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Abstract High levels of reactive oxygen (ROS) and nitrogen
(RNS) species can lead to the destruction of extracellular ma-
trix facilitating tumor progression. ROS can activate matrix
metalloproteinases (MMP), damage DNA and RNA.
Therefore, the levels of MMP, ROS and RNS can serve as
additional prognostic markers and for the estimation of the
effectiveness of tumor therapy. Concerning gastric cancer,
the prognostic role of MMP, its connection with the cancer
staging remains controversial and correlations between the
activity of MMP with the ROS and RNS levels are insuffi-
ciently confirmed. Superoxide generation rates, nitric oxide
(NO) levels, concentrations of active forms of matrix metal-
loproteinases MMP-2 and MMP-9 in tumor and adjacent tis-
sues of patients with stomach cancer at different disease stages
were measured by electron spin resonance (ESR) including
spin-trapping and polyacrylamide gel zymography. It is
shown that the activity of MMP-2 andMMP-9 in tumor tissue
correlate with the superoxide radicals generation rate and NO
levels (r =0.48÷0.67, p<0.05). The activity of MMP-2 and
MMP-9 in tumor tissues and superoxide radical generation
rates correlate positively with the stage of regional

dissemination (r= 0.45 and 0.37, correspondingly, p<0.05),
but MMP-2 and MMP-9 activity inversely depends on distant
metastatic degree of stomach cancer (r = 0.58; p < 0.05).
Additionally, the feasibility of ESR to locally determine oxi-
dative stress is demonstrated.
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Introduction

Despite the reduction in incidence, stomach (gastric) cancer
(SC) is still the second most frequent cause of cancer related
death worldwide [1]. According to the Russian national sta-
tistics, 38,318 new SC cases were diagnosed in 2011, and the
most of them on the latest disease stages III-IV [2]. In Ukraine
in 2013 SC took the second and third places in the structure of
men and women cancer related mortalities, correspondingly,
though only the fourth (men) and the eights (woman) inci-
dence places in the hierarchy of tumor diseases [3].
Diagnosis of gastric cancer in the early stages is difficult be-
cause of the lack of simple and cheap methods of inspection
and specific markers of gastric cancer while the symptoms of
the disease are vague and tend to overlap with other common
and benign conditions [4]. It is expected that better diagnostic
tools combined with advances in molecular and genetic anal-
ysis will allow better tumor characterization and more indi-
vidualized treatment planning. Patients can then be evaluated
with the optimal modalities for their particular type of tumor
and be given the best multimodality treatment [4].

Reactive oxygen and nitrogen species (ROS/RNS) are con-
sidered as potential diagnostic and prognostic markers in
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many types and stages of cancer and targets for the therapeutic
treatments [5–9]. For example, depending on the generation
rate, duration of exposure, localization, and types of the me-
tabolites that can be produced, superoxide radicals (O2

•) can
provoke a wide range of cells’ responses [10]. At low levels
the superoxide radicals function as mitogenes, they promote
cell poliferation and survival. At the intermediate levels O2

•

can cause a short stopover or a complete arrest of the cell cycle
and induce cellular differentiation [11]. At high generation
rate O2

• can easily react with the membrane lipids causing
membrane permeability changes, genomic instability as a re-
sult of the genome oxidative modification, etc. Proteins’mod-
ifications can lead to the lowering or changing the catalytic
activity of some ferments and sensitivity of the proteins to the
proteolytic degradation. In that case the superoxide radicals
initiate cells apoptosis or necrosis [12, 13]. At the rates of the
superoxide radical generation for which the vital activity of
the cells irreversibly alters, O2

• can act as a messenger in some
intracellular signaling cascades leading to cancer progression.

The effects of nitric oxide (NO) and superoxide an-
ion radicals in the enhanced permeability and retention
(EPR) effect for the tumor-selective delivery of macro-
molecular agents (nanomedicines) are reported and used
[14]. In cancer tissues and in carcinomatosis infection
stimulates O2

• generation via activation of xanthine ox-
idase while generating NO by inducing NO synthase.
These chemicals function in mutation and carcinogene-
sis and promote inflammation, in which peroxynitrite (a
product of O2

• and NO) activates matrix metalloprotein-
ases (MMP), damages DNA and RNA.

MMP-2 and MMP-9, also known as gelatinase A and
gelatinase B, belong to a zinc-dependent family of endo-
peptidases implicated in a variety of physiological process-
es as well as in pathological conditions. They are consid-
ered to be the major MMPs involved in invasion and
metastasis of cancer because of their capacity to degrade
the important components of basement membranes - gela-
tin, laminin, nidogen, type I and IV collagens [8, 9,
15–19]. Nevertheless, the prognostic role of MMP-2, for
example, in gastric cancer and its connection with the
cancer staging remains controversial [20]; correlations be-
tween the activity of MMP with the NO levels and super-
oxide radicals generation are insufficiently confirmed. In
the recent large-scale study, it was found that he smallest
among the matrix metalloproteinases matrilysin (MMP-7)
coupled with p53 analysis can serve as promising factor to
predict outcome of Stage II/III gastric cancer [21]. On that
basis a new staging classification is proposed.

The purpose of this work is to find correlations between the
superoxide and nitric oxide generation rates, levels of active
forms of MMP-2 and MMP-9 in tumor and adjoining tissues
between each other and with the disease stages for SC
patients.

Materials and Methods

We have investigated the samples of tumor and adjunct tissues
(taken at the distances of 1.5, 2.5 and 5.0 cm from the tumor)
of 48 patients with stomach cancer (T2-4, N0-2, M0-1, G1 –
G4 according to the Seventh Edition of the American Joint
Committee of Cancer classification [22], where T factor is the
degree of wall penetration of the primary tumor; N factor is the
status of lymph node metastasis; M factor shows the presence
of distant metastasis and G describes the grade of the cancer),
who were treated at the Kyiv City Clinical Cancer Center. All
participants expressed their prior written consent to take part
in the research and to use the tissues obtained by surgery for
the research purposes. The study was approved and guided
under the control of the Bioethical Committee at the R.E.
Kavetsky Institute.

The investigated group consisted of 33 men and 15 women
with the average age of 58± 10.5 year at the next disease
stages: stage I - 8 patients, stage II - 12 patients, stage III –
17 patients and stage IV – 11 patients. 24 of them (50 %) had
lymph nodes metastasis while 6 (12.5 %) had distant metas-
tasis. According to the G- grade the patients were classified as
G1 – 4 patients, G2 – 9, G3 – 22 and G4 – 13 patients. The
diagnosis, stage of the disease and presence of metastases
were verified morphologically in accordance with the require-
ments of evidence-based medicine (during the relevant clini-
cal and instrumental examinations).

The tissue species for the investigations were frozen and
kept in special molds in liquid nitrogen (T=77K). Electron
spin resonance (ESR) measurements were conducted at room
(RT) and liquid nitrogen temperatures on RE-1307 (USSR)
and ESP-300 (Bruker, Germany) X-band (9 GHz) spectrom-
eters. (Here we use abbreviation ESR instead the more widely
accepted EPR for electron paramagnetic resonance to avoid
confusions with the abbreviation for enhanced permeability
and retention effect introduced in the previous section). For
the RT studies the samples were then unfrozen. The ESR
spectrometers were used in continuous-wave (cw) mode by
using conventional modulation technique. The spectrometers
handling, data collection and analysis were carried out with
the home-made personal computer interfaces and self-written
software.

Spin traps 1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine
hydrochloride (TEMPONE-H, Sigma-Aldrich, USA) and Fe/
diethyldithiocarbamate (Fe/DETC) were exploited to extract
the rates of superoxide O2

• generation and nitric oxide NO
concentrations in the investigated tissues, correspondingly, at
RT by ESR. The technical details of ESR measurements and
sample preparations with spin-traps are given in our previous
papers [7, 23, 24].

Concentrations of MMP-2 and MMP-9 in samples both in
active and latent forms were determined by gelatine
zymography - the polyacrylamide gel electrophoresis-based
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method with using sodium dodecyl sulfate (SDS). The details
of the corresponding analysis are given in [23].

Results and Discussion

It is known [23, 24] that ESR is sensitive to the changes in the
mitochondrial electron transport chain (ETC). Signal with
g=1.94 is related to the activity of the iron-sulfur cluster N2
of NADH: ubiquinone oxidoreductase, also called respiratory
complex I. Signal with g≈2.00 is usually ascribed to the free
radical centers practically completely localized in mitochon-
dria - semiquinones of flavoproteins found in the inner mem-
brane of mitochondria and coenzyme Q semiquinones
(ubisemiquinones, USQ). Signal with g≈2.007 characterizes
a generation of NO and N types FeS-protein complexes.
Signals with g=2.25 and g=2.42 are connected with the cat-
alytic cycle of the cytochrome P-450 which serves as a natural
detoxifying agent of the body.

Figure 1 shows typical ESR spectra of tissues taken at
different distances from the tumor at T=77K. The most dis-
tant tissue (5 cm from the tumor, curve 1) has a characteristic

for the Bhealthy^ tissues set of signals; O2
• generation rate is

measured to be 0.25±0.18 nmol/g/ min, NO level is 1.5±0.15
nmole/g.

As one approaches the tumor (curve 2 in Fig. 1), ESR
signal from cytochrome P-450 disappears. The amplitude of
the N2-NADH signal with g=1.94 decreases (in 3.5 times in
Fig. 1) while the amplitudes of ubisemiquinones (at g≈2.00)
and NO-FeS complexes (at g≈2.007) grow up significantly
(up to 6.7 times in Fig. 1 as compared to curve 1). These
indicate that the mitochondrial cells lose their functional ac-
tivity connected with the oxidative phosphorylation.

In the close vicinity to the tumor, the ESR spectra of the
adjunct tissues (curves 2 and 3, Fig. 1) are practically identical
to the tumor tissue ESR of stage I patients (cf. Fig. 2). The
values of the increased ROS and RNS levels depend on the
exact distance of the adjunct tissues from the tumor one and in
these cases are measured to be in the range from 1.9
±0.23 nmol/g /min to 5.0±0.38 nmol/g /min for the O2

• gen-
eration rate (i.e. up to 20 times higher than in a norm) and from
2.0±0.15 nmol/g till 6.0±0.49 nmole/g (i.e. up to 4 times
higher than in a norm) for NO.

Typical ESR spectra of tumor tissues of patients at different
disease stages, which correspond to different invasion and

Fig. 1 ESR spectra of the stomach tissue cells taken at the different
distances from the tumor. Curve 1–5 cm from the tumor; curve 2–
2.5 cm from the tumor; curve 3 – stomach wall tissues (1.5 cm from the
tumor). The magnetic field strength and corresponding g-factors are
shown along the x-axis. The dashed lines indicate the ESR features un-
dergoing the prominent transformations. The details of the ESR lines
assignment are given in the text

Fig. 2 Comparison of ESR spectra of tumor tissues (2–4) of patients at
different disease stages. Curve 1 – stomach tissue (5 cm from the tumor);
2 – SC in stage I; 3 – SC in stage II; 4 – SC in stage III. The dashed lines
indicate the ESR features undergoing the prominent transformations with
SC stage. The details of the ESR lines assignment are given in the text
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tumor metastasis levels, are shown in Fig. 2. As it was already
mentioned above, there are no ESR signals with g=2.25 and
2.42 that characterize the functioning of Р-450. The intensities
of the signals with g =1.94 and 2.00 which related to the
activity of FeS protein in sulfur cluster N2 of NADH: ubiqui-
none oxidoreductase and mitochondrial ubisemiquinones de-
creases with the disease stage. The increase of the NO-FeS
complexes leads to the growth of signal with g≈2.007 with
the disease stage number. The structureless line at g≈2.007
slightly broadens and starts to reveal a resolved three line
pattern caused by the influence of nuclear magnetic moment
of 14N in NO-FeS complexes. At the same time, the superox-
ide generation rate in tumor tissues grows up with the disease
stage from 0.65 ± 0.19 nmol/g/min (stage I) to 2.5
±0.26 nmol/g/min (stage IV) while NO level increases from
2.1±0.22 nmol/g (stage I) to 3.5±0.31 nmol/g (stage IV). In a
norm these parameters are 0.25±0.18 nmol/g/min and 1.5
±0.15 nmol/g, correspondingly.

Figure 3 demonstrates that that the tumors of the patients
with metastasis (N0-2М1) are characterized by the superoxide
generation rates that are in 1.3 times higher (p<0.05) than the
same values in the tumors of patients with metastasis in re-
gional lymph nodes, but without distant metastasis (N1-2М0)
and almost 3 times higher than that for the patients without
metastasis (N0М0). The same tendency is to observe for NO
levels in SC tissues: distant metastasis and regional lymph
nodes metastasis increase the NO levels inmore than 1.5 times
in comparison to the tumor tissue without metastasis
(p<0.05). It is revealed that the superoxide generation rates
and NO levels correlate positively with the regional (r=0.63
and 0.69, correspondingly, p<0.05) and distant (r=0.72 and
0.43, correspondingly, p<0.05) SC metastasis.

The concentration of the active forms of MMP-2 varies
from 0.1 to 52.8 μg/g with the mean value of 8.2±4.9 μg/g.
For MMP-9 the corresponding values are in the range from
0.05 to 28.8 μg/g, the mean one is 8.3±5.9 μg/g. No statisti-
cally reliable correlations between the activity of both
gelatinases with the sex and age of patients were found. No
statistically reliable correlations between the activities of both
gelatinases with T stage was found. But as Fig. 4 demon-
strates, the concentrations of active forms of MMP-2 differ
significantly for G1 and G2-G4 stages (p<0.05) with the
maximum at stage G3. Concentration of active forms of
MMP-9 slightly grows up according to G grade in 1.7 times
but the difference is not statistically reliable (p>0.05).

We found that the activities of both MMP-2 and MMP-9 in
SC tissues correlate with the superoxide radical generation
rate and NO levels (r=0.48 ÷ 0.67, p<0.05). Besides that,
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all the values pointed above positively depend on the disease
stage (r=0.59 ÷ 0.71, p<0.05).

The connection between the MMP-2 andMMP-9 activities
in the SC and metastasis level was also analyzed. Though the
concentrations of active forms of both gelatinases in tumor
tissues for N1-2 are higher than for N0 (see Fig. 5), the statis-
tically reliable difference was not revealed (p>0.05). At the
same time, the MMP-2 activity inversely depends on M cate-
gory: MMP-2 activity for the patients without distant metas-
tasis is in 2 times higher than that for the patients with metas-
tasis (p<0.05). The maximal activation of latent forms of
MMP-2 in tumor tissues testifies the significant destruction
of the extracellular matrix at the disease stages for which the
metastases are not revealed clinically, i.e. on the stage of me-
tastases formation or tumor cells dissemination. These results
are in accordance with the models suggesting that tumor cells
can create favorable for their invasion and subsequent prolif-
eration microenvironment in so-called niches by using appro-
priate signal pathways [22, 23].

Our experiments show that MMP-2 and MMP-9 activities
in SC tumor (as well as superoxide radical generation rates
and NO levels) correlate positively with the regional metasta-
sis (r=0.45 and 0.37, correspondingly; p<0.05) but MMP-2
activity in contrast to other values inversely correlate with the
distant metastasis (r=0.58; p<0.05). In other words, at the
presence of distant metastasis the tumor tissue is characterized
by high values of NO levels and superoxide generation rates
but by the low activities of MMP-2. The nature of this MMP
Bdown-regulation^ is still not totally clear.We can suggest that
in this case a disintegration of the signalling pathways in-
volved in activation of MMP occurs.

Conclusion

In this work it is shown that the activity of MMP-2 andMMP-
9 in tumor tissue correlate with the superoxide radicals gener-
ation rate and NO levels (r=0.48÷0.67, p<0.05). The activity
of MMP-2 and -9 in tumor tissues and superoxide radical
generation rates correlate positively with the stage of regional
dissemination (r=0.45 and 0.37, correspondingly, p<0.05),
but MMP-2 and MMP-9 activity inversely depends on distant
metastatic degree of stomach cancer (r=0.58; p<0,05).

The tumor cells are characterized by the re-programmed
mitochondrial metabolism, the high level of cells hypoxia,
defective redox system and unbalanced concentrations ofmol-
ecules that determine the aggressive phenotype of the tumor. It
becomes apparent that the proliferation, migration and the
tumor invasion correlate with the disease progress.
Measuring the redox state of tumor tissue (among them the
superoxide generation rate, NO level, activity of MMP-2 and
MMP-9) can be used as a supplementary objective tool in

diagnostics. Moreover, the effectiveness of the anticancer
therapy can be additionally controlled in this way.
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