspirin-triggered isomers, and
more recently maresins and cysteinyl-conjugated specialized pro-
resolving mediators.8!

Both eicosapentaenoic acid and docosahexaenoic acid can be
metabolized via pathways involving cyclooxygenase and lipoxygen-
ase and converted to E-series resolvins, given their eicosapentae-
noic acid precursor, and D-series resolvins, biosynthesized from
the precursor docosahexaenoic acid.”®-8%82-8¢ Resolvin E1 was
the first discovered specialized pro-resolving mediator derived
from eicosapentaenoic acid, identified during the resolution phase
of acute inflammation. The E-series resolvins display potent anti-
inflammatory and immunoregulatory properties, control acute and
chronic inflammation, neurologic disorders, and cancer, as well as
stimulate tissue repair. The D-series resolvins have been shown,
for example, to stimulate macrophage phagocytosis of microbes,
prevent central and peripheral inflammation and neuronal dysfunc-
tion, promote keratinocyte repair, enhance tissue regeneration and
healing, reduce thrombus burden, and seem to be involved in pain
regulation. Protectin D1/neuroprotectin D1 is biosynthesized from
docosahexaenoic acid and has demonstrated neuroprotective ac-
tions in the brain, retina, and central nervous system. The aspirin-
triggered epimer has been shown to control polymorphonuclear
neutrophils, enhance macrophage functions, and attenuate experi-
mental stroke!®79-81

Both resolvins E1 and D1 and protectin D1 have demonstrated
activity as regulators, inhibiting the migration of neutrophils from
capillaries and also limiting neutrophil infiltration into inflamed
tissue, thus supporting the resolution of inflammatory processes.
Furthermore, they seem to inhibit the production of tumor necro-
sis factor alpha and interleukin-1p, and there are reports about an
additive effect of protectin D1 when acting in concert with resolvin
Fq.31.85-89

There are also reports aboutin vivo and in vitro synthesis of docos-
apentaenoic acid-derived specialized pro-resolving mediators with

potent anti-inflammatory and tissue-protective properties.ls"’op1

Resolvins and protectins are also generated in their respective
epimeric forms when aspirin (acetylsalicylic acid) is given in mamma-
lian systems. In the presence of aspirin, eicosapentaenoic acid and
docosahexaenoic acid undergo transcellular metabolism in human
cells to release various anti-inflammatory, pro-resolution, lipid me-
diators. These novel epimers are described as aspirin-triggered re-
solvins and protectins. Both have demonstrated an inhibitory effect
on polymorphonuclear granulocytes and the capability to prevent
inflammation. Furthermore, macrophages are induced to have im-
proved phagocytosis of bacteria and apoptotic neutrophils. Aspirin
modifies the activity and specificity of cyclooxygenase-2 and seems
to be critical to the enhanced activity of the stereoisomers (18(R)- vs
18(S)-resolvins).?>?7

In contrast to the previous understanding that resolution of
inflammation was a passive process, it has become clear in recent
years that it actually constitutes an active process that involves the
switching on of specific pro-resolution circuits. It is suggested that
the combined use of aspirin and long-chain omega-3 polyunsatu-
rated fatty acids may have the potential to turn on these specific
pro-resolution circuits and to modify the host response to chronic
inflammation.

The number of studies investigating possible health benefits
due to the intake of fish oil or omega-3 polyunsaturated fatty acid
supplements has increased significantly during the last decade.
Possible beneficial effects of an adjunct use of fish oil or omega-3
polyunsaturated fatty acids have been investigated for visual and
neurologic development,98 gestation and pregnancy,c”c”'103 car-
diovascular disease or coronary heart disease and atherosclero-

sis, 1047107 Alzheimer disease or dementia,’?%1%1! diabetes, 1127115

rheumatoid arthritis,**'” Crohn disease or ulcerative colitis,**8-121

1227125 immunoglobulin A nephropathy,?® neuropsychiatric

127-136

asthma,
disorders like depression, bipolar disorder, or schizophrenia,
and also cancer.’3" 1%

Based on the improved understanding of function and beneficial
effects of fish oils or omega-3 polyunsaturated fatty acid supple-
ments in the numerous systemic diseases mentioned earlier herein,
attention has been drawn to the investigation of possible beneficial
effects on oral tissues or diseases. The anti-inflammatory effects, in
particular, indicate their possible use as an adjunct in prevention and
treatment of periodontal disease. Periodontitis is a dysbiotic inflam-
matory disease and the result of a host immuno-inflammatory re-
sponse to periodontopathic bacteria. The destruction of periodontal
tissues is characterized by an inflammatory neutrophil-mediated
tissue injury followed by chronic infiltration of monocytes and the
establishment of an acquired immune lesion. Although initiated
by periodontopathic bacteria, investigations of the pathogenetic
mechanisms associated with periodontal diseases have shown that
the largest amount of periodontal tissue damage is not caused by
bacteria directly but by the host response to infection. Important
mediators in periodontal tissue destruction are prostaglandins and
leukotrienes, produced from the metabolism of arachidonic acid.

Attention has been focused on the role of prostaglandin E2, which, in
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addition to its proinflammatory action by stimulating various proin-
flammatory cytokines, also participates in the destruction of alveo-
lar bone and periodontal connective tissue by activating osteoclasts
and increasing the synthesis of matrix metalloproteinase-1.8140-145
Therefore, it is not surprising that the number of studies investigat-
ing the effect of omega-3 polyunsaturated fatty acids on prevention
and treatment of periodontal diseases has increased significantly
over the last decade.

Alam et al'#

showed in an early study in rats that animals fed
with a diet rich in omega-3 polyunsaturated fatty acids exhibit re-
duced levels of arachidonic acid, prostaglandin 2, and leukotriene B4
in gingival tissue. Campan et al*® investigated the effect of omega-3
polyunsaturated fatty acids in the treatment of human experimental
gingivitis. Test patients received a fish oil supplement (30% ome-
ga-3 polyunsaturated fatty acids, 18% eicosapentaenoic acid, and
12% docosahexaenoic acid) and control patients received a placebo
containing olive oil (1% omega-3 polyunsaturated fatty acids). The
levels of arachidonic acid, prostaglandinE2, and leukotriene B4 were
decreased in the experimental fish oil group and increased in the
olive oil control group, but with no significant difference. Clinically,
there was a significant reduction of the gingival index in the test
group but no significant difference between the groups. Eberhard

et al'¥’

investigated the effect of a topical application of omega-3 or
omega-6 polyunsaturated fatty acids in a human experimental gin-
givitis model. The subjects were randomly assigned to two groups
using a mouthrinse enriched in omega-3 polyunsaturated fatty acids
or an omega-6 soya oil solution. However, bleeding on probing, gin-
gival crevicular fluid, and leukotriene B4 levels were significantly in-
creased in all groups with no differences between the control and
experimental side.

A study by Bendyk et al®? investigated the effect of omega-3
polyunsaturated fatty acids on experimental periodontitis in mice.
Adult mice were fed experimental diets containing either 10% tuna
oil or Sunola, a cold-pressed sunflower oil, for 57 days. After 14 days,
the mice were inoculated orally with Porphyromonas gingivalis alone
or a mixture of P. gingivalis and Fusobacterium nucleatum suspended
in carboxymethyl cellulose, with carboxymethyl cellulose alone or
remained untreated. At the end of the observation period the mice
were killed, soft-tissue biopsies of the oral cavity used for measure-
ment of the polyunsaturated fatty acid concentrations, and the max-
illa removed, stained, and digitally imaged to assess the bone loss
around the upper molars. After 57 days, there were marked differ-
ences in the polyunsaturated fatty acid contents of the intra-oral
soft tissues of mice fed with the tuna oil-enriched diet compared
with those fed with Sunola oil. The oral tissues of the tuna oil fed
mice showed 10-fold increased eicosapentaenoic acid levels and
twofold increased docosahexaenoic acid levels, whereas the levels
of omega-6 polyunsaturated fatty acids were halved. Furthermore,
tuna oil-fed mice inoculated with P. gingivalis alone or the combina-
tion of P. gingivalis and F. nucleatum showed 72% and 54% less alve-
olar bone loss, respectively, compared with the treatment control
group. This indicates that (a) the omega-3 polyunsaturated fatty acid
concentrations in the oral soft tissues can be modified or influenced
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by diet and (b) dietary supplementation with omega-3 polyunsatu-
rated fatty acids, and particularly docosahexaenoic acid-rich tuna
oil, significantly reduces alveolar bone loss in a murine periodontitis
model. Similar observations were reported in a study by Kesavalu
et al,”® where rats were fed with fish oil or corn oil and infected with
P. gingivalis. The corn oil diet contained 60% omega-6 linoleic acid
and the fish oil diet 24.6% omega-3 polyunsaturated fatty acids
(eicosapentaenoic acid and docosahexaenoic acid). Rats fed with the
fish oil exhibited elevated serum levels of eicosapentaenoic acid and
docosahexaenoic acid, indicating the impact of a diet rich in ome-
ga-3 polyunsaturated fatty acids on the serum fatty acid profile of
rats. Furthermore, the rats treated with the fish oil diet showed sig-
nificantly less alveolar bone resorption. In contrast to the studies

1*4¢ could

mentioned earlier herein, a study by Vardar-Senguel et a
not find any evidence that omega-3 polyunsaturated fatty acid ad-
ministration was effective in preventing lipopolysaccharide-induced
alveolar bone loss in rats. Experimental periodontitis in this study
was induced by repeated injections of Escherichia coli lipopolysac-
charide. Two different groups with daily omega-3 polyunsaturated
fatty acid supplementation (40mg/kg, 60% eicosapentaenoic acid
and 40% docosahexaenoic acid), orally gavaged, were used: One
group received the omega-3 polyunsaturated fatty acid supplemen-
tation subsequent to disease induction for 14days, and the other
group received the omega-3 polyunsaturated fatty acid supplemen-
tation already 14 days prior to the commencement of lipopolysac-
charide injections and was then continued for another 14 days. Both
omega-3 polyunsaturated fatty acid groups showed no reduction in
lipopolysaccharide-induced alveolar bone loss compared with the
lipopolysaccharide control group, significantly higher interleukin-13
and osteocalcin levels, and no effect on serum C-reactive protein
level. The authors state that the lack of a therapeutic effect of ome-
ga-3 polyunsaturated fatty acid supplementation in their study is
difficult to explain. The observed lack might be partially explained
by the short periods and lower dosage of omega-3 polyunsaturated
fatty acid supplementation compared with the previously men-
tioned studies.

A randomized, double-blind, placebo-controlled study on human
patients with moderate and severe chronic periodontitis investi-
gated the effect of omega-3 polyunsaturated fatty acid supplemen-
tation as an adjunct to scaling and root planing.148 The test group
received 300mg of omega-3 polyunsaturated fatty acids (180mg
eicosapentaenoic acid and 120mg docosahexaenoic acid) orally as
one capsule once daily for 12weeks. The control group received
a placebo capsule containing 300mg of liquid paraffin orally once
daily for 12weeks. At the end of the 12week period there was as
significant reduction in gingival index, sulcus bleeding index, probing
pocket depth and clinical attachment level in the test group com-
pared to the control group. However, no statistically significant dif-
ferences in serum C-reactive protein levels were found.

A recent randomized clinical trial of Stando et al**’ evaluated the
effect of dietary supplementation with omega-3 polyunsaturated
fatty acids in 30, otherwise healthy, patients with stage Il and IV
periodontitis. In the control group (n = 14), patients were treated
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with scaling and root planing only. In the test group (n = 16), patients
were, in addition to scaling and root planing, supplemented with
a daily dose of 2.6g of eicosapentaenoic acid and 1.8g of docosa-
hexaenoic acid for 3months. Periodontal examination 3 months fol-
lowing initial therapy showed a statistically significant reduction of
bleeding on probing and improvement of clinical attachment level in
the test group compared with the control group. Furthermore, there
was a statistically significant higher percentage of closed pockets
(probing pocket depth 4 mm or less without bleeding on probing) in
the test group. The levels of proinflammatory cytokines/chemokines
interleukin-8 and interleukin-17 were markedly lower in saliva sam-
ples collected from the test group compared with those from the
control group at 3months, whereas the level of anti-inflammatory
interleukin-10 was significantly higher in the saliva samples of the
omega-3 polyunsaturated fatty acid-supplemented test group.149

The beneficial effects of a supplementation with omega-3 poly-
unsaturated fatty acids in nonsurgical treatment of periodontitis
is also supported by two recently published meta-analyses. Kruse
et al*>° concluded in their systematic review and meta-analysis that
omega-3 polyunsaturated fatty acids seem to have a positive ef-
fect on periodontal wound healing or the periodontal parameters
clinical attachment level and probing pocket depth. Therefore, pa-
tients receiving periodontal treatment might benefit from nutritional
counselling.

Similar to that, the meta-analysis of Heo et al'® suggests that
supplemental or dietary intake of omega-3 polyunsaturated fatty
acids for the treatment of periodontitis may have a positive impact
on the disease.

El-Sharkawy et al'®?

investigated the effect of an adjunctive
treatment of chronic periodontitis patients with a combination of
omega-3 polyunsaturated fatty acids and low-dose aspirin. The
control group was treated with scaling and root planing and a pla-
cebo; the test group received scaling and root planing and dietary
supplementation with 3g fish oil (900mg eicosapentaenoic acid/
docosahexaenoic acid) and 81 mg aspirin daily. At baseline and at
3 and 6months postbaseline, saliva samples were collected and
clinical measurements recorded. Clinical measurements included
plaque index, modified gingival index as well as bleeding on probing,
probing pocket depth, and clinical attachment level. The unstimu-
lated saliva samples were obtained in the morning after an overnight
fast and analyzed for receptor activator of nuclear factor-xB ligand
(RANKL) and matrix metalloproteinase-8. RANKL promotes osteo-
clast formation, and matrix metalloproteinase-8 is a key player in
degradation of extracellular collagen matrix and derives mainly from
polymorphonuclear neutrophils during acute stages of periodonti-
tis.1>371%¢ There were no statistically significant differences between
test and control groups at different time intervals regarding plaque
index and gingival index. However, there was a significantly greater
reduction in probing pocket depth and gain in clinical attachment
level in the test group compared with the control group at 3months
and at 6 months postbaseline. Further data analyses revealed that
at 6 months the percentage of pockets with probing pocket depth
<4mm was 54.7% in the control group vs 79.5% in the test group,

suggesting that 25% fewer sites required further intervention in the
omega-3 plus aspirin group. The biochemical saliva analyses showed
similar outcomes. There was a statistically significant reduction in
RANKL concentrations at 3 and 6 months in the omega-3 plus aspirin
group. The matrix metalloproteinase-8 levels at 3 months were lower
in the test group but not statistically significant. However, the matrix
metalloproteinase-8 level at 6 months was statistically significantly
lower in the omega-3 plus aspirin group compared with the control
group.

The significant clinical and biochemical improvements in the
test group are imputed to the anti-inflammatory impact of the
omega-3 polyunsaturated fatty acids, which is further enhanced
by the combination with aspirin. Resolution of inflammation is
mediated by the metabolism of arachidonic acid by lipoxygenase
transformation circuits leading to the production of lipoxins, en-
dogenous anti-inflammatory and proresolution lipid mediators.
These endogenous resolution pathways are enhanced by the ac-
tion of aspirin. It acetylates cyclooxygenase-2, transforming the
enzyme into an active 15(R)-lipoxygenase, the product of which,
15(R)-hydroxyeicosatetraenoic acid, is a substrate for conversion to
a 15(R)- or 15-epilipoxin, which exhibits greater activity than the na-
tive lipoxin due to its extended half-life. Eicosapentaenoic acid and
docosahexaenoic acid are metabolized into resolvins of the E and
D series by the same enzyme system. These are also enhanced by
aspirin transformation circuits.>1%2154157158 The circulating levels
of resolvins have been shown to increase after increased intake of
omega-3 polyunsaturated fatty acids.80.92157

The reduction of the two biomarkers, RANKL and matrix metal-
loproteinase-8, investigated in this study by El-Sharkawy et al*>?
correlates with the clinical observations. The impact of omega-3
polyunsaturated fatty acids on these biomarkers is assumed to be
also mediated via resolvins. The suggested mechanisms of this im-
pact include the reduction of upstream proinflammatory cytokines
directing neutrophils to apoptosis and nonphlogistic recruitment of
monocytes. Studies have indicated the inhibition of interleukin-1B
and tumor necrosis factor alpha and the reduction of the infiltration

of neutrophils into inflamed tissues by resolvins.®%78:8586.88,89

Elwakeel et al'¢®

investigated the combination of omega-3 poly-
unsaturated fatty acids and low-dose aspirin as adjunct to nonsurgi-
cal periodontal therapy in chronic periodontitis patients with type 2
diabetes. The test group, following scaling and root planing, received
dietary supplementation with omega-3 polyunsaturated fatty acids
(1g, three times daily) plus aspirin (75mg, once daily) for 6 months.
The control group, following scaling and root planing, received pla-
cebo pills for 6months. At baseline and at 3 and 6 months after treat-
ment, clinical measurements (plaque index, gingival index, probing
pocket depth, and clinical attachment level) were recorded and gin-
gival crevicluar fluid samples were collected and later analyzed for
interleukin-1B and monocyte chemoattractant protein-3. Elevated
levels of interleukin-1B are associated with numerous inflammatory
disorders, including periodontitis. A significant reduction of the in-
terleukin-1p level indicates resolution of inflammation.*! Monocyte
chemoattractant protein-3 is a chemotactic cytokine that is highly
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expressed in chronic inflammatory disorders. It has been detected
in high levels in the gingival crevicular fluid of patients with chronic
periodontitis and particularly in progressive periodontal lesions.
Monocyte chemoattractant protein-3 expression has been shown to
be induced by proinflammatory stimuli like interleukin-1p or tumor
necrosis factor alpha, and it was mainly expressed in inflammatory
leukocytes and vascular endothelium, indicating a potential role of
monocyte chemoattractant protein-3 in the recruitment of leuko-
cytes to diseased gingival tissues. 160162

Furthermore, Elwakeel et al*®® investigated the impact of the
treatment in each group on the glycemic control by measurement
of the glycated hemoglobin Alc in fasting venous blood samples.
Statistical analyses revealed a significant reduction in probing
pocket depth and gain in clinical attachment level at 3 and 6 months
in the omega-3 plus aspirin test group compared with control. The
hemoglobin Alc levels showed a reduction in both groups with no
significant difference. However, the test group showed a significant
reduction in levels of interleukin-18 and monocyte chemoattractant
protein-3 at 3 and 6 months compared with the placebo control.

The results of Elwakeel et al'®® corroborate the findings of El-
Sharkawy et al'*?, They also addressed the positive findings of the
potent anti-inflammatory and immune-modulating effects of re-
solvins and docosatrienes. These were produced as result of the sup-
plementation with omega-3 polyunsaturated fatty acids plus aspirin
resulting in inhibition of superoxide production, chemotaxis and
migration of polymorphonuclear neutrophils, and reduction of the
production of proinflammatory enzymes and t:ytokines.77'145’163’164

Elkhouli®® investigated the effect of the combination of ome-
ga-3 polyunsaturated fatty acids plus aspirin on regeneration of sin-
gle grade Il furcation defects. Patients with at least a single grade I
furcation were randomly allocated into two groups. Patients in the
test group were treated with decalcified freeze-dried bone allograft
and received the combination of omega-3 polyunsaturated fatty
acids (1g, three times daily) plus low-dose aspirin (75 mg, once daily)
for 6months. Each omega-3 capsule provided 300 mg docosahexae-
noic acid and 150mg eicosapentaenoic acid. Patients in the control
group received the same regenerative therapy and placebo pills. At
baseline and at 3 and 6 months, clinical parameters were recorded
and gingival crevicluar fluid was collected and assessed for the bio-
chemical markers interleukin-1f and interleukin-10. Opposed to
interleukin-1pB, interleukin-10 is an anti-inflammatory cytokine with
immunoregulatory functions, including suppression of interleukin-1
receptor antagonist. At the end of the observation period, there was
a statistically significant greater reduction in probing pocket depth
and gain in clinical attachment level in the test group compared with
the control group. Whereas there was also a significantly greater re-
duction of the mean interleukin-1p concentrations in the test group,
no significant differences between the groups were observed in
mean interleukin-10 concentrations.

In their recent randomized clinical trial, Castro dos Santos et al*¢®
investigated the clinical and immunological effects of orally adminis-
tered omega-3 polyunsaturated fatty acids in combination with low-
dose aspirin as adjunct to scaling and root planing for the treatment
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of periodontitis in patients with type2 diabetes. The three groups
investigated (n = 25 in each group) were (a) scaling and root planing
plus placebo (control), (b) 3g fish oil per day plus 100 mg aspirin per
day for 2months after scaling and root planing (test1), and (c) 3g
fish oil per day us 100mg aspirin per day for 2 months before scal-
ing and root planing (test2). Conventional periodontal parameters
and gingival crevicular fluid were collected till 6 months after scaling
and root planing, and gingival crevicular fluid was analyzed for cy-
tokine levels. Ten patients (40%) in test1 and nine patients (36%) in
test2 achieved the determined clinical endpoint for treatment (up
to four sites with probing pocket depth of at least 5mm). This was
only achieved in four patients (16%) in the control group. The test1
group also showed clinical attachment level gain in moderate and
deep pockets. The levels of interferon-gamma and interleukin-8 de-
creased over time for both test groups, whereas the interleukin-6
and hemoglobin Alc levels were lower only in the test1 group. The
authors of this study concluded that the adjunctive use of the ome-
ga-3 polyunsaturated fatty acids and low-dose aspirin combination,
administered after periodontal debridement, provides clinical and
immunological benefits to the treatment of periodontitis in patients
with type 2 diabetes.'¢¢

Vardar-Sengul et al*®’

investigated the combination of omega-3
polyunsaturated fatty acids (40mg/kg; 60% eicosapentaenoic acid
and 40% docosahexaenoic acid) and a selective cyclooxygenase-2
inhibitor (Celecoxib) in an experimental periodontitis model in rats.
Their results indicated that the cyclooxygenase-2 inhibitor, prophy-
lactic omega-3 polyunsaturated fatty acids, and the combination
of both can inhibit pathologically excessive gingival tissue matrix
metalloproteinase-8 expression. The administration of therapeutic
omega-3 polyunsaturated fatty acids alone resulted in a significant
increase in tissue inhibitor of matrix metalloproteinase-1 expres-
sion in gingiva. The study showed that an adjunctive medication
of omega-3 polyunsaturated fatty acids in periodontal treatment
might be beneficial because of its inhibitory effect of matrix metal-
loproteinase-8 and increasing effect on tissue inhibitor of matrix
metalloproteinase-1. The prophylactic administration of omega-3
polyunsaturated fatty acids for 2weeks seems to provide a maxi-
mum increase in eicosapentaenoic acid and docosahexaenoic acid
levels in the cell membrane, eventually maintaining membrane sta-
bility and fluidity in the physiologic state and making the cell mem-
brane more resistant to bacterial and viral attacks. However, these
finding need to be verified in clinical human studies.

In addition to the reported anti-inflammatory or immune modu-
latory effects, omega-3 polyunsaturated fatty acids such as alpha-
linolenic acid or its long-chain derivatives eicosapentaenoic acid and
docosahexaenoic acid also seem to exhibit indirect and direct ef-
fects on bone metabolism. Studies in humans report that long-chain
omega-3 polyunsaturated fatty acids can increase bone formation,
can affect peak bone mass in adolescents, and can reduce bone
loss.?>%8 The cellular mechanisms induced by omega-3 polyunsat-
urated fatty acids in bone metabolism are complex and, although
not fully unveiled and understood yet, involve modulation of fatty
acid metabolites such as prostaglandins, resolvins and protectins,
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cytokines, growth factors, and some other molecular signaling
pathways.

Omega-6 fatty acids and particularly arachidonic acid are the pri-
mary source of omega-6 eicosanoids, produced from oxygenation of
arachidonic acid by cyclooxygenase, lipoxygenase, and epoxygenase
enzymes to produce prostaglandins, leukotrienes, lipoxins, and cyto-
chrome p450 monooxygenase compounds. The long-chain omega-3
polyunsaturated fatty acids eicosapentaenoic acid and docosahex-
aenoic acid are able to replace omega-6 fatty acids, and particularly
arachidonic acid, in the membranes of neutrophils, monocytes,
platelets, erythrocytes, and liver cells. This results in a change of the
omega-6/omega-3 ratio in their membranes and subsequently in a
change of their cell function, which can decrease interleukin-1, inter-
leukin-6, and tumor necrosis factor alpha production, inflammatory
cytokines stimulating osteoclastic bone resorption.

This modulatory effect of omega-3 polyunsaturated fatty acids
on cytokines may play an important role in bone metabolism, during
bone growth or bone healing, and in the pathogenesis of diseases
with a disturbed bone metabolism, such as osteoporosis.23

Furthermore, omega-3 polyunsaturated fatty acids can also reg-
ulate bone metabolism by decreasing the release of prostaglandin E2
and RANKL (the most important osteoclast differentiation factor)
and by increasing the release of insulin-like growth factor1 and in-
creasing calcium absorption and accretion in bone.?>8 This way,
omega-3 polyunsaturated fatty acids may have an impact on bone
metabolism by inhibiting bone resorption and preventing bone loss
due to suppression or down regulation of these inflammatory cyto-
kines and factors.231¢81%? However, studies also suggest a stimula-
tory effect of omega-3 polyunsaturated fatty acids on osteoblastic
activity. Animal studies have shown that animals fed with long-chain
omega-3 polyunsaturated fatty acids tend to show an increased rate
of bone formation. Furthermore, ovariectomized rats supplemented
with eicosapentaenoic acid experienced a reduced bone mineral
loss.?%28 Additionally, long-chain polyunsaturated fatty acids may
also be involved in bone remodeling and, in the bone marrow, in the
differentiation of mesenchymal stem cells into adipocytes or os-
teoblasts. Derivatives of the omega-3 and -6 polyunsaturated fatty
acids will, depending on the existing omega-6/omega-3 ratio, induce
the differentiation of mesenchymal stem cell precursors into adi-
pocytes or osteoblasts.®¢%17° More recent studies have indicated
that the previously recommended omega-6/omega-3 ratio associ-
ated with health of 1:1 is actually much higher and between 15:1
and 16.7:1.Y7% It is suggested, that polyunsaturated fatty acids also
act on bone formation because metabolic products of omega-6 and
omega-3 polyunsaturated fatty acids act directly on precursor cells
of osteoblasts and adipocytes. The anti-inflammatory effect of ome-
ga-3 polyunsaturated fatty acids can lower the osteoclastic activity
and thus reduce bone resorption. A diet rich in omega-6 polyunsatu-
rated fatty acids, which raises the omega-6 to omega-3 ratio, seems
to increase the adiposity of the bone marrow by enhancing the ad-
ipogenic differentiation of mesenchymal stem cells, inhibiting their
differentiation into osteoblasts.?>%®7! A diet with a healthy pro-
portion of omega-6 to omega-3 seems to avoid pathologies in bone

health associated with aging, because omega-3 polyunsaturated
fatty acids do not exert as strong an adipogenesis induction capacity
as that of omega-6 polyunsaturated fatty acids, thus allowing os-
teoblastogenesis. This effect on mesenchymal stem cells favoring or
promoting osteoblastogenesis, together with the inhibitory effect
on osteoclastogenesis, may indicate a beneficial effect of omega-3
polyunsaturated fatty acid supplementation regarding maintenance
of bone mineral mass.?>'! Therefore, the effect of omega-3 polyun-
saturated fatty acids on bone metabolism might be a combination of
reducing bone resorption and increasing bone formation.

Longo and Ward'’? compared the bone sparing or bone pro-
tective effect of flaxseed oil (a source of alpha-linolenic acid) and
menhaden oil (a source of eicosapentaenoic acid and docosahexae-
noic acid) in ovariectomized rats. Interestingly, their results suggest
that alpha-linolenic acid from flaxseed oil, but not eicosapentaenoic
acid and docosahexaenoic acid from menhaden oil, may protect
against ovariectomy induced bone loss. Other studies on growing
or ovariectomized rats have indicated beneficial effects to the long
bones of the skeleton and/or the lumbar spine with supplementa-
tion of either purified docosahexaenoic acid or fish oils with a high
docosahexaenoic acid content and detrimental effects with purified
eicosapentaenoic acid supplementation or fish oils with a high eicos-
apentaenoic acid content, although the mechanisms behind these
different effects are unclear.}”?

Altogether, results of multiple studies suggest that bone is re-
sponsive to supplementation with omega-3 polyunsaturated fatty
acids during periods of rapid growth or following hormone-induced
bone loss. However, different types of omega-3 polyunsaturated
fatty acids may have a different impact on bone metabolism.
Docosahexaenoic acid, for example, seems to be more effective in
inhibiting osteoclast differentiation and decreasing osteoclast acti-
vation and bone resorption than eicosapentaenoic acid by alleviating
RANKL-induced proinflammatory cytokine production and intracel-
lular signaling activation.?’”®

Besides the effect discussed on bone metabolism, supplemen-
tation of omega-3 polyunsaturated fatty acids ranging from 3 to 6
g/day also showed a moderate but consistent beneficial effect in
joint disease. Similar to bone, synthesis of the proinflammatory me-
diators interleukin-1, interleukin-6, and tumor necrosis factor alpha
was suppressed in cartilage tissue after supplementation with fish
oil containing eicosapentaenoic acid and docosahexaenoic acid.*”??

Another reason for the various beneficial effects of long-chain
omega-3 polyunsaturated fatty acids might be their effect on fat
metabolism. Long-chain omega-3 polyunsaturated fatty acids
seem to be able to influence lipid metabolism in a way that they
promote lipolysis, enhance hepatic fatty acid oxidation, and inhibit
fatty acid synthesis and very low density lipoprotein secretion.
Docosahexaenoic acid in particular seems to act as a key controller
of hepatic lipid synthesis and is involved in the suppression of lipo-
genesis.'’* Human studies have indicated that an intake of 0.3-3.0g
of long-chain omega-3 polyunsaturated fatty acids per day can re-
duce body weight and body fat in overweight and obese people. The
underlying mechanism for the improvement of body composition by
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long-chain omega-3 polyunsaturated fatty acids is supposed to be
altered gene expression favoring increased fat oxidation in adipose
and skeletal muscle tissue and reduced fat deposition in adipose
tissue, as well as by indirectly assisting with body fat reduction by
increasing metabolic rate. An increase in vasodilator function and
muscle blood flow during exercise as a result of long-chain omega-3
polyunsaturated fatty acid supplementation may also promote nutri-
ent disposal by skeletal muscles and in that way reduce the availabil-
ity of these nutrients for lipogenesis and storage in adipose tissues.

In older adults, omega-3 polyunsaturated fatty acid supplemen-
tation has been shown to increase postprandial muscle protein syn-
thesis, muscle mass, and functional capacity.?*

There is also a suggested role of long-chain omega-3 polyunsat-
urated fatty acids in appetite regulation in humans.

Furthermore, since one-third of total circulating interleukin-6
levels are expressed predominantly by adipocytes, reduction in fat
mass could contribute to a reduction of interleukin-6 levels, a cen-
tral player in the regulation of inflammation and capable of inducing
insulin resistance. 223175

Altogether, there is growing evidence that supplementation
with omega-3 polyunsaturated fatty acids may have various bene-
ficial effects in humans. Some of them affect areas that not only
improve systemic health and general wellbeing but might also have a
conceivable impact on periodontal health or periodontal treatment,
such as immune response or immune modulation, oxidative stress,
bone metabolism or resorption, joint health, and fat metabolism,
as well as body weight and body composition. Nevertheless, more
clinical trials are necessary to address specific questions for more
detailed recommendations. The present data indicate that there are
gender differences in the metabolism of long-chain omega-3 poly-
unsaturated fatty acids. Studies showed significantly higher lev-
els of docosahexaenoic acid and lower levels of eicosapentaenoic
acid circulating in serum lipids in females than in males. Females
also seem to be more responsive to the metabolism of long-chain
omega-3 polyunsaturated fatty acids and have a higher percentage
of total fatty acids as docosahexaenoic acid in plasma and adipose
lipids.}”¢7 Factors like gender, age, duration and optimal dosage
of supplementation, concentration and optimal eicosapentaenoic
acid/docosahexaenoic acid ratio, and the best sources for omega-3
polyunsaturated fatty acids require further consideration and need
to be addressed in future clinical studies. Furthermore, caution
should be used when conclusions are made regarding the effects of
different omega-3 polyunsaturated fatty acids in humans based on
animal studies because of possible differences in pharmacokinetics
of eicosapentaenoic acid, docosahexaenoic acid, and docosapen-
taenoic acid supplementation between humans and animals and
because dosages used in animal studies vary significantly and are
typically higher than those considered safe in humans.t””178

Furthermore, possible adverse effects reported in association
with different omega-3 polyunsaturated fatty acid supplementa-
tions, although usually minor and scarce, need to be considered.
Flaxseed oil supplementation, for example, is usually well tolerated,
but high doses may cause loose stools or diarrhea, and there are also
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reports of allergic and anaphylactic reactions. Serious adverse reac-
tions have not been reported with fish oil or eicosapentaenoic acid
and docosahexaenoic acid supplements. The most common adverse
effects seem to be fishy aftertaste, belching, and heartburn. Nausea
and loose stools are also reported after high doses. Omega-3 poly-
unsaturated fatty acids also have the potential to prolong bleeding
times, which, on the other hand, possibly plays a role in its cardio-
protective effects. Excessively prolonged bleeding times have been
reported in Greenland Eskimos with very high eicosapentaenoic acid
plus docosahexaenoic acid intakes of about 6.5g/day. However, it
is not clear if the high eicosapentaenoic acid/docosahexaenoic acid
intake is alone responsible for the observed excessive bleeding time.
According to the US Food and Drug Administration, long-chain ome-
ga-3 polyunsaturated fatty acid intakes (eicosapentaenoic acid and
docosahexaenoic acid) of up to 3g/day are unlikely to cause signif-
icant bleeding. However, caution is advised with eicosapentaenoic
acid and docosahexaenoic acid supplementation in patients who are
at risk of excessive bleeding or patients on anticoagulant medica-
tions. The coagulation status of those patients should be monitored
regularly.

Furthermore, ex vivo studies have indicated immunosuppressive
effects at doses as low as 0.9 g/day for eicosapentaenoic acid and
0.6g/day for docosahexaenoic acid. Although these findings may
not translate to impaired immune responses in vivo, it should be con-
sidered in patients with compromised immune systems. No serious
adverse effects have been reported during pregnancy and lactation
due to fish oil supplementation.27'82'152'1"’0'165

However, considering the already published indications of health
benefits due to supplementation with fish oil or omega-3 polyunsat-
urated fatty acids and the lack of really significant side or adverse
effects, supplementation with fish oil or omega-3 polyunsaturated
fatty acids can be justified and might even exert positive effects on

periodontal condition or periodontal health.

3 | PROTEIN AND AMINO ACID
SUPPLEMENTS

The most frequently used supplements in the fitness lifestyle are
protein and amino acid supplements used to support muscle growth
and muscle regeneration. Possible beneficial effects of protein and
amino acid supplements have been extensively studied in orthope-
dic and sports medicine, and also in geriatric medicine, since pro-
teins constitute an important structural and functional component
of skeletal tissues. However, some of these so-called muscle supple-
ments might also have effects on periodontal tissues as well as on
periodontal wound healing.

Alteration in protein turnover following tissue damage due to
injury or extensive exercise is crucial to tissue repair. Increasing
knowledge has indicated the need for increased protein intake
during tissue repair based on its important roles supporting
wound healing, maintaining tissue integrity, and promoting con-
valescence. An insufficient protein intake has been shown to
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delay wound healing and to reduce the integrity of the repaired
tissue. 1777181

The most popular protein used in fitness and weightlifting sports
is whey protein, available usually as concentrate, hydrolysate, or iso-
late. Whey is a milk derivative, and the whey for the protein supple-
ment production is obtained as a by-product when milk is coagulated
during the process of cheese production. Milk contains all substrates
required for infant growth and development. Thus, milk can be con-
sidered as a natural biological liquid esculent providing nutrition at a
time of rapid body and particularly muscular-skeletal growth.

The effect of dairy products or proteins on bone has been ad-
dressed in numerous studies. Most of the prospective and cross-
sectional studies support a positive relationship between protein
intake and bone. Total protein intake and animal protein intake have
been associated with higher bone mineral density and less bone
mineral density loss over time. Conversely, a negative association
between vegetable protein intake and bone mineral density was ob-
served. The positive effects of dietary protein on bone mineral den-
sity may be due to increased levels of insulin-like growth factor1
and suppression of parathyroid hormone. However, the positive
effect of dietary protein on bone mass seems to be most evident in
those patients consuming adequate amounts of calcium (more than
1000 mg/day). High dietary protein and low calcium intake may lead
to increased urinary calcium excretion and lower bone mass.}8218>
Studies on milk proteins have shown that fractions of whey pro-
tein possess growth-stimulatory effects in primary cultures of os-
teoblasts. Further investigation of these whey protein fractions
revealed that lactoferrin was a constituent in many of these frac-
tions.!8¢ Lactoferrin is an 80kDa iron-binding protein of the trans-
ferrin family of proteins. It is present in higher concentrations in
milk, particularly in colostrum, and widely distributed in body fluids,
including tears and saliva. It is also present in the secretory granules
of neutrophils, from which it is released during acute inflammation.
In healthy people, lactoferrin serum levels are predominantly neu-
trophil derived and range between 2 and 7pg/mL. However, local
concentrations can increase during inflammation.?8¢®” Studies of
lactoferrin on human, rat, and mouse cell cultures of the osteoblast
and osteoclast lineage and of bone marrow cultures showed that
lactoferrin promotes osteoblast growth, inhibits osteoclastogen-
esis, and reduces osteoblast apoptosis. Interestingly, the effect of
lactoferrin on proliferation and survival of osteoblasts was greater
than that observed in response to established osteoblast growth
factors, such as transforming growth factor beta, parathyroid hor-
mone, insulin-like growth factori, or insulin. Furthermore, lac-
toferrin reduced expression of RANKL in bone marrow cultures.
In vivo experiments in adult mice showed a significant increase in
new bone formation after administration of lactoferrin. The bone
growth observed after local lactoferrin injection was significantly
greater than the bone growth detected in response to factors such
as insulin, C-terminal parathyroid hormone-related peptide, or
calcitonin in the same model and reached the magnitude of bone
growth reported following local application of transforming growth

factor beta.186:188-194

Interestingly, besides its effects on bone metabolism, there are
also reports of antimicrobial effects of lactoferrin, attributed to its
action as an iron chelator, as well as of an immunomodulatory func-
tion. Lactoferrin has been shown to decrease the secretion of in-
terleukin-1B and tumor necrosis factor alpha and to stabilize mast
cells 195199

A significant decrease in tumor necrosis factor alpha serum lev-
els after administration of a high-caloric protein-rich oral supple-
ment was also reported in a prospective randomized, double-blind,
placebo-controlled study in patients with chronic heart failure and
cachexia.?® A more recent in vitro study using human umbilical vein
endothelial cells, with or without tumor necrosis factor alpha stim-
ulation, investigated the effect of several dairy protein compounds
on inflammation. Whey protein, leucine, isoleucine, and valine nor-
malized tumor necrosis factor alpha-induced proinflammatory gene
expression in endothelial cells. This indicates that whey protein and
its major amino acids, the so-called branched-chain amino acids, may
have a protective role against inflammation in endothelial cells, sup-
porting the preventive potential of dairy-based functional foods for
vascular health.2%°

Studies in rats indicated that protein restriction or protein mal-
nutrition reduces insulin-like growth factor 1 levels in plasma and de-
creases translation, increases metabolic clearance rate, and lowers
sensitivity to the anabolic effects of insulin-like growth factor1 in
peripheral tissues. In a randomized, double-blind, placebo-controlled
trial in elderly patients with recent hip fracture, oral protein supple-
mentation was associated with increased serum levels of insulin-like
growth factor 1, a more favorable outcome, and a shorter stay in re-
habilitation hospital.?°22%% This was also confirmed by a clinical trial
in sarcopenic elderly patients where supplementation with whey
protein, amino acids, and vitaminD increased serum insulin-like
growth factor1 concentrations and lowered C-reactive protein.?%
Furthermore, protein deficiency may also predispose patients to
higher rates of infectious complications.205

Protein hydrolysates have been proposed as a source of protein
with beneficial characteristics. The preferred method of protein hy-
drolysis is enzymatic hydrolysis. As a result of the cleavage of the
peptide bonds, the proteins are broken down into peptides of var-
ious sizes and free amino acids, mostly di- and tripeptides depend-
ing on the type of hydrolysis and the conditions under which it is
performed. Compared with whole or intact proteins and free-form
amino acid mixtures, the consumption of protein hydrolysates re-
sulted in a faster availability and uptake of amino acids. Some pep-
tides also showed biological activity. Protein hydrolysates are also
better tolerated by the gastrointestinal tract because they neutralize
the acid and relieve the stomach due to the predigested nature of
the hydrolysate. Altogether, these benefits have led to the incorpo-
ration of protein hydrolysates into clinical nutrition supplements for
patients with digestion disorders, cancer, trauma, or burns.180:206,207
Protein hydrolysates, and particularly casein and whey protein hy-
drolysates, have also been shown to promote postsurgical healing,
to assist with the repair of tissue damage, and to promote a strong
insulinotropic effect. This insulinotropic effect has been shown to
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be greater in whey protein hydrolysates than in whey protein, soy
protein, or soy protein hydrolysates. It is deemed to be important
since the anabolic hormone insulin reduces protein breakdown and
enhances tissue uptake of branched-chain amino acids.208:207

The recommended protein intake for an average adult is sug-
gested to be around 70g/day. However, this can increase signifi-
cantly in postsurgical patients to up to 300-400g/day, since surgical
trauma results in an increase of whole-body protein degradation,
with the extent depending on the severity of the insult. High-protein
diets have been shown to accelerate tissue regeneration and in-
crease tensile strength of the wound.?'°2*® Protein hydrolysates
have the potential to promote different types of tissue repair and
might be useful in situations where excess protein is needed, such
as tissue repair, regeneration, or wound healing. However, further
well-controlled human trials are required to confirm these findings
and assess the clinical relevance in periodontal therapy.

The three proteinogenic branched-chain amino acids leucine,
isoleucine, and valine are hydrophobic essential amino acids. They
account for about 20%-25% of dietary proteins and for about 33%
of essential amino acids in muscle proteins. Branched-chain amino
acids play an important role in protein synthesis, which explains
the common use of branched-chain amino acid supplements in
the fitness scene.’?2 In a recently published study, Lee et al?**
investigated the anti-inflammatory and anti-genotoxic activity of
branched-chain amino acids in lipopolysaccharide-stimulated RAW
264.7 macrophages by measuring the production of nitric oxide,
the expression of inducible nitric oxide synthase mRNA, the mRNA
expression of interleukin-6 and cyclooxygenase-2, and by analyzing
deoxyribonucleic acid (DNA) damage induced by hydrogen peroxide
using the alkaline comet assay. Furthermore, they assessed the cy-
totoxicity of the branched-chain amino acid concentrations used and
showed that the concentrations used in their study did not affect
cell viability of the RAW 264.7 macrophages. Of the branched-chain
amino acids tested, leucine showed the greatest inhibitory effect on
nitric oxide production. The rate of inhibition at leucine concentra-
tion of 100mmol/L was 81.15%. The inhibition rate of valine and
isoleucine at the same concentration was less pronounced, with
29.65% and 42.95% respectively. Similar observations were made
regarding suppression of inducible nitric oxide synthase mRNA ex-
pression, where 100mmol/L leucine reduced the inducible nitric
oxide synthase mRNA expression by 89.61%. Investigations of the
effects of branched-chain amino acids on the transcription levels
of proinflammatory mediators interleukin-6 and cyclooxygenase-2
revealed that expression of interleukin-6 mRNA was suppressed by
100 mmol/L leucine to 85.04 % and the cyclooxygenase-2 mRNA ex-
pression was decreased by leucine, as well as by isoleucine, by more
than 99%. The alkaline comet assay showed that branched-chain
amino acids have a protection effect of hydrogen peroxide-induced
DNA damage with no significant difference between each of the
branched-chain amino acids. Lipopolysaccharide of gram-negative
bacteria, like most of the main periodontal pathogens, is known to
induce the release of proinflammatory cytokines such as interleu-
kin-1B, interleukin-6, interleukin, tumor necrosis factor-alpha, and
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nitric oxide in macrophages. Overproduction of nitric oxide can be
deleterious and can cause various inflammatory diseases. Inducible
nitric oxide synthase can produce large amounts of nitric oxide
under pathologic conditions. High serum levels of interleukin-6 are
seen in many pathologic conditions, such as inflammation and au-
toimmune diseases. Cyclooxygenase?2 is crucial in the conversion
of arachidonic acid to prostaglandinE2. Damage to cellular DNA
can jeopardize genome stability and may lead to mutations or car-
cinogenesis?“’216 Therefore, the results of this study indicate that
branched-chain amino acids, and particularly leucine, have the po-
tential to reduce the levels of proinflammatory cytokines and medi-
ators in lipopolysaccharide-stimulated macrophages. Furthermore,
branched-chain amino acids might be able to protect macrophages
from DNA damage. However, although even a high dietary intake of
branched-chain amino acids should be well tolerated in people with
a normal branched-chain amino acid catabolism, some researchers
indicated that people with medical conditions or limitations affect-
ing the downstream enzymes of the branched-chain amino acid
catabolic pathway could experience negative effects upon neuro-
logic function. Therefore, they recommended efforts to establish a
safe upper limit of dietary branched-chain amino acid intake with
a branched-chain amino acid tolerance test and clamp protocol.
Furthermore, recent studies have also indicated that branched-chain
amino acids may play a role in the development of insulin resistance
and might be associated with incident cardiovascular disease.?*’-2%?
Glutamine is a nonessential and conditionally essential amino
acid in humans and plays an important role in biosynthesis of pro-
teins. It is the most common amino acid in the muscles, which ex-
plains its use as constituent in protein powder supplements, and also
as a single supplement in the fitness scene. However, glutamine also
constitutes an important fuel for some cells of the immune system
and seems to exhibit some immunostimulatory effects. Immune
cells increase their glutamine consumption after tissue injury and
during inflammation. If the increasing glutamine requirement during
these phases cannot be met by endogenous production or exoge-
nous supplementation, the resulting glutamine deficiency can lead
to a reduced ability to respond to catabolism, inflammation, and
infection.}?>220221 Glutamine has also been shown to simulate col-
lagen synthesis through the conversion process to proline and pro-
vides 75% of the intracellular free proline in fibroblasts. A study by
Murakami et al??? has indicated that the combination of branched-
chain amino acids and glutamine is a key factor for the enhancement
of skin collagen synthesis and the stimulation of the fractional syn-
thesis rate of dermal tropo-collagen in protein-malnourished rats.

Amman et al?®

investigated the effect of essential amino acid
supplements in adult osteoporotic rats. The essential amino acid
supplements increased bone strength, prevented further decrease
in bone mineral density, increased microarchitecture and cortical
thickness, increased insulin-like growth factor 1 levels, and increased
bone formation and reduced bone resorption.

Unfortunately, the number of studies investigating the effect
of protein and amino acid supplements on periodontal disease

|224

or therapy is very limited. Aral et a investigated the effect of
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bodybuilding and protein supplements on periodontal tissues, com-
paring bodybuilders with gingivitis with nonexercising males with
and without gingivitis. They assessed clinical periodontal param-
eters and analyzed saliva and gingival crevicular fluid samples for
interleukin-1B, apoptosis-associated speck-like protein containing
C-terminal caspase-recruitment domain and caspase 1. The authors
indicated that bodybuilding and supplement usage may decrease
gingival inflammation by downregulating caspase 1, interleukin-1p,
and apoptosis-associated speck-like protein containing C-terminal
caspase-recruitment domain. However, they conceded that owing
to the lack of a bodybuilder group without supplement usage, which
is presumably hard to find, it was not possible to investigate the ef-
fect of exercising alone. Another problem was that most of the par-
ticipating bodybuilders also used various other supplements, such
as creatinine, glutamine, and branched-chain amino acids with un-
known effects on the parameters assessed.??*

Lee et al*® investigated the effects of a commercially available
nutritional supplement drink on periodontal health or healing and
tooth mobility after periodontal flap surgery. Patients with a gener-
alized moderate chronic periodontitis were, directly after periodon-
tal flap surgery, randomly allocated to either the intervention or the
control group. The intervention group received 200mL of a supple-
ment drink three times a day for 8 weeks. Each supplement drink
contained 13 g of protein, 24 g carbohydrates, 6 g of fat and various
vitamins (A, D, E, K, B1, B2, B6, C, niacin, folate, pantothenic acid,
and biotin), and minerals (sodium, potassium, calcium, phosphorus,
iron, and zinc). The control group did not receive any nutritional sup-
plementation. Clinical periodontal parameters (plaque index, gingi-
val index and tooth mobility) were assessed at baseline and at 1, 4,
and 8weeks after surgery. After 1week, the gingival index was sig-
nificantly reduced compared with baseline in the intervention group
but not in the control group. After 8 weeks, no statistically signifi-
cant differences were detected anymore between the gingival index
values of the interventional and control groups. As expected, tooth
mobility, assessed using the PeriotestM system, was significantly
increased in both groups at 1week after surgery. However, the ex-
tent of increase was less in the intervention group. After 8 weeks,
tooth mobility returned to baseline levels again in both groups. The
authors concluded that the use of nutritional supplementation may
improve early periodontal wound healing after periodontal surgery.
However, this study was subject to some limitations, amongst which
were the lack of a placebo drink and the use of study subjects with a
mean age of 50years, an age at which the nutritional status is usually

still good, thus limiting the effects of the supplementation.

4 | GLUCOSAMINE AND CHONDROITIN
SULFATE

Glucosamine is a naturally occurring amino monosaccharide that is
present in the connective tissue and cartilage tissues as a compo-
nent of glycosaminoglycans and is involved in maintaining strength,
flexibility, and elasticity of these tissues. Therefore, glucosamine

supplements are widely used in all types of sports to prevent, treat,
or alleviate joint disorders, such as osteoarthritis. Numerous studies
have shown the significant symptom-modifying effect of glucosa-
mine in osteoarthritis and its beneficial effects on joint health.22°-228
However, studies have also revealed that glucosamine is capable of
suppressing the cytokine-induced activation of synovial cells, such
as the production of nitric oxide, prostaglandinE2, and interleukin-
8, thus possibly exerting anti-inflammatory effects.??? Furthermore,
glucosamine may have an effect on bone and collagen metabo-
lism.23%231 There are also an increasing number of studies investi-
gating the effects of glucosamine in combination with chondroitin
sulfate in osteoarthritis therapy. The combination of glucosamine
and chondroitin is among the most popular nonvitamin, nonmineral
specialty supplements in the United States, often taken together as
a single daily supplement for osteoarthritis.”* Although data indicate
that both agents exert an upregulation of the synthetic activity of
chondrocytes, the combination of both glucosamine and chondroi-
tin sulfate showed a greater efficacy clinically and also seems to act
synergistically on articular cartridge in vitro.23%233

In addition to its reported chondroprotective properties, glu-
cosamine also seems to exhibit anti-inflammatory properties.
Glucosamine suppressed in vitro the interleukin-13-induced acti-
vation of synovial cells, and also synovial cell hyperplasia, cartilage
destruction, and inflammatory cell infiltration in rat adjuvant arthri-
tis. 227230234 Glycosamine also suppressed in vitro the tumor necro-
sis factor alpha-induced activation of intestinal epithelial cell HT-29
and improved the clinical symptoms and colonic inflammation and
tissue injury in dextran sulfate sodium-induced colitis in rats.23>:2%6
Furthermore, glucosamine suppressed in vitro the tumor necrosis
factor alpha-induced activation of endothelial cells, the formation
of atherosclerotic lesions, and the infiltration of inflammatory cells
in spontaneously hyperlipidemic mice.?2”237:238

Supplementation with glucosamine has been shown to reduce
inflammatory responses of joint cartilage by inhibiting the activation
of nuclear factor kappa-light-chain-enhancer of activated B cells,
which lies upstream of inflammatory processes or mediators such
as interleukin-beta, interleukin-8, tumor necrosis factor alpha, and
C-reactive protein. Nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells resides in an inactive state in the cytoplasm, bound by
the inhibitory subunit inhibitor of kappa B. When inhibitor of kappa B
is degraded by inflammatory stimuli, nuclear factor kappa-light-
chain-enhancer of activated B cells freely translocates to the nu-
cleus and potentiates the inflammatory cascade, eventually resulting
in the production of both C-reactive protein (via interleukin-6 pro-
duction) and prostaglandinE2 (via cyclooxygenases).?? 24! Binding
of proinflammatory cytokines to their respective receptors amplifies
immune response by increasing proliferation of T cells, promoting
leukocyte infiltration and facilitating cell-cell signaling.242-24

Largo et al?*® investigated the effect of glucosamine sulfate
administration on markers of systemic and local inflammation
in rabbits with atherosclerosis aggravated by chronic arthritis.
Atherosclerosis was induced by maintaining the rabbits on a hy-
perlipidemic diet after an endothelial lesion was produced in the
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femoral arteries. Arthritis was induced by repeated intra-articular
injections of ovalbumin in previously immunized rabbits. Rabbits
of the test group received prophylactically a high dose of glucos-
amine sulfate (500mg/kg/day) orally. After 6 weeks, the rabbits
were killed, serum was extracted, peripheral blood mononuclear
cells were isolated, and the femoral arteries, thoracic aorta, and
synovial membranes were examined. Administration of glucos-
amine sulfate resulted in a reduction of the circulating levels of
C-reactive protein and interleukin-6, lowered nuclear factor
kappa-light-chain-enhancer of activated B cells activation, and
downregulated expression of chemokine (C-C motif) ligand2 (a
monocyte chemoattractant protein) and cyclooxygenase-2 genes
in peripheral blood mononuclear cells. Furthermore, glucosamine
sulfate administration resulted in milder wall lesions of the femo-
ral arteries and attenuated the histologic lesions in synovial tissue.
Altogether, the results of this study indicate a beneficial effect of
oral glucosamine sulfate administration on systemic inflammation,
mediated by nuclear factor kappa-light-chain-enhancer of acti-
vated B cells.?%¢

Oral administration of glucosamine sulfate (10mg/kg) in a mouse
model for skin inflammation, the 12-O-tetradecanoyl-13-acetate
-induced ear edema model, resulted in a decreased expression of
cyclooxygenase-2, nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells, and transglutaminase 2. The modulation of transglu-
taminase 2 expression by glucosamine sulfate and the suppression
of cyclooxygenase-2 by transglutaminase 2 inhibition suggests that
transglutaminase 2 might be a target for explaining the action of glu-
cosamine sulfate and that glucosamine sulfate might be used for skin
inflammation if proven in clinical trials.?*” An in vitro study in human

bronchial epithelial cells by Wu et al,?*®

investigating the effects of
glucosamine hydrochloride on lipopolysaccharide-mediated inflam-
mation, showed that glucosamine hydrochloride can potently sup-
press lipopolysaccharide-induced inflammatory cytokine expression
(interleukin-6 and interleukin-8), which seems to be at least in part
via attenuation of mitogen-activated protein kinase activation. The
same group also investigated in a murine model whether glucos-
amine is able to attenuate lung inflammation induced by cigarette
smoke.?* Cigarette smoking causes lung inflammation that is mainly
regulated by redox-sensitive pathways. Altogether, the findings of
Wu and coworkers indicate a novel role of glucosamine regarding
the alleviation of oxidative stress and lung inflammation induced by
chronic cigarette smoke exposure in vivo, and the suppression of the
cigarette smoke extract induced interleukin-8 in vitro by inhibiting
both reactive oxygen species-sensitive nicotinamide adenine dinu-
cleotide phosphate oxidase/adenosine monophosphate-activated
protein kinase/mitogen-activated protein kinase signaling and their
downstream transcriptional factors nuclear factor kappa-light-
chain-enhancer of activated B cells and signal transducer and ac-
tivator of transcription proteins 3. Thus, this suggests the possible
use of glucosamine to ameliorate lung inflammation in smokers and
indicates a possible therapy option when treating chronic obstruc-

tive pulmonary disease.?*®24?
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A protective effect of glucosamine against free radical-induced
damage has also been shown in erythrocytes, where glucosamine
hydrochloride efficiently protected erythrocytes against free radi-
cals. It was recommended that glucosamine hydrochloride could be
used as a pharmaceutical supplement to alleviate oxidative stress.?>°

The effect of glucosamine sulfate supplementation on intes-
tinal inflammation has been investigated in a mouse model of ex-
perimental colitis.?*? Disruption of the intestinal barrier due to
inflammation induces the influx of neutrophils into the mucosa
followed by transepithelial migration of neutrophils, constituting a
first line of defense against inflammation-associated barrier disrup-
tion. Interleukin-8 plays an essential role in directing the sequen-
tial process of neutrophil rolling, adhesion, and transmigration into
inflamed microvasculature. Furthermore, proinflammatory media-
tors, such as interleukin-1p, interleukin-6, and tumor necrosis factor
alpha increase the expression of adhesion molecules on endothelial
cells and neutrophils.?*22%! |n the Bak et al?**? study, glucosamine
sulfate supplementation (0.1% w/w) resulted in a significant de-
crease of both circulating interleukin-8 concentrations and colonic
expression of interleukin-1B and tumor necrosis factor alpha, which
was suggested to be mediated by the observed decrease in nuclear
factor kappa-light-chain-enhancer of activated B cells expression.
These results indicate that glucosamine sulfate protects against
inflammation-related intestinal tissue damage and related mucosal
barrier disruption by suppression of the nuclear factor kappa-light-
chain-enhancer of activated B cells-mediated tumor necrosis factor-
alpha and interleukin-1B production and neutrophil activation.

As part of the Vitamins and Lifestyle biomarker study, Kantor

et al?*°

investigated the association between the use of glucosamine
and chondroitin supplements and various inflammatory markers,
such as plasma high-sensitivity C-reactive protein, interleukin-1p,
interleukin-6, tumor necrosis factor alpha, and urinary prostaglan-
din E metabolite (PGE-M). Altogether, 217 men and women aged 50-
75years were included in the study. Participants were interviewed
regarding frequency of use of glucosamine and chondroitin supple-
ments, and blood and urine samples were collected for analysis of
the inflammatory markers. Glucosamine and chondroitin usage were
classified regarding average number of pills per week of use: nonus-
ers, low users (fewer than 14 pills per week), and high users (at least
14 pills per week). High-users of chondroitin showed a 36% lower
high-sensitivity C-reactive protein and 27% lower prostaglandinE
metabolite than nonusers did. High users of glucosamine showed a
28% lower high-sensitivity C-reactive protein and 24% lower pros-
taglandin E metabolite. Weak and nonstatistically significant reduc-
tions were seen in this study regarding interleukin-1p, interleukin-6,
interleukin-8, and tumor necrosis factor alpha. The reduced inflam-
mation of both glucosamine and chondroitin was suggested to be
mediated via inhibition of nuclear factor kappa-light-chain-enhancer
of activated B cells.?#324> The observed reduction of high-sensitivity
C-reactive protein following supplementation with glucosamine and
chondroitin has also been confirmed by the National Health and

Nutrition Examination Survey including nearly 10000 adults.??
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FIGURE 4 Schematic representation of the assumed effects

of glucosamine (GlcN) and N-acetyl-p-glucosamine (GIcNAc) on
the osteoblastic and osteoclastic cell differentiation according

to Nagaoka et al.??” Glucosamine and N-acetyl-p-glucosamine
increase mineralization of mature osteoblasts and expression of
middle- and late-stage markers—osteopontin (OPN) and osteocalcin
(OCN)—during osteoblastic differentiation and reduce expression
of receptor activator of nuclear factor kappa B ligand (RANKL), a
differentiation and activation factor for osteoclasts, thus possibly
increasing bone matrix deposition and decreasing bone resorption
to promote bone formation

However, glucosamine also seems to exhibit interesting effects
on bone and collagen metabolism (Figure 4).

A study of Nagaoka et al investigated the effect of glucosamine
and N-acetyl-p-glucosamine on mineralization of differentiated
mouse osteoblastic MC3T3-E1 cells. After incubation for 21 days,
both 0.1 and 1 mmol/L glucosamine as well as 1 mmol/L N-acetyl-
D-glucosamine significantly increased the mineralization com-
pared to control with glucosamine being more potent at the same
concentration. Furthermore, effects of glucosamine and N-acetyl-
D-glucosamine on osteoblastic differentiation of MC3T3-E1 cells
was measured, using typel collagen and alkaline phosphatase as
markers for early stage, osteopontin as a marker for middle stage
and osteocalcin as a marker for late stage of osteoplastic differ-
entiation.?27253254 Whereas the expression of typel collagen and
alkaline phosphatase was not significantly changed compared
with control, the expression of osteopontin apparently was and
the expression of osteocalcin significantly increased after incuba-
tion with both glucosamine and N-acetyl-p-glucosamine. RANKL
is expressed and secreted by mature osteoblasts and is a key fac-
tor in osteoclastogenesis. Evaluation of the expression of RANKL
showed that both glucosamine and N-acetyl-p-glucosamine
(Immol/L) significantly suppressed the RANKL expression after
incubation for 21days.??”2% These results indicate that glucos-
amine increases bone mineral density, induces osteoblastic differ-
entiation, especially at middle and late stages, and also suppresses
osteoclastic cell differentiation, thereby increasing bone matrix
deposition, decreasing bone resorption, and promoting bone

formation.227:2%¢

Furthermore, glucosamine and chondroitin sulfate also seem to
have an effect on collagen synthesis and degradation. Lippiello®®!
showed in an in vitro study that a commercially available glucosamine
and chondroitin sulfate combination effectively stimulated the neo-
synthesis of collagen in cell cultures of cartilage, tendon, and liga-
ment tissue.

An in vitro study in osteosarcoma cells showed that glucosamine
sulfate has a pronounced suppressive effect on matrix metallopro-
teinases, particularly on matrix metalloproteinase-3 and to a lesser
extent on matrix metalloproteinase-9. No reduction was found in
matrix metalloproteinase-2 expression, where even a modest but
statistically insignificant increase was seen. These observations
suggest that glucosamine sulfate is not a broad matrix metallopro-
teinase inhibitor but may be useful for more specific matrix metallo-
proteinase suppression.257 The most distinct effect of glucosamine
sulfate was observed at a concentration of 10pg/mL, which is within
the range of human serum concentrations that can be achieved by
oral glucosamine intake.?>®

Although these in vitro data cannot be extrapolated to in vivo
circumstances, they may justify further exploration of glucosamine
and chondroitin sulfate in situations where collagen degeneration is
occurring or an accelerated collagen repair process after trauma or
surgery would be beneficial.

Besides all the beneficial effects mentioned herein thus far, data
from animal studies have raised concerns that glucosamine might
adversely affect glucose metabolism and might cause insulin resis-
tance.?®” Some recent studies suggested that glucosamine may also
affect glucose transport and insulin resistance in humans, especially
in patients with impaired glucose tolerance.?® However, these stud-
ies had considerable heterogeneity in terms of dose, route, and du-
ration of glucosamine administration. Furthermore, risk factors for
diabetes development are elevated triglycerides, blood pressure,
body mass index, and family history of diabetes. The most preva-
lent risk factors for osteoarthritis are overweight or obesity, higher
age, and female sex. This means that some people are at increased
risk for both diseases.?! To address these problems, in a recent

placebo-controlled study, Gommans et al?!

investigated the effect
of a prolonged glucosamine sulfate usage on hemoglobin Alc lev-
els and new-onset diabetes mellitus in 407 overweight and obese
middle-aged women. The findings of this study indicate that there
is no effect of glucosamine sulfate on mean hemoglobin Alc level
or on obtaining a high hemoglobin Alc level or new-onset diabe-
tes mellitus over 6.5years, especially in participants with a normal
hemoglobin Alc level at baseline. A possible effect of glucosamine
sulfate could not be ruled out in the subgroup with a high hemoglo-
bin Alc level at baseline, although these results were not statistically
significant. These findings indicate that, for now, glucosamine sul-
fate is safe to use, certainly in people with a normal hemoglobin Alc
level at baseline.26?

Interestingly, a study in rats showed that glucosamine can
increase relative bioavailability of paracetamol. This increased
paracetamol bioavailability seems to be caused mostly by meta-

bolic enzyme inhibition but not through paracetamol absorption
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or protein binding. The data of this study also suggest that glu-
cosamine may reduce paracetamol liver toxicity.262 However, fur-
ther studies to investigate this particular effect of glucosamine are
required.

The results of an in vitro study using inferior nerve preparation in
a rat mandible suggest that p-glucosamine hydrochloride has a pain

relief effect on patients with dental pain.?¢®

4.1 | Natural herbal products and seeds “functional
food or super food”

In recent years, the increasing number of people suffering from car-
diovascular diseases, obesity, diabetes mellitus, neurologic diseases,
dementia, cancer, and other related diseases has shifted the focus
from disease treatment to healthy lifestyle changes. Epidemiologic
studies have shown that physical inactivity and unhealthy diet
containing high amounts of refined carbohydrates combined with
saturated fatty acids but lacking fiber, minerals, and antioxidant mi-
cronutrients may be an important risk factor in the development of
pathologic conditions.

Two of the greatest shifts in human evolution from pre-Neolithic
to Neolithic and from Neolithic to Industrial Revolution societies
resulted in the largest changes in food production. Results from
samples of calculus collected from 34 early European skeletons sug-
gested that the transition from hunter-gatherer to farming and later
to processed food technologies shifted the oral microbial commu-
nity to a disease-associated configuration. Whereas pre-Neolithic
oral bacterial ecosystems were more diverse and dominated by the
nonpathogenic family of Ruminococcaceae, modern oral ecosystems
are less diverse with an abundance of periodontopathogens, such as
P. gingivalis, Tannarella, and Treponema, and cariogenic species, such
as Streptococcus mutans.?¢*

In 2009, Baumgartner et al?®® illustrated that diet may have a sig-
nificant impact on periodontal inflammatory status. The Swiss study
on 10 adults who were placed in a “Stone Age” environment and on
diet rich in fibers, fish oils, and micronutrients showed significant
reduction in bleeding on probing and pocket depth compared with
baseline, even in the absence of oral hygiene.%’s'266

An evidence-based review, based on 31 human studies that
explored the relationship between food supplements and peri-
odontitis, showed substantial evidence of beneficial outcomes for
treatment of periodontal diseases from nutritional intervention.
It also suggested guidelines for micronutrient supplement intake
(mainly vitamins C and D) that may improve results in the treat-
ment of periodontitis, especially in cases of refractory disease.?¢”
Furthermore, it has been shown that the use of nutritional agents as
adjuvants to nonsurgical periodontal therapy significantly reduced
the periodontal disease severity, improved treatment prognosis in
the short term (2-6 months), and reduced susceptibility toward peri-
odontal disease.?%®

In the past few years, emerging evidence from the studies have
increased the awareness of the industry and consumers related
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to the possible nutritional and health attributes of certain natural
herbal products. They are now manufactured and widely distributed
as food supplements all over the world, labeled as supporting health
and preventing disease. Some of these herbal natural supplements
(Table 1) contain ingredients with known health benefits, as opposed
to supplements in which the composition and effect may not have
be fully defined.??8

Chia seeds. Salvia hispanica L., locally known as chia (Nahuatl
word chian, which means “oily”), is a plant that originates from the
American continent and is well known after its seeds. Chia seed con-
tains 15%-25% of proteins, 30%-33% of fats, 26%-41% of carbohy-
drates, 18%-30% of dietary fibers. Apart from that, it is a source
of many vitamins (thiamin, riboflavin, niacin, and folic and ascorbic
acids) and minerals (calcium, phosphorus, potassium, and magne-
sium), as well as compounds with antioxidant properties.2“’9’270

Owing to its high content and adequate ratio of polyunsatu-
rated fatty acids, such as omega-3 alpha-linolenic acid and omega-6
alpha-linoleic acid, chia seed-supplemented food may play an im-
portant role in improvement of lipid profile and reduction of risk of
diabetes and cardiovascular disease. A randomized single-blind con-
trolled trial on 20 men and women with type2 diabetes who were
supplemented with 37g of chia seeds per day as addition to their
daily conventional therapy, for 12weeks showed significant reduc-
tion in systolic blood pressure and C-reactive protein concentration
in plasma.?’?

To date, only a few clinical trials related to the therapeutic prop-
erty of chia used as food supplement have been carried out. Trials
conducted on healthy adults showed that, 120 min after consump-
tion of chia seeds, postprandial glycemia significantly reduced.?”2

Furthermore, some studies showed that a chia-supplemented
diet over a period of 3months reduced body weight and total choles-
terol but increased low-density lipoprotein cholesterol in the group
consuming chia flour.?’®

Chia seeds extract has been tested in a recent in vitro study and
demonstrated excellent antimicrobial efficacy against three peri-
odontal pathogens: P. gingivalis, Aggregatibacter actinomycetemcom-
itans, and F. nucleatum. Its inhibitory potential was similar to 0.2%
chlorhexidine, which was used as positive control.?? As there are no
clinical trials related to the preventive or therapeutic properties of
chia seeds on the diseases that affect oral mucosa and periodontium,
we can only suggest that the systemic anti-inflammatory potential of
chia seeds shown in some studies may play a role in the prevention
and treatment of periodontal diseases. It can also be stipulated that
their antioxidative potential may have an effect on oxidative stress
that orchestrates proinflammatory cascades that underpin tissue
destruction in periodontitis and other inflammatory conditions as-
sociated with periodontitis, such as type 2 diabetes, cardiovascular
disease, and obesity and related metabolic dysregulation. The seeds’
mineral content may also improve the quality of bone and prevent
osteoporosis and its effect on the periodontal status of the patients.
Although the presence of active ingredients in chia seeds contrib-
utes to health benefits, the studies on the efficacy and safety of chia
seeds are still limited and have shown inconclusive results.
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TABLE 1 Natural herbal products: bioactive compounds and potential health benefits

Natural herbal products and

seeds compounds

Chia seeds

(Salvia hispanica L.) ascorbic acids

Vitamins: thiamine, riboflavin, niacin, folic and

Significant health-contributing and bioactive

Evidence-based potential health benefits

Improvement of lipid profile; reduction of risk of
diabetes and cardiovascular diseases?’* 273

Minerals: calcium, phosphorus, potassium, and

magnesium

Antioxidants: polyphenols, chlorogenic acid, caffeic

acid, quercetin, kaempferol

Fatty acids: omega-3 and omega-6 fatty acids

Quinoa

(Cehnopodium quinoa Wild.) acid, and vitamin E

Minerals: calcium, iron, and magnesium

Fatty acids: linoleic, linolenic

Vitamins: pyridoxine (vitamin Bé), folic acid, ascorbic

269,270

Improvement of lipid profile; prevention of
cardiovascular diseases; prevention of
malnutrition in early childhood; safe dietary
option for individuals with celiac disease?’>~28°

Phytochemicals: saponins, phytosterols, and

phytoecdysteroids®’*

Spirulina
(Arthrospira platensis)
chromium

Antioxidants: carotenoids and C-phycocyanin?

Tumeric

(Curcuma longa)

(curcumin 111)288

Acai-berry
(Euterpe oleracea Martius)

Quinoa. Cehnopodium Quinoa Willd. is a grain-like pseudo-cereal
that belongs to the Chenopodiacea family, which also includes spin-
ach and beet. It originates in South America and has been domesti-
cated in the Andean region. Quinoa seeds, leaves, and sprouts are
used as human and animal food owing to their nutritional values.
Quinoa has been described as “one of the grains of the 21st century,”
and its production, preservation, and consumption were promoted
by the Food and Agriculture Organization of the United Nations in
2013.

Quinoa is superior to many grains, such as rice, rye, barley, and
oat, in relation to protein and lipid content. It contains 13.1%-16.7%
of high-quality proteins with well-balanced essential amino acid con-
tent that satisfies the amino acid requirements for adults suggested
by the Food and Agriculture Organization of the United Nations/
World Health Organization/United Nations University. It contains a
significant amount of essential amino acids, such as lysine, methi-
onine, and threonine, that is higher than in essential cereals, such as
wheat and maize.3%°

The total fiber content of quinoa is close to that of wheat,
whereas the main carbohydrate component, starch, constitutes
52%-69% of the plant. Other sugars, such as maltose, p-galactose,
p-ribose, fructose, and glucose, contribute by only 3%. Quinoa’s
composition of lipids is such that it is considered as an alternative oil
seed with a lipid profile like soybean. It contains both saturated and
unsaturated fatty acids. Linoleic and alpha-linolenic acids are the
major unsaturated essential fatty acids and constitute 88% of the

Vitamins: B-complex, p-carotenes, and vitamin K
Minerals: iron, magnesia, zinc, copper, selenium, and

Curcumin (curcumin ), demethoxycurcumin
(curcumin I1) and bisdemethoxycurcumin

Phytochemicals: anthocyanins, flavonoids
Fatty acids: mono- and polyunsaturate

Protection and symptom relief in patients with
allergic rhinitis; improvement of clinical
parameters in treatment of periodontitis;
regression of oral leucoplakia; reduction of
inflammation in rheumatoid arthritis; prevention
of cardiovascular diseases and diabetes?2-287

81

Therapy of inflammatory conditions, osteoarthritis,
neurological conditions, and cancers; prevention
and therapy of gingivitis and periodontitis?87-273

Protection of cells from reactive oxidative species;
reduction of pain and improvement of range
of motion in patients with osteoarthritis;
neuroprotective and cognitive effects??4-2%7

d294

total fatty acid amount of quinoa seed. Palmitic fatty acid, the basic
saturated fatty acid in quinoa, contributes 10% to its entire lipid con-
tent. The content of micronutrients, such as vitamins and minerals,
is also of great importance, as the seed is rich in pyridoxine (vitamin
Bé), folic acid, ascorbic acid (vitamin C), and vitamin E. Mineral con-
tent, such as calcium, iron, and magnesium, is considerably higher
than in other commonly used grains, such as wheat and corn.?’4

Quinoa also contains saponins, phytosterols, and phytoecdys-
teroids, which are biologically active compounds known as phyto-
chemicals. These components are known to exhibit a wide range
of health benefits, such as antifungal, antiviral, antibacterial, and
cancer-suppressing effects. They also exhibit hypoglycemic, anti-
thrombotic, diuretic, anti-inflammatory, anabolic, antidiabetic, anti-
osteoporotic, and anti-obesity properties.?”®

The evidence of some of these benefits is demonstrated in lim-
ited numbers of animal and human studies.

Several animal studies have demonstrated that consumption of
quinoa seeds may improve lipid profile and glucose level in Wistar
rats fed a fructose-enriched diet.*°! Substitution of a high-fat food
with quinoa for 3weeks resulted in modulation of adipokine expres-
sion, thus significantly preventing diet-induced obesity in mice.?”¢
Furthermore, it has been shown that diets containing quinoa extract
enriched in 20-hydroxyecdysone (a steroid hormone) may influence
oxidative status and increase antioxidant capacity of rats with in-
duced oxidative stress, by increasing the activity of antioxidant en-
zymes and reducing levels of malondialdehyde in plasma.?””
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Several human studies have confirmed positive health benefits
of a diet supplemented with quinoa seeds. In a study conducted in
Ecuador, it was observed that feeding 50- to 65-month-old boys
with quinoa-supplemented food twice a day for 15 days significantly
augmented the insulin-like growth factor levels in plasma and pro-
vided proteins and other nutritional microelements sufficient to pre-
vent malnutrition in early childhood.?”®

Subsequent human short-time studies that involved different
groups of participants, such as healthy students and overweight
postmenopausal women, showed that daily consumption of qui-
noa over a short period of time has the potential to prevent car-
diovascular disease and modulate some metabolic parameters,
such as total cholesterol, low-density lipoprotein, and triglycer-
ide level.?’?3%2 Moreover, individuals with celiac disease taking a
quinoa-supplemented diet over 6 months showed that it may be a
safe alternative gluten-free dietary option‘280

The antibacterial activity of quinoa against oral bacteria has
rarely been reported. A recent in vitro study showed that alkali-
transformed saponins derived from quinoa husk were efficient
against three halitosis-related bacteria: P. gingivalis, Clostridium per-
fringens, and F. nucleatum. The saponins altered membrane potential
and morphology, as well as interfered with its permeability, causing
leakage of nucleic acids and proteins. The results of the study indi-
cated that saponins derived from quinoa husk may have an import-
ant role in a new drug delivery system against oral halitosis caused
by oral microorganisms.3%%

Spirulina. Arthrospira platensis is a microscopic single-cell alga that
inhabits fresh and marine waters. It derives its name from its spiral
shape as seen under the microscope, and it smells and tastes like
seaweed. It contains two pigments, blue (phycocyanin) and green
(chlorophyll), that give the algae its color. Owing to its nutritional
value, spirulina has been claimed to be “best food for the future.”
Spirulina contains up to 70% of proteins; it is also rich source of vi-
tamins (B-complex, p-carotenes, and vitamin K) and minerals (iron,
magnesia, zinc, copper, selenium, and chromium). It can be easily
cultivated, harvested, and processed into a variety of final products,
such as powder, tablets, flakes, and other edible profiles.281

Owing to the high content of carotenoids and the protein-bound
pigment C-phycocyanin this blue-green algae has been shown to
have antioxidant and immunomodulatory properties in in vitro and
in vivo studies. These substances may act as scavengers of reactive
oxygen species mainly generated by host defense cells during an
inflammatory reaction and increased oxidative stress.?8! Oxidative
stress was first described by Sies in 1985, and some years later it
was revealed that it underpins the pathogenesis of numerous of in-
flammatory diseases, such as periodontitis, diabetes, cardiovascular
disease, and obesity/metabolic dysregulation.267-304

The antioxidative potential of spirulina has been demonstrated
in several human studies conducted on geriatric patients and on
healthy individuals after exercise. Food supplemented by spiru-
lina for 16 weeks showed significantly increased levels of antiox-

idant status in plasma of geriatric patients.282 It has also reduced
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production of creatine kinase and delayed exhaustion time during
physical exercise.?83

There is evidence that spirulina has an impact on the immune
system by stimulating phagocytosis, modulating production of an-
tibodies and cytokines. The photosynthetic pigment C-phycocyanin
may modulate inflammatory response in a dose-dependent man-
ner through its inhibitory effects on cyclooxygenase-2 activity and
suppression of production of proinflammatory substances such as
prostaglandin E2 and tumor necrosis factor alpha.284 Spirulina’s pro-
tective and symptomatic relief role through inhibition of histamine
release from mast cells in patients with allergic rhinitis has been con-

283,285

firmed in animal and human studies. It has also been noticed

that spirulina may reduce inflammation in patients with rheumatoid
arthritis through stimulation of secretion of interleukin-2.28!

Several animal studies have shown that spirulina extract taken
orally may have chemopreventive activity and reduce the incidence
of some types of tumors. In Malaysia, 33% of medical practitioners
who also practice alternative medicine use spirulina to augment an-
ticancer therapy, especially for pediatric patients. Although there is
no evidence-based proof to use spirulina for preventive or remedial
properties in patients with pre-malignancies and malignancies, one
of the first human studies showed that consumption of 1g/day of
Spirulina fusiformis for 1year could have contributed to complete
regression of oral leukoplakia in 45% of pan tobacco chewers as op-
posed to only 7% in the placebo group.?® The findings in the serum
of the study participants did not show any increase of f-carotene
or retinol, which may imply that other constituents of spirulina may
have been responsible for the anticancer effect.?83:286 Although
their results seem to be promising, the trial was unblinded and
nonrandomized and, as such, cannot be taken as a reliable piece of
evidence.

In addition to its unproven role as an antioxidant and immuno-
modulator, spirulina has been reported to improve blood lipid profile,
which may be of importance in prevention of diabetes and cardio-
vascular diseases. 2

Recently, Spirulina (Arthrospira) maxima was tested on rats as a
potential agent in treatment of periodontitis. SD rats at 8 weeks old
with induced periodontitis were orally treated with S. maxima at dif-
ferent doses (test treatment: 100, 200, 400mg/kg) and compared
with indomethacin (positive control: 5mg/kg) after 14 days of treat-
ment.2%® Gingival tissue of rats treated with S. maxima showed re-
duced concentrations of proinflammatory cytokines, such as tumor
necrosis factor alpha, interleukin-1pB, interleukin-6, and inflamma-
tory transcription factor nuclear factor kappa-light-chain-enhancer
of activated B cells. Activity of myeloperoxidase and expression of
matrix metalloproteinases were also decreased in periodontal tissue
of test rats. In addition, treatment with S. maxima increased con-
centration of anti-inflammatory cytokine interleukin-4 and the os-
teoprotegerin/RANKL expression ratio. S. maxima-treated groups
showed reduced numbers of osteoclasts and less bone loss, as well
as increased production of osteoblasts and osteogenesis-related

factors.3%°
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Scarce evidence so far exists on the effect of spirulina on peri-
odontal health and disease. One randomized controlled clinical
study tested the benefits of local application of spirulina-based gel
as adjunct to nonsurgical treatment (scaling and root planing) of
chronic periodontitis. The results showed significant improvement
of clinical parameters, such as probing depth reduction and clin-
ical attachment gain, in the experimental group when compared
with the control group (scaling and root planing alone). During the
course of treatment, spirulina gel did not cause any side or ad-
verse effects.?®” As this study is one of the first to use spirulina
as a local adjunct agent in the treatment of periodontitis, further
studies, including more relevant clinical and biochemical parame-
ters, are necessary to confirm the findings and explore underlying
mechanisms.

Although rare, some adverse reactions, such as skin rash, head-
ache, muscle pain, flushing of the face, sweating, and difficulty
concentrating, have been documented in individuals taking 1g of
spirulina orally. At the same time, concerns have been raised re-
garding potential toxic substances called microcystins that may be
present in spirulina and cause serious health problems. The presence
of such substances and other potentially toxic elements are highly
dependent on the process of cultivation of spirulina.?8!

Turmeric is a dietary spice whose active ingredient, curcumin, is
isolated from the rhizomes of Curcuma longa, a plant that belongs
to the ginger family. Turmeric is yellow in color and is most used in
Asian and Indian cuisine. It has also been used for medicinal pur-
poses for thousands of years. There is a plethora of available mate-
rial related to curcumin’s health benefits, such as published articles
(over 6000), audio and video recordings. Curcumin was first discov-
ered by Vogel and Pelletier in 1815; however, its chemical structure
was first reported by Lampe and Milobedzka in 1913.288:287

The powder of turmeric contains volatile and nonvolatile oils, pro-
teins, fats, minerals, carbohydrates, and curcuminoids. Commercially
available curcumin is a mix of three biologically active components,
collectively called curcuminoids: 77% of curcumin (curcuminl), 17%
of demethoxycurcumin (curcumin Il) and 3% of bisdemethoxycur-
cumin (or curcumin 111).2%°

Curcumin has been approved by the US Food and Drug
Administration to be a safe food supplement, and a daily intake of
curcumin at a dose of 0.1-3mg/kg body weight has been considered
as an acceptable dose by the Food and Agriculture Organization of
the United Nations/World Health Organization Expert Committee
on Food Additives, 1996.2%°

The systemic bioavailability of curcumin after consumption is rel-
atively low; therefore, various curcumin derivatives (man-made ana-
logues) have been designed and tested to overcome this problem.290

Curcumin (mainly its analogues) has shown chemopreventive
and chemotherapeutic properties in different cancer studies. It has
been shown in vivo (paw edema model) to have analgesic and anti-
inflammatory activity through suppression of gene expression and
inhibition of secretion of proinflammatory substances, such as tumor
necrosis factor alpha, monocyte chemoattractant protein-1, inter-
leukin-10, and interleukin-6. Few studies have confirmed curcumin

free-radical scavenging activity and antioxidant effects, as well as its
effect on regulation of blood glucose level.??°

Curcumin was first tested in a human study by Oppenheimer in
1937. Since then, many human studies reported beneficial proper-
ties of curcumin, used either as monotherapy or in combination with
other agents, in the treatment of diseases such as cancer, inflamma-
tory conditions, osteoarthritis, neurologic conditions, and diabetes.
It has been delivered in the form of nanoparticles, tablets, capsules,
powder, or solution in doses from 0.18 to 8g/d.>’°

In clinical trials, patients with periodontal diseases usually use
curcumin as adjuvant therapy following subgingival instrumentation.
Curcumin is commonly applied topically as a solution (mouthwash)
or in solid form (curcumin sustained-release tablet, gel, or chip).3°6

A comprehensive review summarized the existing evidence re-
lated to the effects of turmeric in the prevention and treatment of
gingivitis. Only five studies with a total of 290 participants, published
between 2010 and 2016, satisfied the selection criteria and were
analyzed. All trials were conducted in India, with the main objective
to compare the efficacy of turmeric and chlorhexidine, formulated
either as a mouthwash or gel, in the prevention and treatment of
gingivitis.291

Three studies on prevention showed that, as an adjunct to me-
chanical plaque control, turmeric-based mouthwash significantly
reduced plaque accumulation and gingival inflammation after the
experimental period (14-21days). However, when compared with
chlorhexidine, it was less efficient.??%22

Two studies tested the therapeutical efficacy of turmeric and
chlorhexidine as an adjunct to mechanical treatment of gingivitis
and compared them with mechanical treatment alone. Both stud-
ies showed significant improvement of clinical parameters (plaque
index and gingival index) at 14 and 21 days compared with baseline,
for all treatment modalities. The turmeric and chlorhexidine groups
demonstrated significantly superior results related to plaque index
and gingival inflammation reduction when compared with the group
that received mechanical treatment alone. There was no significant
difference between the turmeric and chlorhexidine groups at any
time interval. The studies also showed that the patients favored tur-
meric gel owing to it sweet taste, pleasant odor, and lesser stain-
ing compared with the chlorhexidine gel.291 The main limitations of
these studies were small population size, short duration of therapy,
nonstandardized protocol, and use of different formulations of tur-
meric (mouthwash and gel) with different concentrations (0.1%-
20%). As the studies were conducted only in India, the results may
not be applicable to other demographic groups of patients.

Subsequent studies that tested use of curcumin as an adjunct to
subgingival instrumentation have shown that its topical application
significantly improved periodontal condition. Curcumin can directly
and indirectly inhibit the activation of nuclear factor kappa-light-
chain-enhancer of activated B cells, Janus kinase/signal transducer
and activator of transcription, and mitogen-activated protein kinase
signaling pathways, thus inhibiting the inflammatory cascade reac-
tion involved in development of a variety of inflammatory diseases,

as well as periodontitis.3%®
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It is important to mention that curcumin can produce a large
amount of active oxygen under controlled light conditions (300-
500nm wavelength range). It has been widely used in photodynamic
therapy of cancers owing to its low cost and high efficacy. The light
produced by photodynamic therapy can enhance the ability of cur-
cumin to penetrate biofilm. On the other hand, curcumin can en-
hance the bacteriostatic effect of photodynamic therapy.’%® De
Paula Zago et al®®” have shown that curcumin can significantly in-
hibit the growth of oral pathogens while used as a photosensitizer. In
a clinical study, Sreedhar et al®%® used curcumin gel as a photosensi-
tizer in photodynamic therapy following subgingival instrumentation
with ultrasonic scaling in 15 patients with deep periodontal pock-
ets. Curcumin showed enhanced antimicrobial properties against
P. gingivalis, A. actinomycetemcomitans, and Prevotella intermedia.
Interestingly, antibacterial effects almost doubled when curcumin
gel was irradiated with light of 470 nm wavelength and 620 mW/cm?
power intensity. These results were improved when the multiple ap-
plications of photodynamic therapy were performed. The curcumin
binds to the cell wall of periodontal pathogens and when irradiated
with light of specific wavelength produces reactive oxygen species,
which can destroy the pathogens in the immediate vicinity.308

It is still controversial whether curcumin has more advanced
therapeutic effects than traditional photosensitizers, such as meth-
ylene blue or toluidine blue O. However, being cheap, safe, and less
prone to stain teeth and esthetic restorations makes curcumin a new
option for photodynamic therapy.

A recent animal study showed that intra-gastric administration of
curcumin might reduce bone loss in rats with ligature-induced peri-
odontitis via suppression of RANKL/receptor activator of nuclear
factor-kB/osteoprotegerin expression and reduction of proinflam-
matory cytokines, mainly tumor necrosis factor alpha and interleu-
kin-6.27% This and other preliminary in vivo studies provide initial
evidence that curcumin may offer periodontists a complementary
approach to the conventional periodontal therapy through either
systemic or local application.?”*

Nanoparticulate drug delivery systems have been shown to be
effective in increasing the efficacy of therapeutic agents. Integration
of curcumin in these delivery systems has resulted in improved
solubility, bioavailability, transmembrane permeability, prolonged
plasma half-life, long-term stability, target-specific delivery, and up-
graded therapeutic effects.®%¢

In that context, curcumin was incorporated in the structure of
a nanofibrous asymmetric collagen membrane along with aspirin-
loaded poly(lactic-co-glycolic acid) nanoparticles. The membrane
showed promising effect on bone regeneration and bone healing, as
well as a strong antibacterial effect,an in animal study.3%?

Acai-berry, the fruit of the Amazonian palm, Euterpe oleracea
Martius, has been extensively studied not only for its nutritional
properties but also its anti-inflammatory, antioxidant, and bioactiv-
ity properties. Acai pulp fraction contains a remarkable number of
phytochemicals and mono- and polyunsaturated fatty acids.??*

Phytochemical analyses indicate that acai extract is rich in an-
thocyanins and possesses a high number of polyphenols, especially
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flavonoids, that exhibit promising therapeutic potential. Current
evidence from a human randomized placebo-controlled cross-over
clinical trial that involved 12 healthy participants between 19 and
55years of age shows that consumption of a juice blend, contain-
ing predominantly acai berry, had several health benefits. The
study reported significant reduction in lipid peroxidation during
oxidative stress and a rapid increase of serum antioxidant capacity
in protecting cells from reactive oxygen species.294 Earlier in vitro
studies demonstrated that acai extract may exhibit potent anti-
inflammatory, neuroprotective, and anticarcinogenic properties.?’*
Furthermore, it has been demonstrated in vitro that acai-berry ex-
tract may reduce osteoclast formation, differentiation, and activity
through modulation of secretion of osteoclastogenesis-promoting
cytokines (tumor necrosis factor alpha, interleukin-1a, interleukin-6)
and osteoclastogenesis-inhibiting cytokines (interleukin-3, interleu-
kin-4, interleukin-13, and interferon-gamma).295 These findings may
be of importance for further testing and development of novel ther-
apeutic agents with potential to reduce inflammatory bone loss that
occurs as a result of periodontitis.

Tested on mice, acai extract has been shown to produce anal-
gesic effects that have been further investigated in a clinical study.
An open-label clinical pilot study on 14 participants with chronic
pain and reduced range of motion, mainly due to osteoarthritis,
showed that daily consumption of 120mL of an acai fruit and berry
blend significantly reduced pain and increased range of motion after
12weeks. The significant correlation between antioxidant status
and improvements in physical well-being of the participants was
also observed in the study.??® These findings, as well as emerging
evidence that food rich in polyphenols may have neuroprotective
and cognitive effects, warrants further well-designed clinical studies

with large groups.??’

4.2 | Minerals

Minerals belong to the group of minor/micronutrients that are pre-
sent in food in small amounts, measured by microgram quantities.
Minerals can be classified as major minerals (more than 100mg/day)
and those traditionally called “trace minerals” (<100mg/day) de-
pending on a daily intake and need. They are an integral part of our
hard tissues, such as bones and teeth. They also maintain the acid-
base homeostasis and are key constituents of electrolytes that are
important for muscle contraction and nerve conduction.?’® Minerals
act as catalysts in a variety of enzyme systems, either as ionic enzy-
matic cofactors or metalloenzymes. In this respect, they play an im-
portant role in the functional and structural integrity of the tissues,
and any deficiency below the required limit may cause physiologic or
structural abnormalities. Regular daily intake of food rich in minerals
is usually sufficient to maintain health; however, in some cases, phar-
macological supplements are used to maintain satisfactory levels or
treat deficiencies.3*°

Sodium is the cation and main major mineral in extracellular

fluid. It plays a key role in cellular membrane potential and nerve
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conduction, and together with calcium, potassium, and magnesium
has an important influence on cardiac output and peripheral vas-
cular resistance, the main determinants of blood pressure level.278
The modern diets provide sodium in markedly higher amounts than
recommended and in different ratios related to other minerals that
may further cause the breakdown of cardiovascular and renal ho-
meostasis, rendering blood hypertension a common serious problem
of modern society.3'° Sodium is mainly consumed as sodium chlo-
ride, “dietary salt,” but may be found in food additives, too. The value
of adequate daily intake for sodium has been revised recently and
for healthy adults is set at 460-920 mg/day (20-40 mmol/day) as per
NHMRC revised guidelines from 2017.31

Potassium is the key cation in intracellular fluid with a similar role
to sodium. Potassium is known to have a protective effect on the
cardiovascular system, and its anti-atherosclerotic properties have
attracted attention in the recent years. Other health benefits of po-
tassium may be related to diabetic patients and improvement of their
glucose tolerance.®'® A low potassium level in plasma may result in
muscle cramps, confusion, and may also lead to life-threatening
events such as arrhythmia.?’® The adequate daily intake of potas-
sium for healthy adults is 2800mg/day (72mmol/day) for woman
and 3800mg/day (100 mmol/day) for men.3*

Calcium is the main component of hydroxyapatite, a mineral
that is present in our skeletal system and teeth. It is important for
normal bone turnover, nerve conduction, and blood coagulation.298
Metabolism of calcium s regulated by parathyroid hormone and calci-
tonin, andits active resorption through intestinal wall is highly depen-
dent on vitaminD. In the event of reduced calcium level in serum due
to low dietary intake or increased demand (growth and pregnancy),
production of active vitaminD (1,25-dihydroxycholecalciferol) in-
creases in order to improve intestinal resorption of the calcium. If
the former mechanism is insufficient to rebalance serum concentra-
tion of calcium, parathyroid hormone will mobilize calcium from the
skeletal system, including the alveolar bone, and increase its reab-
sorption at the level of the renal distal tubule.®? Numerous clinical
studies have emphasized the importance of calcium intake in bone
mineral density maintenance and tooth retention, especially in the
elderly population. VitaminD deficiency is common in the world,
with an estimate that more than 1 billion people suffer from its insuf-
ficiency or deficiency.313 The beneficial effect of supplementation
with vitaminD and calcium has been well documented and recog-
nized in the treatment of rickets, osteomalacia, and osteoporosis.
In recent times, vitamin D and calcium have also been considered as
candidates to modulate periodontal disease, as some studies have
found that their intake may reduce alveolar bone loss, gingival in-
flammation, and attachment loss. Caution should be considered with
patients reporting a risk of bowel cancer.®*

The Third National Health and Nutrition Examination Survey
large cohort of up to 12000 subjects suggested that low dietary in-
take of calcium results in more severe periodontal disease and pro-
gressive attachment loss in a dose-dependent manner.®®® Another
study that used data from the Third National Health and Nutrition
Examination Survey reported an inverse association between the

prevalence of periodontal disease and the intake of dairy products, a
common dietary source of calcium and vitamin D.3¥> A recent cross-
sectional study on 51 subjects on periodontal maintenance therapy
resulted in a trend toward better clinical (gingival inflammation,
probing depth, and attachment loss and furcation involvement) and
radiological parameters (cemento-enamel junction to alveolar crest
distance) of periodontal disease in patients who were voluntarily
taking calcium (at least 1000 mg/day) and vitamin D (at least 4001U/
day) supplements for more than 18 months (average of 10.6years)
prior to commencement of the study.313 Based on the findings, the
authors suggested that the role and dose of vitaminD and calcium
in maintenance of periodontal diseases should be further investi-
gated and their supplementation may be advocated as a component
of periodontal disease management. Although some studies implied
benefits of daily supplementation with vitaminD and calcium, use
of these microelements in healthy patients with periodontal disease
requires further evidence. Recommended daily intake of calcium for
adults ranges from 1000 to 1300 mg/day.>!?

Magnesium is second most prominent intracellular cation and
is present in all tissues, with majority (two-thirds) stored in bones.
It plays a crucial role in ion and energy transfer, stabilization of
membranes, and is necessary for many physiologic functions.267:2%8
Imbalances in magnesium metabolism may be associated with dif-
ferent pathologic conditions such as cardiovascular diseases, di-
abetes, pre-eclampsia, eclampsia, and sickle cell disease.?®” Low
magnesium intake has been linked to periodontitis.?*® In a cross-
sectional epidemiologic study involving 4290 subjects from 20 to
80years of age, periodontal health was determined and correlated
to concentrations of serum magnesium and calcium. It was demon-
strated that a higher magnesium/calcium ratio was significantly as-
sociated with reduced probing depth (P<0.001), less attachment
loss (P = 0.006), and higher number of remaining teeth (P = 0.005).
In a matched study, the periodontal status of 60 subjects from the
same population using magnesium drugs was compared with 120
nonusers. Subjects taking magnesium showed less attachment loss
(P<0.01) and a higher number of remaining teeth than did their
counterparts. The findings of the study indicate that magnesium
supplementation may improve periodontal status and improve
tooth retention.®¥” Recommended daily intake of magnesium for

adults is 320 mg/day for women and 420 mg/day for men.3'*

5 | CONCLUSION

In summary, an increasing number of studies have revealed aspects
and effects of these so-called lifestyle or fitness supplements and
superfoods that may have an impact on periodontal health and heal-
ing after treatment. Against the background of periodontal disease
as a chronic inflammatory disease involving bone and connective tis-
sue degradation, a deeper insight and understanding of the poten-
tial anti-inflammatory effects of supplements and their effects on
bone and connective tissue metabolism could help to develop new
prevention and treatment strategies. However, some the current
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evidence is of a very low quality, and more validated scientific data
are required before their possible use in prevention or treatment of

periodontal diseases can be made.
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