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The phrases “ free radicals” and “reactive oxygen species” (ROS) are frequently used interchange-
ably although this is not always correct. This article gives a brief description of two mentioned oxygen forms.
During the first two-three decades after ROS discovery in biological systems (1950-1970 years) they were
considered only as damaging agents, but later their involvement in organism protection and regulation of
the expression of certain genes was found. The physiological state of increased steady-state ROS level along
with certain physiological effects has been called oxidative stress. This paper describes ROS homeostasis
and provides several classifications of oxidative stresses. The latter are based on time-course and intensity
principles. Therefore distinguishing between acute and chronic stresses on the basis of the dynamics, and the
basal oxidative stress, low intensity oxidative stress, strong oxidative stress, and finally a very strong oxida-
tive stress based on the intensity of the action of the inductor of the stress are described. Potential areas of
research include the development of this field with complex classification of oxidative stresses, an accurate
identification of cellular targets of ROS action, determination of intracellular spatial and temporal distribu-
tion of ROS and their effects, deciphering the molecular mechanisms responsible for cell response to ROS
attacks, and their participation in the normal cellular functions, i.e. cellular homeostasis and its regulation.
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Elisavetgrad province of the Russian Empire

(now the Kirovohrad region of Ukraine), whose
family immigrated to Chicago, USA, escaping the
pogroms of 1884, related to the murder of Tsar
Alexander 11, discovered free radicals [1]. In 1930,
German scientist L. Michaelis suggested that free
radicals were involved in all chemical reactions [2].
Although generally this assumption was wrong, it at-
tracted attention of researchers to this problem. High
reactivity of free radicals initially regarded as such,
did not assume they exist in living organisms. But in
the early 1950’s, free radicals were found in living
organisms, and almost immediately were related to
various diseases [3] and aging [4, 5]. For a long time
free radicals were believed to be only negatively af-
fecting the living organisms. If this was true, then
it was obvious that living organisms should possess
systems to protect against free radicals. And if exi-
stence and role of low molecular mass antioxidants
such as tocopherol or ascorbic acid were known at

I n the early 1900’s M. Gomberg, native from

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 6

the time, information on the presence of enzymes
dealing with free radicals directly as substrates ap-
peared only in the late 1960’s. So, J. McCord and
I. Fridovich described a new enzymatic activity of
the protein long known as erythrocuprein (hemo-
cuprein) [6]. This protein was found to catalyze
dismutation of the superoxide anion radical (O,7)
due to which it was called superoxide dismutase
(SOD). Later, SOD was found in virtually all aero-
bic organisms and, furthermore, its activity was
regulated at transcriptional level, and a small in-
crease in the level of reactive oxygen species (ROS)
increased its activity. It should be noted that ROS
at high levels inactivate antioxidant enzymes. In
1970, it was found that organisms generate ROS in
controlled manner, particularly in leukocytes cer-
tain components generate O, and other reactive
species for protection against microorganisms and
parasites [7-11]. Finally, in several well known regu-
latory pathways ROS were found to operate as me-
diators [12-19]. In addition, in 1990 it became clear
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that ROS were not only harmful byproducts of life,
but also were its indispensable components. Moreo-
ver, organisms were able to generate ROS in finely
controlled manner in certain amounts and locations.
Now we can talk about ROS homeostasis, although
in this area, the term is virtually not used.

Despite the fact, that the processes related to
ROS homeostasis have been studied very inten-
sively for more than half a century, we cannot say
that we have a clear understanding of their role in
the processes which they participate in. Moreover,
up to now there are even terminological differences.
Therefore, in this article I will characterize free radi-
cals and ROS, describe their interconversion, and,
finally, give the definition of oxidative stresses and
their classifications.

1. Free radicals and reactive oxygen species

Molecular oxygen by attaching four electrons
and four protons is converted into water. In addition
to this virtually simultaneous four-electron reduction
of molecular oxygen, there is another — one-electron
successive reduction (Fig. 1). The intermediates
include superoxide anion radical (O,7), hydrogen
peroxide (H,0,), and hydroxyl radical (HO"). And
finally attachment of another electron and proton to
HO" results in the formation of water molecule, thus
completing reduction of oxygen molecules to water.
From the group of partially reduced oxygen forms
only O,” and HO" are free radicals, whereas H O,
is not free radical. However, O,”, H,O, and HO" not
being all free radicals, are characterized by higher
activity than molecular oxygen, due to which they
were called collectively reactive oxygen species
(ROS). It is important to note that often erroneously
all forms of partially reduced oxygen molecules or
particles are called free radicals ignoring the fact
that H O, is not a free radical.

In biological systems, transformation of ROS
occurs spontaneously with involvement of low-mo-
lecular mass electron donors (upper part of Fig. 1).
However, in living organisms there are enzymatic
systems significantly accelerating one-electron ROS
conversion. Above mentioned enzyme superoxide
dismutase accelerates O, dismutation transforming
it into hydrogen peroxide and molecular oxygen
(Fig. 1). To date, enzymatic systems protecting
against hydroxyl radical have not been described
(apparently they do not exist because of high HO*
reactivity), and prevention of its formation seems
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is the only protective mechanism. That is why it is
necessary to keep H,O, level very low. Elimination
of H O, is provided by different peroxidases. Cata-
lase dismutates H,O, to water and molecular oxygen,
whereas other peroxidases use as a cofactor various
organic compounds capable of donating electrons
to H,O,. Here, I will focus only on the glutathione-
dependent peroxidases (GPx). They reduce hydrogen
peroxide along with many other peroxides, in par-
ticular those of lipids, to alcohols and water. This
results in simultaneous oxidation of glutathione.
Reduction of oxidized glutathione is provided by
enzyme glutathione reductase, which for these pur-
poses uses NADPH. And finally, maintaining of
NADPH level is provided by a group of enzymes
dehydrogenases, among which the main role is as-
cribed to glucose-6-phosphate dehydrogenase, a
key enzyme of the pentose phosphate shunt (Fig. 1).
Thus, we have consistently followed the relationship
between the operation of antioxidant defense system
and metabolism of carbohydrates.

It is worthy to underline that the activity of an-
tioxidant enzymes is precisely regulated by the cell:
on the one hand, it is enhanced at low ROS level
increase due to upregulation of their expression,
whereas on the other hand it is decreased at substan-
tial ROS level increase due to inactivation by ROS.

2. Oxidative stresses and
their classifications

Normally, in a living cell there is a fine balance
between the intensity of ROS formation and degra-
dation. This balance provides a certain steady-state
ROS level, i.e. a system exists in a dynamic equilib-
rium. However, due to certain processes, this balan-
ce can be disturbed, leading to an increase in the
steady-state ROS level. In 1985, a German researcher
H. Sies first introduced the definition of oxidative
stress: “Oxidative stress” as results from imbalan-
ce in this pro-oxidant-antioxidant equilibrium in fa-
vor of the pro-oxidants” [20]. Since then, 30 years
have passed and we have substantially improved
our knowledge about oxidative stress. Therefore, I
propose here one more accurate and updated defini-
tion: “Oxidative stress is a transient or persistent in-
crease of steady-state ROS level, disturbing cellular
core and signaling pathways, including ROS-based
ones, leading to oxidative modification of cellular
constituents which, if not counterbalanced, may cul-
minate in cell death via necrosis or apoptosis”. This
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Fig. 1. Four- and consistent one-electron reduction of molecular oxygen and antioxidant enzymes of the first
and second lines. Addition of one electron to oxygen molecule leads to the formation of superoxide anion radi-
cal (O,"). Further addition of one more electron to O, leads to the formation of hydrogen peroxide (H,0,),
which is not a radical. One-electron H,O, reduction leads to the formation of the hydroxyl radical (HO’) and
hydroxyl anion. Finally, addition of one more electron and proton to HO" results in water molecule formation.
Two above-mentioned partially reduced oxygen species, namely O, and HO" are free radicals, but H,0, is
not. All together forms of partially reduced oxygen (O,”, H,0,, and HO’) have higher chemical reactivity than
molecular oxygen, due to which they were collectively named as "reactive oxygen species" (ROS). Transform-
ation of O, to H,0, is significantly accelerated by certain enzymes, called primary antioxidant enzymes. The
first enzyme in this chain is called superoxide dismutase (SOD) and it catalyzes a redox reaction of dispropor-
tionation of two O, molecules resulting in formation of molecular oxygen and hydrogen peroxide. The next
component in the chain of one-electron O, reduction of ROS, H,O, may be converted to less harmful species
by several enzymes of a large group called peroxidases. Catalase dismutates H,0, to molecular oxygen and
water, while glutathione dependent peroxidases (GPx) using glutathione as a cofactor reduce it to water. Since
currently there is no reliable information on the existence of specific enzyme systems dealing with hydroxyl
radicals, it is generally accepted that prevention of its formation is the best way to combat it. Abbreviations:
CAT — catalase; GPx — glutathione dependent peroxidase; GR — glutathione reductase; G6PDH — glucose-
6-phosphate dehydrogenase; G6P— glucose-6-phosphate; 6PGL — 6-phosphoglucolactone; GSH and GSSG —
reduced and oxidized forms of glutathione; NADP and NADPH — oxidized and reduced forms of nicotinamide
adenine dinucleotide phosphate; SOD — superoxide dismutase

definition emphasizes the dynamic nature of ROS
level and their impact on basic and regulatory cel-
lular processes.

Though the oxidative stress has been investi-
gated for more than three decades, the classifica-
tion system has appeared only recently. This is not
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surprising, because this phenomenon is very com-
plicated due to many reasons. Having been actively
working on oxidative stress for more than 20 years,
our group always felt the need for such a classifica-
tion. Few years ago, I proposed several approaches
to develop such classification [16-19, 21], which has

13



orjisaan

already been partially recognized in particular by
such pioneer in the field of redox biology as H. Sies
[22]. Clearly realizing impossibility to propose ideal
classification (moreover universal), [ put two com-
plementary principles in the basis of classification:
dynamic response (temporal classification) and the
influence of the stress inductor/s of different inten-
sity (intensively based classification). Such approach
resulted in two groups of classifications based on the
dynamics of the stress and on the intensity of the
stress (Fig. 2). Next, the mentioned classifications are
considered in detail.

In the cell, under non-stressed conditions cer-
tain steady-state ROS level exists, fluctuating within
a certain range in accordance with the theory of
homeostasis. But at certain point due to action of
some external or internal factors ROS level rises
and exceeds normal range causing a cascade of cell
responses. If the protective antioxidant potential of
the cell is high enough and the cell is well provided
with energy and plastic resources, the level of ROS
in seconds, minutes or hours returns to the initial
corridor (Fig. 2). In this scenario, we clearly see the
development of short time or acute oxidative stress

Oxidant

Acute
oxidative
stress

ROS level

[18]. But often there is a situation where the cell
cannot return ROS level into initial corridor and it
remains slightly higher than the control: it may in-
clude the original corridor or stabilize at slightly
higher values of steady-state concentrations of ROS.
Such stress can last in hours, days and months. This
may result in significant reorganization of cell sta-
tus, adapting to new conditions. In particular, this
can result in strengthening of the antioxidant sys-
tem. The latter can play a significant role in cell
protection against deleterious ROS effects. Such
prolonged stress is called “chronic oxidative stress”
[18, 19]. The situation when steady-state ROS level
is stabilized in the corridor, above the original and
not attached to it is called “quasi-stationary level”.
Summarizing, the transient (short-time) increase in
steady-state ROS concentrations is called acute oxi-
dative stress, whereas prolonged sustained enhanced
ROS level is called chronic oxidative stress.

The second proposed classification of oxida-
tive stresses is based on the intensity of oxidative
stress state. Figure 3 shows development of oxida-
tive stress depending on the dose/concentration of
stress inducer. Curve 1 here shows the level of ROS-

Quasy-stationary level

Time

Fig. 2. Schematic presentation of the time-course based classification of oxidative stresses. Usually, the sta-
tionary ROS concentration is maintained within a certain range and oscillates like other parameters in the
body according to homeostasis theory. However, under certain circumstances, ROS concentration may leave
this corridor due to increased generation or decreased elimination. Conditions when ROS level is increased
for a short time period with certain functional consequences has been called “acute oxidative stress”, while
a prolonged increase in ROS levels accompanied by such consequences is called “chronic oxidative stress”.
In some cases, the level of ROS is not returned into the original corridor or close to it and may stabilize at
a higher steady-state level, called quasi-stationary one. Both acute and chronic oxidative stresses may have
different effects on living organisms and cause more or less significant damage to the cells and, if the system
is unable to regain control, it can lead to cell death from apoptosis or necrosis
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modified (oxidized lipids, proteins, etc.) parameter
(ROMP), and the curve 2 — the level of ROS-inducib-
le and ROS-regulated/ROS-sensitive parameter (RO-
SISP) of the stress (activity of antioxidant enzymes
or survival of organisms/cells). Zone I, where oxi-
dative stress cannot be registered by conventional
methods, is called basal oxidative stress (BOS). In
zone II called low intensity oxidative stress (LOS),
both parameters demonstrate an increase relatively
to the initial level, but with different patterns: curve
1 gradually increases, whereas curve 2 grows to a
certain maximum and further with increased ROS
dose/concentration returns to the initial level. At
cross of ROSISP and ZEP, ROSISP gets the same
value as without oxidative stress induction (zero
point) or in zone I. However, at transition to zone
IIT it goes down, whereas ROMP continues to grow
and this zone I1I is called intermediate intensity oxi-
dative stress (IOS). Finally, in zone 1V, called high
intensity oxidative stress (HOS), ROMP approaches
maximum, whereas ROSISP approaches a zero or
certain asymptote. Discrimination between zones 11

Al

II

-

Endpoint

and IV is a complicated task. However, some formal
tools may be applied here. It is possible to use ideas
on cooperative interaction between ligand and some
binding substances. In this case, so-called Hill equa-
tion may be applied to curve 1 [23, 24]. Maximum
“binding” may be calculated using experimental
data. After that, one may suggest, that the border be-
tween zones III and IV would be at the point, where
ROMP consists of 90% of maximum value. It is
clear, that the proposed approach is formal, but it can
help to discriminate between I0S and HOS zones.
Recognizing the difficulties of practical appli-
cation of the described above classifications of oxi-
dative stresses as the function of their intensity, I of-
fer its significantly simplified version, which is easier
to use in practice than the previous one. In this case,
zone | is ignored since experimentally it is virtually
impossible to estimate, and zone II should be called
“low intensity oxidative stress” (LOS). Next, zones
IIT and IV are combined into one, called “strong oxi-
dative stress” (SOS). While the latter classification
theoretically seems fairly simple, its practical appli-

(D .-~ ROS-modified

arameters (ROMP)

=

ROS-sensitive parameter

+ ROS-inducible
' (ROSISP)

Dose/concentration of inducer

Fig. 3. Schematic presentation of the intensity-based classification of oxidative stresses. Curve 1 indicates
the level of ROS-modified cell component/parameter (ROMP), whereas curve 2 shows ROS-inducible ROS-
sensitive parameter (ROSISP), such as activity of antioxidant enzyme or cell survival. In fact, the curves 1 and
2 show the relationship between the dose/concentration of the oxidative stress inducer and the parameters
typically used to characterize the stress and which can be experimentally measured. Zone I — basal oxidative
stress (BOS), where there is no observable effects that cannot be registered due to the very low intensity of
oxidative stress, Zone Il — low intensity oxidative stress (LOS) with slightly increased level of ROS-modified
molecules and enhanced activity of antioxidant enzymes or cell survival in response to enhanced ROS level;
Zone Ill — strong oxidative stress (SOS); and Zone IV — very strong oxidative stress (VOS), where the values of
the recorded parameters reach nearly maximum/minimum values. Abbreviations: NOE — no observable effect
point; ZEP — zero equivalent point — the level of components of interest corresponds to the initial (basic) level
in the absence of inducer of oxidative stress. (Modified from [18, 19])
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cation may also face problems, some of which are
listed below.

3. Practical use of and prospects
for the classification

As mentioned above, theoretically well looking
classification systems are not easily applied practi-
cally due to several reasons. The first is related to the
very high complexity of living organisms and free-
radical processes. This leads to poor predictability
and reproducibility of the experimental results. Ap-
parently, the use of simple cellular models may be
helpful here to some extent. However, this may be
the way out only partially, because we are mostly
interested in ourselves, in humans. In the worst case,
we have bigger interests in closest to us vertebrate
organisms especially mammals. With multicellu-
lar organisms, different sensitivity to inducers of
stress, reaching different organs by the inducers and
different organ specificity response seriously com-
plicate studies in the field.

Careful and correct selection of indicators that
are used to characterize the state of oxidative stress
is the second major problem. Numerous experi-
mental data suggest that different oxidative stress
markers have different sensitivity to dose/concen-
tration of inducer. It seems necessary to analyze all
possible indicators, using the criteria of appropriate-
ness and adequacy. Theoretical knowledge and expe-
rience of the reseacher then become paramount here.
Apparently, a simple weighted number of parameters
that fall into one or another zone may help to draw
conclusions about the development of certain types
of the stress.

Development of an integrated and universal
system of classification of oxidative stresses is the
third and probably the most difficult problem. The
need for such work clearly comes from an under-
standing of artificial assumptions, to some extent,
used for classifications and the awareness of the need
for further development of research in the field of
ROS homeostasis. Ideally, such a system should in-
clude the spatiotemporal and the dose/concentration
indices. Clear identification of ROS targets, involved
coordinating regulatory pathways and the maximum
number of physiological responses require the use
of multiple approaches with mathematical classifica-
tion and generalization. But this is a goal for the next
generation of researchers. Classifications provided
in this article can serve as the first and most likely
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preliminary step in the development of a universal
system of classification of oxidative stresses. And
even though, more or less good classifications will
have many limitations, they will be useful for both
fundamental science and applied research.

BIJIBHI PAINUKAJIN, AKTUBHI
®OPMU KNCHIO, OKCUJIATUBHI
CTPECH TA IX KJIACUPIKAIIIA

B. I Jhywax

[IpukaprnaTchkuii HalllOHAJIEHUH YHIBEPCUTET iIMEHI
Bacuns Credannka, IBano-®pankiBebk, Ykpaina;
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CrnoBocrionmyueHHsI «BUTBHI ~ pagukamm» i
«axktuBHI (hopmu kucHIO» (ADK) wacto BUKOpH-
CTOBYIOTHCS SIK B3a€MO3aMiHHI, X0ua 11¢ He 3aBXA1
BipHO. VY il CTaTTi KOPOTKO OMUCYIOTHC I1i POPMHU
KHCHIO. [IpoTsarom nepimunx ABoX-TpboX ACCATUIITH
micas BiakputrTs ADK y OiomoriyHuUX cucTeMax
(1950-1970 pokm) BOHHM PO3IIISIAANNACS TITBKU SK
TIOITKO/KYIOY1 areHTH, alie mi3Hime Oyia onucaHa
IXHS 3aXWCHA POJIb 1 PETYIAIisS eKcrpecii MeBHUX
reHiB. Di31010TIYHAN CTaH, 32 TKOTO CTAIlIOHAPHUI
piBenp A®K migBuUIIEHWH, pa3oM i3 JEIKUMHU
(hizionoriunuMu edekTamMu, oJepKaB Ha3BYy OKCH-
JaTUBHOTO cTpecy. Y Wil cTaTTi OMMCaHO TOMeo-
crta3 ADK i mogaHo KisibKa cucTeM Kiacudikarii
OKCHUJATUBHUX cTpeciB. OCTaHHI IPyHTYIOThCS Ha
MIPUHIMIIAX AUHAMIKM Ta iHTEHCHBHOCTI. Tak, 4a-
coBa Kyacu(ikallis OMucye TOCTPUHA Ta XPOHITHUI
cTpecw, a kiacudikamis 3a 1HTEHCHBHICTIO
BKJIOUae 0a3ajbHUM OKCHIATHBHUU CTpeC, Jer-
KU OKCUAATUBHHUM CTpec, CHJIBHUN OKCHUJIaTHUB-
HUH cTpec, 1, HapewTi, Ay’Ke CHIIbHUH OKCHIATHB-
Huii ctpec. llomanbnr mocmimkeHHS B i Taiysi
OyAyTh CHpsMOBaHI Ha PO3pOOKY KOMILIEKCHOL
kimacuikarii OKCHJJaATUBHUX CTPECiB, TOYHE BU3HA-
YyeHHs KIITUHHHX MimeHed nii ADK, BusHaueHHS
BHYTPIIIHBOKJIITHHHOI'O IIPOCTOPOBOIO 1 YaCOBOT'O
posnoniniB AOK Ta HacminkiB ix nii, po3mmdppos-
Ky MOJISKYJISIDHUX MEXaHi3MiB, sIKi BiJITOBiafOTh
3a KJITHHHY BifnmoBigp Ha niro ADK, a Takox ix
y9acTh y HOPMaTBHUX KIITHHHAX (PYHKIIiAX, TOOTO
KJIITHHHOMY TOMEOCTa31 Ta Horo peryisiii.

KnrwouoBi cnoBa: kmirtunHI QyHKIIT, ro-
MeOoCTa3, KJIITHHHI MillleH], KJ1acu(ikaiisi oKcua-
THUBHUX CTPECIB.
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CrnoBocoyeTaHue «CBOOOIHBIC PaTUKAIBD)y U
«axTuBHBIE (hopMbI kucnopoaa» (ADK) gacto uc-
MTOJTB3YIOTCS KaK B3aMMO3aMEHSIEMBbIE, XOTS 3TO HE
Bceryia BepHo. B 3Toil cTarhe KpaTKO ONMHCHIBAIOT-
csl IBe YITOMSHYThIEe (hOpMBI KMCIIOpona. B Teuenne
MIEPBBIX JBYX-TPEX JECATUICTHI TOCIe OTKPHI-
tist ADK B Omonornyeckux cucremax (1950-1970
TOJIbI) OHU PacCMaTPHUBAJIUCHh TOIBKO KaK MOBPEXK-
JarolIMe areHThbl, HO I03)Ke Oblja oIucaHa UX 3a-
IIUTHAS POJIb W PETYJSANUS DKCIPECCUH OIpesie-
JICHHBIX TeHOB. DHU3UOJIOTHIECKOE COCTOSHHE, TTPH
KOTOPOM YBEITUYUBACTCS CTAI[MOHAPHBIA yPOBEHB
A®DK BMecTe C HEKOTOPHIMHU (PH3HOIOTHIESCKIMHU
a¢ddexkTamMm, TOTYYIIIO Ha3BaHWE OKCHUIATHBHO-
ro crpecca. B pabore ommcan romeocraz ADK u
MIPE/ICTABICHBI HECKOIBKO CHCTEM KiIacCU(UKAITII
oKkcuIaTuBHOTO crpecca. Ilocnennne GazupyroTcs
Ha TPUHITUNAX TUHAMUAKA U HWHTEHCHBHOCTH. Tak,
BpeMeHHas KJIACCU(HUKAIIHS OIHUCHIBACT OCTPHIN U
XPOHUYECKUHN CTPECCHl, a KiacCU(UKAIKS 110 WH-
TEHCUBHOCTH BKJIIOYaeT 0a3aIbHbIN OKCUIaTHBHBIN
cTpecc, JIErKM OKCHUIATUBHBIM CTpECC, CUIIbHBIN
OKCHJIATUBHBIN CTpecC, W, HaKOHEI, OYeHb CHIIb-
HBIA OKCHUJATUBHBIM cTpecc. [anpHelmue uccie-
JIOBaHWS B 3TOH 00NacTu OyAdyT HampaBJIeHBI Ha
pa3paboTKy KOMIUIEKCHOW KilacCH(UKAIMH OKCH-
JMATUBHOTO CTpecca, TOYHOE OIpe/eIeHre KIeTO4-
HbIX MuleHeil nedicteust ADK, onpeneneHus BHY-
TPUKIIETOYHOTO TPOCTPAHCTBEHHOT'O M BPEMEHHOTO
pactpenenennit AOK u nociaencTBuil X 1eHCTBUS,
pacmupOBKy MOJNEKYISIPHBIX MEXaHU3MOB, KOTO-
pBIe OTBEUAIOT 3a KIJIETOYHBIM OTBET Ha JCWCTBHE
A®DK, a Takxke uX y4acTue B HOPMaJIbHBIX KJIETOY-
HBIX (DYHKITUSX, T.. KJIETOYHOM T'OMEOCTa3e U €ro
PeryIALINN.

KnioueBbie cnoBa: KIeTOYHBIE (PYHK-
[IMY, TOMEOCTa3, KJIETOUHble MHIIEHH, Ki1accupu-
Kallisl OKCHJATUBHBIX CTPECCOB.
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