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EFFECTS OF RADICAL OXYGEN SPECIES AND NO: FORMATION
OF INTRACELLULAR HYPOXIA AND ACTIVATION OF MATRIX
METALLOPROTEINASES IN TUMOR TISSUES
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Aim: To establish the association between the radical oxygen species (ROS) and NO levels in the tumor cells mitochondria, between cell
hypoxia development and activation of matrix metalloproteinases—2 and -9. Materials and Methods: Electron paramagnetic resonance
(EPR) at room temperature and at the temperature of liquid nitrogen (77 'K), spin traps technology, enzymography in polyacrylamide
gel were applied. Results: Redox-centers in the respiration cascade of mitochondria have been revealed, multiple oxidative damage of
which in breast and liver cancer tissues of experimental animals as well as in tumor tissue from patients with gastric cancer promote
the development of cell hypoxia. Involvement of ROS and NO in activation of latent forms of matrix metalloproteinases in gastric
tumor tissues has been shown. Conclusion: We hypothesize that superoxide radical-anions participate in development of cell hypoxia
in tumors and surrounding normal tissues inducing activation of latent forms of matrix metalloproteinases.
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In last few years the mechanisms of oxidative stress
are in the focus of many investigators, mainly because
of their role in etiology and pathogenesis of many dis-
eases, in particular malignant tumors. Oxidative stress
includes wide spectrum of different processes associ-
ated with each other, such as increased cell production
of superoxide radical-anions (O,7), nitric oxide (NO),
down regulation of functional efficiency of enzymatic
and non enzymatic ROS detoxication systems, and
oxidative damage of molecular structures of the cells.
Different agents can trigger oxidative stress: inher-
ited and induced genetic abnormalities (mutations),
chemical carcinogens, ionizing radiation, stochastic
events which include fluctuation of metabolic pathways
and the level of cell redox-components.

Most oxidative metabolic pathways, redox-transfer-
ase and active centers, that are able to single electron
reduction of the oxygen with superoxide radical-anions
production, are localized in mitochondria [1-5]. Except
ROS, mitochondria are a source of radical forms of NO
(RFNO). NO is synthesized by mitochondrial form of
NO synthases (mNOS) and/or as result of nitrite (NO, ")
reduction, depended on status of electron transferring
mitochondrial chain [6, 7].

From our point of view, the data on ROS activate
expression of some matrix metalloproteinases (MMP)
in epithelial and connective tissues are of special value
[8-10].

It has been shown, that ROS could provide such
activation through transcription factors that regulate
MMP expression [8]. MMP is a family of Zn-containing
endopeptidases, which have ability to destroy com-
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ponents of the extracellular matrix (collagen, gelatin,
elastin) and are important for physiological processes,
linked with tissue reconstruction such as embryogen-
esis, morphogenesis, angiogenesis, reparation [8, 11].
Itis well known, that tumor cells and connective tissues
induce synthesis of the enzymes (MMP is one of them),
which eliminate physical barriers by proteolysis of
extracellular matrix macromolecules thatis obligatory
condition for invasion and metastasis [11, 12].

Today we know nearly 20 types of MMP, that differ
by substrate specificity and are divided on 5 subgroups:
collagenases, stromelysins, gelatinases, membrane
binding MMPs and the group of poorly studied MMPs
[8, 11, 12]. Most investigators study the group of ge-
latinases, that decompose gelatin (type IV collagen),
basic structural protein of basement membranes. These
include so called gelatinases A and B, or MMP-2 and
MMP-9 respectively. Now there are the data on up-regu-
lated activity of these enzymes at different pathological
states, including tumor progression [8, 13-15].

Basic control of total MMPs activity consists
the regulation of their synthesis, activation and the
suppression of their activity by specific tissue inhibi-
tors (TIMP). MMP synthesis on transcription level is
regulated by cytokines, hormones, growth factors,
oncogenes, products of extracellular matrix degra-
dation. Then MMP secretion appears in cell in latent
proenzyme form (proMMP). Activation of the proen-
zyme, according to the current point of view, can be
performed via few different pathways. It is well known
that membrane bound MMP and TIMP play important
role in this process [8,11-13].

The main goals of our investigation were: to deter-
mine redox-centers in mitochondria respiration cas-
cade, which are sensitive to ROS and RFNO damage,
and to establish correlation between this damage and
the rate of the ROS and RFNO production in tumor and
normal tissues during chemical carcinogenesis in rats
and in human gastric cancer; to study mechanisms of
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MMP-2 and MMP-9 latent forms activation in gastric
tumors and in normal surrounding tissues.

MATERIALS AND METHODS

Subjects of investigation. Intotal, 94 rats, bredin
vivarium of the R.E. Kavetsky Institute of Experimental
Pathology, Oncology and Radiobiology, NAS of Ukraine
(Kiev, Ukraine), and fed with chow diet, were used. All
animal experiments were carried out according to the
rules of local Ethic committee. To induce the devel-
opment of breast adenocarcinoma, female rats were
treated with 7,12-DMBA, and to induce hepatomas,
male rats were treated with NDEA according to [6].
Postoperated material from 48 patients with primary
gastric cancer (T,N M, differentiation stage G2), have
been investigated [12]; these tissue samples include
tumor tissue, normal surrounding tissue (all layers of
gastric wall) and peripheral blood samples used for
isolation of neutrophils.

EPR assay. The rate of superoxide radical-anions
generation was assessed in tissue and blood neutro-
phils by using EPR and 2,2,6,6-tetramethyl-4-oxypi-
peridin spin trap at room temperature in special quartz
cuvette. NO level was determined by diethylditiocarba-
mide spin trap (Sigma, USA). Level of RFNO in complex
with non-haem Fe-S proteins in electron transferring
chains of mitochondria membrane was revealed at
temperature of liquid nitrogen (77 'K) [6].

Determination of MMP-2 and MMP-9 latent
forms activation by superoxide radical-anions and
RFNO. Taking into account that neutrophils may gen-
erate ROS and RFNO [17], cell suspension prepared
from tumor tissue and control tissue (1 g of fresh tis-
sue) was incubated with blood neutrophils (1000 cells)
in sodium phosphate buffer (pH 7.4) at 37 °C for 12 h,
then centrifuged 5 min at 3500 rpom. MMP activity was
determined in the supernatant, RFO and RFNO levels
were assessed in pellet.

Concentration of MMP-2 and MMP-9 latent and
active forms were determined by enzymography in
12% polyacrylamide gel with SDS and 0.1% of gelatin
as substrate [18]. Electrophoresis was carried out at
+4 °C, 150 V for 4 h. After protein separation, gel was
washed in 2.5% Triton X-100 solution, then incubated
in buffer with CaCl, (pH 7.5) for 18 h at 37 °C, fixed
and stained with 0.25% Coumassie brilliant blue and
visualized as described earlier [18]. Estimation of
proteolytic activity was done by measurement of the
area of lysis zone, using standard kit for MMP-2 and
MMP-9 (Sigma, USA). Results were evaluated using
standard program TotalLab1.01.

Statistical analysis was performed using computer
programs Statistics 6.0 and Excel 2003. For comparison
ofvariables, mean * standard deviation, Student’s t-crite-
rium, unifactorial dispersal analysis (ANOVA) were used.

RESULTS AND DISCUSSION

We have analized EPR spectra of experimental
breast adenocarcinoma and hepatoma and gastric
tumor tissues. Triplet structures with g = 2.007 in EPR
spectra (Fig. 1-3) reflect the degree of mitochondrial

membrane electron-transfering chain damage caused
by RFNO. Intensity of the signal alteration in EPR spectra
of tumor tissues correlates with the level of NO produc-
tion. The level of NO synthesized by mNOS in liver tissue
samples (29 weeks after administration of carcinogen,
when microscopic hepatomas were firstly visualized),
reached 4.2 = 0.05 nM/g of fresh tissue (Fig. 1). In
hepatoma mitochondria (when tumor diameter was
1.5-2 cm), the level of RFNO was 5.3 = 0.07 nM/g of
fresh tissue, while for normal tissue this parameter was
1.5+ 0.08 nM/g of fresh tissue (Fig. 1).
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Fig. 1. EPR spectra of liver and hepatoma tissues upon tumor de-
velopment. 1 — hepatoma (1-2 cmin the diameter); 2,3 — liver
containing microcsopical hepatoma nodes; 4 — intact liver

Formation of nitrosil complexes at the different
stages of hepatoma development (NO-Fe-S-proteins
of mitochondria respiration chain), visualized as triplet
structures in EPR spectra (see Fig. 1), induces the
loss of functional activity by mitochondria through the
damage of electron transporters. The electron loss
occurs from the mitochondrial electron-transporting
chain, process of four-electrons total reduction of the
O, molecule to the H,O disrupts. At these conditions,
the initiation of the superoxide radical-anions in the
mitochondrial respiration chain appears, the level of
which significantly increases and 2 to 3 times exceeds
the control value. At this stage efficiency of balance
between oxidation and phosphorylation disrupts, that
could be the cause of the development of cell hypoxia.
We have detected the formation of the NO complexes
with non-haem Fe-S-proteins in energetic system of
breast adenocarcinoma cells at different stages of
tumor development, NADH-ubichinonoxidoreductase
and succinatedehydrogenase in particular, the level of
which damage correlates with NO accumulation (Fig. 2).
In tumors with diameter of 5 cm, NO level yielded 4.8 +
0.09 nM/g of fresh tissue, and in tumors with size not
more than 1.0 cm, it was 3.6 = 0.04 nM/g of fresh tis-
sue. It has to be emphasized, that in lactating mammary
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gland the level of NO was 1.65 = 0.06 nM/g of fresh tis-

sue. The rate of superoxide radical-anion generation in

tumor specimens exceeds control values (see Fig. 2).
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Fig. 2. EPR spectra of mammary carcinoma upon tumor de-
velopment.1 — mammary carcinoma (3-5 cm in the diameter);
2,3 — mammary carcinoma (0.5-0.8 cm in the diameter);
4 — lactating mammary gland

We have found similar damage of the components
of mitochondrial electron-transporting chain in gastric
tumors and surrounding normal tissues, caused by
RFNO associated with Fe-S-proteins, and the inten-
sity of such damage correlates with the level of NO
synthesis in studied tissues (Fig. 3).

2. 07 2. 03 2. 00 1. 94
Fig. 3. EPR spectra of gastric cancer (1) and normal surround-
ing tissue (2)

The NO level in gastric tumors samples reached
5.5+0.02 nM/g of fresh tissue, while in normal gastric

tissues NO levelwas 0.24 + 0.05 nM/g (see Fig. 3). The
rate of superoxide radical-anion generation in gastric
tumors and in normal gastric tissues was 1.8 nM/g of
fresh tissue per min and 0.41 nM/g of fresh tissue per
min respectively.

So, interaction of NO with the components of mito-
chondrial electron-transporting chain could to be criti-
cal for the formation of cell hypoxia, since the damage
of NADH- ubichinonoxidoreductase and succinatede-
hydrogenase occurs, leading to incomplete reduction
of oxygen in the process of oxidative phosphorylation,
increase of the oxidative and NO stresses. In the case
of NADH-ubichinonoxidoreductase, NO interacts
with its components in the presence of low molecular
weight S-nitrozothiols or peroxynitrite, which are able
to transnitrozation or oxidation of the thiol components
in this site of respiration chain. In succinatdehydroge-
nase, NO binds to its Fe-S-clusters, impairing electron
transport in this branch of the chain.

NO can reacts with reduced forms of ubichinone,
with the formation of NO™ and ubisemichinon radical.
This reaction occurs at low rate in those branches of
mitochondrial electron-transporting chain, where in-
creased NO concentration appears, leading to forma-
tion of peroxynitrite [19]. NO-initiated inhibition of the
cytochrom c¢ oxidase activates generation the super
oxide radical-anion, which is the source of the perox-
initrite formation in this branch of respiration chain,
initiating secondary damage of the redox-centers and
the increase of cell hypoxia [20-23].

Analyzing our data, we can conclude, that down-
regulation of electron transfer in mitochondrial respi-
ratory chain, recalled by interaction of NO radicals
with its components, induces superoxide radical-
anions generation, interrupts the balance between
the processes of oxydation and phosphorylation and
promotes cell hypoxia.

Taking into account the data, that the level of cell
hypoxia correlates with MMP-2 and MMP-9 activities
in tumor cells [24], we have investigated the effect of
the radical forms of oxygen and NO on the activity of
these proteases in gastric cancer tissue and normal
surrounding tissues.

It was found out, that during the incubation of
gastric tumor cell suspension with neutrophils from
the same patients, the level of O, generation was
2.56 nM/5.7-103 cells/min, the level of MMP-2 activity
was 190ng/g of fresh tissue, pro-MMP-2 — 290 ng/g
of fresh tissue, and the same parameters for MMP-9
were 310 ng/g of fresh tissue and 360 ng/g of fresh
tissue, respectively. Simultaneously, the levels of
MMP-2 and pro-MMP-2 activity in this tissues after
their incubation with neutrophils, which generated
radicals of oxygen with the rate of 5.2 nM/5.7-10°
cells/min, were 400 ng/g of fresh tissue and 80 ng/g
of fresh tissue, respectively. At the same conditions,
the level of MMP-9 was 600 ng/g of fresh tissue, and
pro-MMP-9 - 70 ng/g of fresh tissue. Otherwise,
high levels of superoxide radical-anions generation
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correlated with the increase of MMP-2 and MMP-9
expression (Fig. 4).
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Fig. 4. Activities of MMP-2 and MMP-9 in gastric cancer tissue
after incubation with neuthrophils of peripheral blood

We have established a direct positive correlation
between MMP-2 and MMP-9 activities and the level
of NO, produced by neutrophils from the patients with
gastric cancer. So, when the level of NO in incuba-
tion media was 2.55nM/5.3-108 cells, the levels of
MMP-2 and pro-MMP-2 were 180 ng/g of fresh tissue
and 300 ng/g of fresh tissue, respectively. Indices of
MMP-9 and pro-MMP-9 activities were 320 ng/g of
fresh tissue and 160 ng/g of fresh tissue, respectively.
Whilst the NO level was 4.51 nM/5.3-108 cells, MMP-2
activity was 490 ng/g of fresh tissue, and that of pro-
MMP-2 - 50 ng/g of fresh tissue. MMP-9 activaty
reached a value of 450 ng/g of fresh tissue (Fig. 5).
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Fig. 5. Activities of MMP-2 and MMP-9 in gastric cancer tissue
after incubation with neuthrophils of peripheral blood.

In the normal surrounding tissues, we have ob-
served the same alterations of MMP-2 and MMP-9
activities, but they were less pronounced than those
in tumor tissues.

The obtained results allow suggest that high levels
of superoxide radical-anions and NO are able to acti-
vate latent forms of MMP-2 and MMP-9. Discussing
possible mechanisms of such activation, we should
note that latent forms of MMP-2 and MMP-9 contain
pro-domain, carrying conservative sequence in ac-
tive center that includes a residue of Cys and Zn?'.
Activation of pro-enzyme occurs by dissociation of
Zn%*-Cys bond [18]. We suppose that the break of
Zn?*-Cys-bond occurs via interaction with superoxide
radical-anion and/or radical forms of NO, that serve
as thiol-modifying agents, thus activating the latent
form of enzyme.
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APDEKTbI PAAUKAJIbHbIX dOPM KUCJTIOPOOA U OKCUAA ASOTA:
dOPMUPOBAHUE BHYTPUKJIETOYHOW TMNOKCUN N AKTUBALIUA
MATPUKCHbIX METAJIJIONPOTEUHAS B ONYXOJIEBOA TKAHU

I]eab: ycTaHOBUTH B3aUMOCBSI3b MEK/IY YPOBHSMHM 00PA30BAHUS PAIMKAIBHBIX ()OPM KHCJIOPOJA M OKCHIA a30TA B MUTOXOHIPHSIX
KJIETOK OMYX0JIEBbIX TKAHEI, PA3BUTHEM KJIETOYHOI IHIIOKCHM U AKTUBHOCTBIO MATPUKCHBIX MeTAJLIONpOTenHAa3 — 2 u —9. Memodo::
3JIeKTPOHHDIIi IAPAMATHUTHBII Pe30HAHC NP KOMHATHOI TeMIiepaType u Temmeparype xkuakoro a3ora (77 °K), rexnosorus Spin Traps,
3umorpadus B OJMAKPUIAMUIHOM refie. Pe3yabmamoi: BbIsSIBIEHbI PEIOKC-LIEHTPBI B AbIXATEILHOM LN MUTOXOH/IPHii, MHOKECTBEHHbIE
OKHCJIMTEJIbHbIE TOBPEKIeHHsI, KOTOPbIe NMPH KAHIEPOreHe3e B MOJIOYHBIX JKejie3aX, MeYeHH IKCHePUMEHTAIBHBIX JKMBOTHBIX U B
OIyXOJIeBOI TKAHN OOJILHBIX PAKOM JKeJyIKa CHOCOOCTBYIOT PA3BUTHIO KJIETOYHOU MMIIOKCHM; NMOKA32aHO YYacTHe CYMEepPOKCHIHBIX
PaIMKAI-AHHOHOB M OKCH/IA 230TAa B AKTUBALMH JIATEHTHBIX ()OPM MATPHKCHBIX METAJLUIONPOTENHA3 B TKAHH PaKa xKeJynka. Boieodst:
BBICKA3aHO NPeINoJIozKeHne, 4To B opMHPOBAHMH KJIETOYHOI THIIOKCHH B OITyXOJIH ¥ PWIETAIOHMINX HOPMAJIbHBIX TKAHSIX NPUHUMAIOT
yyacTie CynepoKCHIHbIE PATMKAJI-AHHOHBI, KOTOPbIE AKTHBHPYIOT NPH 3TOM JIATEHTHbIE (JOPMBI MATPUKCHBIX METAJLIONPOTEHHA3,
Katouegbie cr06a: Kanueporenes, KJI€TOYHAS THIIOKCHS, PaMKaIbHbIE OPMbI KHCIOPOA, OKCHI A30Ta, MUTOXOHIPUM, MATPUKCHBIE
MeTaJUIONPOTEUHA3DI, 3IeKTPOHHBIIi APAMATHUTHBII PE30HAHC.

Copyright © Experimental Oncology, 2006



