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ABSTRACT. In recent years, there has been a tremendous expansion in medical and dental research concerned with free rad-
icals, reactive oxygen species, and anti-oxidant defense mechanisms. This review is intended to provide a critical, up-to-date
summary of the field, with particular emphasis on its implications for the application of "anti-oxidant therapy" in periodontal
disease. We have reviewed the nomenclature, mechanisms of actions, features, and sources of most common free radicals and
reactive oxygen species, as well as analyzed the typical biological targets for oxidative damage. Based on a review of direct and
indirect anti-oxidant host defenses, particularly in relation to the key role of polymorphonuclear neutrophils in periodontitis,
we review current evidence for oxidative damage in chronic inflammatory periodontal disease, and the possible therapeutic
effects of anti-oxidants in treating and/or preventing such pathology, with special attention to vitamin E and Co-enzyme Q.
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Introduction

Oxygen is required for all mammalian energy needs.
Oxygen is used to oxidize molecules rich in carbon

and hydrogen (i.e., nutrients) to produce the different
forms of energy needed for life. The reduction of molecu-
lar oxygen to water is accompanied by a large free energy
release that can give rise to Free Radicals (FR) and/or
Reactive Oxygen Species (ROS). The most important FR
in biological systems are radical derivatives of oxygen.
Other highly reactive compounds are known as ROS. ROS
include not only oxygen FR but also non-radical oxygen
derivatives involved in oxygen radical production (Table
1). The reactivity and associated toxicity of these may be
major contributors to the pathogenesis of several chron-
ic degenerative diseases (Halliwell, 1994; Sies, 1997).

Inflammation represents the response of the organism
to a noxious stimulus, whether mechanical, chemical, or
infectious. It is a localized protective response elicited by
injury or destruction of tissues, which serves to destroy,
dilute, or wall off both the injurious agent and the injured
tissue. Whether acute or chronic, inflammation is depen-
dent upon regulated humoral and cellular responses, and
the molecules considered to mediate inflammation at
one time or another are legion. However, an event char-
acteristic of mammalian inflammation, tissue infiltration
by polymorphonuclear leukocytes and monocytes and
subsequent phagocytosis, features a burst of cyanide-
insensitive (i.e., non-mitochondrial) 02 consumption,
which may be 10 or 20 times that of resting consumption.

Oxygen uptake in neutrophils and macrophages is due to
the action of a plasma-membrane-bound flavoprotein
cytochrome b245 NADPH oxidase system that increases
NADPH production via the hexose monophosphate shunt
and generates superoxide anion radicals, hydrogen per-
oxide, hydroxyl radicals, and hypochlorous acid, all capa-
ble of damaging either cell membranes or associated bio-
molecules.
Common periodontal disease (PD) is considered an

inflammatory disease, but many aspects of its pathogene-
sis remain unknown. At present, periodontitis (PE), its
destructive phase, is considered to be initiated and per-
petuated by a small group of predominantly Gram-nega-
tive, anaerobic, or micro-aerophilic bacteria that colonize
the subgingival area. Bacteria cause the observed tissue
destruction directly by toxic products and indirectly by
activating host defense systems, i.e., inflammation (Page
and Kornman, 1997). A variety of molecular species
appears in the inflamed tissues, among them FR and ROS.
The aim of this review is to direct attention to the specific
field of FR, ROS, and overall anti-oxidant defense mecha-
nisms, particularly in relation to chronic periodontitis.

FR and ROS:
Nomenclature, Features, and Sources

FR DEFINITION AND FORMATION

A FR may be defined as an atomic or molecular species
with one or more unpaired electrons in its structure. FR
can be positively (NAD'+) or negatively charged (02 -) or
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TABLE 1

Reactive Oxygen Species

Radicals Non-radicals

Superoxide 02 - Singlet Oxygen 102
Hydroxyl OH. Ozone 03
Hydroperoxyl HOO Hypochlorous acid HOCI
Alkoxyl RO Hydrogen peroxide H202
Aryloxyl ArO
Arylperoxyl ArOO
Peroxyl ROO
Acyloxyl RCOO
Acylperoxyl RCOOO.

electrically neutral (OH.). There are three possible means
of FR formation:

(A) by the homolytic cleavage of the covalent bond of a
normal molecule, with each fragment retaining one of
the paired electrons (i.e., homolytic fission), requiring
a high energy input

A:B -4 A + B (electrically neutral FR)

(B) by the loss of a single electron from a normal molecule
A + B: -4 A- + B.+ ("-" and/or "+" charged FR)

(C) by the addition of a single electron to a normal mole-
cule, otherwise called "electron transfer", quite com-
mon in biological systems

A + e- - A- ("-" charged FR)

It should be noted that heterolytic fission does not pro-
duce FR but only ions, because the electrons of the cova-
lent bond are retained by only one of the fragments of
the parent molecule:

A:B A:- + B+

ROS DEFINITION AND FORMATION

Conventionally, molecular oxygen (02) is said to be in a
triplet ground state (Fig. 1), containing an even number of
electrons, two of them unpaired in its molecular orbitals.
They have the same spin quantum number, i.e., they dis-
play parallel spins, and when °2 oxidizes another atom (or
molecule) by receiving a couple of electrons from it, they
both should be of parallel spin to fit into the available
spaces of the orbitals. Each of the finally complete orbitals
will have a pair of antiparallel spin electrons.

Molecular oxygen usually undergoes one-electron
reduction at a time. When oxygen is reduced by a single
electron, the species formed is superoxide anion (the
"one-electron reduction state"), i.e., a FR:

02 + e- - O' (Eq. 1)

71*2p

irP2p
02 02 022 102

ground state superoxide oxygen dianion singlet oxygen

(triplet) anion (peroxide anion)

Figure 1. Electron configuration of 02 antibonding orbitals.

A "two-electron reduction" of oxygen would produce
hydrogen peroxide, i.e., a ROS. The electron deficiency of
the superoxide radical may be made up by the addition of
a second electron to give the peroxyl anion; afterward, per-
oxyl anion interacts with two hydrogen ions to form hydro-
gen peroxide:

-+ e-- 022-

0o2- + 2H+-* H 0

(Eq. 2)

(Eq. 3)

Alternatively, hydrogen peroxide may also be generated in
biological systems via the superoxide generating systems
(a so-called "dismutation reaction", in which the FR reac-
tants give non-FR products):

202 + 2H - HO2 + 02 (Eq. 4)

Moreover, superoxide can be protonated to form the
hydroperoxyl radical:

02 - + H+ -- HOO (Eq. 5)

Hydrogen peroxide plays a key role in free radical bio-
chemistry because, in the presence of transition metal
ions, it can easily break down to produce the hydroxyl rad-
ical (OH-), one of the most reactive and damaging FR
species. The further reduction of hydrogen peroxide to
water involves the addition of two further electrons, pro-
ducing the harmful hydroxyl radical (the "three-electron
reduction state"). This can occur in vitro by the so-called
superoxide-driven Fenton reaction, or the metal(iron/cop-
per)-catalyzed Haber-Weiss reaction. In this reaction, elec-
trons are supplied by the oxidation of ferrous ions, Fe2+ (or
cuprous ions, Cu+) to ferric ions, Fe3+ (or cupric ions,
Cu2+), respectively (Halliwell and Gutteridge, 1990):

02 + Fe3+ (or CU2+) °2 + Fe2+ (or Cu+) (Eq. 6)

H202 + Fe2+ (or Cu+) -+ OH- + OH + Fe3+ (or Cu2+) (Eq. 7)

The "movement" of one of the unpaired electrons in a
manner that alleviates the spin restriction yields singlet
molecular oxygen or 102 (another ROS) generated in
chemical as well as in biological systems, including med-
ical conditions (e.g., the Porphyrias that are typical dis-
eases in which excessive singlet oxygen is present; on the
other hand, singlet oxygen is used in medicine in photo-
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dynamic therapy, e.g., to cure Herpes-Simplex-induced
sores and psoriasis or to treat the jaundice of newborn
babies) (Halliwell and Gutteridge, 1990):

ClO- + H202 - CI + H2 + lo2 (Eq. 8)

O2 is widely produced by phagocytes during the so-called
"respiratory burst", but mitochondria also contribute to its
production. TwNo percent of the °2 consumed by mito-
chondria is partially reduced by electrons (Cadenas, 1989)
which "leak" from electron carriers in the respiratory chain
of healthy, intact mitochondria. Different distinct sites of
leakage have been indicated: ubisemiquinone, cyt. b566,
and NADH dehydrogenase (Nohl and Jordan, 1986).
Mitochondrial uncoupling magnifies this phenomenon.
More sophisticated appears to be the xanthine oxidase
(XO)/xanthine dehydrogenase (XDH) system. During, or as
a consequence of, ischemia, XDH is transformed into XO.
XO operates the univalent oxidation of xanthine to uric
acid, with concomitant production of 02- Arachidonic
acid metabolism via prostaglandin (PGH) synthase and
lipoxygenase also yields 02'- and it occurs in the auto-oxi-
dation of catecholamines (Halliwell and Gutteridge, 1985).
More potential FR/ROS sources derive from the metabo-
lism of different xenobiotics (e.g., adriamycin) that,
through oxidoreduction, also generate radicals.

DEFINITION OF OTHER FR/ROS
Oxygen FR are not uniquely important, although they are
often the initial species formed. Many other FR/ROS exist.
The two nitrogen oxides, NO and NO2, are stable FR, nitric
dioxide being more reactive than nitric oxide, and can
react with heme compounds. NO, relatively unstable in
aerobic conditions, is generated in an NADPH-dependent
process by NO synthase, which exists as different subfam-
ilies. NO shows important cytotoxic properties and is also
a potent vasodilator, originally recognized as endotheli-
um-derived relaxing factor (Ignarro and Murad, 1995).
Sulfur atoms can be the center for FR (thiyl radicals, RS.).
Thiols also react with NO and NO2. Hetero-atom-centered
radicals are quite commonly encountered (Pryor, 1986):
Hydrogen atom abstraction from thiols is very facile, so
that RS are easily formed by methionine, cysteine, glu-
tathione, etc. Other FR of importance are carbon-centered
radicals (R.) that result from the attack of an oxidizing rad-
ical (OH.) on compounds such as amino acids, carbohy-
drates, fatty acids, or DNA bases. R reaction with oxygen
is very rapid, to form the corresponding peroxyl radical
(alkylperoxyl radical) (ROOC) (von Sonntag, 1987). In turn,
ROO can generate the highly unstable alkoxyl radicals
(RO or HRO ). Aromatic oxyl radicals (ArO ) are a more
general form of phenolic radical derivative of the primary
phenoxyl radical (C6H50.). ArO arise from heterocyclic
physiological anti-oxidants (serotonin, 5-OH-Trp, etc.)
and several aromatic hydroxy derivatives (8-hydrox-

yguanosine, uric acid); they decay rapidly and are unreac-
tive toward oxygen (Simic, 1990). Another non-radical but
highly reactive compound is hypochlorous acid (HOCI),
produced during phagocytosis or as a result of myeloper-
oxidase activity on H202 (Winrow et al., 1993). HOCI is a
powerful oxidizer of -SH groups on cell surfaces and can
inhibit membrane transport systems as well as leading to
chlorination of tyrosine residues (Kettle, 1996). T\wo more
radicals involved in biological processes are the semi-
quinone radical (HO-) and the semiquinone radical anion
(Q0-) (Pryor, 1986). Finally, free or complexed protein-
bound transition metals and protein-bound flavin
nucleotides are major elements of the enzyme active site
involved, and for this reason hemoproteins (e.g., myoglo-
bin) may take an active part in oxygen-dependent injury
(McCord, 1993; Roberfroid and Buc Calderon, 1995).

Relevant Biological Targets for FR and ROS
Because of their high reactivity, several FR and ROS can
rapidly modify either small, free biomolecules (i.e., vita-
mins, amino acids, carbohydrates, lipids) or macromole-
cules (i.e., proteins, nucleic acids) or even supramolecular
structure (i.e., cell membranes, circulating lipoproteins).
The type and the extent of damage depend upon the site
of generation. For instance, the production of a harmful
species, such as OH, could lead to severe purine or pyrim-
idine modifications or to strand breakage if it takes place
close to DNA, whereas it might have no relevant biologi-
cal consequences if it occurs close to a generic enzyme
molecule whose concentration is not critical in the cell;
even if such hypothetical enzyme molecule is inactivated
or damaged, there will be several more efficient molecules
of the same enzyme (Halliwell and Gutteridge, 1990;
Battino et al., 1997a).

There are five principal targets for FR and ROS in living
cells: (1) small organic biomolecules, (2) proteins, (3)
nucleic acids, (4) gene activation, and (5) unsaturated fatty
acids.

(1) SMALL ORGANIC BIOMOLECULES

Such compounds include the following: vitamins (ascor-
bic acid, carotenoids, cx-tocopherol, quinones), carbohy-
drates (glucose, ribose), amino acids (hystidine, trypto-
phane, cysteine, methionine), uric acid, cholesterol, and
small soluble peptides like glutathione. The reaction of FR
and ROS with vitamins A, C, or E, quinones, glutathione,
and uric acid usually terminates the radical reaction chain.

Carbohydrates are prone to oxidative degradation, and
the formation of deoxyribose with a C-4-centered radical
causing strand breaks has been demonstrated (Sies,
1986). Sugar radicals can be formed by OH by hydrogen
abstraction at any of the carbon atoms. Further reaction of
the sugar radicals formed can lead to DNA strand break-
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age followed by release of the intact base and of the
altered sugar (Diplock, 1994). D-ribose, D-deoxyribose,
and D-glucose react with OH with known rate constants
(in the range of 1 to 3 x 109 M-'s-1) (Roberfroid and Buc
Calderon, 1995). Mucopolysaccharides such as hyaluronic
acid can be depolymerized by FR/ROS (Sies, 1997).

Several amino acids undergo direct oxidative modifica-
tion, which may affect their physiological role, by interac-
tion with FR and ROS. The rate constants regulating the
interaction of OH with cysteine or methionine (109-1010
M-l s-) are the highest among natural amino acids
(Roberfroid and Buc Calderon, 1995). Modifications can
be reversible (e.g., the oxidation-reduction of thiol groups)
as well as irreversible (e.g., the ring cleavage in histidine)
(Sies, 1986; Roberfroid and Buc Calderon, 1995).

Cholesterol oxidation is of special biological interest,
yielding cholesterol hydroperoxide and a family of oxys-
terols oxidized in the sterol B-ring. Some of these choles-
terol-derived molecules are present at high concentra-
tions-for instance, in human breast fluid-and may act
as mutagens (Sevanian and Peterson, 1984, 1986).
Oxidized cholesterol derivatives are also implicated in
human atherosclerosis and cardiovascular disease
(Sevanian et al., 1995).

(2) PROTEINS
Modification of enzyme structure leading to impaired
function and modification of a protein with a key role in
cell architecture are the two main sequels of FR/ROS
action. The proneness to oxidation of an amino acid
residue is different when it is inside a protein chain and is
dependent on the protein structure and composition. The
sensitivity of a protein to FR/ROS depends on its amino
acid composition and on the accessibility of such species
to its more susceptible amino acids (Berlett and
Stadtman, 1997). The presence, inside the protein
domain, of complexed metal ions able to catalyze the
decomposition of H202 usually favors the initiation of a
radical reaction chain, causing a site-specific effect
(Stadtman, 1992). The result is the conversion of some
amino acid residues to carbonyl derivatives related to pro-
tein damage. FR/ROS promote considerable protein-pro-
tein cross-linking through OH-facilitated -S-S- and -Tyr-
Tyr- bonding and fragmentation of the polypeptide chain:

(R)CONHC(R')HCONH(R") -+ (R)CONH2 + (R')COCNH(R")

Moreover, proteins may also be the target of attack by sec-
ondary radicals such as those derived from lipid peroxida-
tion (see below) and/or by degradation products. The lat-
ter is the case of malondialdehyde (MDA) or 4-hydroxy-
nonenal (HNE), that may form stable cross-linked prod-
ucts with specific amino acids. The final molecular and
biochemical consequences of the interaction of FR/ROS
and proteins stem from a chain of events. The next steps

include changes in conformation, enzymatic activity or
binding as well as receptor inactivation, increased suscep-
tibility to proteases, and changes in immunogenicity
(Roberfroid and Buc Calderon, 1995).

(3) NUCLEIC ACIDS
Both polyribonucleotides and polydesoxyribonucleotides
(RNA and DNA) are highly susceptible targets for FR/ROS.
It has been claimed (Park et al., 1992), from detection of the
in vivo production of modified pyrimidine and purine bases
presumably proceeding from DNA excision and repair,
that FR/ROS are responsible for about 10,000 DNA base
modifications per cell per day. It is clear, therefore, despite
the most efficient and sophisticated cellular mechanisms
involved, that a finite fraction of such a massive amount of
damage would escape cellular repair, indicating that the
potential for damage by FR/ROS that may lead to muta-
genesis and carcinogenesis is of major significance
(Beckman and Ames, 1997). Primary molecular sites for
FR/ROS attack (mainly OH-) are the heterocyclic purinic
and pyrimidinic bases or the ribosyl and deoxyribosyl moi-
eties. The effects could be alterations of the (deoxy)ribosyl
moiety, of the heterocyclic bases, and even repairable sin-
gle- and/or double-stranded breaks as well as more dras-
tic and severe modifications, including the addition of
chemical groups, opening of the ring(s), molecular re-
arrangements giving rise to single base changes (G/C to
A/T), or, even worse, base deletions, producing abasic
sites which, by i elimination, may also cause strand
breaking. In addition, the formation of C-centered radicals
allows cross-links to occur between bases and amino acid
residues in nuclear proteins (e.g., cytidine-tyrosine,
thymine-tyrosine) (Henle and Linn, 1997). Reactions at
the sugar residue moiety lead to rupture of the phospho-
ribose backbone, a DNA strand breakage followed by
release of both the base and the modified sugar. DNA
strand breaks also lead to chromosome damage manifest-
ed by breaks and can be assayed by chromosome and
chromatid aberrations (Sies, 1986). Finally, as for proteins,
nucleic acids can also be affected by interaction with sec-
ondary harmful species. For example, the hydroperoxide
of linoleic acid (13-hydroperoxylinoleic acid) was found to
cause guanine-site-specific double-stranded DNA break-
age (Sies, 1986).

(4) GENE ACTIVATION
(OF TRANSCRIPTION FACTORS)

FR/ROS have now been recognized to be capable of acti-
vating transcription. For instance, ROS rapidly induce c-
fos, c-myc, and c-jun, which encode transcription factors
participating in the modulation of cell growth, differenti-
ation, and development (Winrow et al., 1993) and can
activate apoptosis, a "programmed" form of cell death
(Jacobson, 1996). FRIROS have been implicated in the
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FR- FRH

< ir

R'-CH=CH-CH2-CH=CH-R" , R'-CH=CH-CH-CH=CH-R"-

02

R'-CH*-CH=CH-CH=CH-R" ,_ R'-CHOO-CH=CH-CH=R"
(or R'-CH=CH-CH=CH-CH--R") (or R'-CH=CH-CH=CH-CHOO-F

R'-CHOOH-CH=CH-CH=CH-R"
(or R'-CH=CH-CH=CH-CHOOH-R")

Figure 2. PUFA peroxidation induced by FR.

Initiation

LH+ OR L+ H20

LH + R- L + RH

Propagation

L- + L2L02°

LH + L02' LOOH + L

Termination

L + L- LL

L02 +L2L- LOOL+ 02

L02 + L- LOOL
Figure 3. Sceme of initiation, propagation, and termination for
a FR chain-reaction.

regulation of mammalian transcription factors such as
nuclear factor (NF)-KB and activator protein-1 (AP-1)
(Schreck et al., 1992) and of so-called "heat shock" (or
stress protein) transcription factors (HSTF) (Morimoto,
1993). The role played by FR/ROS, in these cases, might
be the regulation of genes encoding proteins with poten-
tial pro-inflammatory action or, alternatively, proteins
potentially acting in a protective fashion. NF-KB affects

several genes intrinsically linked
nternal molecular to the overall inflammatory phe-

nomenon, such as those encod-
ing interleukins (-1, -6, -8), MHC

rearrangement class I antigens, and TNF-ux. NF-
KB (a protein heterodimer)
exists in an inactive, cytosolic

LH L form bound to its inhibitor, IKB,
___ _ in non-stimulated cells. Its acti-

vators induce the dissociation
of IKB from the NF-KB-IKB com-

plex, followed by NF-KB translo-
cation to the nucleus, which
results in gene expression con-
trol (Winyard and Blake, 1997).
H202 seems to be an inducer of
NF-KB activity, whereas several
anti-oxidants appear to inhibit
the activation of NF-KB. IKB dis-

sociation from NF-KB involves its phosphorylation-con-
trolled proteolytic degradation, and the role of ROS
could be to control this IKB phosphorylation, thus clari-
fying why NF-KB is blocked by a host of anti-oxidants
(Winyard and Blake, 1997). On the other hand, mRNA
levels for c-jun and c-fos are also strongly induced in
response to H202 in this way, increasing AP- 1, which is a
protein dimer composed of the proto-oncogene products
Fos and Jun. Anti-oxidants activate AP-1, suggesting that
the AP-1 DNA binding site is an anti-oxidant-responsive
element (Meyer et al., 1993).

(5) UNSATURATED FATTY ACIDS

Polyunsaturated fatty acids (PUFAs) exist as free acids
(e.g., arachidonic acid), as thioesters (acylSCoA), and as
esters (e.g., triglycerides). Each PUFA's double bond is
separated from the other by an allylic methylene (CH2)
group. Such a chemical structure makes PUFAs extremely
sensitive targets for FR. In fact, a FR with sufficient ener-
gy easily abstracts a hydrogen atom from an allylic meth-
ylene carbon of a PUFA (LH), thus initiating a chain reac-
tion in bulk lipid. The result is a carbon-centered radical
on the lipid itself (L.) which is accompanied by bond re-

arrangement that results in stabilization by diene conju-
gate formation (Fig. 1). L reacts rapidly (k > 109 M-1s-1)
with °2 to form a lipid peroxy radical (LO2.). Such a radi-
cal can, in its turn, abstract an H-atom from another
PUFA, leaving a carbon-centered radical and a lipid
hydroperoxide (LOOH) (Fig. 2) (Diplock, 1994).

The FR chain reaction consists of three essential
steps-initiation, propagation, and termination (Fig. 3)-
and it propagates until two FR combine with each other to
terminate the chain. Hence, a single initiation event can
result in the conversion of several PUFA side-chains into
lipid hydroperoxides. Thus, an initial event triggering lipid

10(4):458-476 (1999)
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TABLE 2
Classification of Anti-oxidant Systems Based on Their Mode of Action (Modified from Niki, 1996)

Type of Defense System Mode of Action Examples

Preventive anti-oxidants Suppress the formation of FR:
(a) non-radical decomposition of LOOH and H202 * Catalase, glutathione peroxidase,

and -S-transferase
(b) sequestration of metal by chelation * Transferrin, ceruloplasmin, albumin, haptoglobin

(c) quenching of active 02 * superoxide dismutase, carotenoids

Radical-scavenging Scavenge radicals to inhibit chain initiation * Lipophilic: ubiquinol, vit. A, vit. E, carotenoids
anti-oxidants and break chain propagation * Hydrophilic: uric acid, ascorbic acid, albumin, bilirubin

Repair and de novo enzymes Repair the damage and reconstitute membranes DNA repair enzymes, protease, transferase, lipase

peroxidation can be amplified as long as 02 and unoxi-
dized PUFA chains are available (Rice-Evans and Burdon,
1993). In addition, the length and rate constant of a lipid
peroxidation chain reaction strongly depend on the
degree of lipid unsaturation. In fact, the observed rate
constant per FR initiation for a series of unsaturated fatty
acids ranging from one to six double bonds increases by
the order of 0.0251:2:4:68, respectively (Sevanian and
Hochstein, 1985).

Lipid peroxidation may give rise to several products
(most of them biologically active and cytotoxic) which may
be divided into three main categories (Esterbauer, 1993):

(i) chain-cleavage products;
(ii) products formed by re-arrangement of LOOH or re-

arrangement and consecutive oxidation; and
(iii) higher-molecular-weight oxidation products,

resulting from di- and polymerization reactions.
Within category (i) we can find substances that result
from splitting off the two C-C bonds adjacent to the
hydroperoxy group, yielding three main classes of mole-
cules:

(a) Alkanals, typified by MDA: These are highly reac-
tive compounds that, through reaction with pro-
tein thiols and/or cross-linking of amino groups of
proteins, can cause considerable intracellular
damage.

(b) Alkenals, typified by HNE. Unlike the radicals, the
carbonyl-containing breakdown products are
rather long-lived. Alkenals, together with the pre-
viously mentioned alkanals, may therefore diffuse
from the site of their origin within the membrane
or lipoprotein environment affecting their struc-
tural and functional integrity, their fluidity, and
their permeability (Esterbauer et al., 1991).

(c) Alkanes, typified by pentane and ethane: These
are the end-products of PUFA oxidation.

Anti-oxidants: What They are and How They Act
Halliwell (1997) suggested that "an anti-oxidant is any
substance that, when present at low concentrations com-
pared to those of an oxidisable substrate, significantly
delays or prevents oxidation of that substrate." Organism
welfare depends on the activity of efficient defense sys-
tems against oxidative damage induced by FR/ROS.
Different classifications of anti-oxidant defenses have
been proposed. A functional classification of anti-oxidant
systems based on the way they act (Niki, 1996) appears to
be the more useful. On this basis, anti-oxidant defense
systems in vivo are mainly of three kinds: preventive anti-
oxidants, radical scavengers, and, finally, repair and de
novo enzymes (Table 2).

SUPEROXIDE DISMUTASES (SOD)
Different types of SOD exist: All catalyze the reaction of
Eq. 4, accelerating it up to 10,000 times. The different
types of SOD are differently distributed among orga-
nisms as well as among subcellular compartments, and
they contain metals (copper, zinc, manganese, or iron)
essential for their catalytic function. Since SOD speed
H202 production, they have to work in conjunction with
enzymes that destroy H202, because the accumulation of
such a species that yields OH (Eq. 7) is even more dan-
gerous than 02- (Gutteridge and Halliwell, 1994).

CATALASE
Catalase contains heme-bound iron and is mainly loca-
ted in peroxisomes; it removes H202 with great efficacy,
its turnover being very high in contrast to its low affinity
for H202 (Gutteridge and Halliwell, 1994). Catalase dis-
mutates the latter to form H20 and 02 (Eq. 9) or uses it

as an oxidant when working as a peroxidase (Eq. 10)
(Roberfroid and Buc Calderon, 1995):
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2 H222- 2 H20 + 02

H202 + RH2 2 H20 + R

(Eq. 9)
(Eq. 10)

GLUTATHIONE, GLUTATHIONE PEROXIDASE,
GLUTATHIONE REDUCTASE, GLUTATHIONE
TRANSFERASE

Reduced glutathione (GSH) is a soluble y-Glu-Cys-Gly
tripeptide with a free thiol (-SH) that plays a dual role: It
reacts directly with FR, but it also is alternatively a sub-
strate or a co-factor of a transferase (GSH-tr), a peroxidase
(GSH-Px), or a reductase (GSH-red). Oxidized glutathione
(GSSG) is made by joining two GSH molecules by their
-SH groups, losing the two hydrogens, and forming a
disulfide bridge. The reaction is catalyzed by a GSH-Px
that detoxifies H202 very effectively (Gutteridge and
Halliwell, 1994; Roberfroid and Buc Calderon, 1995):

2 GSH + H202 - GSSG + 2 H20 (Eq. 11)
For its activity, GSH-Px selenium, a chemical element that
has some resemblance to sulfur in its properties
(Gutteridge and Halliwell, 1994). The efficiency of the lat-
ter reaction depends on the availability of intracellular
GSH and on the concomitant ability of the cell to re-
reduce GSSG via the NADPH-dependent GSH-red activity:

GSSG + NADPH + H+ -4 NADP+ + 2 GSH (Eq. 12)
Moreover, in mammalian cells through a detoxification
system, additional to the cytochrome P450, many drugs
and/or toxins can be combined with GSH (by GSH-tr) to
yield safer products (Gutteridge and Halliwell, 1994).

THIOLS
Thiol groups act as intracellular anti-oxidants by scaven-
ging free radicals and through enzymatic reactions. GSH is
the most important cellular thiol, but cysteine (Chapple,
1997), a-lipoic acid, and dihydrolipoic acid (Packer et al.,
1996) are also efficient thiol anti-oxidants. Albumin pro-
vides thiol groups at high concentrations in human plas-
ma, capable of scavenging a wide range of FR (Gutteridge
and Halliwell, 1994).

MYELO-, CHLORO-, AND LACTOPEROXIDASES
These enzymes catalyze halide-mediated hydroperoxide
decomposition. During this activity, singlet oxygen is usu-
ally generated via a two-stage H202 disproportionation
reaction. The requirement for halide serves as a trigger of
H202 decomposition with formation of a hypohalous acid;
finally, a second molecule of H202 is decomposed by the
latter, with generation of singlet oxygen (Cadenas, 1989).

EBSELEN: A SELENO DERIVATIVE
WITH GSH LIKE PEROXIDASE ACTIVITY

Ebselen 12-phenyl-1,2-benzisoselenazol-3(2H)-onel is a

seleno-organic compound with GSH-Px-like hydroperox-
ide-reducing features in vitro and oral anti-inflammatory
activity in vivo. It would inhibit both 5-lipoxygenase and
cyclo-oxygenase, thus modulating arachidonic acid
metabolism and further eicosanoid synthesis. It would
also isomerize the inflammatory mediator leukotriene B4
to the biologically inactive transisomer (Roberfroid and
Buc Calderon, 1995).
FLAVONOIDS AND POLYPHENOLS

These affect a range of biological functions (e.g., capillary
permeability, inhibition of enzymes, carriers, etc.), and
they have recently been proposed as radical-scavengers.
Quercetin (3,5,7,3',4'-pentahydroxyflavone), probably the
most widely known flavonoid, presents more than 140
derivatives. Quercetin functions as an inhibitor of a wide
series of enzymes from different classes (e.g., XO, XDH,
protein kinase, cyclo-oxygenase, myeloperoxidase, Ca2+-
ATPase, etc.), thereby casting doubt as to the likelihood
of a single, common mechanism. In fact, a rather confu-
sing picture emerges when one considers the variety of
flavonoid functions demonstrated by studies in vitro (Bors
etal., 1996).

Nevertheless, the cellular mechanisms involved in
FR/ROS protection may be related mainly to their direct
anti-oxidant properties (e.g., by sparing vitamin E or by
regenerating vitamin C) or to their inhibitory activity
toward lipoxygenase (Roberfroid and Buc Calderon, 1995).
LAZAROIDS

The 21 -aminosteroids-a newly identified family of com-
pounds derived from glucocorticoids, but lacking both
glucocorticoid and mineralcorticoid activities-bind iron
ions in forms incapable of catalyzing FR reactions
(Halliwell and Gutteridge, 1990). The compounds in this
family scavenge lipid peroxyl radicals and seem to inhibit
iron-dependent lipid peroxidation by a mechanism similar
to that of vitamin E. An exhaustive recent review covers
this extensive field (Villa and Gorini, 1997).
CAROTENOIDS AND VITAMIN A

The anti-oxidant action of carotenoids (cx- and 1-carotene,
lycopene, astaxanthin, canthaxanthin, etc.) is well-docu-
mented in vitro, and direct evidence of this function in vivo
has been reported in animal models (Palozza and Krinsky,
1992; Handelman, 1996). The results of bleaching or for-
mation of oxidation products of carotenoids show that
they trap 02 and organic free radical intermediates
(Palozza and Krinsky, 1992). Some of the protection by
carotenoids can be accounted for on the basis of singlet
02 and peroxyl radicals quenching activities. 1-carotene,
in the presence of peroxyl radicals, produces a carbon-
centered carotenyl radical (P-car-) that at low partial 02
pressures is a very efficient chain terminator. However, the
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presence of 02 allows chain propagation to occur
(Roberfroid and Buc Calderon, 1995). In other words, as in
the case of other molecules, experimental/physiological
conditions determine the anti-oxidant/pro-oxidant behav-
ior of carotenoids. Also, for vitamin A, when it acts as a
chain-breaking anti-oxidant, a delicate balance exists
between anti- and pro-oxidant activities which depend on
the medium, 02 pressure, and its concentration (Livrea et
al., 1996).

URIC ACID

Uric acid is produced by the oxidation of hypoxanthine
and xanthine by XO and XDH. In human tissues, because
of a lack of urate oxidase, it accumulates as the end-prod-
uct of purine metabolism. In vitro, uric acid could inhibit
transition metal-ion-dependent OH generation, is a pow-
erful quencher and/or scavenger of singlet 02, and might
trap peroxyl radicals in an aqueous phase more effective-
ly than ascorbic acid (Cadenas, 1989; Halliwell, 1996). The
role of uric acid as an anti-oxidant in vivo seems to be
strictly dependent on allantoin levels, one of the products
of its oxidation (Halliwell, 1996).

VITAMIN C (ASCORBIC ACID)
Ascorbic acid is the only endogenous anti-oxidant in
plasma that can completely protect against peroxidative
damage induced by aqueous peroxyl radicals and the
oxidants released from activated neutrophils (Brown
and lones, 1996). However, ascorbic acid seems to pro-
tect against peroxidation indirectly, by interacting with
u-tocopherol (Buettner and Jurkiewicz, 1996). There
would appear to exist a concerted action of vitamins E
and C, in which ascorbic acid regenerates vitamin E,
thus maintaining its serum value at a constant level.
When ascorbic acid is depleted, no regeneration of vita-
min E is possible, and a decrease in its concentration is
observed (Gutteridge and Halliwell, 1994; Roberfroid
and Buc Calderon, 1995). Chemically, ascorbic acid is an
excellent reducing agent (Buettner and lurkiewicz, 1996),
and most of its anti-oxidant properties are ascribed to
this feature. Unfortunately, it is also able to reduce iron
and copper ions. lf H202 is also present, ascorbate can
drastically accelerate OH formation, according to the
mechanism of Eq. 7, thus producing another pro-oxi-
dant. The pro-oxidant effects of ascorbic acid do not
usually occur in vivo, simply because, in the healthy
state, free iron and copper are not available in extracel-
lular fluids (Gutteridge and Halliwell, 1994). Finally,
when acting as a pro-oxidant, ascorbic acid can modu-
late the expression of the procollagen gene through
both lipid peroxidation production and stabilization; in
this way, it may affect the secretion of collagen, thereby
altering fibroblast differentiation through its effects on
the extracellular matrix (Brown and lones, 1996).

VITAMIN E (0L-TOCOPHEROL)
Vitamin E has an OH phenolic group which is responsi-
ble for its anti-oxidant activity and a phytyl side-chain
which favors its insertion into the cell membrane lipid
bilayer. However, growing evidence indicates that vita-
min E is not always the best lipophilic anti-oxidant
(Battino et al., 1991 a; Stocker et al., 1991) and, even worse,
that vitamin E can also act as a pro-oxidant (Bowry et al.,
1992; Bowry and Stocker, 1993; Kontush et al., 1996;
Stocker and Bowry, 1996). According to the anti-oxidant
view, vitamin E inhibits lipid peroxidation, scavenging
peroxyl radicals much faster than these radicals can react
with adjacent fatty acid side-chains or with membrane
proteins (Gutteridge and Halliwell, 1994): The peroxyl
radical is converted to a lipid peroxide and ox-tocopherol
to an cx-tocopheroxyl radical which, in turn, is alterna-
tively regenerated to ot-tocopherol by ubiquinol (CoQH2:
the reduced form of co-enzyme Q), GSH, or, mainly, by
ascorbic acid. The latter interaction generates an ascor-
bic acid radical (a fairly unreactive species) which, react-
ing with another ascorbic acid molecule, yields ascorbate
and dehydro-ascorbate, or it can be reduced by a CoQ-
dependent dehydrogenase (Navarro et al., 1995; Villalba et
al., 1995). x-tocopheroxyl radical reduction by both
ascorbate (Sato et al., 1990; Kagan et al., 1992) and CoQH2
(Frei et al., 1990; Kagan et al., 1990; Yamamoto et al., 1990)
has been studied and confirmed in vitro. The relative
importance of ascorbate and CoQH2 depends on prevail-
ing conditions (Niki, 1996): Ascorbate is consumed first
when FR are formed in the aqueous phase, while CoQH2
is consumed first when FR are formed within mem-
branes. On the other hand, Stocker and co-workers
(Bowry et al., 1992; Bowry and Stocker, 1993; Stocker and
Bowry, 1996) have identified, in isolated LDL, a so-called
tocopherol-mediated peroxidation: In this model, the ac-
tocopherol itself does not act as a chain-breaking anti-
oxidant but rather facilitates the transfer of radical reac-
tions from the aqueous phase inside the lipophilic envi-
ronment, thus mediating radical chain reactions within
the lipid moieties. To inactivate this process, suitable
reducing agents (called co-anti-oxidants) must be pres-
ent, or, alternatively, another radical must interact, giving
rise to a termination reaction as indicated in Fig. 3.
Again, also in this model, the most efficient co-anti-oxi-
dants are ascorbate, in the hydrophilic environment, and
CoOH2, in the hydrophobic one (Stocker and Bowry,
1996; Thomas et al., 1997).

CO-ENZYME 010 (COQIO0, OXIDIZED FORM;
CoQo10H2, REDUCED FORM)

Considerable evidence has accumulated to indicate the
anti-oxidant role of both CoO10 and CoQO0H2 (Frei et al.,
1990; Kagan et al., 1990, 1996; Yamamoto et al., 1990;
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Stocker et al., 1991; Thomas et al., 1997). The investiga-
tions carried out by Battino and co-workers (Battino et
al., 1991a,b, 1993, 1995, 1996, 1997a,b; Huertas et al.,
1991; Ferri et al., 1994; Quiles et al., 1994; Atleva et al.,
1995; Littarru et al., 1996; Armeni et al., 1997; Lodi et al.,
1997; Mataix et al., 1997) strongly suggest an essential
anti-oxidant role for CoOQ0 and CoO10H2 on the basis of
a series of experiments:
(a) In vitro, (i) with the use of electrochemical techniques

in aprotic medium, (ii) during y-irradiation of mito-
chondria, (iii) by means of chemiluminescent detec-
tion of mitochondrial FR generation, and (iv) by
challenging human LDL subfractions with a FR gen-
eration compound; and

(b) In vivo, (i) in mitochondria from different brain areas
during aging, (ii) in brain mitochondria affected by
Parkinson's disease-like syndrome, (iii) in liver mito-
chondria following different pharmacological and
physiological oxidative stresses (i.e., adriamycin
administration, variably unsaturated dietary fats,
caloric restriction, vitamin E deficiency, exercise),
and (iv) in pathological conditions (i.e., abeta-
lipoproteinemia).

Also, CoQlO0 can sometimes be considered a pro-oxi-
dant molecule in response to various toxicological and
pathophysiological events. These aspects have been
clearly reviewed recently (Kagan et al., 1996).

REGULATION OF "ANTI-OXIDANT GENES"
The possibility of gene control of anti-oxidant enzymes
has yielded interesting results. The exposure of bacteria
to low H202 concentrations results in the induction of
30 proteins and resistance to killing by higher doses of
H202 (Storz and Tartaglia, 1992). The positive regulator
oxyR controls the expression of nine of the H202-
inducible proteins, including catalase and GSH-red. On
the other hand, strains carrying deletions of the oxyR
gene are hypersensitive to H202 and show increased
levels of spontaneous mutagenesis, especially during
aerobic growth. It is now well-known that anti-oxidant-
inducible genes are expressed in most mammalian cells
and tissues. Expression of other proteins-such as
transcription factors, ferritin, and ribosomal proteins-
has been shown to be increased following anti-oxidant
administration. Primiano et al. (1997) recently exhaus-
tively reviewed these aspects, and Allison (1997) dis-
cussed the effects of anti-oxidants on transcription fac-
tors (e.g., NF-KB) as well as on gene expression (e.g., in
relation to the production of pro-inflammatory
cytokines).

Polymorphonuclear Neutrophils (PMN):
A Key Role in Periodontitis

PMN are the predominant leukocytes in blood and consti-

tute the primary cellular host resistance factor against infec-
tion. In the oral cavity, following plaque accumulation and
the development of clinical inflammation, there is an
increase in gingival PMN and in the gingival sulcus. A pro-
tective role of PMN in the pathophysiology of PE is suggest-
ed by the finding of severe PE in patients with reduced PMN
or impaired PMN function. Individuals with early-onset or
rapidly progressing forms of PE often exhibit relatively subtle
neutrophil defects. However, most studies have not been
able to demonstrate PMN defects in patients with various
degrees of routine adult chronic PE (Seymour et al., 1986).

PMN possess at least 2 main pathways for controlling
micro-organisms (i.e., oxidative and non-oxidative) which
either kill bacteria, influence bacterial growth, or modify bac-
terial colonization in relation to the periodontium (Miyasaki,
1991). Chemotaxis and phagocytosis assessment are the
methods traditionally used for measuring PMN functionality.
Another PMN function is the well-known "respiratory burst"
(RB) that can be measured by different methods.

METHODS FOR EVALUATION OF RB
(a) Nitroblue tetrazolium (NBT) is a substrate for dehy-

drogenases and other oxidases. RB activity in stimu-
lated PMN is measured by following spectrophoto-
metrically (at 560 nm) the reduction of NBT (yellow
and soluble) to formazan (blue-black and relatively
insoluble) by means of 02- generated in the burst. It
is an indicator of the degree of activity in the NADPH
oxidase system located in the PMN plasma mem-
brane (Seymour et al., 1986; McCord, 1993).

(b) Chemiluminescence (CL) can quantitate minor
changes in PMN oxidative metabolism (Seymour et
al., 1986). The ROS produced by PMN during phago-
cytosis oxidize the cyclic hydrazine 5-amino-2,3dihy-
dro-1,4phthalazinedione (luminol) to an excited 3-
aminophthalate anion that relaxes to the ground
state with emission of light (Battino et al., 199 la).

(c) Flow cytometry allows single cells to be characterized.
The cells to be analyzed are labeled with fluorescent
dyes. The cells are forced through a nozzle in a single-
cell stream that passes through a laser beam. The
light-scattering is a sign of cell size and granularity.
Depending on the numbers and kinds of dye-coupled
antibodies used, it is possible to identify different
types of cell populations. It also allows one to exam-
ine the RB of PMN by evaluating the oxidative prod-
uct (2', 7'-dichlorofluorescein; DCF) formation of PMN
by stimulation with phorbol 12-myristate 13-acetate
(PMA). During incubation, a diffusing form of DCF
enters into PMN in a non-fluorescent state and is oxi-
dized to highly fluorescent DCF in the PMN stimulat-
ed by PMA.

(d) Finally, 02- release by PMN during RB can be detect-
ed spectrophotometrically as an increasing
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absorbance at 550 nm due to cytochrome c reduction.
The microplate assay is very advantageous and wide-
ly used, since it is sensitive, reproducible, easy, and
cheap; it has been recently used for measuring 02'
release by PMN: there was a two- to three-fold
enhancement by amine fluoride and stannous fluo-
ride, in contrast to the reduction achieved with sali-
cylic acid, chlorhexidine (Shapira et al., 1997), or nico-
tine (Pabst et al., 1995).

ROS PRODUCTION BY PMN:
THE ROLE OF PERIODONTOPATHOGENS
AND THE "PRIMING" EFFECT

Supragingival plaque induced emission of CL by normal
peripheral blood neutrophils (Charon et al., 1987), and at
least 02 - and H202 are produced by dental-plaque-stimu-
lated neutrophils. The products of some bacteria may lead
to altered PMN function, modifying their response to a
second stimulus. This action of preparing PMN for stimu-
lation is referred to as "priming". P. gingivalis lipopolysac-
charide causes a dose-dependent increase in 02' produc-
tion by formylmethionyl-leucyl-phenylalanine (FMLP)-
stimulated PMN derived from rapidly progressive perio-
dontitis patients (RPP) (Shapira et al., 1994). The trypsin-
like protease from P. gingivalis stimulates neutrophils in
terms of °2- production (Lala et al., 1994). An extract of A.
actinomycetemcomitans significantly inhibits H202 production
following PMA stimulation, but increases H202 production
following stimulation with FMLP and zymosan (Ashkenazi
et al., 1992). Oral treponemes possess factors which inhib-
it the 02'- production by PMN (Sela et al., 1988).

ROS PRODUCTION BY PMN:
LOCAL AND BLOOD PMN RESPONSES

A spontaneous release of 02'- by crevicular PMN occurs in
healthy individuals and adult periodontitis patients (AP).
Circulating PMN of healthy subjects do not show sponta-
neous °2- generation, but this property is evident when
PMN are present in the sulcus. On the contrary, the circu-
lating PMN of AP subjects show spontaneous 02- forma-
tion (Guarnieri et al., 1991). Moreover, cells situated in the
local inflammatory sites in AP have a reduced capacity to
liberate 02 - by PMA stimulation (Loesche et al., 1988).

ROS PRODUCTION BY PMN:
PATIENTS VS. CONTROL PMN RESPONSES

The production of ROS by PMN isolated from periodontal
patients vs. controls remains controversial. PMN from
young patients with PE generate increased CL (Asman et
al., 1984; Asman, 1988; Shapira et al., 1991; Leino et al.,
1994), but PMN from localized juvenile periodontitis
patients (LIP) display a normal oxidative capacity
(Ellegard et al., 1984; Van Dyke et al., 1986; Zafiropoulos et
al., 1991). Release by PMN was low in subjects suffering

from Papillon-Lefevre syndrome (PLS), as measured by a
ferri-cytochrome c reduction assay (Bullon et al., 1993).
PMN from both PLS patients and controls produced simi-
lar amounts of 02'- when stimulated with opsonized bac-
teria or PMA, but both resting PMN and PMN stimulated
with polyhistidine from the PLS patients released larger
amounts of 02' than PMN from the controls (Bimstein et
al., 1990). In AP, only a slight increase in CL was observed
(Whyte et al., 1989), while there were minor differences
(Zafiropoulos et al., 1991), no differences (Mouynet et al.,
1994), or a CL decrease (Gomez et al., 1994) among healthy
subjects or patients with gingivitis, juvenile periodontitis,
or AP PMN from AP patients have higher CL after Fcg-
receptor stimulation than do those from healthy subjects
(Gustafsson and Asman, 1996). In RPP patients was found
a lowering of CL (Zafiropoulos et al., 1988), and only minor
differences in the CL responses between PE patients and
healthy controls were found in terms of the oxidative
metabolism of PMN (Zafiropoulos et al., 1991). The RB of
PMN in the peripheral blood of patients with various types
of PE (evaluated by fluorescence/flow cytometry) indicat-
ed that all groups contained variable populations of sub-
jects with normal and increased DCF formation, while the
control subjects exhibited DCF formation as a single pop-
ulation. The average DCF formation of all groups was sig-
nificantly higher than that of the control group, if the
results were considered as the average of all subjects in
each group (Kimura et al., 1993).

FR/ROS-Mediated Damage in Periodontitis
The physiological activity of phagocytosing leukocytes producing
a "respiratory burst" can result in mild oxidative damage, usu-
ally perfectly controlled by the defense mechanisms of the
surrounding tissues. Local factors (plaque micro-orga-
nisms, etc.) promoting PE can also unbalance this equi-
librium. A massive neutrophil migration to the gingiva and
gingival fluid leads to abnormal spreading of FR/ROS pro-
duced during the "respiratory explosion".

EFFECTS OF PMN PRODUCTS ON CELLS

Gingival epithelial cells are highly susceptible to attack by
PMN-derived oxidants (Altman et al., 1992); in fact, human
PMN, in vitro, produce desquamation and lysis of gingival
epithelial cells. The desquamation is likely a consequence
of the digestion of extracellular matrix constituents by
PMN neutral proteases, and the lysis is probably caused
by PMN oxidants generated by myeloperoxidase. PMN-
mediated damage to human periodontal ligament-derived
fibroblasts was obtained when PMN and fibroblasts were
co-cultured in vitro and the PMN stimulated with both
FMLP and endotoxin. Endotoxin promoted adhesion of
PMN to fibroblasts, which is a necessary, but by itself
insufficient, first step in causing damage. It is speculated
that a second stimulus, such as FMLP, then promotes
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PMN protease or FR/ROS release into the sequestered
micro-enviroment between the PMN and adherent fibro-
blasts, leading to cell damage (Deguchi et al., 1990).

IN VIVO MODELS: ROLES OF LIPID
PEROXIDATION AND DRUGS IN PE

Two reviews concerning the possible role of lipid peroxida-
tion in PE pathogenesis (Voskresenskii and Tkachenko,
1991) and the evidence for a therapeutic use of anti-oxi-
dants in PE treatment and prevention (Bobyrev et al., 1994a)
exist in recent databases. Rats with spontaneous and exper-
imental PE displayed higher levels of lipid peroxidation,
measured as MDA and/or hydroperoxides (HP), and lower
levels of SOD and catalase activities in both blood and
periodontal tissues than did control animals. Cytomedin
(an alkaline polypeptide) administration would be expect-
ed to have been beneficial by enhancing SOD and catalase
activities (Mishchenko et al., 1991; Silenko et al., 1991,
1994a,b). Similar damage can be observed in the peri-
odontal tissues of rats subjected to NaF intoxication (10
mg/kg/day per 30 days) (Silenko et al., 1992). The possibility
of provoking PE together with similar biochemical changes
in the periodontium by means of pro-oxidant xenobiotics
was confirmed (Bobyrev et al., 1994b). Long-term adminis-
tration of diphenin and delagil (up to 150 days) resulted in
PE pathology, in highly increased levels of lipid peroxida-
tion (MDA, HP) and percentage hemolysis, as well as in
decreased anti-oxidant enzyme activities (SOD and cata-
lase) and ceruloplasmin. Nevertheless, some data dis-
agree: In fact, increased diene-conjugated contents and
peroxidation rates in both gingiva and alveolar bone in
(cat) PE were confirmed, but, on the other hand, a con-
comitant enhanced GSH-red activity and a-tocopherol
content were also reported (Levitskii et al., 1987). However,
it must be stated that data in this paper do not complete-
ly fit the abstract in its English version.

IN VIVO MODELS: ROLE OF IRON IN PE
Iron levels are higher in the gingival fluid of human sub-
jects affected by PE (Petrovich et al., 1996). This could have
unfavorable consequences due to the ability of iron to cat-
alyze FR/ROS reactions (Eqs. 6 and 7), thus enhancing the
growth of some periodontitis-related organisms; but,
according to the authors, it seems that the free iron-bind-
ing capacity of saliva is also improved.

MALNUTRITION:
A MAIN CAUSE OF PE DEVELOPMENT

Pain stress and an anti-oxidant-deficient diet can provoke
a "deterioration" of the periodontium (Tarasenko and
Voskresenskii, 1986; Deviatkina et at., 1989). The interrela-
tionships among poor sanitation (including poor oral
hygiene), economic poverty, malnutrition, impaired
immune function, infections, and many diseases with an

inflammatory component, with particular attention to PE,
have been recently discussed (Enwonwu, 1994, 1995). The
activity of bacteria-agglutinating glycoprotein in saliva is
decreased in malnutrition, and this may promote
enhanced formation of dental plaque; moreover, a still-
unexplained overgrowth of potential periodontal
pathogens in protein-energy malnutrition (PEM), together
with changes in metabolism of the salivary glands (e.g.,
higher arginine levels would favor elevation of plaque pH),
may contribute to easier development of PE. PMN usually
elaborate destructive oxidants, proteinases, and other fac-
tors in response to periodontal pathogens, but PEM may
unbalance such a steady-state; thus, PEM is characterized
by marked tissue depletion of key anti-oxidant nutrients,
and the response to infections is impaired. Since PEM
also affects the production and cellular activation of
cytokines, inverts the helper-suppressor T-cell ratio, and
provokes histaminemia and hormonal imbalance, it has
been suggested that the concomitant deficiencies of sev-
eral essential macro- and micronutrients would adversely
influence periodontal infections.

PATHOLOGICAL STATUS INDUCING PE
A possible relationship between PE and Advanced
Glycation End-products (AGEs) responsible for inducing
oxidative stress in tissues of diabetics has been suggested
(Schmidt et al., 1996). The hypothesis that AGEs present in
diabetic gingiva might be directly related to arising and
worsening PE in diabetics is novel, but, unfortunately, the
conclusion was based on data derived from only 3 mice
and four human diabetics.

Anti-oxidants in Periodontitis

RELATIONSHIP BETWEEN PEROXIDATION
PRODUCTS AND ANTI-OXIDANT MOLECULES

An inverse relationship between peroxidation products
and anti-oxidant molecules or enzymes in spontaneous or
in experimental PE has been stressed (Mishchenko et al.,
1991; Silenko et al., 1991, 1992, 1994a,b; Voskresenskii,
1991; Bobyrev, 1994a,b). Such an association may similar-
ly be evident in the pathogenesis of human chronic apical
PE (Marton et al., 1993). Only one study (Levitskii et al.,
1987) indicated an unexplained, and never confirmed,
concomitant increment in peroxidation parameters and
some anti-oxidant mechanisms (i.e., GSH-red activity and
vitamin E content). The only data, from Khmelevskii et al.
(1985), would solely confirm higher levels of GSH-red
activity and -SH group in PE than in controls, but without
any comment as to the relative possible FR/ROS-induced
periodontal tissue damage. The recent detection of high
levels of metallothionein in the gingiva of smokers with
advanced PE would indicate an attempt to defend against
FR in the gingiva of the smokers (Katsuragi et al., 1997).
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TOTAL ANTI-OXIDANT ACTIVITIES
OF SALIVA IN RELATION TO PE

Part of oral anti-oxidant protection is attributable to uric
acid and, to a lesser extent, to ascorbic acid and albumin
(Moore et al., 1994; Chapple, 1997). FR production in PE is
counteracted by increased secretion of gingival crevicular
fluid without depletion of anti-oxidants (Moore et al., 1994).

CHEMOTHERAPEUTICS' ANTI-OXIDANT ACTIVITY

Another promising approach would seem to be the study
of the possible anti-oxidant activities of some chemothera-
peutics used to treat PD. For example, some papers
claimed, for chlorhexidine, an anti-oxidant but still par-
tially unclear role in its molecular mechanism (Goultschin
and Levy, 1986; Firatli et al., 1994); however, chlorhexidine
and salicylic acid reduce 02.- produced by PMN (Shapira et
al., 1997).

DIETARY INTAKE OF ANTI-OXIDANTS

Possible relationships between anti-oxidant dietary defi-
ciency and resulting peroxidative damage at the tissue
level, with possible development even of severe PE, have
been widely discussed (Waerhaug, 1967; Tarasenko and
Voskresenskii, 1986; Deviatkina et al., 1989; Speirs and
Beeley, 1992; Enwonwu, 1994, 1995). The lowered GSH lev-
els found in PE do not necessarily imply its involvement in
anti-oxidant activity, since its -SH may simply have been
used by oral bacteria to form hydrogen sulfide (Carlsson et
al., 1993; Tang-Larsen et al., 1995). However, whatever the
reason for -SH reduction, the result is a lowered overall
anti-oxidant potential of the periodontium. Other data
suggest that collagen degradation during PE could be lim-
ited by vitamin E and selenium (Asman et al., 1994), since
they are FR/ROS inactivators, or even better by supple-
mentary ascorbate (Suomalainen et al., 1991), which is an
inhibitor of human neutrophil collagenase. Ascorbic acid
has been suggested to influence early stages of gingival
inflammation and crevicular bleeding (lacob et al., 1987),
since it was found that deficient intake (< 5 mg/day) result-
ed in inflamed, bleeding gingivae.

VITAMIN A AND INFLAMMATORY
PERIODONTAL DISEASE

Up to the present, no clear evidence has emerged in rela-
tion to the possible anti-oxidant activity of vitamin A in
PE. In 1967, an epidemiological study by Waerhaug in
Ceylon (now Sri Lanka) on more than 8000 inhabitants
indicated no such relationship. The following year, an
investigation on vitamin-A-deficient rats before and after
diet supplementation (Schneider and Pose, 1968) indicat-
ed that vitamin A increased leukocyte infiltration and
epithelial hyperkeratosis and reversed or slowed the bone
resorption that was accelerated by vitamin A deficiency.

Blood vitamin A is not affected by zinc sulfate treatment in
PE patients (Cerna et al., 1988). Vitamin A increases during
pregnancy concomitantly with periodontal inflammation
(Cerna et al., 1990), but it does not happen in pregnant dia-
betics (Cerna et al., 1992). It has been suggested that vita-
min A in toothpaste would be useful in treating PE, since
fewer deep pockets and reduced gingival bleeding were
found following its use (Trykowsky et al., 1994).

VITAMIN E AND INFLAMMATORY
PERIODONTAL DISEASE

A vitamin-E-deficient diet as well as a vitamin E supple-
ment can affect several periodontal parameters (in the rat)
(Schneider and Pose, 1969). Vitamin E deficiency does not
increase PE (in rats) (Parrish et al., 1977), and no signifi-
cant difference in vitamin E levels in PD patients was
found (Slade et al., 1976): The authors agreed that their
respective data did not provide any support for the treat-
ment of PD with vitamin E. No variations in vitamin A or E
levels in PD patients after zinc sulfate treatment, during
pregnancy and during pregnancy in diabetic women, were
found (Cerna et al., 1988, 1990, 1992). Gingival vitamin E
concentrations decrease in males and females in propor-
tion to the severity of pocket depth and gingival and
bleeding indices, and in older subjects more affected by
PE, vitamin E tended to increase (Fujikawa, 1983). Some
positive effects after vitamin E administration on rat bone
loss induced by stress have been observed, and vitamin E
efficacy was detected only when the stress was introduced
abruptly (Cohen and Meyer, 1993). However, other studies
found no effects of vitamin E on PD (Li et al., 1996; Cohen
etal., 1991).

CoO IN INFLAMMATORY PERIODONTAL DISEASE

The effects of CoQ administration on hypercitricemia in
both human patients and rats with PE (Tsunemitsu and
Matsumura, 1967; Tsunemitsu et al., 1968; Matsumura et al.,
1969a,b) were studied by the homologue CoO7, and pro-
longed administration of CoQ7 alleviated the histopatho-
logical alterations found in citrated rats (i.e., marked
osteoporosis of the alveolar bone accompanied by
myelofibrosis and atrophy of the periodontal ligament).
The reason for this effect remained unclear.

Evidence emerged for a CoQ deficiency in the gingiva
of patients with PE, on the basis (Littarru et al., 1971) of
the exogenous-CoQ-mediated stimulation of succinate
dehydrogenase-CoQ (SDH) in periodontal tissues from
humans with PE. But it was not clear why PE subjects had
basal SDH-specific activities two- to three-fold higher
than those of control subjects. Later, it was found that
another CoQ-dependent enzyme was not affected at all in
PE (Nakamura et al., 1973), so that CoQ deficiency would
exist only on the basis of the first enzyme studied. A study
involving CoQ administration in PE confirmed that no
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CoOQO deficiency existed at SDH sites in either the CoQ or
the placebo group (Iwamoto et al., 1981). Moreover, SDH
from dog gingiva could be similarly stimulated in control
and PE animals, but with no direct evidence for such CoQ
deficiency (Hsieh et al., 1983). Another study demonstrat-
ed identical CoOlo levels in gingiva (whole homogenate)
in dogs both with and without experimental PE (induced
by the placement of cotton floss) (Shizukuishi et al., 1984).
However, in the Nakamura et al. (1973) study, the control
group was represented by non-inflamed sites in the
mouths of patients with PE, without comment as to the
possibility that both control and experimental sites may
have had bone destruction (i.e., there was no evaluation
of PE clinical status).

Several more papers (Matsumura et al., 1973; Iwamoto
et al., 1975; Wilkinson et al., 1975, 1976; Hansen et al., 1976;
Folkers and Watanabe, 1977) have limited actual relevance
because CoQ deficiency in PE was not shown. The papers
dealing with CoQ1o administration in PE (Wilkinson et al.,
1977; Iwamoto et al., 1981; Shizukuishi et al., 1984, 1986) are
also lacking for similar reasons (i.e., inflamed gingiva does
not imply PE). However, it was found that:
(i) the specific activity and % deficiency of three mito-

chondrial respiratory chain enzymes in normal gingi-
va were not affected by oral administration of CoQ1o
(Shizukuishi et al., 1984);

(ii) PE did not affect actual CoO10 levels in gingiva
(Shizukuishi et al., 1984);

(iii) CoQ1O deficiency at SDH sites was not found in either
CoO or placebo groups (Iwamoto et al., 1981);

(iv) CoQ administration resulted in limited efficacy in
ameliorating gingival index, plaque index, and pocket
depth (Shizukuishi et al., 1984, 1986); and

(v) when compared with a placebo group, CoQ adminis-
tration was ineffective on the PE indices tested
(Iwamoto et al., 1981).

The effects of CoQ1o on the immune system of patients
with PE were also studied: The T4/T8 ratio increased after
2 mos of CoOlo administration, while IgG levels
increased significantly after 6 mos (Hanioka et al., 1993).
The following two studies suddenly moved from sys-
temic to topical administration of CoO10 for improving
PE (McRee et al., 1993; Hanioka et al., 1994). The results
of the former suggested a very limited effect after CoO10
administration, while the results of the latter were
inconclusive. Many of the methodological defects out-
lined in this discussion have been considered in a
recent debate in the British Dental Journal about the pos-
sible beneficial effects of CoQ1o in PE (Lister, 1995;
Watts, 1995). Watts commented on the very limited data
in the peer-reviewed dental literature, and he also
remarked that several of the papers suffered from inad-
equate statistical analysis.

Conclusions
FR/ROS are essential to many normal biological process-
es, and low doses of certain radicals or radical-derived
species can stimulate the growth of fibroblasts and
epithelial cells in culture. When anti-oxidant systems are
unable to counteract their action efficiently, tissue dam-
age can result. A low FR/ROS often behaves as an induc-
tory stimulus, whereas higher levels may result in injury
(Battino et al., 1995).

Physiological alterations and pathological status,
directly or indirectly produced by FR/ROS actions, depend
on a disequilibrium between increased FR/ROS produc-
tion and decreased (or insufficiently increased) anti-oxi-
dant levels or activities. Such conditions usually lead to
impairment of part or all of the anti-oxidant defense sys-
tem and to the appearance of biological damage. There is
evidence that something similar may take place in PE as
in other inflammatory diseases.

This concept has led to a search for appropriate "anti-
oxidant therapy" in inflammatory disease. The successful
therapeutic manipulation of the cellular response by anti-
oxidant molecules might necessitate the maintenance of
the critical balance between FR/ROS and anti-oxidant
defense systems (Winyard and Blake, 1997). It may be nec-
essary to deliver anti-oxidants selectively to specific cell
types and to define the concentrations suitable for block-
ing inappropriate cell responses but leaving the unim-
paired physiological levels of FR/ROS activity necessary
for normal cell function.
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