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Abstract:

Background: The aim of the study was to evaluate the effect of cyclophosphamide (CPX) and morin-5’-sulfonic acid sodium salt

(NaMSA) on plasma asymmetric dimethylarginine (ADMA) level and dimethylarginine dimethylaminohydrolase (DDAH) activity

in rat liver.

Methods: The study was performed on Wistar rats receiving normal saline, CPX (15 mg/kg/day), NaMSA (100 mg/kg/day) or both

CPX and NaMSA for 10 consecutive days.

Results: Significant decrease in ADMA level was found in all groups when compared to the control. DDAH activity in the liver was

significantly higher in CX group compared to the control group.

Conclusion: Obtained results of ADMA/DDAH pathway parameters require further research.
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Abbreviations: ADMA – asymmetric dimethylarginine, CAT

– catalase, CPX – cyclophosphamide, DDAH – dimethyl-

arginine dimethylaminohydrolase, eNOS – endothelial nitric

oxide synthase, GPx – glutathione peroxidase, GSH – glu-

tathione, iNOS – inducible nitric oxide synthase, HPLC –

high-performance liquid chromatography, MDA – malondial-

dehyde, NaMSA – morin-5’-sulfonic acid sodium salt, NO –

nitric oxide, NOS – nitric oxide synthase, ROS – reactive oxy-

gen species, SOD – superoxide dismutase

Introduction

Asymmetric dimethylarginine (ADMA) is a very well

known risk factor of cardiovascular complications.

ADMA is an endogenous inhibitor of all isoforms of

nitric oxide synthase (NOS), but especially of the en-

dothelial isoform of NOS (eNOS) [18]. Dimethyl-
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arginine dimethylaminohydrolase (DDAH) is an enzyme

responsible for the metabolism of ADMA. It is mainly lo-

cated in the liver but it can also be found in other organs

such as kidneys, brain, adrenal glands, pancreas or testes

[17, 22]. In case of oxidative stress DDAH activity may be

reduced, causing subsequent increase in ADMA level. It

was demonstrated that some antioxidants can preserve

DDAH activity, which indicates that DDAH activity could

be modulated by reactive oxygen species (ROS) [17].

Cyclophosphamide (CPX) is a very well-known anti-

cancer and immunosuppressive drug. Although cardio-

toxicity is not the main adverse effect of CPX, sinus

tachycardia, cardiomyopathy and heart failure are also

noticed following administration of CPX. More rarely,

ventricular or supraventricular tachyarrhythmias (includ-

ing atrial or ventricular fibrillation), angina, myocardial

infarction, myocarditis, pericarditis or even cardiac arrest

were reported [4]. An increased level of nitric oxide

(NO), produced by inducible form of NO synthase

(iNOS) in tissues may be an important reason of some se-

vere adverse reactions. Involvement of NO in pathogene-

sis of those adverse effects of CPX is quite well con-

firmed [1, 16], but still little is known about the impact of

CPX on eNOS activity and/or expression or the influence

of CPX on ADMA level as well as on DDAH activity.

Various studies have shown that substances belonging

to flavonoids exhibit strong antioxidant properties. They

may also influence the NO system. Quercetin inhibits

iNOS mRNA and protein expression. The compound is

also a potent vasodilator in eNOS-dependent manner [15,

25]. Less data are available for water-soluble derivatives

of flavonoids, such as morin-5’-sulfonic acid sodium salt

(NaMSA). It was demonstrated that those compounds ex-

erted low toxicity, possessed antioxidant properties and

might be effective as antidotes in some heavy metals in-

toxications [3, 12]. However, their influence on ADMA

concentration and/or DDAH activity as well as impact on

NOS activity is not known.

The aim of the study was to evaluate the effect of

CPX and NaMSA, given alone or in combination, on

plasma ADMA levels and DDAH activity in rat liver.

Materials and Methods

Animals

Experiment was carried out on Wistar rats of both

sexes (203.5 ± 17.6 g; females: 196.3 ± 15.6 g; males:

210.8 ± 16.7 g) obtained from the Animal Laboratory

of the Department of Pathological Anatomy, Wroclaw

Medical University, Poland. Animals were housed in-

dividually in chambers with a 12:12 h light-dark cycle

and the ambient temperature was maintained between

21 and 23°C. Before and during the experiment, ani-

mals had free access to standard food and water. The

experiment was performed with the consent of the I

Local Ethics Commission for Experiments on Ani-

mals in Wroc³aw.

Chemicals

The following chemicals were used in the study: cy-

clophosphamide (Sigma, Germany), 0.9% NaCl solu-

tion (amp. 10 ml, Polpharma S.A., Poland) and thio-

pental (amp. 0.5 g, Biochemie, Austria). NaMSA was

synthesized in the Department of Inorganic and Ana-

lytical Chemistry, University of Technology in

Rzeszów, Poland, according to the methods described

previously. NaMSA is easily soluble in water and

keeps properties of the parent compound [9, 10].

Experiment

Experimental animals were randomly divided into

four experimental groups (n = 12 each, 6 females and

6 males): group C – receiving 0.9% saline solution at

9 a.m. and 2 p.m.; group CX – receiving CPX at

a dose of 15 mg/kg at 9 a.m. and 0.9% saline solution

at 2 p.m.; group M – receiving 0.9% saline solution at

9 a.m. and NaMSA at a dose of 100 mg/kg at 2 p.m.

and group M-CX – receiving CPX at a dose of 15 mg/

kg at 9 a.m. and NaMSA at a dose of 100 mg/kg at

2 p.m. All studied substances were dissolved in 0.9%

saline solution (4 ml/kg) and were given intragastri-

cally by a tube for 10 consecutive days. Saline solu-

tion (4 ml/kg) was also given by the same route. On

the 11th day of the experiment, blood samples from

the tail vein were collected and thereafter animals

were sacrificed in a deep anesthesia with intraperito-

neal thiopental injection (70 mg/kg). Half of the liver

and one kidney were homogenized on ice, using a ly-

sis buffer (140 mM NaCl, 10 mM EDTA, 10% glyc-

erol, 1% NP40, 20 mM Tris base, pH 7.5) and centri-

fuged at 14,000 rpm for 25 min at 4°C. DDAH activ-

ity was measured in the obtained supernatants.

202 Pharmacological Reports, 2013, 65, 201�207



Measurements of ADMA concentration

ADMA concentration was measured by high-per-

formance liquid chromatography (HPLC) with fluo-

rescence detection according to the method described

in our previous paper [21].

Measurements of DDAH activity

DDAH activity was measured spectrophotometrically

according to the method of Tain and Baylis [19],

adopted to the macromethod for spectrophotometer

MARCEL S350 PRO (Marcel Sp. z o.o., Poland). The

method is based on the rate of L-citrulline production.

Briefly, liver tissue homogenates were mixed with

phosphate buffer, pH = 6.5. One mM ADMA was

added to the samples and samples were incubated at

37°C for 45 min. After the reaction was stopped with

4% sulfosalicylic acid, samples were centrifuged and

oxime reagent (diacetyl monoxime (0.08% w/v) in

5% acetic acid) mixed with antipyrine/H2SO4 (anti-

pyrine (0.5% w/v) in 50% sulfuric acid) reagent was

added. Samples were thereafter incubated at 60°C for

110 min and cooled in ice bath for 10 min. L-citrulline

formation was measured at 466 nm and values were

subtracted of respective blanks (without ADMA).

Standard was prepared as serial dilutions of L-citrul-

line. DDAH activity was represented as µM L-cit-

rulline formation/g protein/min at 37°C.

Total protein concentrations in supernatants of ho-

mogenates were assayed with commercial methods in

a certified laboratory on the Dimension RxL-Max ap-

paratus on Flex kit. Briefly, cuprum cation interacts

with peptide bond in protein in alkaline solution;

amount of Cu(II) complex with blue color, propor-

tional to protein concentration, is measured using bi-

chromatic technique of final point assessment.

Statistical analysis

Data were expressed as the mean values ± standard

deviation (SD). Statistical analysis of the effect of

CPX and NaMSA on ADMA concentration and

DDAH activity in the liver and kidney were per-

formed using analysis of variance (ANOVA). Specific

comparisons were made with Tukey’s test for the

whole population and in the female and male sub-

groups. Hypotheses were considered positively veri-

fied if p < 0.05.

Results

ADMA level was significantly lower in the group re-

ceiving CPX comparing to the control group and was

the lowest in all experimental groups. NaMSA also
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Fig. 1. Plasma asymmetric dimethyl-
arginine (ADMA) concentration (µM)
and liver dimethylarginine dimethyl-
aminohydrolase (DDAH) activity (µM
L-citrulline/mg of protein/min). C – con-
trol group, CX – group receiving CPX
(15 mg/kg), M – group receiving
NaMSA (100 mg/kg), group M-CX –
group receiving CPX (15 mg/kg) and
NaMSA (100 mg/kg). Data are ex-
pressed as the mean ± SD. * p < 0.001
vs. C, ** p < 0.01 vs. C, # p < 0.001 vs.
CX, ## p < 0.005 vs. M-CX, $ p < 0.05
vs. C



significantly decreased ADMA concentration com-

pared to the control group. Significant decrease in

ADMA level was observed in the group receiving

both studied substances and was significantly differ-

ent from the control group and from the group receiv-

ing NaMSA only, but not significantly different from

the CPX-receiving group (Fig. 1).

In the subgroup of female rats ADMA level was also

the lowest in the group receiving CPX and signifi-

cantly different from the level reported for the control

group. Administration of NaMSA alone or of both ex-

amined substances (CPX and NaMSA) similarly sig-

nificantly reduced the level of ADMA in comparison to

the control group. In the male subgroup of rats AMDA

concentrations were significantly decreased when com-

pared to the control group in CPX-receiving group and

in the group receiving both studied substances, but not

in the NaMSA-receiving group. Therefore, significant

difference was also noticed between M-CXM and MM
group. Mean values of ADMA concentrations and de-

tailed comparisons between studied groups are pre-

sented in Table 1.

Liver DDAH activity was the highest in the group

receiving CPX and was significantly higher than in

the control group. In the group receiving NaMSA,

DDAH activity was also increased but the difference

in comparison to the control group was insignificant.

Administration of both substances did not signifi-

cantly changed DDAH activity comparing to the con-

trol group (Fig. 1).

When female and male subgroups of rats were ana-

lyzed no significant differences in DDAH activity

were observed. However, the tendency observed was

exactly the same as for the whole population and the

highest activity of DDAH was measured in CPX-

receiving groups, both in female and male rats. Mean

values of DDAH activities and detailed comparisons

between studied groups are presented in Table 1.

Discussion

It was demonstrated in the experimental studies that

CPX administration led to oxidative stress measured

as malondialdehyde (MDA) concentration as the indi-

cator of lipid peroxidation [11]. The effect was the

most pronounced following administration of large

single doses of CPX [1, 11]. Overproduction of ROS

and reactive nitrogen leads to the induction of oxida-

tive stress in cells and tissues, DNA injury, cellular

damage and necrosis. Moreover, it may contribute to

the pathogenesis of some adverse effects of cyclo-

phosphamide, e.g., hemorrhagic cystitis [24]. Cyclo-

phosphamide may also induce changes in endogenous

antioxidant system including superoxide dismutase

(SOD), catalase (CAT) or glutathione peroxidase

(GPx) activities and glutathione (GSH) level with

SOD as one of the most powerful antioxidant in the
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Tab. 1. Plasma asymmetric dimethylarginine (ADMA) concentrations (µM) and liver dimethylarginine dimethylaminohydrolase (DDAH) activi-
ties (µM L-citrulline/mg of protein/min) in female and male rats. CF and CM – control group; female and male, respectively, CXF and CXM – group
receiving CPX (15 mg/kg); female and male, respectively, MF and MM – group receiving NaMSA (100 mg/kg); female and male, respectively,
group M-CXF and M-CXM – group receiving CPX (15 mg/kg) and NaMSA (100 mg/kg); female and male, respectively. Data are expressed as
the mean ± SD

Group Sex Plasma ADMA
concentration (µM)

p Liver DDAH
activity (µM L-citrulline/mg

of protein/min)

p

Control group (C)
Female (CF) 1.291 ± 0.235 – 0.377 ± 0.100 –

Male (CM) 1.168 ± 0.045 – 0.592 ± 0.201 –

CPX group (CX)
Female (CXF) 0.688 ± 0.109 p < 0.001 vs. C 0.578 ± 0.222 –

Male (CXM) 0.770 ± 0.117 p < 0.001, vs. CM 0.819 ± 0.291 –

NaMSA group (M)
Female (MF) 0.920 ± 0.153 p < 0.005, vs. CF 0.550 ± 0.068 –

Male (MM) 1.151 ± 0.089 p < 0.001 vs. CXM 0.638 ± 0.133 –

CPX with NaMSA group (M-CX)

Female (M-CXF) 0.805 ± 0.085 p < 0.001 vs. CF 0.448 ± 0.119 –

Male
(M-CXM)

0.811 ± 0.081 p < 0.001, vs. CM
p < 0.001 vs. MM

0.559 ± 0.183 –



cells [11]. In our previous work, we have documented

that treatment with CPX in rats resulted in significant

decrease in SOD activity and GSH concentration but

with no impact on CAT activity [13]. Oxidative stress

may subsequently cause decrease in DDAH activity

and elevation in ADMA concentration [17, 22]. Con-

sidering those facts, increased ADMA concentration

along with decreased DDAH activity in the CPX-

receiving group was expected. Results obtained in our

experimental model were quite opposite in this group.

Some authors observed that administration of small

doses of CPX (15 mg/kg, 3 times during the study)

led rather to decrease than elevation in MDA level

[2]. Also in our experimental model of 10 day admini-

stration of CPX in a daily dose of 15 mg/kg we did

not observe any increase in MDA concentration in

CPX-receiving group. We even noticed a significant

decrease in MDA level comparing to the control

group [13]. It may, at least partly, explain significant

decrease in ADMA level and increase in DDAH ac-

tivity in the liver observed in this study. Because pub-

lished data concerning the impact of CPX or other cy-

totoxic and immunosuppressive agents are very

scarce, it is difficult to compare results of our study

with the results obtained by other authors. Single data

show that immunosuppressive therapy may lead to the

decrease of elevated ADMA concentration in e.g., pa-

tients after kidney transplantation [5].

Influence of flavonoids on ADMA level and/or

DDAH activity has been also the subject of many

studies. It was demonstrated that various antioxidants

caused decrease in ADMA level by preserving DDAH

activity. Such effects were demonstrated for both

plant-derived and synthetic compounds [22]. In our

study, NaMSA, a water soluble derivative of morin,

significantly decreased plasma ADMA concentration

comparing to the control group, but an increase in

DDAH activity in the liver was insignificant. Data

concerning effects of flavonoids on ADMA/DDAH

are also limited, but it was shown that quercetin de-

creased ADMA level in healthy volunteers when ad-

ministered twice a day in a 500 mg dose for 4 weeks

[14]. Kaempferol treatment decreased ADMA plasma

concentrations and increased DDAH activity in apoli-

poprotein E-deficient mice [26]. Another flavonoid –

epigallocatechin gallate significantly decreased the

level of ADMA and increased the activity of DDAH

caused by oxidized LDL in endothelial cells [20]. Re-

sults of our study are consistent with the results ob-

tained with different flavonoids by other researchers.

It was also reported that other agents belonging to iso-

flavones e.g., puerarin extracted from Radix puerar-

iae may inhibit LPS-induced iNOS expression by

suppression of NF-kB activation in macrophages [7].

Combination of both substances (CPX and NaMSA)

caused significant decrease in ADMA level compar-

ing to the control group and the group receiving

NaMSA. Mean ADMA concentration in M-CX group

was not significantly different from mean values ob-

tained in the CX group. What is more, in the group re-

ceiving both compounds, the liver DDAH activity

was not significantly increased when compared to the

control group, which did not explain the significant

decrease in ADMA level. Hypothetical explanation of

this effect might be the fact that a decrease in ADMA

level in M-CX group depends more on the action of

CPX and is not directly related to the influence of the

studied substances on the hepatic DDAH activity, but

depends also on other factors e.g., protein arginine

methyltransferase activity – the enzyme responsible

for ADMA synthesis. The explanation of concomitant

action of CPX and flavonoids is especially important,

because the first substance is widely used as immuno-

suppressive drug in autoimmune diseases and fla-

vonoids, as dietary supplements, are used in uncon-

trolled way by many patients who believe in their

beneficial action. Besides, many plants and vegeta-

bles are a rich source of various flavonoids [12].

When sex subgroups of rats were analyzed, similar

changes in ADMA concentrations were observed as in

general population especially in CPX-receiving group

and the group receiving both substances. Only in

males NaMSA alone did not alter the ADMA level.

No significant changes were observed in DDAH

activity between groups. The phenomenon requires

additional studies, because it was observed that in

females estrogens decrease ADMA level together

with activation of DDAH activity [6, 8]. In our study,

no significant differences in DDAH activity as well as

ADMA concentrations were observed between female

and male rats. The age of rats and lack of significant

estrogen stimulation might have been a possible rea-

son, but the level of hormones was not checked.

It is quite well documented that elevated plasma

level of ADMA plays role in the pathogenesis of

many clinical disorders and are observed in such

states as hyperglycemia/diabetes, hypercholestero-

lemia, hypertension or heart failure [22]. Nowadays,

many studies focus on intensive investigations of

well-known drugs with additional (pleiotropic) action
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restoring increased ADMA level [23]. Much less data

are available regarding possible impact of e.g., anti-

cancer/immunosuppressant drugs on AMDA level,

which is not increased by the main disease. Results of

our study, evaluating influence of CPX on ADMA/

DDAH pathway, however preliminary, are the first step

to the further experimental and/or clinical research and

may have clinical relevance in the future.

Conclusions

Significant decrease in plasma ADMA concentration

in the group receiving multiple small doses of CPX

was unexpected and requires further studies espe-

cially in the context of other NO pathway parameters

and in other models of CPX administration, in order

to evaluate the importance and possible mechanism of

such changes.
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