JBUON 2017; 22(1): 162-169

ISSN: 1107-0625, online ISSN: 2241-6293 « www.jbuon.com

E-mail: editorial_office@jbuon.com

ORIGINAL ARTICLE

Nitric oxide synthesis modulation - a possible diagnostic and
therapeutic target in colorectal cancer

Branko Brankovic!, Goran Stanojevic!, Ivana Stojanovic?, Andrej Veljkovic!, Gordana
Kocic!, Predrag Janosevic?, Milica Nestorovic!, Dejan Petrovic!, Boris Djindjic®, Ducica

Pavlovic!, Zoran Krivokapic®

IClinic for Surgery, Clinical Centre Nis, Nis;?Institute of Biochemistry, Faculty of Medicine, University of Nis, Nis; *Institute
of Digestive Diseases, University Clinical Center, School of Medicine, Belgrade;* Clinic for Stomatology, Faculty of Medicine,
University of Nis, Nis; *Institute of Pathophysiology, Faculty of Medicine, University of Nis, Nis, Serbia

Summary

Purpose: Considering the contradictory literature data
about the role of nitric oxide (NO) in colon carcinogene-
sis, the purpose of this study was to examine the changes
of L-arginine metabolites in colon cancer and surrounding
tissue as possible molecular markers of tumor behavior af-
ter surgery and the possibility of NO synthesis modulation
in new individualized therapeutic strategies.

Methods: The study encompassed 50 patients who under-
went surgery for colorectal cancer (CRC). The three tissue
specimens were taken by surgery (tumor, adjacent and
healthy tissue) and the concentrations of NO,+NO,, asym-
metric dimethylarginine (ADMA) and symmetric dimethy-
larginine (SDMA) were determined in the tissue specimens.
Results: The results proved higher NO,+NO, concentra-
tions in adjacent tissue compared to the tumor, implicating
high angiogenic potential of the tumor-surrounding tissue,

Introduction

With approximately 500,000 cases per year
[1], CRC is one of the leading causes of cancer
morbidity and mortality in the world [2]. A signif-
icant proportion of patients with stages I, II and
IIT disease could be treated by surgery alone or
in combination with chemotherapy, and present
high survival rates compared to those with stage
IV [2,3]. Even if the primary treatment is surgi-
cal, adjuvant therapy is applied routinely in pa-

which could have clinical importance in the assessment of
the probability of tumor local recurrence and metastasis. In-
creased ADMA concentrations in tumor tissue associated with
low NO levels, could lead to new therapeutic strategies directed
to the use of inhibitors of NO synthesis as ideal candidates for
molecular therapy of CRC. ADMA concentration in adjacent
tissue was an independent predictor of distant metastasis.
Conclusions: The obtained results suggest that determi-
nation of the examined biomarkers in CRC and adjacent
tissue samples could give useful information about tumor
proliferative and angiogenic potential, which in turn could
enable individualization of therapy and the choice of prop-
er adjuvant therapy in patients with CRC.

Key words: ADMA, arginine, colorectal cancer, metasta-
ses, nitric oxide, SDMA

tients with high risk for tumor recurrence or in
those who have metastatic disease at the time of
diagnosis. It is of essential importance to identi-
fy those subgroups of patients that could bene-
fit from adjuvant chemotherapy, and, at the same
time, to avoid the potential toxic effects of ex-
cessive treatment and the unnecessary financial
burden on the budget of the health system [4-06].
The improvement of the efficacy of postoperative
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adjuvant chemotherapy in early-stage CRC should
not be based only on the discovery of new drugs,
but also on the possibility of individualized treat-
ment based on tumor molecular characteristics.
Therefore, in clinical practice, the key objective is
the discovery of prognostic markers which could
accurately predict the clinical and biological be-
havior of the tumor.

NO, the gaseous intra- and intercellular sig-
naling molecule, controls a broad spectrum of
biological functions in human body, including
regulation of vascular tone, gastrointestinal mo-
tility, programmed cell death, proliferation and
neurotransmission [7]. It is synthesized from the
semi-essential amino acid L-arginine in reaction
with NADPH and oxygen catalyzed by the en-
zyme nitric oxide synthase (NOS). Constitutive-
ly expressed, Ca*-dependent isoforms of NOS,
nNOS (NOS-1, expressed in nervous tissue) and
eNOS (NOS-3, endothelial enzyme) produce small
amounts of NO in response to physiological stim-
uli. The induction of expression of iNOS (NOS-
2, inducible and Ca?-independent) is stimulated
by cytokines and some microroganism products.
Once induced, iNOS can produce NO for a long
time and in high concentrations, thus multiplying
the organism exposure to its damaging effects [8-
12]. In such situations, directly or mediated by its
derivatives, NO nonselectively destroys tissues,
causing mitochondrial dysfunction, protein tyro-
sine nitration, thiol group nitrosylation, electro-
lyte disbalance, etc. [11].

NO is a lipophilic molecule which easily dif-
fuses across cell membrane, thus exerting its ef-
fects on surrounding cells from the site of synthe-
sis [12,13]. The importance of NO is determined
by its interaction with target molecules, available
at the moment, forming a variety of metabolites
which mediate its roles [14]. The metabolic plu-
ripotency of NO and the possibility of its metab-
olites’ further reactions, as well its influence on
other metabolic pathways explain the wide spec-
trum of its biological effects, both physiological
and pathological, and, frequently, quite paradox-
ical.

Arginine availability for NO synthesis in bi-
ological systems is regulated by its cellular entry
mediated by transport systems on cell membrane,
but, also by the activities of other metabolic path-
ways it is involved in. It has been also suggested
that biosynthetic pathways of L-arginine are coor-
dinated in the sense of arginine level modulation,
related also to the synthesis of NO [15].

Methylated arginines, NG-monomethyl-L-ar-
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Figure 1. Methylated arginines synthesis and degrada-
tion.

ginine, NG,NG-dimethyl-L-arginine (ADMA) and
NG,N’G-dimethyl-L-arginine (SDMA) are synthe-
sized by the methylation of L-arginine residues
in proteins [106]. All three arginine derivatives are
present in circulation. They are released upon pro-
teolysis of posttranslationally methylated arginine
residues in proteins [17]. Arginine methylation is
regulated by the family of specific protein arginine
methyltransferases (PRMT) type I (PRMT], 3, 4, 6
and 8) and type II (PRMT5,7 i FBXO11) (Figure 1)
[16]. PRMT1 synthesizes ADMA, while SDMA is
synthesized by the action of PRMT?2 [18,19].

ADMA is competitive NOS inhibitor. It has
been proved that high ADMA concentrations (be-
tween 2 and 10 micromol/L) significantly inhibit
NO production, so ADMA could be an important
factor in the modulation of NO biological effects.
Valance et al. [20] confirmed that high ADMA con-
centrations have an important role in pathologi-
cal processes in which pathogenetic mechanisms
were mediated by NO. ADMA is degraded under
the influence of dimethylarginine dimethylami-
nohydrolase (DDAH) followed by the formation of
dimethylamine and L-citruline [21].

The other methylarginine, SDMA, is not NOS
inhibitor, but it can compete with L-arginine for
cationic amino acid membrane transporter for
intracellular arginine intake from extracellular
space. Thus, SDMA indirectly influences NO syn-
thesis, decreasing arginine availability for NOS
catalyzed reaction [22].

The main causes for ADMA accumulation are
increased protein methylation and metabolism,
decreased DDAH activity and reduced urinary
ADMA excretion [23]. Most frequently, ADMA
concentration increase, with consequent NO in-
crease, occurs due to the diminished activity of
DDAH in inflammation and oxidative stress [24],
which could be of importance in carcinogenesis.

Considering the dual role of NO in both phys-
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iological and pathological processes, it is not
surprising that there is an increasing number of
investigations of NO role in the pathogenesis of
different diseases, including CRC, in the last de-
cade [25-27]. Unfortunately, the results of these
studies are controversial and the mechanisms of
its actions in disease have not been defined yet.

Methods

Patient and tumor specimen preparation

The study encompassed 50 patients hospitalized

at the Department of Colorectal Surgery of Clinic of Sur- |

gery, Clinical Centre Nis. All of them underwent colon
resection for CRC adenocarcinoma. Three tissue speci-
mens were taken for study (tumor tissue specimen, spec-
imen of tumor surrounding tissue/adjacent tissue and
normal colonic mucosa specimen (healthy tissue more
than 10 cm from tumor border - at the incision margin).

Immediately after surgery, the tissue specimens
were washed in cold saline and kept at -20°C. Then,
the tissues were cut into small pieces and homoge-
nized using Ultra Turray IKA T18 basic homogenizer
with teflon pestle (IKA-Werke GmbH & Co.KG, Staufen,
Germany). The homogenates were frozen at -20°C until
biochemical analyses were performed.

Biochemical analyses

The biochemical part of the research was done at
the Research Centre for Biomedicine and Institute for
Biochemistry, Faculty of Medicine, University of Nis.
In the 3 tissue specimens the following parameters
were determined: nitrite+nitrate (NO,+NO,) concentra-
tions, as the measure of NO production, and ADMA and
SDMA concentrations.

NO,+NO, determination in tissue homogenates

In the presence of oxygen NO is rapidly oxidized
to stable nitrites and nitrates products. Therefore, the
concentration of NO,+NO, has been used as the marker
of NOS activity and endogenous NO production. Tissue
NO,+NO, concentration was determined using method
of Navaro-Gonzalvez et al. [28], based on Griess reaction.

ADMA and SDMA concentrations determination in tissue
homogenates

ADMA and SDMA concentrations were determined
by HPLC methodology according to Pi et al. (2000) on
HPLC apparatus (Agilend Technologies, Santa Clara,
California, USA) with fluorimetric detection, modified
according to our conditions [29].

Protein determination in tissue homogenates

Tissue proteins were determined according to the
method of Lowry et al. [30].
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Results

NO,+NO, concentration in tumor, adjacent and healthy
colon tissue homogenates

NO,+NO, concentration in colon cancer tis-
sue (58.608+22.789 nmol/mg prot) was statisti-
cally significantly lower (p<0.001) in comparison
to healthy tissue (81.556+38.182). In the adjacent
tissue, NO,+NO, concentration (85.100+37.972)
was significantly (p<0.001) higher compared with
tumor tissue (Figure 2).
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Figure 2. NO2+NO3 concentrations in tumor, adja-
cent and healthy colon tissue. Vertical boxplot. The
boundaries of the box are Tukey’s hinges. The median is
identified by a line inside the box. The length of the box
is the interquartile range (IQR) computed from Tukey’s
hinges. Values more than 1.5 IQR but less than 3 IQR
from the end of the box are labeled as outliers (o).
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Figure 3. ADMA concentrations in tumor, adjacent and
healthy colon tissue. Vertical boxplot. The boundaries
of the box are Tukey’s hinges. The median is identified
by a line inside the box. The length of the box is the in-
terquartile range (IQR) computed from Tukey’s hinges.
Values more than 1.5 IQR but less than 3 IQR from the

end of the box are labeled as outliers (o).
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ADMA and SDMA concentration in tumor, adjacent and
healthy colon tissue homogenates

ADMA concentration in colon cancer tissue
(870.0+370.1 nmol/mg prot) was statistically
significantly higher (p<0.001) compared to the
healthy tissue (446.5£249.7 nmol/mg prot). The
concentration of ADMA in the tumor surrounding
tissue (709.6+465.6 nmol/mg prot) was similar
compared to the tumor tissue, but it was also sig-
nificantly increased compared to healthy tissue
(p<0.001) (Figure 3).
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Figure 4. SDMA concentrations in tumor, adjacent and
healthy colon tissue. Vertical boxplot. The boundaries
of the box are Tukey’s hinges. The median is identified
by a line inside the box. The length of the box is the in-
terquartile range (IQR) computed from Tukey’s hinges.
Values more than three IQR from the end of a box are
labeled as extreme, denoted with an asterisk (*). Values
more than 1.5 IQR but less than 3 IQR from the end of
the box are labeled as outliers (0).

SDMA concentrations in colon cancer tissue
(89.22+38.90 nmol/mg prot) were significantly in-
creased (p<0.001) in comparison with the healthy
tissue values (53.11+33.32 nmol/mg prot). In ad-
jacent tissue, SDMA concentration (90.62+57.26
nmol/mg prot) was similar to that in tumor tis-
sue, but also significantly higher that the value in
healthy tissue (p<0.001) (Figure 4).

NO,+NO,, ADMA and SDMA association analyses

Correlation analysis revealed a trend for pos-
itive association between NO,+NO, and ADMA
values in tumor, adjacent and healthy colon tissue
(Figure 5).

A similar trend of positive association could
also be seen between NO,+NO, and SDMA values in
tumor, adjacent and healthy colon tissue (Figure 06).

The predictive significance of ADMA and
SDMA concentrations in tumor, adjacent and
healthy tissue for the occurrence of metastases
during 5-year period was analyzed using binary
regression analysis (backward logistic regression
model), and the results are presented in Table 1.

In the used model (Backward LR), ADMA con-
centration in adjacent tissue proved to be the only
independent predictor for occurrence of metasta-
ses (OR 1.003, 95%CI 1.000-1.006, p<0.05), while
ADMA concentration increase for one unit in the
surrounding tissue increased the risk for metasta-
sis by 0.3%.

Discussion

Cellular NO concentration could be con-
trolled by regulating the L-arginine availabili-
ty for its synthesis, NOS activity, as well as the
levels of ADMA and SDMA, the methylated ar-
ginine derivatives. Protein arginine methylation
(R-methylation), the form of protein posttransla-
tional modification, and ADMA and SDMA biolog-
ical and pathophysiological functions are poorly
understood despite the numerous data about the
important role of PRMT enzymes family in the
regulation of transcription [31-33]. But, it soon be-
came clear that ADMA and SDMA could influence
NO production, so their determination could be of
importance in understanding the mechanisms of
NO synthesis control and the possibility of nitro-
sative stress modulation in numerous pathologi-
cal states, including carcinogenesis.

The first literature data about ADMA in hu-
man cancers appeared in 2010. Yoshimatsu et al.
[34] were the first to prove serum ADMA concen-
tration increase in patients with different kinds of
cancers. In the same study, they found over-ex-
pression of PRMT1 and PRMTG6 isoenzymes in
cancer tissue samples.

Literature data about ADMA levels in colon
cancer patients are scarce. In the only published
study, the authors have proved increased serum
ADMA concentration in patients with colon can-
cer in comparison with healthy subjects [35]. The
same authors studied ADMA influence on cell
proliferation and apoptosis in in vitro LoVo colon
cancer cell line culture and proved that the treat-
ment of cancer cells with ADMA diminished cell
death caused by doxorubicin, but had no impact
on normal fibroblast viability. ADMA suppresses
Fas (APO-1/CD95)/JNK activation in signal path-
way activated by doxorubicin.

The increase of ADMA occurs most probably
as a consequence of the increased PRMT activity.
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Figure 5. Association between NO,+NO, and ADMA values.
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Figure 6. Association between NO,+NO, and SDMA values.
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Table 1. The predictive significance of ADMA and SDMA concentrations for metastasis appearance in binary

regression model

95% CI or EXP(B)

B SE daf Sig Exp(B)
Lower Upper
ADMA_O 0.03 0.05 1.00 0.56 1.03 0.94 113
SDMA_O -0.16 0.29 1.00 0.59 0.86 049 1.50
ADMA_T 0.00 0.01 1.00 0.96 1.00 0.98 1.02
Step 12 SDMA_T -0.03 0.11 1.00 0.76 0.97 0.79 1.20
ADMA_Z 0.05 0.10 1.00 0.59 1.06 0.87 1.29
SDMA_Z -0.54 12.02 1.00 0.60 0.58 0.08 4.34
Constant -11.21 15.85 1.00 048 0.00
Step 6 ADMA_O 0.00 0.00 1.00 0.03 1.00 1.00 101
Constant -5.88 217 1.00 0.01 0.00

aVariable(s) entered on step 1: ADMA_O. SDMA_O. ADMA_T. SDMA_T. ADMA_Z. SDMA_Z; Model: backward LR

It seems that these enzymes have a critical role in
the regulation of cancer cell lines growth, since it
has been reported that PRMT1 or PRMT6 knock-
down suppresses cancer cells’ growth. Northern
blot analyses showed that PRMTG expression
was very low in normal tissues, pointing out that
PRMT1 and PRMT6 inhibitors could be ideal can-
didates for molecular targeted cancer therapy and
focusing the interest on investigations on the pos-
sibilities of PRMT inhibitors use in cancer thera-
py [36-38] in the last few years.

Meanwhile, it is necessary to mention that
in the conditions of inflammation and oxidative
stress there is reduced activity of DDAH (ADMA
degradation enzyme), which could be one of the
possible explanations for the increased ADMA
concentration in tumor tissue found in our study
[39,40]. Moreover, Aggarwal et al. [39] proved
that, in inflammation, the targeted DDAH over-ex-
pression could significantly inhibit ADMA ac-
cumulation, suggesting the possibility of using
DDAH activity stimulation in adjuvant therapy of
the pathological process formed on the basis of
inflammatory background.

Also, in chronic hypoxia, present in cancer
tissue, there is disbalance between vasodilation
and vasoconstriction towards favoring the second
one, and which is due to increased ROS produc-
tion, eNOS inhibition and reduced NO synthesis.
Kumarasamy et al. [41] found PRMT1 responsible
for this disbalance related to increased ADMA
production and the consequent eNOS inhibition.
This hypothesis could also offer explanation for
the low NO concentrations found in tumor tissue
of the patients in the present study.

The other methylated arginine, SDMA, is not
NOS inhibitor, but it has been reported that it
has an impact on the intensity of NO production,
since it competes with L-arginine for the same

plasma membrane transporter [42,43], thus influ-
encing L-arginine intracellular concentration and
its availability for NO synthesis. Besides, SDMA
metabolism is related to the inflammatory pro-
cess. Scheper et al. [44] showed that, in inflamma-
tion, SDMA activated NF-kB, leading to increased
TNF-a and IL-6 production. So, it is considered
that SDMA proiflammatory effect, together with
its impact on increased free radical production
[45] and indirect influence on NOS represent the
potential mechanisms of SDMA effects in colon
carcinogenesis.

The proved high ADMA levels in tumor tissue
and the tumor surrounding tissue in our study,
could point out ADMA antiapoptotic effects,
which would characterized ADMA as a prognostic
marker for tumor invasion potential. Our hypoth-
esis has been proved by the association analyses
of ADMA values and the clinical outcome of our
patients, which revealed that ADMA could be an
independent predictor of metastasis.

Taking into account the established role of
NO in different tumors’ transformation into an-
giogenic phenotype in the process of neovascu-
lization [46], the results of this study showed
lower NO concentrations in tumor tissue com-
pared to the adjacent tissue, pointing out high
angiogenic potential which could have clinical
importance in the assessment of the probabili-
ty of tumor local recurrence. Increased ADMA
and SDMA concentrations in tumor tissue as-
sociated with low NO levels, could make the
basis for new therapeutic strategies targeting
NO synthesis (the use of NO synthesis inhibi-
tors as ideal candidates for molecular therapy
of CRC). ADMA concentration in adjacent tissue
was proved to be an independent predictor of
distant metastasis. The obtained results suggest
that determination of the examined biomarkers
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in CRC tissue samples, after surgery, could give
useful information about tumor proliferative
and angiogenic potential, which could enable
individualization of therapy and the choice of
proper adjuvant therapy.

In our future prospective research on L-ar-
ginine metabolism in colon carcinogenesis with
higher number of patients, we’ll focus on the pre-
cise definition of all the molecular players (in-
cluding polyamines, methylated arginines, etc.)
involved in the complex network of signal trans-
mission related to proliferative and angiogenic
potential of colon cancer cells supported by asso-
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