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Tissue and subcellular activities of superoxide dismutase in skeletal muscles
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Activity of the enzyme superoxide dismutase (SOD) in the skeletal muscles was studied on the tissue
and subcellular levels in the rats exposed to physical exercise. The specific differences in response to
acute and regular training exercises were revealed in superoxide dismutase activities measured in
tissue homogenate, mitochondrial and cytosolic fractions of white and red gastrocnemius muscles in
the rats. These differences depended on exercise character (acute or chronic), fiber composition
(glycolytic and oxidative) and subcellular localization of the enzyme. In the studied muscles,
adaptive increase of SOD tissue activity was not shown in response to regular training exercise. In
white muscles, preferentially composed of glycolytic fibers, adaptive induction of mitochondrial
SOD (mitSOD) activity by regular training was more obvious than in red muscles, composed
preferentially of oxidative fibers. However, induction of mitSOD activity by acute exercise in red
muscles was displayed more strongly, than in white muscles. In red muscles of trained animals, the
increase in SOD activity in the cytoplasm (cytSOD) becomes more moderate in response to testing
exercise. In white muscles, cytSOD activity does not undergo adaptive changes and is not induced
by testing exercise. Analysis of SOD activity in mitochondrial and cytoplasmic fractions of fast and
slow muscles will be useful for elucidation of their adaptive peculiarities.
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INTRODUCTION

Aerobic organisms or their individual organs
and tissues are able to adapt to the conditions of
energy consumption. Physical exercise leads to a
multiple increase in the demand of skeletal musc-
les for energy, which, in turn, is accompanied by
increased pulmonary oxygen uptake. Here, howe-
ver, muscle cells face a dangerous phenomenon
for their structural and functional integrity - oxi-
dative stress (Devies et al., 1982; Ji, 1999;
Kepumosa u nip., 2004; Powers et al., 2008; Stein-
bacher et al., 2015). Oxidative stress can occur
when equilibrium between oxidants and antioxi-
dants is disturbed. Oxidative stress occurs under
conditions, when local antioxidant defenses are
exhausted, because of oxidants or when the rate
constants of the radical reactions are greater than
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the rate constants of the antioxidant defense mec-
hanisms (Buettner, 1993; Vollaard et al., 2005).
This could occur in skeletal muscles during acute
exercise under conditions when oxidant/antioxi-
dant balance shifts toward the pro-oxidant state.

It is well known that oxygen, which is the fi-
nal electron acceptor in the respiratory chain of
mitochondrias, plays a dual role in the life of
cells; most of the oxygen entering the mitochond-
ria, being completely reduced, turns into water,
and a small part, according to various estimates,
up to 5% of the total consumption, goes as a supe-
roxide anion (O;), which is a free radical (Halli-
well et al., 1989; Halliwell, 2014; Ckynaues,
1996). Aerobic cells, including muscle fibers, use
superoxide dismutase (SOD) to fight O, radicals,
which promotes their dismutation and forms
hydrogen peroxide (H20:) and oxygen. Many
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works concern SOD as an important component
of antioxidant protection of cells and tissues,
among which the works, related to physical acti-
vity, occupy a significant place (Ji, 1999; Baner-
jee et al., 2003; Leeuwenburgh et al., 2011; Go-
mes et al., 2012).

In mammals, two isoforms of SOD exist in
skeletal muscle; they vary in both cellular locati-
ons as well as in a metal ion bound to its active si-
te. The Cu-Zn SOD is primarily located in the
cytosol, whereas the Mn-SOD is principally found
in the mitochondrial matrix (Ohno et al., 1994;
Halliwell, 2014). Both enzymes catalyze the dis-
mutation of superoxide anions with similar effici-
ency (Ohno et al., 1994). The Cu-Zn SOD is a di-
mer with a molecular weight of ~32,000 kDa,
whereas the Mn SOD is a tetramer (MW =
~88,000 kDa) (Ohno et al., 1994).

It is well-established that the antioxidant de-
fense systems of many mammalian tissues are ca-
pable of adaptation in response to chronic exposu-
re to oxidants. Because prolonged physical exerci-
se results in an increased production of oxidants
in skeletal muscle, regular physical exercise trai-
ning should bring to upregulation of muscle antio-
xidant enzyme systems. There is some evidence
that endurance exercise training results in an inc-
rease in skeletal muscle antioxidant enzyme acti-
vity. Nonetheless, a few studies have failed to find
augmented muscle antioxidant activity after
physical exercise training. It can be assumed that
these differences may be the result of differences
in methodological approaches at choosing the
types of muscles, fibers as well as the type of
exercise training protocols (Powers et al., 1999).
On the other hand, the existence of different iso-
forms of enzymes can also be the cause of conf-
licting statements concerning the role of an enzy-
me in the antioxidant response of muscles to
physical activity (Laughlin et al., 1990; Tonkono-
gi et al., 2000; Haciyev va b., 2013).

In this article, we present the results of the ex-
periments on animals (albino rats) in studying the
superoxide dismutase activity of skeletal muscles
on the tissue and subcellular levels during acute
exercise and regular physical training. The study
was performed simultaneously over fast (white)
and slow twitch (red) fiber type muscles of the sa-
me organism. Such approach makes it possible to
analyze the activity of SOD in relation to the pre-

sence of various isoforms of the enzyme and their
fiber affiliation to find out the antioxidant adapti-
ve properties of skeletal muscles.

MATERIALS AND METHODS

Experiments were conducted on male Wistar
albino rats of 250-300 g body mass kept in normal
vivarium conditions. During the experiments, we
followed the bioethical standards for the treatment
of experimental animals in accordance with the
European Convention for the protection of the
rights of vertebrates used for experimental and
scientific purposes (March 18, 1986, Strasbourg).

Rats were randomly pooled into four groups:
untrained, non-exercised (before removing the
muscles) (UN, n=6), untrained and exercised (UE;
n=6), trained, non-exercised (TN n=6) and trained
and exercised (TE, n=6).

The training process for the TN and the TE
groups was carried out in a wheel with a diameter
of 44 cm via running exercise. The load was given
daily in the wheel rotation mode at a speed of 15-
25 m/min, in the first days for 10-20 min, starting
from the 3" week the load duration was set to 30
min (~75% Oamax). Training process continued for
4 weeks, 5 days a week. Acute exercise (single
physical load) was given by running in a wheel at
a speed of 25 m/min for 30 min. Groups of seden-
tary animals that did not receive physical training
loads (UN and UE) were subjected to running in a
wheel for 10 minutes once a week for training in
running under experimental conditions. A day af-
ter the end of physical training process, one group
of the untrained (UE) and one group of the trained
(TE) rats were subjected to an acute exercise, and
immediately after that all animals were sacrificed
and muscles were removed.

The calf muscle (m.gastrocnemius), its white
and red components were studied. Red m. gast-
rocnemius (Type lla fibers) is composed of highly
oxidative fibers, but the white m. gastrochemius
(Type 1Ib fibers) is composed of highly glycolytic
fibers. Mitochondria were obtained by centrifuga-
tion from 10% tissue homogenate in a sucrose
medium (0.3M sucrose, 10 mM EDTA,; pH 7.5).
The activity of cytoplasmic SOD (cyt-SOD) was
determined in the supernatant. The mitochondrial
sediment was transferred to a phosphate buffer to

31



Gadzhiev et al.

determine the activity of mitochondrial SOD (mit-
SOD). The method for mitochondria isolation is
described in (TTpoxopogsa, 1982).

The activity of SOD was determined by a
method based on the competition of SOD with
nitroblue tetrazolium in the reduction of superoxi-
de radicals generated in the reaction of phenazine
methosulphate ([Iyoununa, 1984).

The statistical reliability of differences bet-
ween indicators of different groups was evaluated
by the Student's t-criterion and the differences
between average values were accepted as reliable
at p<0.05.

RESULTS AND DISCUSSION

The results of study of SOD activity in skele-
tal muscle homogenate under the influence of re-
gular training loads and acute single load are
shown below (Table 1).

Table 1. Superoxide dismutase activity in the
homogenate of skeletal muscle tissue in rats during
exercise (arbitrary units/mg protein), M+m, n=6

Status Untrained Trained

Rest (UN) | Exercise Rest Exercise
Muscles (UE) (TN) (TE)

White | 7.86+1.19 | 3.08+0.44* | 8.17+1.22 | 6.18+0.93

Red 6.26+0.88 | 10.21+1.53* | 6.96+0.90 | 9.98+1.35*

* p<0.05 compared the exercised groups with the termed
“rest” groups;

# p<0.05 compared trained rest groups with untrained rest
groups.

Four-week training loads do not lead to
significant changes in SOD activity in the skeletal
muscles at rest. However the decrease in SOD
activity in the white muscle (white m.
gastrocnemius), observed after the acute exercise
in the untrained rats (UE), becomes less abrupt in
the trained rats group (TE); that is, if the decrease
in activity in the group UE relative to the group
UN was 61% (p<0.05), then in the group TE
relative to the group TU it became only 24% at
p>0.05. In the red muscle (red m. gastrochemius),
the enzyme activity increases after the acute
exercise by ~35% (p<0.05), both for the untrained
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and trained groups (UE vs.UN and TE vs. TN).

The results of studies of the effect of physical
activity on superoxide dismutase activity in the
subcellular fractions of skeletal muscles in the rats
are presented in Table 2.

Under the influence of physical training, the
changes in activity of SOD are observed,
depending on both the fiber type of muscle and
the subcellular affiliation of the enzyme. In the
rats, that are not subjected to physical training
(UN and UE groups), the activity of mit-SOD in
the white muscle increases almost twice after
acute physical exercise. However, in the red
muscle, the activity of mit-SOD in the rats of
these groups does not show significant changes in
response to the same acute exercise, moreover,
some statistically unreliable decrease (p>0.05) of
activity is noted.

The baseline level (at rest) of mit-SOD
activity in the white muscle increases by more
than 2 times as a result of 4 weeks of physical
training (the UN and the TN groups are
compared). However, the reaction of mit-SOD
activity in the trained rats to acute exercise (the
TE vs. the TN) becomes different from the
reaction of the untrained animals (the UE vs. the
UN): the increase in activity under acute physical
exercise in the trained rats disappears. There is
only a tendency to decrease from rest activity of
enzyme, resembling the situation with red muscle
in the untrained rats.

In red muscle, the activity of mit-SOD does
not change significantly under 4-week physical
training. The 19% increase in activity (TN)
compared to the untrained group (UN) of animals
is statistically unreliable (p>0.05). As for the
reaction of red muscle mit-SOD activity to acute
exercise in the trained rats, here we observe a
tendency to increase in contrast to the white
muscle. Although the activity of mit-SOD of the
red muscle in the trained rats after exercise (TE
group) exceeds the baseline level for the TN
group by 34% and the reliability of the difference
is characterized by a low level of confidence
(p=0.06), but it is noteworthy that there is a
significant increase in the activity of mit-SOD in
relation to the baseline activity of the untrained
rats (UN, 0.205+0.025 arb.unit) (p<0.05).
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Table 2. Superoxide dismutase activity in subcellular fractions of skeletal muscles in the rats during exercise

(arbitrary units/mg protein). M+m, n=6

Status

Muscles

Untrained

Trained

Rest (UN) | Exercise(UE)

Rest (TN) |Exercise (TE)

Mitochondrial SOD

White gastrocnemius 0.112+0.015 | 0.234+0.022* [0.307+0.0317 | 0.267+0.027'
Red gastrocnemius 0.205+0.025| 0.175+0.019 | 0.243+0.032 | 0.325+0.045'
Cytoplasmic SOD
White gastrocnemius 0.051+0.006 | 0.052+0.005 | 0.045+0.006 | 0.056+0.006
Red gastrocnemius 0.046=0.005 | 0.182+0.015** | 0.043+0.005 | 0.102+0.012*'

*, ** - p<0.05 and p<0.01 compared exercised groups with termed “rest” groups;
# - p<0.05 compared trained rest groups with untrained rest groups;
! - p<0.05 compared trained exercised groups with untrained rest groups.

The changes in the activity of cyt-SOD in
white and red muscles in response to acute exerci-
se are different from the changes in the activity of
the mitochondrial isoform. It should be noted that
the rest levels of cys-SOD activity in the white
and red muscle in the untrained rats (UN group)
are almost equal, in contrast to mit-SOD, whose
activity in the red muscle significantly exceeds
the white muscle level.

After regular physical training for 4 weeks,
the rest activity of cys-SOD of both muscles in
the TN group rats remains at the level of activity
for the rats in the UN group. Acute physical exer-
cise does not lead to changes in the activity of
cys-SOD in the white muscle in both the untrai-
ned (the UN and the UE groups) and the trained
rats (the TN & the TE groups).

However, in the red muscles from the untrai-
ned and trained animals, SOD activity is greatly
increased in the cytoplasm in response to exerci-
se; the increase above baseline in the untrained
rats is about 300% (p<0.01, compare UN and UE
groups), and the trained somewhat lower, around
140% (p<0.05, compare TN and TE groups). We
can say that in the red muscle, the reaction of su-
peroxide dismutase activity in the cytoplasm, i.e.,
a sharp increase in the activity of the cyt-SOD in
response to acute exercise becomes less abrupt as
a result of regular physical training.

There are discrepant data on adaptive chan-
ges in SOD activity in skeletal muscles under the
influence of physical training loads. Some studies
indicate an increase in the activity of the enzyme
after training (Higuchi et al., 1985; Leuwenburgh
et al., 2001; Azizbeigi et al., 2014), while other
studies show no significant changes in the activity
of SOD (Alessio et al., 1988; Laughlin et al.,

1990; Ji, 1993; Tonkonogi et al., 2000; White et
al., 2017). These discrepancies could be explained
by the fact that different authors' studies used dif-
ferent muscle types and fiber compositions, appli-
ed different exercise techniques, and, that is more
important, measured the activity of different SOD
isoforms. When our own data on measuring SOD
activities at the tissue and subcellular levels are
compared, there are also differences in responses
to exercise.

If SOD activities of both types of muscles do
not show significant changes at the tissue level
with 4-week regular training loads, then subcellu-
lar activities, namely the activity of mit-SOD
shows some adaptive growth, which is more sig-
nificant in the white muscle. This result is consis-
tent with the data of studies where it was conclu-
ded that cytosolic CuZn-SOD is passive in adap-
ting to physical exertion in comparison with Mn-
SOD (Higuchi et al., 1985; Ji, 1993; Lambertucci
et al., 2007; Ristow et al., 2009).

A significant decrease in SOD tissue activity
in white muscle after an acute exercise, which be-
comes moderate in the trained rats, seems parado-
xical. However, if we pay attention to the changes
in subcellular activity in response to an acute
exercise, we can assume that the cytoplasmic
component of SOD activity makes a greater cont-
ribution to the measured tissue activity. This as-
sumption can be supported by the data from the
work (Oh-Ishi et al., 1997), which shows an exer-
cise-induced decrease in the level of m-RNA for
CuZn-SOD in the untrained rats and the leveling
of changes with regular training.

An increase in the red muscle tissue activity
of SOD (both in the untrained and the trained rats)
after a single acute exercise also indicates the pre-
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valence of the proportion of cytoplasmic activity
of the enzyme, which undergoes a 4-fold increase
after acute exercise in the untrained rats and more
than 2-fold increase in the trained ones. In parti-
cular, this is confirmed by the study in which it
was shown that the activity of CuZn-SOD isoform
of the enzyme in muscles increases significantly
in response to acute exercise than the activity of
the Mn-SOD isoform (Hollander et al., 1999;
2001; Lawler et al., 2009).

These results and a number of literature data
on the content of protein and m-RNA of the SOD
enzyme suggest that changes in the activity of mi-
tochondrial and cytosolic isoenzymes in skeletal
muscles may occur due to both post-transcriptio-
nal and post-translational effects of physical exer-
cise (Hollander et al., 1999; 2001; Ji, 1999). In ot-
her words, the increased activity of SOD isoenzy-
mes in skeletal muscles during exercise may be
due to both the synthesis of a new protein and
post-translational modification of a previously
synthesized protein.

Our results indicate that the induction of
SOD isoforms’ activity by physical training is
specific to the type of muscle fiber (see also, Hol-
lander et al., 1999; 2001; Lawler et al., 1993). In
white muscle, which consists primarily of a fast
(glycolytic) type of fibers, adaptive upregulation
of mit-SOD activity by training exercise is clearly
visible. In the red muscle, which consists mainly
of slow fibers, adaptive induction of mit-SOD ac-
tivity by training exercise is weaker, however, the
induction of activity by acute physical exercise is
stronger than in the white muscle.

Differences of changes in SOD activity under
the influence of regular training and acute physical
exertion can probably be explained by differences
in post-transcriptional and post-translational pecu-
liarities of Mn-SOD and CuZn-SOD expression
stimulated by physical exercise (Ji, 1999; Hollan-
der et al., 1999; 2001). Taking into account the re-
sults of work (Oh-Ishi et al., 1997), which studied
the activity of SOD isoforms, corresponding prote-
in and m-RNA contents under the influence of
physical exercise, we can assume that in fast type
muscles, training loads lead to the induction of mi-
tochondrial SOD activity by a post-transcriptional
mechanism, and in slow type muscles - post-trans-
lational modulation of activity takes place. For
cytoplasmic SOD, the effect of training loads is
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only seen in the slow-type muscles, and it is asso-
ciated with the induction of activity due to post-
translational changes in the protein.

Thus, we observe the participation of antioxi-
dant protection of skeletal muscles in adaptive
processes, associated with regular exercise at the
level of enzymatic protection against superoxide
anion radicals.
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Fiziki yiiklonmalor zamam skelet 9zalalorinda superoksiddismutazanin
toxuma va subhiiceyra aktivliyi

.M. Haciyev'?, S.A. Oliyev'?, A.K. Hasanova®, Z.B. Rzayev’

"AMEA-nin Akademik Abdulla Qarayev adina Fiziologiya Institutu
2Azarbaycan Dévlat Badon Torbiyasi va Idman Akademiyasi

Fiziki yiikiin tosiri altinda ag sicovullarin skelet azalslarinds superoksiddismutaza (SOD) fermentinin ak-
tivliyi toxuma va subhiiceyra soviyyalarinds todqiq edilmisdir. Ag va qirmizi gastrocnemius azalalorinin
toxuma homogenatinda, mitoxondri va sitozol subhiiceyrs fraksiyalarinda 6l¢iilmiis SOD aktivliyinin kos-
kin vo miintozm mosq yiiklorine reaksiyalarinda forqlilik askar olunmusdur. Bu forqlor yiikiin xarakterin-
don (birdofalik, ya xroniki), azslonin lif torkibindon (qlikolitik, ya oksidativ) vo fermentin subhiiceyra
mansubiyyatindon asilidir. Todqiq edilon azalolords sakitlik halinda SOD-un toxuma aktivliyinde adaptiv
yiiksolms iizo ¢ixarilmayib. Ag ozslodo mitoxondrial SOD-un xroniki yiiklo adaptiv induksiyasi askar
olunub. Qirmizi azslods mitoxondrial SOD-nin xroniki yiikle induksiyasi zeifdir, ancaq onun koskin yiik-
la induksiyasi ag ozaloya nisbaton 6ziinii daha aydin gostorir. Masqli heyvanlarda qirmizi azolods sub-
maksimal fiziki yiike cavab olaraq SOD-un sitoplazma aktivliyinin yiiksalmasi miilayimlogir. Ag 9zaloda
sitoplazma SOD aktivliyinds mesq yiiklori ilo adaptiv deyisikliklor {izo ¢ixmur, testlosdirici fiziki yiiklo
induksiya da bas vermir. Miixtolif ozalsalorda (siirat tipina gora) superoksiddismutazanin subhiiceyra ak-
tivliklarinin tohlili onlarin adaptasiya Xiisusiyyatlorinin iizo ¢ixarilmasi {igiin faydali olacagq.

Acgar sozlar: Skelet ozalolari, fiziki yiik, superoksiddismutaza, subhiiceyra fraksiyalar:
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TrkaHeBast M cyOKJIETOYHASI AKTHUBHOCTD CYNEPOKCHIAMCMYTA3bI
CKeJIeTHBIX MbIIII NPH pU3HYeCKHX HArpy3Kax

A.M. Fa)mmenl’z, C.A. Annenl’z, AK.T acaHOBaz, 3.B. P3aes?

1 .
Hnucmumym guszuonozuu umenu akademura A6oyanwt I apaesa HAH Azepbatioocana
2 < .

Azepbatiodicancras 20Cy0apCmeeHHas akademust Gu3uyecKkol Kyibmypvl U CHOpmda

W3yyanace akKTMBHOCTh CYNEPOKCHAIMCMYTa3bl B CKEJIETHBIX MBIIIIAX HA TKAHEBOM U CYOKJIETOYHOM
YPOBHSX IOA BAMSHHUEM (U3UUECKUX HArpy30K y Kpblc. OOHapykeHbl pa3iuyuusi B U3MEHEHUSX AKTUB-
Hoct CO/l, nu3MepeHHOH B TKaHEBOM TOMOTEHATe, MUTOXOHAPHAIBHON U IUTOIIa3MaTUUECKOH CyO-
¢bpakiusx Oenol U KpacHOM MbIIII gastrocnemius, B OTBET Ha CyOMaKCHMAJIbHBIC M PETYJISPHbIC TPSHHU-
POBOUHBIE HATPY3KHU. DTH Pa3IMUMsl 3aBUCST OT XapakTepa Harpy3KH (OJHOKPATHON MM XPOHHUUYECKOM),
OT BOJIOKOHHOTO COCTaBa (IJIMKOJIMTUYECKOTO WM OKCHIATHBHOTO) MBIIII, a TAKXKE OT CYOKJIETOYHOM
npuHaIeKHOCTH (epmeHTa. B uccienoBaHHBIX MBIIIAX B COCTOSIHUM TIOKOSI aJaNTHBHBIA POCT
aktuBHOCcTH CO/] Ha TKAaHEBOM YpOBHE HE OOHapyKUBaeTcs. B pe3ynpTaTe peryispHON TPEeHUPOBOYHOM
Harpy3Kd UMeeT MECTO aJalTHBHAs WHAYKIUSA akTuBHOCTH MuToxoHApuanpaoit COJl (MCO/l) B Gemoit
(6bICcTpOit) MBIIIIE. B KpacHoi (MeAICHHO) MBIIIIE TPH XPOHUUYECKON HArpy3Ke aJanTHBHAS WHIYKIHS
aktuBHOCTH M-COJ] ciabee, 0JlHAKO MHIYKIMS aKTHMBHOCTH OCTPOU (hM3MYECKOW Harpy3kou (cyOmak-
CHUMaJIbHasl Harpy3Ka) OpOsIBISIETCS CUIIbHEE, YeM B Oesioif Mblmne. B kpacHOW Mplmiie TpeHUPOBaHHBIX
JKUBOTHBIX yBenndenue aktuBHocTH COJ] B mumromnazme (1COJ]) B oTBeT Ha (hU3MYECKYIO HArpy3Ky
CTaHOBUTCSl Oojice yMepeHHbIM. B Oemnoii mprmne akruBHOCTh COJ] He OOHapyXHBaeT alanTHBHBIX
W3MEHEHUN W HE HWHIYNUPYETCH TECTUPYIOMeH (H3MYecKOd HArpy3KoW. AHaN3 CyNepOKCHITUCMY-
Ta3HOW aKTHUBHOCTU B CYOKJIETOYHBIX (PAKLUAX MBI PA3JIMYHBIX THUIIOB MOKET OBITh IOJE3EH AJIS
BBISIBJICHUS X aJalTal[IOHHBIX CBONCTB.

Knrouesvte cnosa: Crenemmuvle mbiuiyvl, (uzuieckas Hazpy3ka, CynepokcuOOUCMymasa, cyoOKiemounvle
@paxyuu
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