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Abstract
Diabetes mellitus (DM) is the third most common non-
infectious disease leading to early disability and high 
mortality. Moreover, the number of patients is growing 
every year. The main symptom of DM is hyperglycemia. 
Increased levels of blood glucose activate polyol, hexo
samine, and protein kinase metabolic pathways cause 
the intensification of non-enzymatic glycosylation and 
nitration of macromolecules. This, in turn, leads to the 
development of oxidative and nitrative stresses and 
secondary complications, such as different kinds of micro- 
and macroangiopathies. Metabolic disorders caused by 
insulin deficiency in diabetes significantly impede the 
functioning of a homeostasis system, which change the 
physical, biochemical, morphological, and functional 
properties of blood cells. As a result, the oxygen-transport 
function of red blood cells (RBCs), rheological properties 
of the blood, and functions of immunocompetent cells as 
well as the process of apoptosis are primarily affected. 
Modern pharmacotherapy focuses on the search for new 
preparations that aim to decrease blood glucose levels. 
Undesirable side effects and adverse reactions caused by 
synthetic medicines led to the search and investigation of 
new preparations of natural origin. Medicinal mushrooms 
play an important role among such new preparations. 
They are a source of a large number of high- and low-
molecular compounds with pronounced biological effects. 
Our investigations show pronounced hypoglycemic and 
anti-anemic action of submerged cultivated mycelium 
powder of medicinal mushrooms Agaricus brasiliensis  
(A. brasiliensis) and Ganoderma lucidum (G. lucidum) on 
streptozotocin-induced DM in rats. Also, we showed that 
mycelium powders have membrane protective properties 
as evidenced by the redistribution of RBC populations 
towards the growth of full functional cell numbers. 
Normalization of parameters of leukocyte formula and 
suppression of apoptosis of white blood cells in diabetic 
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rats treated with A. brasiliensis  and G. lucidum mycelia 
indicates pronounced positive effects of these strains 
of mushrooms. Thus, the use of medicinal mushrooms 
for treatment of DM and in prevention development of 
its secondary complications might be a new effective 
approach of this disease’s cure. This article is aimed at 
summarizing and analyzing the literature data and basic 
achievements concerning DM type 1 treatment using 
medicinal mushrooms and showing the results obtained 
in our research.
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Core tip: Diabetes mellitus (DM) is the third most 
common non-infectious disease leading to early dis
ability and high mortality. The main symptom of DM is 
hyperglycemia. Metabolic disorders caused by insulin 
deficiency in diabetes significantly impede the functioning 
of a homeostasis system. Medicinal mushrooms play 
an important role among new preparations that aim to 
decrease blood glucose levels. This investigations show 
pronounced hypoglycemic, anti-anemic, membrane 
protective, apoptosis suppressive effects of Agaricus 
brasiliensis  and Ganoderma lucidum on streptozotocin-
induced DM in rats. Thus, medicinal mushrooms might 
be new effective approach for treatment and prevention 
of DM.
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INTRODUCTION
According to the World Health Organization, diabetes 
mellitus (DM) is a chronic disease caused by the dimi­
nished secretion of insulin, the hormone produced by the 
pancreas and regulating the level of glucose in the blood, 
or by increasing resistance of the body’s cells to this 
hormone[1].

According to International Diabetes Federation data, 
in 2015 there was 415 million of people suffering from 
diabetes worldwide. Almost half of them are men aged 
40 to 59 (7% more than women). If the tendency 
for diabetes continues to grow, the number of people 
suffering from this disease will reach 642 million people 
in 2040. It should also be noted that about 80% of 
diabetics live in low- and middle-income countries[2].

There are three main types of DM: Type 1 diabetes 
(T1D) (previously known as insulin-dependent or juvenile-
onset; accounting for 3%-10% of cases); type 2 diabetes 

(T2D) (previously known as non-insulin-dependent or 
adult-onset; accounting for 85%-90% of cases); and 
gestational diabetes (hyperglycemia occurring during 
pregnancy and usually resolving itself after delivery; 
accounting for 2%-5% of cases)[3]. Also, there are other 
specific types of diabetes with unknown etiology[4].

Although the percentage incidence of T1D is relatively 
small (e.g., compared with T2D), it is common in children 
and adolescence. This sets a particular danger associated 
with early disability and increases the rates of lethal 
cases[5]. T1D results from a selective destruction of 
pancreatic β-cells caused by cytotoxic lymphocytes, 
T-helpers and autoantibodies. The progressive destruc­
tion of β-cells results in insulin deficiency, which leads 
to dyscrasia and diabetes[6]. The etiology of insulin-
dependent diabetes has not been fully examined. T1D 
is considered to be caused by an interaction between 
genetic and environmental factors among which include 
viruses and genetic mutations[7]. It is observed that some 
viruses can trigger autoimmune processes, promote 
them, or assume both roles simultaneously[4]. Some 
scientists consider that one or more viruses can also 
cause T1D among individuals with genetic susceptibility. 
The scientists presume that in the presence of infection 
a virus protein similar to β-cells protein is produced. 
T-cells and antibodies to foreign proteins attack the 
native proteins of pancreatic β-cells[4]. A range of viruses 
exists which share these properties, for instance, 
intestinal Coxsackie viruses. Accordingly, autoimmune 
processes contribute to the destruction of the islets of 
Langerhans that leads to diabetes. Yet, at this stage, 
genetic damages play a main role in causing autoimmune 
processes that result in T1D. Scientific researches 
reveal that insulin-dependent DM is inflicted not by 
a violation of any particular section of the genome, 
but by complex damage. Genes in Human Leucocyte 
Antigens-locus or genes of the major histocompatibility 
complex are responsible for T1D. The development of 
T1D is associated with genetic determination. Antigens 
of the major histocompatibility complex account for 
the susceptibility to disease with various immune 
responses[8]. Genetic investigations indicate that type 1 
DM is strongly associated with at least 18 loci[9]. However, 
the precise mechanisms that lead to autoimmune 
destruction of β-cells in T1D remain poorly understood. 
According to modern concepts of the pathogenesis of the 
disease, the destruction of β-cells can occur as a result of 
various pathological processes such as necrosis and/or 
apoptosis[10]. Cytotoxic T lymphocytes are considered to 
be a main factor that induces the destruction of β-cells; 
their production is a crucial factor for this pathology. Most 
autoreactive T-cells of Langerhans islets produce cytokines 
that are characteristic of T × 1-lymphocytes, particularly, 
a tumor necrosis factor alpha, interferon gamma, IL-2. 
The latter is known to trigger a cellular immune response 
in which cytotoxic effectors T lymphocytes attack β-cells 
and induce antigen specific T-dependent immune lysis. 
The development of type 1 DM depends not only on 
the presence of autoreactive T-lymphocytes, but also 
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on control mechanisms that ensure the maintenance of 
immune tolerance or inhibition of peripheral autoimmune 
processes[11].

The mechanism of β-cells destruction is complicated, 
slow and gradual, and the consecution of pathogenetic 
processes is not fully elucidated. However, when insulin 
deficiency becomes close to absolute (in which app­
roximately 85% of β-cells are destroyed), it induces 
severe metabolic disorders and a clinical stage of disease 
occurs[12]. 

Thus, DM is still one of the main problems of the 21st 
century. The search of new, safe and available for most 
of people approaches in its treatment is relevant trend 
of investigation.

STRUCTURAL AND FUNCTIONAL 
DISORDERS OF BLOOD CELLS UNDER 
DM
Morphological and functional changes of red blood cells 
under conditions of T1D
Red blood cells (RBCs) are the largest blood fraction, 
with unique cells lacking nuclei in the shape of biconcave 
disks[13]. The main function of the cells is to transport 
oxygen by means of hemoglobin from the lungs to all organs 
and tissues and then transport CO2 in the opposite direction. 
In adults, RBCs develop in the bone marrow and 
circulate for about 120 d in the bloodstream before they 
are eliminated by Kupffer’s cells of the liver and spleen. 
This process is slow and multistage and is controlled by 
hormones (e.g., erythropoietin) and cytokines. RBCs 
enter in the bloodstream at the stage of the reticulocyte. 
Reticulocytes do not have nuclei, however, they have a 
residual protein synthesis apparatus. They account for 
about 1%-2% of circulating RBCs and are transformed 
into mature cells within 24-48 h[14].

Metabolic disorders caused by insulin deficiency 
under DM considerably change physical, biochemical, 
morphological, and functional properties of RBCs. The 
membrane as a single structural element of these cells 
plays an important role in the maintenance of the cell’s 
stable form and provides its functional properties. Under 
DM, profound changes in the RBC membrane structure, 
which affect physicochemical properties of cells, are 
brought about. Thus, lipid exchange is disturbed, and 
the molecular architectonic of the red cell membrane 
lipid bilayer is changed[15]. It has been revealed that the 
cholesterol level rises due to a nonspecific exchange 
mechanism with plasma cholesterol, which is higher in 
diabetics[16]. The level of phospholipids with increased 
content of unsaturated fatty acids in RBC membranes 
also rises[17]. These changes lead to a decrease in 
membrane fluidity, which corresponds to enhanced lipid-
lipid interactions, decreased protein-lipid interactions, 
and increased protein-water interactions resulting in 
displacement of proteins towards the membrane surface. 
Moreover, the cholesterol level is considered to affect the 
transport of substances via the membrane[16].

Under DM, the membrane’s total protein content (glyco­
proteins in particular) is shown to decrease, whereas 
the activity of sialidases increases[18]. Increased activity 
of these enzymes, in turn, causes a decrease in sialic 
acids on RBC surfaces. As a result, a superficial negative 
charge of the cells changes, aggregation properties 
increase, and their deformability decreases thus in­
creasing blood viscosity, complicating its flow through 
microcirculation and acting as a precursor of diabetic 
complications.

Due to hyperglycemia, the processes of non-enzymatic 
glycosylation of red cell membranes and cytosol proteins 
are activated. An increase in glycosylated hemoglobin 
(HbA1c) affects the efficiency of the oxygen-transport 
function of RBCs. HbA1c has an enhanced affinity to 
O2, which complicates its return to cells in microcircula­
tion[19]. That, in turn, promotes the development of tissue 
hypoxia. There is an enhanced level of fetal hemoglobin 
(HbF) in RBCs under the condition of diabetes. Such 
changes are compensatory, providing a better supply of 
oxygen to tissues under DM, as HbF is able to bind oxygen 
with greater affinity and return it at much less partial 
pressure[20].

In recent years, the role of RBCs and hemoglobin 
has been intensively discussed both as inhibitors and 
activators of nitric oxide (NO)-dependent signaling in 
NO metabolism[21]. Previously, it had been believed that 
RBCs fulfill solely the role of nitric oxide scavengers and 
its depot. However, functionally active isoforms of NO-
synthase (an enzyme which produced nitric oxide) have 
been found in RBCs[22-24].

It is known that the NO produced in RBCs is involved 
in cell deformation processes providing their passage 
through microvessels and function performance[25]. Apart 
from that, nitrogen monoxide may diffuse from red cells 
to plasma inhibiting platelet activation and aggregation, 
as well as adhesion and migration of leukocytes[26]. In 
addition to NO formation, RBCs occupy a key role in 
nitric oxide pool support in the bloodstream. “Unused” 
NO diffuses from plasma to cells where it is turned 
into stable products by means of hemoglobin. On the 
one hand, hemoglobin takes part in the formation 
of stable NO metabolites, and on the other - it has 
nitrite reductase activity that underlies RBC-dependent 
vasodilatation[27]. This reaction plays a significant role 
under hypoxia conditions that develops during DM. 
Moreover, hemoglobin is involved in the deposition of NO 
in nitrosyl hemoglobin and S-nitrosohemoglobin forms. 
Mutual transformations of NO-hemoglobin derivatives 
under certain conditions lead to the release of this 
vasodilatator[28,29].

Under DM, several factors contribute to a decrease 
in NO bioavailability: Reduced production by NO-syn­
thase[28]; reduced availability of substrate of NO-synthase 
(i.e., L-arginine)[30,31]; its inactivation by reactive oxygen 
species (ROS)[28]. Reduced NO bioavailability causes 
disturbances in RBC deformability[24] and, as a result, 
complicates their microcirculation, thus leading to the 
development of vessel complications and hypoxia. HbA1c 
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(in the form of nitrosothiols) is known to bind NO rather 
tightly, which adversely affects NO diffusion into muscle 
cells and, respectively, their relaxation[32].

Changes of RBCs in patients with diabetes cannot 
be considered without taking into account the specificity 
of erythropoiesis during this disease. Erythropoiesis is 
increased in hyperglycemia conditions and accompanied 
by a growing number of reticulocytes in the bloodstream. 
The erythropoiesis stimulation can be caused by an 
increase in erythropoietin synthesis in response to tissue 
hypoxia (kidney tissues in particular). The lifespan of 
RBCs is shortened by 13% against the background of 
elevated erythropoiesis under DM[15,33].

Under hyperglycemia, autoxidation of glucose occurs, 
which is considered to be the major mechanism for 
free radical formation in RBCs[34]. In its enediol form, 
glucose with the help of transition metals is oxidized to 
an enediol-anion radical, which, in turn, is transformed 
into reactive ketoaldehydes and superoxide anion 
radical. O2

-• is involved in the formation of other radicals, 
hydroxyl radical (•OH) and peroxynitrite in particular. 
Hyperglycemia promotes lipid peroxidation through a 
superoxide-dependent pathway, which also provides the 
formation of free radicals[35]. Interaction between glucose 
and protein amino acid residues leads to formation of 
Amadori products and advanced glycation end-products 
(AGEs). Interacting with corresponding receptors, 
AGEs inactivate enzymes changing their structure and 
function[36], thus promoting free-radical formation[37] and 
blocking the antiproliferation effect of NO[38]. In addition, 
NADH oxidase enzymes and NO-synthase isoforms, 
found recently in RBCs, contribute to the formation of 
endogenous oxidants and development of oxidative 
stress[39].

Changes effected by oxidative stress involve plasma 
proteins, membranes, and lipids. Hemoglobin is gradually 
oxidized to methemoglobin through long-lasting exposure 
to a high concentration of oxygen. Hemoglobin oxidation 
reduces the amount of oxygen supplied to tissues and 
leads to the formation of disulfide bridges between 
globin chains. Eventually, Heinz bodies are produced, 
and hemoglobin is precipitated followed by macrophage 
phagocytosis or RBC lysis[40]. Under the interaction between 
ROS and other RBC proteins, amino acids of protein 
molecule side chains are oxidized; protein-protein linkages 
are formed; protein chains are oxidized with further 
fragmentation and a lot of protein oxidation products are 
produced[41]. Such modifications can occur both in structural 
proteins of the cytoskeleton and membrane and in enzymes 
causing disturbances in their functionality.

Membrane lipids also undergo oxidation, especially 
polyunsaturated fatty acids, which are in abundance in 
the RBCs membrane. As a result, elasticity and fluidity 
are affected, as well as deformability and shape of red 
cells, which in turn influence the functional state of 
RBCs[42]. Since lipids are not synthesized in RBCs and 
the exchange is restricted between lipids and plasma[43], 
the damage is accumulated and eventually leads to 
either premature sequestration and RBCs elimination 

from the bloodstream or their lysis.

Morphological and functional changes of immune 
competent blood cells under conditions of DM type 1
White blood cells are the cells of the immune system 
that are involved in protecting the body against both 
infectious disease and foreign invaders. The main function 
of leukocytes is to provide the specific and the non-
specific immune defenses of the body through the cells 
with effector and immunoregulatory activity. Diabetes 
is often accompanied by infectious and inflammatory 
processes that occur with relapses and are difficult to 
treat. Changes in the count of leukocytes and their 
ratio may be a cause of susceptibility to infectious and 
inflammatory processes in patients with DM. It has been 
shown that the development of diabetes is accompanied 
by leukocytosis[44] against a background of a reduction 
in the number of lymphocytes. Such changes may lead 
to impairment in functional properties of the immune 
system which is an additional risk factor for disability 
in patients with diabetes or even death[45]. In T1D a 
disturbance of cellular immune response occurs, which 
is accompanied by changes in the activity of different 
subpopulations of cells: By exhaustion of T lymphocytes, 
reduction of T suppressors’ activity, an increase in 
activated T lymphocytes and T helpers’ quantity and 
by violation of IL-2 production by T lymphocytes. Also, 
the functional activity of peripheral blood monocytes 
is reduced, although their number in diabetic patients 
may be increased. In leukocytes the inhibition of key 
enzymes of glucose anaerobic oxidation and decrease 
of intracellular ATP reserves occurs. The development 
of hyperglycemia in DM leads to a disruption of polymor­
phonuclear leukocyte functioning, resulting in reduced 
intensity of a “respiratory explosion” and their phagocytic 
activity during the response to bacterial infection[46].

Other important functional changes that cause angio­
pathy are: Increased permeability of the vascular wall, 
hemodynamic disorders, changes in blood viscosity, and 
a violation of adhesive, aggregation and migration ability 
of WBCs, which are dependent on their morphological 
and functional states. The development of an immune 
response occurs as a result of an interaction between 
leukocytes and antigens, soluble regulatory molecules 
and with other leukocytes. To initiate an inflammatory 
response to a bacterial infection, leukocytes have to 
migrate from the blood into the affected tissues, in relation 
to which they have positive chemotaxis. Peripheral blood 
leukocytes, in particular, neutrophilic granulocytes and 
lymphocytes, have a leading role in the pathogenesis of 
diabetic complications. The mechanism causing damage to 
the vascular endothelium by leukocytes is not completely 
elucidated, but it is known that the interaction between 
leukocytes and endothelial cells provides adhesive 
molecules, most of which are part of the membrane 
receptors of leukocytes and, according to chemical 
structure, are sialoglycoproteins. The increase in the 
number of exposed surface cells (sialoglycoconjugates) 
correlates with the damage of many cell types[47,48]. The 
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potential significance of carbohydrate-specific interactions 
in the regulation of cellular functions is very important 
because an abundance of glycoligand structures ex­
pressed on the cell surface can be modified under 
hyperglycemic conditions in DM. Content redistribution 
and structural changes in carbohydrate determinants of 
glycoproteins on the plasma membrane of leukocytes 
under type 1 DM may contribute to an increased 
adhesion of leukocytes to the vascular endothelium and 
to the disruption of their phagocytic functions. These 
interactions could be the reasons for complications in 
clinical treatment of the disease.

Many pathological states, for example, diabetes, are 
accompanied by changes in sialic acid expression[49]. 
Under diabetes, leukocytes demonstrate increased 
adhesive ability to the vascular endothelium. This patho­
genetic mechanism is mediated by an elevated level of 
cell adhesion molecules on the surface of endothelial 
cells and leukocytes and causes abnormal leukocyte-
endothelial cell adhesion. Increasing membrane rigidity 
and reducing the ability of WBCs to deform may damage 
the capillaries. And next to the small diameter of the 
lumen of blood vessels, increased adhesion of leukocytes 
to the endothelial wall leads to their capture in capillaries 
(leykostaz) and to increased vascular occlusion, which 
is an important point in the development of diabetic 
microangiopathies[50].

The result of hyperglycemia in the cell is the excessive 
accumulation of products of nonenzymatic glycosylation 
in cells, and also violates many biochemical and phy­
siological parameters causing cell depletion of energy 
resources and antioxidants. Accumulation of AGEs 
either inside or outside the cell perturbs the functions of 
molecules and the cell on the whole[51]. Some proteins 
that regulate the transcription of certain genes can 
participate in the process of glycosylation. The molecules 
of AGEs, when on the cell surface, can affect signaling 
and interaction between intercellular space and cells, thus 
disrupting cell functions. The disruption of the electron 
transport chain and excessive generating of ROS occur 
in the mitochondria. Overproduction of mitochondrial 
superoxide during hyperglycemia is a primary initiating 
mechanism that activates pathways of diabetes’ vascular 
tissue damage, leading to cellular redox imbalance and 
oxidative stress[52,53]. It is known that inflammatory 
processes are characterized by the activation of immuno­
competent cells with the corresponding activation of 
inducible NO-synthase, and a local increase of concentration 
of NO hundreds of times above the norm, depending on 
the cell type[54]. Accordingly, under conditions of oxidative 
stress and high content of O2

-• elevated concentration 
of NO leads to the reaction between them and induces 
increased concentration of peroxynitrite. In turn, pero­
xynitrite might affect different molecules causing their 
modification. 

Protein tyrosine nitration causes various changes 
in protein structure and function and catalytic activity 
of enzymes. Protein tyrosine nitration, including a 
covalent modification of the phenolic ring, may also 

affect tyrosine phosphorylation/dephosphorylation. 
For example, peroxynitrite affects the insulin signal 
transduction through tyrosine nitration[55] and contributes 
to pathological complications of a whole range of dis­
eases. Thus, development of oxidative-nitrative stress 
is accompanied by protein nitration with resultant 
changes in cell signaling, DNA single-strand breakage 
and base modification, and the formation of products 
which exhibit potent proapoptotic effects[56]. In addition, 
overproduction of ROS by high glucose compromises 
the antioxidant defense mechanisms, such as reduced 
levels of mitochondrial-specific manganese superoxide 
dismutase, and further aggravates oxidative stress[57]. 
Under diabetic and high-blood glucose conditions, 
excessive ROS might lead to damage of the structure 
and function of mitochondria, therefore prompting the 
release of apoptosis-inducing factors such as cytochrome 
C[58]. A high occurrence of apoptotic lymphocytes has 
been shown in diabetic patients, resulting in reduced 
numbers of circulating lymphocytes in these patients. A 
number of studies suggest that dysregulated apoptotic 
immune cell death may play a role in contributing to 
the immune dysfunction[59]. The key apoptotic proteins 
regulators in the mitochondrial pathway are the Bcl-2 
superfamily proteins. DNA damage or intra/extra-cellular 
stress initiates signaling cascades in the cytoplasm, 
eventually leading to the phosphorylation of p53 which, in 
turn, increases Bax concentration while lowering Bcl-2[60]. 
Bax expression promotes apoptosis, whereas Bcl-2 
expression protects cells against oxidative stress and 
inhibits apoptosis[61]. Oxidative stress, which develops 
under hyperglycemia, alters the balance between pro- 
and anti-apoptotic proteins (e.g., the Bcl-2 superfamily) 
in the cell and subsequently disrupts the mitochondrial 
trans-membrane potential and DNA structure[62].

THE USE OF BIOPREPARATIONS IN 
CURRENT APPROACHES OF DIABETES 
TREATMENT
Current approaches toward a potential cure for T1D 
have focused on three main targets: Ablation of the 
β-cell-specific autoimmune response; β-cell replacement 
therapy using islet transplantation; and potentiation of 
β-cell mass and function using pharmacologic agents 
capable of promoting β-cell proliferation, regeneration, 
and/or repair[63]. In the first method recombinant antigens 
that trigger an immune response of β-cell destruction 
are used. In this way, the tolerance of immune cells to 
auto-antigens is trying to be developed. However, this 
approach is quite new and not enough research has 
been conducted. The quickest and most promising 
approach that afforded patients complete independence 
from exogenous insulin is islet or β-cells’ transplantation. 
However, it should be noted that this method is accom­
panied with intake of immunosuppressants to reduce 
the possibility of transplant rejection[63]. Therefore, at 
this stage of the fight against DM, most attention is 
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paid to the study and research of drugs which are able 
to potentiate the effect of residual β-cells and/or induce 
their regeneration.

Several approaches were made to reduce the hyper­
glycemia, the hallmark of DM, with treatments such as 
sulfonylureas, which stimulate pancreatic islet cells to 
secrete insulin; meteoric, which acts to reduce hepatic 
glucose production; alpha-glucosidase inhibitors, which 
interfere with glucose adsorption and insulin itself, which 
suppresses glucose production and augments glucose 
utilization[64]. These therapies have limited efficacy, 
limited tolerability, and significant mechanism-based 
side effects (Table 1)[65]. Of particular danger is the 
use of some medicines that can promote weight gain, 
hypoglycemia, and insulin resistance. Another problem 
particular to some medicines (e.g., sulphonylureas) is the 
development of resistance to the treatment. Therefore, 
the search for new preparations is extremely important. 
The growing public interest and awareness of natural 
medicines have led the pharmaceutical industry and 
academic researchers to pay more attention to medicinal 
plants and mushrooms. The apparent reversal of the 
trend from western to herbal medicine is partly due to 
the fact that synthetic drugs have always shown adverse 
reactions and other undesirable side effects. This has led 
to the belief that natural products are safer because they 
are more harmonious with biological systems[66,67]. In 
addition, the cost of administering modern antidiabetic 
drugs is beyond the reach of people in low-income groups 
and for those living in rural areas[68].

Medicinal mushrooms and their use
Mushrooms comprise an extremely abundant and diverse 
world. The number of mushroom species on Earth is 
currently estimated at 150000-160000; yet, perhaps only 
10% are known to science[69]. Mushrooms are currently 
evaluated for their nutritional value and acceptability, 
as well as for their pharmacological properties[70]. They 
make up a vast and yet largely untapped source of new 
powerful pharmaceutical products. The majority of higher 
Basidiomycetes mushrooms contain many types of 
biologically active high-molecular weight and low-molecular 
weight compounds in fruit bodies, cultured mycelia, and 
cultured broth which has different properties[71,72].

Medicinal mushrooms have an established history 
of use in traditional oriental therapies. Contemporary 

research has validated and documented much of the 
ancient knowledge. Ancient oriental medicine has 
stressed the importance of several mushroom species, 
mostly Ganoderma lucidum (W. Curt.: Fr.) P. Karst. 
(Ling zhi or Reishi) and Lentinus edodes (Berk.) Singer 
(Shiitake). Mushrooms have also played an important 
role as a cure for ailments affecting the rural populations 
of Russia and other Slavic European countries. The most 
important species in these areas were Inonotus obliquus 
(Pers.: Fr.) Pilat (Chaga), Fomitopsis officinalis (Vill.: Fr.) 
Bond. et Singer, and Fomes fomentarius Fr.: Fr. These 
species were used in the treatment of gastrointestinal 
disorders, various forms of cancers, bronchial asthma, 
night sweats, etc[73]. There is also a long history 
of traditional use of mushrooms as curatives in 
Mesoamerica (especially species of the genus Psilocybe), 
Africa (Yoruba populations in Nigeria and Benin), Algeria, 
and Egypt. A very special role of fly agaric [Amanita 
muscaria (L.:Fr.) Pers.] is found in Siberia and Tibetan 
shamanism, Buddhism, and Celtic myths[71,74,75].

Nowadays, medicinal mushrooms are used as dietary 
food, dietary supplemental products, pharmaceuticals, 
natural bio-control agents in plant protection with 
insecticidal, fungicidal, bactericidal, herbicidal, nematicidal, 
and antiphytoviral activities, and cosmeceuticals[72].

Medicinal mushrooms are comparable to “medicinal 
plants” and can be defined as macroscopic fungi, 
mostly higher Basidiomycetes and some Ascomycetes, 
which are used in the form of extracts or powder for 
prevention, alleviation, or healing of diseases, and/or in 
providing a balanced healthy diet[76].

Modern clinical practice in Taiwan, Japan, China, South 
Korea, and other Asian countries rely on mushroom-
derived preparations. These preparations have many 
active compounds, which identify their importance 
as food and as medicines. This includes mainly high-
molecular weight compounds such as polysaccharides 
(e.g., β-D-glucans, glucuronoxylomannan), proteins, 
polysaccharide-protein complexes, lipopolysaccharides, 
glucoproteins, and lectins. Low-molecular weight meta­
bolites include lactones, terpenoids, alkaloids, sterols, 
phenolic substances, and antibiotics with different active 
groups, metal chelating agents, etc. Also, medicinal 
mushrooms have enzymes - laccase, superoxide dis­
mutase, glucose oxidase, peroxidase[72,77]. As dietary 
supplement products, mushrooms contain a small amount 

Types Drug  Adverse effect 

Sulfonylureas Glibenclamide Hypoglycemia, weight gain 
Thiazolidinedione Troglitazone Liver damage 

Rosiglitazone Cardiovascular disease 
 Pioglitazone Weight gain, pedal edema, bone loss, precipitation of congestive heart failure

α-glucosidase inhibitors Migltol Gastrointestinal effects (flatulence, diarrhea, stomachache) 
Acarbose Gastrointestinal effects (flatulence, diarrhea, stomachache) 
Voglibose Gastrointestinal effects (flatulence, stomachache)

Biguanide Metformin Gastrointestinal effects (diarrhea, vomiting, nausea) 
Phenformin Lactic acidosis 

Table 1  Current oral anti-diabetic drug and their adverse effects
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of lipids and cholesterol, and low levels of carbohydrates. 
At the same time, they are rich in fiber, protein, 
minerals, and vitamins[78]. The wide range of bioactive 
compounds determines antitumor, immunomodulating, 
antioxidant, radical scavenging, cardiovascular, antihy­
percholesterolemic, antiviral, antibacterial, antiparasitic, 
hepatoprotective, and antidiabetic properties of medicinal 
mushrooms[79,80].

Antidiabetic properties of Agaricus brasiliensis and 
Ganoderma lucidum
Research has shown that some mushrooms may have 
the potential to lower elevated blood sugar levels. But 
the explanation for this effect is limited, except for 
some mushrooms. Therefore, it would be necessary to 
carry out more research on mushrooms with a focus to 
identify the active compounds in specific mushrooms 
for the treatment of DM and its complications.

Agaricus brasiliensis (A. brasiliensis, Royal Sun 
Agaricus) is native to Brazil and widely grown in Japan. 
This mushroom is used in the treatment of atherosclerosis, 
hepatitis, hyperlipidemia, dermatitis, and cancer, and its 
polysaccharides, α-glucan and β-glucan, have been 
shown to have immunomodulating and antimutagenic 
effects both in vivo and in vitro[75,81]. The possible mecha­
nisms of natural polysaccharides to DM might base on six 
directions: (1) the elevation of plasma insulin, and the 
decline of pancreatic glucagon; (2) the increase of insulin 
sensitivity, and the improvement of insulin resistance; (3) 
the restraint of α-glycosidase enzymes in bowel, and the 
reduction of carbohydrates decomposition and absorption; 
(4) the increase of hepatic glycogen, and the inhibition 
of sugar dysplasia; (5) the increased glucose use of 
peripheral tissue; (6) the scavenging free radicals and 
lipid peroxidation[65]. Also, hypoglycemic and antidiabetic 
properties of A. brasiliensis have been reported. Di Naso 
et al[82] showed that A. brasiliensis extract exhibited a 
significant antioxidant activity in streptozotocin (STZ)-
induced diabetic rats decreasing lipoperoxidation and 
iNOS expression in the lungs. These results suggest that 
A. brasiliensis treatment effectively reduced the oxidative 
stress and contributes to tissue recovery in diabetes. 
Another study demonstrated that A. brasiliensis extracts 
derived from submerged-culture broth significantly 
reduced blood glucose levels in an oral glucose-tolerant 
test in STZ-induced diabetic rats[83]. There is also clinical 
evidence that A. brasiliensis combined with antidiabetic 
drugs can improve insulin resistance in T2D patients[84]. 
It is shown that β-glucans and oligosaccharides of A. 
brasiliensis have antihyperglycemic, antihypertrigly­
ceridemic, antihypercholesterolemic, and anti-arterio­
sclerotic activity in diabetic rats. One group has 
suggested that the A. brasiliensis antidiabetic effect 
in diabetic rats is due to its suppression of OS and 
proinflammatory cytokine production, which then results 
in improvement of the mass of pancreatic β-cells[85]. 
But, nevertheless, additional pharmacological studies 
are needed to elucidate the mechanism of A. brasiliensis 
action as well as to assess the use of these species for 

the treatment of human DM.
Ganoderma lucidum (G. lucidum, Ling zhi, Reishi), 

has a leading place in present-day medicinal mushroom 
development. G. lucidum has been utilized for centuries 
in East Asia to prevent or treat various diseases and 
was used in traditional Chinese medicine as a tonic in 
promoting good health, perpetual youth, vitality, and 
longevity. It is widely grown on a commercial scale and 
is commonly purchased for its medicinal and spiritual 
properties. Worldwide, more than 250 Ganoderma 
species have been described[75]. Recent studies on G. 
lucidum have shown many interesting biological activities 
including antitumor, antiinflammatory, antioxidant, and 
antidiabetic effects[75,77].

Antihyperglycemic effects of G. lucidum have been 
extensively studied and have shown potential therapeutic 
activities. It has been shown that oral administration 
of water extracts of G. lucidum significantly reduced 
the increase in blood glucose and insulin levels in rats 
following the oral glucose tolerant test[86]. Prevention of 
the progression of diabetic renal complications as well as 
a lowering of the increased serum glucose and triglyceride 
levels was reported in STZ-induced diabetic rats[87]. 
Another study demonstrated that polysaccharides isolated 
from G. lucidum significantly increased nonenzymatic 
and enzymatic antioxidants and serum insulin levels, and 
reduced lipid peroxidation and blood glucose levels in STZ-
diabetic rats[88,89]. In alloxan-induced diabetic rats, the 
aqueous extract of G. lucidum normalized blood glucose 
levels[68].

It was shown that G. lucidum consumption can 
provide beneficial effects in treating T2D by lowering 
the serum glucose levels through the suppression of 
the hepatic enzyme gene expression involved in gluco­
neogenesis[90] in a clinical study showed that Ganopoly 
(polysaccharide fractions extracted from G. lucidum 
by a patented technique) efficaciously lowered blood 
glucose concentration in patients with confirmed T2D. It 
was shown that G. lucidum polysaccharides attenuated 
myocardial collagen cross-linking in diabetic rats, which was 
related to the decreased level of AGEs and augmented 
activities of antioxidant enzymes[91]. Also, it was shown 
that ganoderol B (bioactive sterol from G. lucidum fruit 
body) has a strong inhibitory activity on α-glucosidase 
and can be proposed as a treatment for T2D[92]. Orally 
administered proteoglycan extract, Fudan-Yueyang-G. 
lucidum, to STZ-induced diabetic rats showed a sig­
nificant decrease in plasma glucose levels[93]. It appears 
that there are a number of biologically active compounds 
to be explored in the mycelium, and future research 
should focus in that direction.

RESULTS OF OUR RESEARCH
Correction of blood glucose and body weight of 
streptozotocin-induced diabetic rats
At present, more attention is paid to natural medicines 
which would have sugar lowering properties and are 
able to prevent angiopathy development, but, at the 
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same time, do not have adverse effects. There are 
significant evidences of the role of higher mushrooms in 
maintaining health and in disease prevention[94,95].

Our investigations showed significant increases (3.6 
times) of blood glucose concentration in streptozotocin-
induced diabetic rats compared with the control group. 
The per oral administration of submerged cultured 
mycelium powder (SCMP) during 14 d (at a dose of 1 
g/kg of body weight) to control animals did not cause 
significant changes: Only slight fluctuations around 
values of control group. At the same time, administration 
of A. brasiliensis and G. lucidum SCMP to diabetic rats 
decreased blood glucose in 2.4 and 2.7 times, respectively, 
compared with values of the control diabetic group. 
It should be noted that obtained values were close to 
control ones[96].

During the research, we also measured the weights of 
animals because it characterized the general physiological 
state of the body. It is known that development of DM is 
accompanied by decreases in this index in sick animals[97]. 
Obtained results showed significant growth of body 
weight of control rats to the end of the experiment 
(by 18.3%) while body weight of diabetic animals 
significantly decreased (by 4.0%)[98]. As insulin plays 
the role of gluconeogenesis inhibitor, so deficit of insulin 
under DM causes intensification of this process. Thus, 
an increased blood glucose level is an inductor of 
different molecular and biochemical changes. Besides, 
removal of glucose from organism occurs with needed 
for this process amount of water and electrolytical ions 
K+ and Na+[99]. As a result, dehydration occurs in the 
organism. Further, dehydration of organism increasing 
due to the formation of ketone bodies (acetoacetate 
and β-hydroxybutyrate) and loss of bicarbonate blood 
buffer system capacity with the appropriate induction of 
ketoacidosis[100]. The administration of SCMP of medicinal 
mushrooms to control animals did not cause significant 
changes in body weight. In diabetic rats administered 
with A. brasiliensis and G. lucidum mycelium powder, we 
observed significant increases in this index by 4.0% and 
8.5%, respectively[98].

Therefore, the use of medicinal mushrooms caused the 
lowering of blood glucose concentration and promoted 
body weight gain in diabetic rats. Such results indicate 
an overall protective effect of mushroom mycelium. The 
mechanism of such effects can be mediated through 
affecting blood glucose levels and the correction of 
ketone body content.

The content of glycosylated hemoglobin is another 
index that has been recently considered as a biomarker 
in the development and course of DM. It is believed 
to be a more precise glycemic indicator than blood 
glucose concentrations because HbA1c is more resistant 
to stress and independent of food intake[101]. During 
long-term hyperglycemia, the content of glycosylated 
hemoglobin increases due to intensification of non-
enzymatic glycosylation processes[102]. Obtained results 
showed significant increases of HbA1c in streptozotocin-
induced diabetic rats. Administration of SCMP of medicinal 

mushrooms to control groups led to a slight (not sig­
nificant) growth of the index. In diabetic rats, admini­
stration of A. brasiliensis and G. lucidum mycelium powder 
caused significant reduction of HbA1c by 16.7% and 
24.7%, respectively. This indicates a normalizing effect of 
the studied mushrooms on glucose metabolism[96].

Cytological indices of rats’ peripheral blood
Inflammation and structural and functional disorders 
of the blood are additional risk factors involved in the 
pathogenesis of diabetes complications. Therefore, 
studying the impact of anti-diabetic drugs on morpho­
logical and functional parameters of blood cells is 
very important. It was shown that the development 
of diabetes occurs with a redistribution of segmented 
neutrophils and lymphocytes, and may indicate inflam
matory processes in the animal under DM. Changes 
in the total number of white blood cells and their ratio, 
and violations in their functional properties are likely 
causes of susceptibility of patients with diabetes to 
infectious processes and immune status violations. 
For a preliminary assessment of the immune system 
of patients with diabetes type 1, the changes in white 
blood cell count were analyzed. There was no significant 
difference in the total number of leukocytes between 
the control group and the group with EDM, but the 
percentage of segmented neutrophils decreased by 27% 
and the percentage of lymphocytes increased by 8%, 
compared to the control[98].

Administration of mushroom mycelia in healthy 
animals did not lead to statistically significant changes 
in the ratio of different types of leukocytes. Under 
conditions of streptozotocin-induced DM, administration 
of mushroom SCMP resulted in normalization of the 
leukocyte formula, in particular, the increase in the 
number of segmented neutrophils. A decrease in the 
number of lymphocytes almost to the control values 
was also observed[98]. Thus, administration of powdered 
A. brasiliensis and G. lucidum to rats resulted in a 
normalization of the leukocyte formula.

Effect of mushroom powders on apoptosis of peripheral 
blood leukocytes in rats with streptozotocin-induced DM
Visual assessment of processes in leukocyte 
apoptosis by morphological features: The decrease 
of leukocyte membrane glycoconjugates sialylation 
and violation in the genetic apparatus of cells caused 
by oxidative-nitrative stress under DM may lead to cell 
death by apoptosis. Under apoptosis, the cell reduces its 
size; hardens its outer cytoplasmic membrane without 
the cell content entering the environment; aggregates 
chromatin and condenses the nucleus and cytoplasm; 
fragments them into vesicles surrounded by plasma 
membrane, i.e., apoptotic bodies containing fragments 
of dying cells[103].

To quantify the content of apoptotic cells, the apoptotic 
index was calculated, i.e., the ratio between cells with 
morphological apoptotic features and the general quantity of 
cells (Figure 1). Based on the collected data it was shown 
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that the development of diabetes was accompanied 
by an 8-fold increase of the apoptotic index. Whereas 
administration of A. brasiliensis and G. lucidum to 
diabetic animals led to a reduction in the apoptotic index 
by 3.5-fold and 3.8-fold, respectively (compared with 
non-treated diabetic animals)[98].

Immunocytochemical detection of the content 
of apoptotic protein-regulators (p53 and Bcl-2): 
The p-53 protein has a special place in the regulation 
of apoptosis. Under stress, the p-53 protein can induce 
apoptosis in response to numerous adverse effects 
leading to a variety of genetic disorders[62]. This process 
occurs through Bcl-2 protein inactivation by binding to 
Bax. As a result, a heterodimeric complex is formed, 
which stops the anti-apoptotic activity of the Bcl-2 
protein. We showed that under streptozotocin-induced 
DM the number of p53++ cells (high-positive response) 
increased by 47%, and the number of p53+ cells (positive 
response) increased by 32% compared with the control, 
whereas the number of p53- cells (negative reaction) 
decreased by 25%[98] (Figure 2). Administration of selected 
mushroom SCMP in control animals revealed no significant 
changes. The administration of the mushrooms led to a 
decrease in the level of p53++ and p53+ cells in diabetic 
animals compared to untreated diabetic animals. Under 
A. brasiliensis administration, there was a decrease of 
22% in the level of p53++ and 44.7% in the level of p53+. 
Also, our results have shown a significant increase in the 

number of cells with a p53 negative reaction by 20%. 
Administration of G. lucidum mycelium powder led to a 
decrease in the number of cells with positive response 
by 40.5%, cells with high-positive response by 47%, 
and increased the number of cells with a p53 negative 
reaction by 27.6% compared to untreated animals[98]. 

There are regulators that block or magnify destructive 
effects of caspases. Proteins from the Bcl-2 family 
belong to this group. Different members of the family 
can form dimers with each other, one of them enhancing 
or inhibiting the function of the other. In this case, the 
ratio between inhibitors and activators may show the 
disposition of cells to apoptosis[104]. Particular interest 
here is displayed in Bcl-2 protein. It is known that 
Bcl-2 inhibits p53-dependent and -independent ways of 
apoptosis[56].

We have shown that development of DM was 
accompanied by a increase in the content of Bcl-2+ and 
Bcl-2++ cells and a decrease in the content of Bcl-2- cells 
(Figure 3). Administration of studied mushroom SCMPs to 
control animals did not cause any significant changes. 
Administration of A. brasiliensis and G. lucidum to 
the diabetic animals caused the normalization in the 
percentage of cells with different levels of Bcl-2 protein 
expression compared to the control values[98].

Thus, these results suggest an increase of apoptotic 
processes in the peripheral blood leukocytes of rats 
with streptozotocin-induced DM. Effects of medicinal 
mushrooms under conditions of diabetes are aimed at 

A B C
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Figure 1  Morphological features of leukocytes apoptosis. Lymphocytes: Normal cell without apoptotic sings (А), zeiosis of the membrane (B), vacuolization 
of the cytoplasm (C), karyopyknozis of the nucleus (D). Neutrophils: Normal cell without apoptotic sings (E), vacuolization of the cytoplasm and the nucleus (F, G), 
vacuolization of the cytoplasm (H) and karioreksis of the nucleus (I). In smears stained by the Romanovsky-Himza method, the number of white blood cells with 
features of apoptosis was assessed. The ratio between cells with morphological apoptotic features and the general quantity of cells were expressed in percentages.
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normalization of the ratio of WBCs that contain proteins-
regulators of apoptosis (p53 and Bcl-2) as well as reducing 
apoptotic index. This indicates a pronounced anti-
apoptotic effect of the studied species of mushrooms.

Changes in blood erythroid link: Since hyperglycemia 
might cause much damage in membrane components 
of RBC, it can affect their number in the bloodstream. 
This in turn might lead to impairment of their functions. 
Therefore, we paid attention to the quantity of chara­
cteristics of the blood. Our research showed that the 
number of red cells significantly decreased in strepto­
zotocin-induced diabetic rats[96]. Such results indicate 
the development of anemia that accompanies DM and 
is one of the causes of tissue hypoxia and secondary 
complications. In control animals administered with 
medicinal mushroom mycelium powder, we observed 
a tendency to decrease the RBC number, but obtained 
changes were not significant. In diabetic SCMP-treated 
rats the number of red cells significantly increased com
pared with non-treated animals, and the values almost 
reached the level of controls[96].

The impairment of RBC membrane structures in 
peripheral blood caused by chronic hyperglycemia and 
insulin deficiency leads to changes in the functional state 
of the cells. One of the methods used for its evaluation 
is RBC resistance to acid hemolysis. The method of 
acidic erythrograms helps to estimate the value of the 

hydrophobic barrier and permeability of membrane 
protein components, and provides an opportunity to 
group morphologically similar RBCs into age populations. 
Young red cells possess the highest resistance to acid 
hemolysis and take erythrograms correctly. The aging 
of RBCs is accompanied by a gradual decrease of their 
resistance to acidic hemolysis, which is reflected in 
an erythrogram shift to the left. Its level reveals the 
functional-metabolic state of the cell membrane and 
undergoes changes not only due to cell aging but also 
as a result of physicochemical modifications and desta
bilization of membrane components under various 
pathologies[105].

Results of the investigation of RBCs’ resistance to 
acid hemolysis are described in our previous paper[96]. 
Development of DM in rats is accompanied by the shift of 
erythrogram to the left, reduction of hemolysis time, the 
accelerated peak of hemolysis and higher percentage of 
hemolyzed RBCs at the peak’s point. A decrease in red 
cell resistance to acid hemolysis indicates not only the 
aging of the cells but also reveals the possibility of their 
membrane destruction during formation and maturation. 

Administration of SCMP of medicinal mushrooms 
to the control group did not cause changes in the para­
meters of hemolysis. However, in diabetic rats this 
administration led to the return of the above mentioned 
parameters to control values. Obtained results indicate 
the redistribution of RBC populations towards the growth of 
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Figure 2  Immunocytochemical analysis of peripheral blood leukocytes in rats depending on the content of p53 pro-apoptotic protein in healthy animals, 
animals with streptozotocin-induced diabetes and treated with submerged cultured mycelium powder of mushrooms. A: Control; B: Control animals treated 
with Agaricus brasiliensis (A. brasiliensis); С: Animals with STZ-induced diabetes mellitus; D: Diabetic animals treated with A. brasiliensis. 1: p53-; 2: p53+; 3: p53++. 
An indirect immunoperoxidase method was used for detection and visualization of intracellular protein p53. The content analysis of p53 in leukocytes of rat peripheral 
blood was performed by light microscopy using a × 40 microscope objective. Depending on intensity of staining, the cells were divided into 3 groups: Negative reaction 
(p53-), positive reaction (p53+), and high-positive (p53++) reaction.
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full functional cell numbers, which confirms a corrective 
membrane protective effect produced by the selected 
mushrooms[96].

Reduction of the RBCs’ number and an increased 
content of HbA1c lead to a violation in tissue oxyge­
nation and the development of hypoxia. The body 
launches compensatory reactions aimed at restoring 
homeostasis[105]. One such reaction under conditions of DM 
is an intensification of erythropoiesis that can be assessed 
by the determination of number and daily production 
of reticulocytes - precursors of mature RBCs. Our study 
showed that the development of diabetes intensified 
erythropoiesis in rats evidenced by the increased number 
of reticulocytes in the bloodstream and their daily 
production[96]. A. brasiliensis treatment of control animals 
led to significant increases of the precursors’ number 
and their production. At the same time, there were no 
changes of these indices detected in the G. lucidum 
treated group[90]. In diabetic rats, administration of 
medicinal mushrooms’ SCMP did not affect erythropoiesis 
effectiveness, i.e., elevated levels remained[96].

BIOLOGICAL ACTIVE COMPOUNDS 
RESPONSIBLE FOR GLYCEMIC CONTROL
The reduced levels of blood glucose and content of 
glycosylated hemoglobin after the course of medicinal 

mushroom mycelium powders administration were 
shown on the model of rats with streptozotocin-induced 
DM. It is believed that the major bioactive compounds 
of A. brasiliensis are polysaccharides and protein-
polysaccharide complexes containing beta-glucans[81,106]. 
The effect of beta-glucans to reduce blood glucose could 
be mediated possibly by delaying stomach emptying, 
so that dietary glucose is absorbed more gradually[105]. 
Tapola et al[107] showed that after ingestion of oats (with 
high content of beta-glucans), the blood glucose levels 
were lower at 15, 30 and 45 min but higher at 90 min 
after 12.5 g glucose loading. Thus, the peak level is much 
more smoothed and the shape of the plasma glucose 
response curve is much flatter[107]. Another possible 
mechanism for beta-glucans is mediated by a signal 
pathway through activation of PI3K/Akt in which activity 
decreases under DM[108]. Beta-glucans interact with a 
specific receptor and, through messenger molecules 
[e.g., SYk kinase[109]], activate the PI3-kinase pathway. 
Bioactive compounds may also include oligopeptides. 
Recently described oligopeptide of A. brasiliensis is rich 
in proline, lysine, and phenylalanine and has antioxidant 
activity[110]. Also, A. brasiliensis contains low-molecular 
weight compounds such as tocopherol, ergosterol, 
phenols, etc.[111,112] and metal ions[85,113]. These compounds 
are included in different regulated mechanisms re­
sponsible for inhibition of free radicals formation and the 
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Figure 3  Immunocytochemical analysis of peripheral blood leukocytes in rats depending on the content of anti-apoptotic Bcl-2 protein in healthy animals, 
animals with streptozotocin-induced diabetes and treated with the submerged cultured mycelium powder of mushrooms. A: Control; B: Control animals 
treated with G. lucidum; С: Animals with STZ-induced DM; D: Diabetic animals treated with G. lucidum. 1: Bcl-2-; 2: Bcl-2+; 3: Bcl-2++. An indirect immunoperoxidase 
method was used for detection and visualization of intracellular proteins Bcl-2. The content analysis of Bcl-2 in leukocytes of rat peripheral blood was performed 
by light microscopy using a × 40 microscope objective. Depending on intensity of staining, the cells were divided into 3 groups: Negative reaction (Bcl-2-), positive 
reaction (Bcl-2+), and high-positive (Bcl-2++) reaction. G. lucidum: Ganoderma lucidum; STZ: Streptozotocin; DM: Diabetes mellitus.
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development of oxidative stress. Microelements promote 
the function of the antioxidant defense system. They 
include beta-carotine, vitamin C, vitamin E (the vitamin 
E family includes both tocopherols and tocotrienols, but 
alpha-tocopherol is predominant and the most active 
form). Water-soluble molecules, such as vitamin C, are 
powerful radical scavengers in the aqueous phase of 
cytoplasm, while lipid-soluble molecules (such as vitamin 
E and beta-carotene) are antioxidants in the lipid phase. 
Metal ions (e.g., selenium, copper, zinc, manganese, 
etc.), besides scavenger properties, are in active sites of 
enzymes of the antioxidant system[114]. In addition, three 
phenols - gallic acid, lilac acid, and pirogallol, which have 
pronounced antioxidant activities, were identified in A. 
brasiliensis[111]. Such a protective effect, in turn, improves 
functioning of residual pancreas beta cells and improves 
insulin secretion[85].

The major active components of G. lucidum, which 
have antidiabetic properties, are polysaccharides and 
triterpenoids[90]. The therapeutic effect of polysaccharides 
consists of: The facilitation of glucose uptake by muscle 
cells through activation of PI3K and AMPK-dependent 
metabolic pathways[115]; regulation of the expression 
of key enzymes in the conversion of glucose (e.g., liver 
glucokinase, phosphofructokinase, glucose 6-phosphate 
dehydrogenase, etc.)[116,117]; and an increase of insulin 
content in blood plasma[68]. Triterpenoids show aldose 
reductase and α-glucosidase inhibitory properties 
that correlate with glucose metabolism and diabetic 
complications[118]. Another mechanism of the protective 
effect of this mushroom is the scavengering of free radicals 
and thus “neutralize” the negative impact of oxidative 
stress (on β-cells of the pancreas, in particular), which is 
one of the etiological causes of diabetes development[88].

In addition, medicinal mushrooms are rich in nucleo­
tides and nucleozides, e.g., adenosine, which (in the 
same way as A1 activators of purinergic receptors) 
shows cytoprotective action in cardiovascular and central 
nervous systems by activating adenosine receptors of 
the cell surface. Activation of these receptors, in turn, 
activates antioxidant enzymes. This occurs via the 
protein kinase C, which phosphorylates those enzymes 
or intermediates that contribute to their activation[119].

CONCLUSION
Despite the great efforts made in the field of DM 
treatment, this disease is still one of the major problem 
of humanity. Physical and biochemical changes of blood 
cells, that occurred due to metabolic disorders, lead to 
the development of different kinds of angiopathies and 
the worsening of patients’ health. Medicinal mushrooms 
A. brasiliensis and G. lucidum, due to their composition 
and biological properties, are potential sources of new 
biopreparations for the prevention and treatment of 
DM. SCMP of medicinal mushrooms has a pronounced 
hypoglycemic effect manifesting in the normalization 
of blood glucose levels and content of glycosylated 
hemoglobin. Also, mycelium powders promote weight 

gain of rats with STZ-induced diabetes confirming 
the general restorative role for the body. The selected 
mushrooms showed the normalizing effect on the indices 
of leukocyte formula under DM type 1. However, they 
do not show a significant impact on the number of 
leukocytes in healthy animals, which indicate no adverse 
physiological effects of their action. The action of the 
medicinal mushrooms under diabetes is aimed at the 
normalization of a ratio between protein-regulators of 
apoptosis (p53 and Bcl-2) in white blood cells, as well 
as the reduction of the apoptotic index. These changes 
indicate an inhibitory effect of the selected mushrooms on 
programmed cell death, which is significantly increased 
under DM. Administration of medicinal mushrooms A. 
brasiliensis and G. lucidum leads to restoration of RBCs’ 
number and their resistance to acid hemolysis indicating 
the anti-anemic and membrane protective impacts.
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