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Abstract Increase of nitric oxide production resulted in
the development of oxidative-nitrosative stress that is
considered to be an etiological cause of many diseases,
including diabetes mellitus (DM). Recently, it was found that
red blood cells (RBCs) are able to produce nitric oxide (NO),
and due to the ability of hemoglobin to bind to nitric oxide,
are the main depot of NO. Medicinal mushrooms are widely
used in the correction and treatment of many diseases,
including diabetes. Our previous results showed that
Agaricus  brasiliensis and Ganoderma lucidum have
hypoglycemic effects and improve the functional state of
RBCs. In this study, the influence of submerged cultivated
mycelium powder (SCMP) of the abovementioned
mushrooms on the red blood cells L-arginine/NO system of
streptozotocin-induced DM rats was investigated. Wistar
outbread white rats were used in the study. Streptozotocin
was intraperitoneal injected one time at a dose of 50 mg/kg
body weight. Mushroom preparations were orally
administered at a dose of 1 g/kg/day for 14 days. We showed
that administration of medicinal mushrooms SCMP to
diabetic animals caused restoration of NO-synthase activity,
normalized nitrite content (in case of A. brasiliensis), and led
to nitrate growth. Therefore, treatment with mushroom
mycelia normalizes the production of nitric oxide to
physiological values.
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1. Introduction

Diabetes mellitus (DM) is characterized by a slow lesion
progression of both small (microangiopathy) and large
(macroangiopathy) vessels. The classic trio of diabetic

microangiopathies is retinopathy, nephropathy, and
neuropathy. Most epidemiological investigations showed
that chronic hyperglycemia is the main cause of vessel
tissues damaged during diabetes mellitus. It is assumed that
the detrimental effects of enhanced blood glucose levels are
manifested in the intensification of oxidative stress and
development of endothelial dysfunction [1]. Endothelial
dysfunction is manifested in the lack of synthesis or
bioavailability of nitric oxide (NO) [2] due to a reduction of
its production and/or inactivation by reactive oxygen species
produced either by glycated proteins or directly from
vascular endothelium [3].

Nitric oxide is an unstable, high-reactive, gaseous
molecule with a short half-life, which is produced by
enzymatic and non-enzymatic pathways and involved in
numerous metabolic pathways and transformations.
Enzymatic synthesis of NO is controlled by different
isoforms of NO-synthase (NOS) (EC 1.14.13.39), which in
the presence of molecular oxygen and several cofactors
(calcium  ions, calmodulin, NADPH-H', flavin
mononucleotide, flavin adenine dinucleotide, and
tetrahydrobiopterin) catalyze the conversion of L-arginine to
NO and L-citrulline [4].

There are three main isoforms of NO-synthase — neuronal
(NOS1 or nNOS), inducible (NOS2 or iNOS), and
endothelial (NOS3 or eNOS) [1]. NOS1 and NOS3 are
constitutive forms whose activity is modulated by the
increase of intracellular concentration of calcium. They
produced low amounts of NO that are important for
physiological processes such as neuronal signaling,
inhibition of the hemostatic system, and vasodilation and
blood pressure control [S]. NOS2 is an inducible isoenzyme
which expression controlled by inflammation and
pro-inflammation mediators [4]. NO amounts synthesized by
iNOS are relatively high (a magnitude of 3 orders higher than
production of constitutive isoforms) and involved in defense
reactions of the organism, inflammation reactions,
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oxidative-nitrosative stress, etc. [5].

In recent years the NO-dependent signaling in red blood
cells and the role of hemoglobin in NO metabolism [6] were
intensively discussed. To date, RBCs have been considered
as a major scavenger and depot of NO. However, functional
active isoforms of enzymes that structurally and functionally
resemble eNOS and iNOS were found in the cells [7, 8, 9]. It
is known that NO produced by RBCs is involved in cell
deformation ensuring their passage through micro vessels
[10]. In addition, nitric oxide can diffuse from RBC into the
plasma where it inhibits the activation and aggregation of
platelets, and leukocytes adhesion and migration [5].

Red blood cells also play an important role in maintenance
of the nitric oxide pool in the bloodstream. Redundant NO
diffuses from plasma into the cells where, with participation
of hemoglobin, it converted into stable products. Thus, the
interaction of nitric oxide with oxyhemoglobin leads to
formation of nitrate anions and methemoglobin. Also,
nitrites can interact with oxyhemoglobin [11]. Hemoglobin
shows nitrite-reductase activity, which signifies the
reduction of nitrites to molecular NO by deoxyhemoglobin.
This reaction contributes to RBC-dependent vasodilation

during hypoxia that often accompanies diabetes mellitus [11].

Except for the metabolic transformations of nitric oxide,
hemoglobin is also involved in processes of its deposition.
NO binding to the hem group of deoxyhemoglobin produced
iron nitrosyl hemoglobin (HbNO) and binding to the thiols
group of globin, — formed S-nitrosohemoglobin (HbSNO).
The conformational change that occurs during oxygenation
of HbNO in the lungs is thought to induce a transfer of the
NO to an adjacent thiol on the cysteine group of B-chain,
producing HbSNO [3]. S-nitrosohemoglobin is a vasodilator
whose activity is allosterically regulated by O,. During
deoxygenation of HbSNO, its conformational transition
(from R-state to T-state) initiates the releasing of NO [12].

NO deficiency leads to the impairment of such processes
as fibrinolysis, interaction of platelets and leukocytes with
vessel walls, regulation of vessels tone, proliferation of
smooth muscle cells, blood pressure homeostasis, etc. [13].
Equally damaging is the overproduction of nitric oxide
produced mainly by iNOS activation [14, 15]. Excessive NO
synthesis can lead to the development of nitrosative stress
caused by reactive nitrogen species, primarily peroxinitrite
[16, 17]. The latter caused nitration and nitrosilation of
protein, lipid peroxidation, DNA damage, and ultimately
leads to cell death [1, 18].

The use of preparations from medicinal herbs and
mushrooms become more popular every year. Unlike
synthetic medicine used in modern pharmacotherapy, natural
preparations do not cause disturbances and complications
because of its natural origin and composition. To date, there
are a few investigations that indicate the medicinal
mushrooms’ use in regulation of NO synthesis and secretion
by the cell involved in immunological responses (i.e.,
leukocytes, macrophages). In all of these studies,
investigators used some extract or specific substances
received from medicinal mushrooms [19]. But there is no

data about the use of mushrooms in the regulation of nitric
oxide synthesis by RBCs both in normal conditions and
under different pathologies.

Therefore, the aim of the present study was to investigate
the effect of submerged cultivated mycelium powder (SCMP)
of Agaricus brasiliensis and Ganoderma lucidum on
oxidative pathway of L-arginine metabolism and content of
stable NO-metabolites in red blood cells of rats with
streptozotocin-induced diabetes mellitus

2. Materials & Methods

2.1. Mushroom Material

Mushrooms’ strains were obtained from the culture
collection of Mycolivia Ltd. (Israel) and maintained on malt
extract agar plates at 5°C. Chemical composition and
nutritional value of submerged culture mycelia of
mushrooms were presented [20]. Condition of mushroom
cultivation and receipt of biomass are described in our
previous article [21].

2.2. Animals and Experimental Design

The study was conducted on Wistar outbred white male
rats weighing 150-180 g. The animals had free access to food
and water in normal conditions of the vivarium (a 12-hour
light and darkness cycle at 22°C + 2°C and 55% + 5%
relative humidity). The experiments were performed in
accordance with ethical standards set forth by the First
National Congress on Bioethics (Kyiv, Ukraine, 2001),
which conforms to the provisions of the European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes Directive of
24 November 1986 (86/609/ECC) and were approved by the
Bioethics Committee of Ivan Franko National University of
Lviv, and to the Law of Ukraine “On protection of animals
from cruel behavior” of 26.02.2006.

The rats were divided into the following six groups: 1 —
control (CON); 2 — control animals treated with A.
brasiliensis powder (COA); 3 — control animals treated with
G. lucidum powder (COG); 4 — streptozotocin-induced
diabetic rats (STZ); 5 — streptozotocin-induced diabetic rats
treated with A. brasiliensis powder (STA);, 6 -
streptozotocin-induced diabetic rats treated with G. lucidum
powder (STG). Each group consisted of 6-8 rats. DM was
induced by a single intraperitoneal injection of
streptozotocin (Sigma, USA) in the dose of 50 mg/kg of
body weight dissolved in 10 mM citrate buffer (pH=5.5).
Blood glucose concentrations were measured in 72 hours and
in 14 days after the induction of DM by the glucose oxidase
method with the help of a reagent kit (“Felisit-Diagnostyka”,
Ukraine). The animals used in the experiment had glucose
levels exceeding 14 mM.

On day 15, after the diabetic induction, the rats began to
receive a daily dose of 1 ml of powdered mycelia of the
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mushrooms prepared in saline in the ratio corresponding to a
dose of 1 g/kg of body weight.

The preparation was administered perorally using feeding
needles for 14 days. On day 15 of the SCMP administration
(day 30 of experiment), the rats were decapitated under light
ether anesthesia. Blood samples were taken for the study
with the addition of heparin (heparin: whole blood 50 U:1
ml).

2.3. Preparation of Red Blood Cell Lysates

Three times washed RBCs were hemolyzed by distilled
water in the ratio 1:2. Obtained hemolysates were used for
determination of L-arginine, nitrite, and nitrate anions
content and for measure of NO-synthase activity.
Deproteinization of lysates performed by adding 96%
ethanol in the ratio 1:2 was followed by centrifugation for 20
min at 3,000 rpm [22].

2.4. Determination of Total NO-synthase Activity

Total NOS activity was determined in RBC lysates. The
samples (0.02ml) were mixed with 0.21 ml of the substrate
mixture (phosphate buffer saline (pH 7.4); | mM MgCl,, 1
mM CaCl,, 30 uM L-aprinin, 100 pM NADPH-H") for 30
min at 37°C. Protease inhibitors (0.5 mM aprotinin (Sigma,
USA), pepstatyn (Sigma, USA) and 10 mM
phenylmethanesulfonyl fluoride (Sigma, USA)) were added
to substrate mixture directly before the measurement. The
reaction was stopped by 96% ethanol and followed by
centrifugation for 20 min at 2,500 rpm. The supernatant (0.1
ml) was mixed with Griess reagent (0.1 ml). The obtained
mixture was incubated for 30 min at 37°C. Control samples
consisted from substrate mixture with protease inhibitors and
deproteinized lysate. Extinction was measured at 540 nm.
The results were calculated using a calibration graph for
standard solutions of sodium nitrate. NOS activity was
expressed in pmol of newly produced NO,™ per min per 1 mg
of protein [23].

2.5. Determination of L-arginine Content

The concentration of L-arginine was measured in red
blood cells and plasma using the method described by Weber
[24]. Briefly, 1 ml of sample was mixed with 0.2 ml of 10%
NaOH and 0.2 ml of 0.02% a-naphtol alcohol solution added
one after another. After a 5-min incubation, 0.04 ml of 2%
sodium hypobromite solution was added. Next, after 15 s, a
0.2 ml of 40% urea solution was added. Extinction was
measured at 500 nm after a 5-min incubation. The control
sample contained 1 ml of distilled water instead of lysate.
Concentration of amino acid was determined according to
calibration graphs for standard L-arginine solutions. All
reagents were cooled and procedures were conducted at 0°C.

2.6. Nitrite-anion Content Determination

0.1 ml of deproteinizated supernatant of red blood cells
was mixed with 0.1 ml of Griess reagent (consisted of equal
parts of 0.05% N-(1-naphthyl)-ethylenediamine
dihydrochloride and 1% solution of sulfanilamide in 5% HCI)
and incubated mixture for 30 min at 37°C. Control samples
contained the same amount of distilled water instead of the
supernatant. Extinction was measured at 540 nm. The results
were calculated by the calibration graph, which was built
using standard solutions of sodium nitrite [25].

2.7. Determination of Nitrate-anion Concentrations

The concentration of nitrite anions was calculated as a
difference between total content of nitric oxide metabolites
and content of nitrite anions. To determine total content of
stable NO metabolites, a prior reduction of nitrates to nitrite
was performed. Vanadium (III) chloride was used as a
reducer. Deproteinized supernatant, VCl; and Griess reagent
were mixed in equal amounts. The mixture was incubated for
30 min at 37°C. The control sample contained distilled water
instead of the supernatant. Extinction was measured at 540
nm. The results were calculated using a calibration graph for
standard solutions of sodium nitrate [25].

All measurements were carried out in 96-well flat-bottom
plates using the microplate spectrophotometer Epoch
(Biotek, USA).

The concentration of protein in the samples was estimated
by the Lowry method [26]

2.8. Statistical Analysis

All results were displayed as means + SEM. The Student
t-test was used for the evaluation of the differences between
treatment groups and control groups. After a f-value is
determined, p-value can be found using a table of values
from Student's ¢-distribution. P<0.05 was considered
significant.

3. Results
Our investigations showed an increase of total
NO-synthase activity by 36.5% in rats with

streptozotocin-induced diabetes mellitus compared with
controls (Fig. 1).

Administration of SCMP of A4. brasiliensis to CON group
did not cause changes of enzyme activity, whereas
administration of G. lucidum SCMP led to decreased total
NO-synthase activity by 39.0% compared with control
animals (Fig. 1). 4. brasiliensis and G. lucidum SCMP
administered to diabetic rats led to the lowering of total NOS
activity by 30.1% and 22.0%, respectively, compared with
the STZ group (Fig. 1).
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Figure 1. Total NO-synthase activity in rat RBCs in control (CON),
streptozotocin-induced diabetic (STZ) and SCMP-treated groups. Values
expressed as the means = SEM (n = 6-8 per group). NOS activity was
expressed in pmol of newly formed NO, /min per 1 mg of protein * —
P<0.05, all groups vs. CON group. * — P<0.05, all groups vs. STZ group.
COA - control animals treated with A. brasiliensis powder; COG — control
animals treated with G. lucidum powder; STA — streptozotocin-induced
diabetic rats treated with A.  brasiliensis powder; STG —
streptozotocin-induced diabetic rats treated with G. lucidum powder.
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Despite the strengthening of oxidation conversion of
L-arginine in RBC, the content of this amino acid was
increased by 22.2% in the red blood cells of diabetic rats
compared with healthy animals (Fig. 2A). However, it
should be noted that concentration of L-arginine in plasma of
diabetic animals did not change (Fig. 2B).

In the COA group we observed the reduction of L-arginine
content in RBC (by 34.9%) whereas in the COG group this
parameter did not change compared with control animals
(Fig. 2A). L-arginine concentration in plasma of the
abovementioned groups was at the same level as that in the
CON group (Fig. 2B).

In diabetic rats administration of A. brasiliensis did not
cause changes in the intracellular content of L-arginine
whereas plasma concentration of this amino acid increased
by 8.5% compared with non-treated diabetic animals. G.
lucidum SCMP administration to diabetic animals caused
decreases in L-arginine concentrations both in RBCs (by
32.5%) and plasma (by 13.6%) compared with STZ group

(Fig. 2).
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Figure 2. Concentration of L-arginine in red blood cells (A) and plasma (B) of control (CON), streptozotocin-induced diabetic (STZ), and SCMP-treated
rats. Values expressed as the means + SEM (n = 6-8 per group). * — P<0.05, all groups vs. CON group. * — P<0.05, all groups vs. STZ group. COA — control
animals treated with 4. brasiliensis powder; COG — control animals treated with G. lucidum powder; STA — streptozotocin-induced diabetic rats treated with
A. brasiliensis powder; STG — streptozotocin-induced diabetic rats treated with G. lucidum powder.
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The main product of the NO-synthase reaction is nitric
oxide. Because of its short half-life, direct determination of
the NO content is quite complicated and almost impossible.
Consequently, to assess the effectiveness of NO synthesis
levels of nitrites and nitrates (end stable metabolites of nitric
oxide) are measured. Moreover, their levels are a clinical
indicator of NO metabolism [27].

The content of nitrite anions decreased by 17.6% and the
nitrates level increased by 19.1% in diabetic animals
compared with control group (Table 1). Administration of
the medicinal mushroom SCMP to control animals showed
oppositional changes of nitrite and nitrate anions content.
We observed significant growth of NO, in the COA group
(by 24.6%) while levels of nitrate did not change compared
with control rats. In the COG group nitrite anions content
stayed at the same level as in the CON group while
concentration of NO;™ increased by 34.7% (Table 1).

The renewal of nitrite anions concentration to control
values has been observed in diabetic rats treated by A.
brasiliensis SCMP, whereas G. lucidum administration did
not cause changes of this index (Table 1). But, we observed a
significant increase of nitrate concentration in red blood cells
of STA and STG groups compared with both control and
untreated diabetic animals (Table 1).

Table 1. Content of stable metabolic products of NO in RBCs of control,
diabetic, and SCMP-treated rats

NO,, pmol/mg of protein NOs, pmol/mg of protein
CON 169.01 + 4.35 63.02+3.10
COA 210.59 +4.77° 70.94 + 8.30
COG 171.34+5.39 84.88 +5.29"
STZ 139.23 +4.70" 75.05+4.27
STA 172.14 £ 5.26" 103.27 £ 6.66™*
STG 132.69 + 5.44" 128.12 £2.99"#

Values are expressed as the means + SEM (n=6-8 per group). * — P<0.05, all
groups vs. CON group. “— P<0.05, all groups vs. STZ group. CON — control
animals; COA — control animals treated with A. brasiliensis powder; COG —
control animals treated with G. lucidum powder; STZ -
streptozotocin-induced diabetic animals; STA — streptozotocin-induced
diabetic rats treated with A. brasiliensis powder; STG -
streptozotocin-induced diabetic rats treated with G. lucidum powder.

4. Discussions

NO-synthase has three main isoforms and it was shown
that in red blood cells there are at least two functioning types
of the enzyme [7, 9]. According to the literature data, it could
be assumed that enhancement of total NOS activity was due
to increased activity of the inducible isoform of enzyme.
Inhibition of constitutive NOS and activation of inducible
NOS under diabetes mellitus and other pathologies (i.e.,
cardiomyopathy) were observed by other authors [9, 16, 22].
Administration of medicinal mushrooms SCMP revealed
normalization of total NO-synthase activity in diabetic
animals. Obtained results can be explained by the reduction
of iNOS activity caused by active compounds that are in the
mycelium of investigated powders. In one study it was

shown that extracts received from G. lucidum led to the
lowering of iNOS mRNA expression in human monocyte
cells stimulated by lipopolysaccharide [28]. Triterpens
obtained from this mushroom inhibit secretion of nitric oxide
in macrophage cell lines [29].

L-arginine as the main substrate for NOS is a natural
biological source of NO and at the same time is a limiting
factor of NO synthesis [30]. It was shown that the lack of this
amino acid in cells leads to reduction of nitric oxide
synthesis by NOS and facilitates the switching of the enzyme
to produce the superoxide anion radical [31]. The latter
interacts with NO to form peroxynitrite, which further
depletes the pool of available NO in the cell [17]. The lack
and reduced bioavailability of L-arginine causes numerous
defects, 1i.e., endothelial dysfunction, atherosclerosis,
cardiovascular diseases, etc. [32].

Increased content of arginine in RBCs of diabetic rats can
be explained by its transport from plasma, intracellular
synthesis from L-citrulline (re-synthesis) and, to a lesser
extent, intracellular proteolysis [33]. Re-synthesis of
L-arginine is an important mechanism of maintenance of NO
synthesis especially in cells expressed iNOS [30].
Enhancement of the arginine pool in cells can be connected
also with impairment of the functionality of other enzymes
involved in the metabolism of this amino acid (i.e., arginase)
[34]. During development of diseases (such as uremia and
cardio deficiency), transport of L-arginine in RBC increased
due to adaptive increases in the activity of the cationic amino
acid transport system y' [35]. Increased NO synthesis leads
to depletion of L-arginine concentration in the cells.
Together with the accumulation of L-arginine metabolism
by-products, these changes can become a trigger for
activating amino acid transport from plasma into the cells
[35].

In spite of total NOS activity growth, we observed a
reduction of nitrite-anions concentration and an increase of
nitrate-anions content in RBCs of animals with diabetes
mellitus. NO is a multifunctional molecule in the cell.
Despite increased synthesis, there are many ways of its
inactivation. In particular, NO can interact with reactive
oxygen species, which concentrations increase significantly
during diabetes and form reactive nitrogen species. The
latters are well-known and powerful oxidants, which play a
role in the oxidative-nitrosative stress intensification [36].
Nitric oxide can also bind with different forms of
hemoglobin to  form nitrosyl hemoglobin  and
S-nitrosohemoglobin (which are potential sources of NO) or
oxidize by oxyhemoglobin to nitrate [37]. Increased
concentration of nitrate anions in RBC showed evidence of
an intensification of NO oxidation processes.

Administration of medicinal mushrooms to diabetic rats
led to restoration of nitrite anion levels (only in STA group)
and to increased content of nitrates in both STA and STG
groups. There are two possible ways of influence of
biologically active compounds of medicinal mushroom
mycelium on L-arginine/NO system. The first one is an
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inhibition of nitric oxide formation, which is associated with
influence of the compounds on NO-synthase gene expression
and/or NOS activity (in particular its inducible isoform,
activity of which is increased during different pathologies).
Such effects are mediated by the antioxidant properties of
medicinal mushrooms, mainly through the inhibition of
superoxide anion production and reactive oxygen species.
The second mechanism is a direct scavenging of NO [38].
This facilitates the decrease of nitric oxide content and thus
inhibition of reactive nitrogen species formation. All these
processes lead to the suppression of oxidative-nitrative stress
which is a cause of diabetes mellitus development.

Compounds that may be responsible for above-mentioned
effects include low-molecular components such as
tocopherol, ergosterol, fenol compounds, triterpenoids etc..
These compounds can inhibit the formation of reactive
oxygen species and neutralize free radicals. According to the
literature data mycelium of medicinal mushrooms is rich in
metal ions (in particular copper and zinc ions) [20]. These
ions are present in the active sites of enzymes providing the
functional of enzymatic link of the antioxidant defense
system. In addition, there are publications that demonstrate
antioxidant properties of high-molecular compounds, in
particular a-glucan [39].

5. Conclusions

Development of streptozotocin-induced diabetes mellitus
is accompanied by the growth of total NO-synthase activity
and content of L-arginine in red blood cells of rats. These
results indicate the suppression of non-oxidative pathway of
L-arginine metabolism and can be caused by inhibition of
arginase functionality [35]. Reduction of nitrite-anion
content can be caused by their intensified oxidation to
nitrate-anions and/or use of NO in reaction of reactive
nitrogen species formation (in particular peroxynitrite).
Together with reactive oxygen species, synthesis of which is
intensified under diabetes, they facilitate the development of
oxidative-nitrosative stress.

Administration of SCMP of 4. brasiliensis and G. lucidum
medicinal mushrooms to diabetic animals had positive
corrective effect, which manifested in recovery of total NOS
activity to control values and, thus, facilitated the reduction
of NO overproduction. Such effect could be explained by the
presence of bioactive compounds in mycelium of
mushrooms which possess antioxidant properties. Thus,
these compounds are able to inhibit the formation of reactive
oxygen and nitrogen species and therefore suppress the
development of oxidative-nitrosative stress.
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