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Abstract
Background: Impairing in leukocytes function is the main reason of greater susceptibility to infections observed in patients with
diabetes mellitus. The distinctive feature of diabetes is dysregulation in glucose distribution in different tissues and cells in organism.
There are evidence that downregulation of glucose transport and lack of energy in leukocytes may contribute to the detriment of
their functions. We investigated possible positive effects of photobiomodulation therapy on energy supply and functional activity of
leukocytes from rats with experimental diabetes mellitus.
Methods: The experiments were conducted using male Wistar rats. Fractioning of blood leukocytes was performed in gradient of ficollsodium amidotrizoate density. Energy supply of leukocytes was evaluated using 2-NBDG (2-deoxy-2-((7-nitro-2,1,3-benzoxadiazol4-yl) amino)-D-Glucose) staining for glucose uptake screening and ATP assay kit for ATP concentration measurement. Functional
activity of leukocytes was investigated using measurement of ROS concentration (with H2DCFDA staining), myeloperoxidase,
phagocytic and bactericidal activity.

Results: Progression of experimental diabetes mellitus was accompanied by decrease in leukocyte glucose uptake, ATP
concentration, myeloperoxidase activity, phagocytic and bactericidal activity. Treatment with photobiomodulation therapy
promotes the restoration of these downregulated indices, resulting in normalization of leukocytes functions.
Conclusions: Photobiomodulation therapy has significant positive effect in restoration of energy supply and functional activity of
leukocytes from rats with experimental diabetes mellitus
Keywords: Photobiomodulation Therapy; Diabetes Mellitus; Leukocytes; Glucose Uptake

Abbreviations: 2-NBDG: 2-deoxy-2-((7-nitro-2,1,3-benzoxadiazol-4-yl) amino)-D-Glucose; AGEs: Advanced Glycosylation End
products; EDM: Experimental Diabetes Mellitus; H2DCFDA: 2’,7’-Dichlorodihydrofluorescein Diacetate; HIF-1α: Hypoxia-Inducible
Factor 1α; IFP: Index of Finished Phagocytosis; MCC: Mean Cytochemical Coefficient; NBT: Nitroblue Tetrazolium; OGTT: Oral Glucose
Tolerance Test; OMP: Oxidatively Modified Proteins; PBM: Photobiomodulation; PI: Phagocytic Index; PMNL: Polymorphonuclear
Leukocytes; RAGE: Receptor for Advanced Glycation End Products; ROS: Reactive Oxygen Species; MPO: Myeloperoxidase; SOD:
Superoxide Dismutase; TBA: Thiobarbituric Acid; TNF: Tumor Necrosis Factor

Introduction
According to WHO in 2014 8.5% of adult population on Earth
were recognized as diabetic. In 2016 diabetes was the direct
reason of 1.6 million deaths. Diabetes mellitus (DM) is a chronic
illness, which emerges due to the lack of insulin or disorders in its
functioning, resulting in uncontrolled hyperglycemia. Prolonged
high blood glucose concentration leads to development of oxidative
stress and further complications (cardiomyopathy, retinopathy,
Copyright © All rights are reserved by Oleksandr Karmash.

nephropathy, etc.). One of the main features of DM is deregulation
of glucose distribution in different tissues of organism. DM
characterized by intensification of glucose transport in enterocytes,
which is accompanied by high expression of active and facilitative
transporters. Meanwhile the absorption of glucose is increased
in intestine, peripheral tissues demonstrate decreased intake of
glucose due to defects in translocation of transporters to plasma
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membrane [1]. Intensified intake of glucose in bloodstream and
lower ability of peripheral tissues to absorb it from blood to cells
leads to hyperglycemia. There are many research, that focus on
glucose transport, because disorder in glucose metabolism leads to
loss of normal cell functions. However, these works focus mainly
on classic insulin-dependent tissues, such as skeletal muscles,
adipocytes and β-cells of pancreas [2-5], leaving features of
glucose transport in leukocytes of DM patients poorly studied. It is
important to note, that information about glucose transporters in
leukocytes is deficient and controversial. Enhanced susceptibility
to infections and disorders in immune system are well known
complications of DM. Infections in those patients are more
severe and other complications are more frequent. There are
publications about altered functions of leukocytes during DM, such
as chemotaxis, adhesion and activity of phagocytosis. Nonetheless,
scientific evidence in this field is scarce and predominantly regard
polymorpho-nuclear leukocytes and lymphocytes [6,7]. It is
important to note, that changes in glucose transport considered as
one of the main factors defining normal functioning of leukocytes.
However, those functions of immune cells during DM that are not
directly connected with immune response are rarely investigated
[8,9]. Recently, Photobiomodulation (PBM) therapy provokes a great
interest as convenient and noninvasive type of therapy, possessing
antioxidant and antihyperglycemic activity. In previous research
[10] we revealed the decrease of blood glucose concentration in
rats with DM under treatment with PBM. We hypothesized that this
effect can be explained by partial regeneration of pancreatic β-cells
and, according to this, improved ability of peripheral tissues to
utilize glucose. In addition, we observed the decrease of oxidative
stress markers in blood plasma and leukocytes. According to
mentioned above, the objective of our study was to investigate the
effect of PBM on energy supply and how it affects functional activity
of leukocytes during DM.

Materials and Methods
Induction of Diabetes

Research was performed using Wistar male rats with weight
120-180 g. Animals were contained in standard vivarium
conditions with free access to food and water. Manipulations with
animals were conducted according to General Ethical Principles
of Animal Experiments approved by the First National Congress
for Bioethics (Kyiv, 2001), which agrees with the provisions
of the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes
(Strasbourg, 1986). Experimental diabetes mellitus (EDM) was
induced by intraperitoneal injection of streptozotocin (Sigma,
USA), diluted in 10 mM Na-citrate buffer (pH 4.5) calculated as 6
mg of streptozotocin per 100 g of animal weight. Two weeks after
induction of EDM animals with blood glucose concentration higher
than 12 mmol/L were included in experiments.
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Measuring of Glucose Concentration
Glucose concentration in whole blood was measured by glucose
oxidase method using “Filicitdiagnostica” kit (Ukraine) according
to manufacturer instructions. Blood samples for measurements
were collected from tail vein.

Design of Experiment

Animals were divided into four groups: 1 – control animals;
2 – control animals treated with PBM therapy; 3 – animals with
EDM; 4 – animals with EDM treated with PBM therapy. Rats were
irradiated daily for 5 min during 10 days at anterior side of full
body (area of irradiation was 42,75 cm2, delivered energy 44.5 J).
A matrix of 30 ultra-bright light-emitting diodes was used as a light
source with the following parameters: wavelength of 630–660 nm,
total power optical output of 150 mW, irradiance of 3.47 × 10-3
W/cm2 and energy density of 1.041 J/cm2 which was measured
by thermoelectric radiometer RTN-20 with the span of spectral
sensitivity from 0.4 to 6 μm. The light source is an analogue of the
Barva Fleks/FM photon matrices (Laser and Health Corporation,
Ukraine).

Glucose Tolerance Test

Oral Glucose Tolerance Test (OGTT) was performed in morning
after 12-h fasting of animals. Rats were orally injected with glucose
solution in water calculated as 1 g per 1 kg of animal weight.
Glucose concentration in blood was measured before (0 min) and
30, 60, 90, 120 min after injection. The level of glucose tolerance
was determined by measuring area under glycemic curve using
trapezoid rule [11].

Blood Collection

After 10 days of PBM therapy treatment blood was collected
by decapitation of animals under ether anesthesia. To prevent
coagulation, blood was collected in vials with addition of heparin
(final dilution heparin : whole blood = 1:100). Portion of blood (2
ml) was centrifuged for 15 min at 3000 rpm for obtaining blood
plasma (stored at -20 ℃ for further experiments). The rest of blood
was used for leukocytes isolation.

Leukocyte Isolation

Leukocytes were isolated by centrifuging blood at the ficollsodium amidotrizoate density gradient (ρ = 1.076–1.078). The
isolated cells were washed twice in a phosphate-buffered saline
(PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 × 7H2O, 1.8 mM
KH2PO4, pH 7.4) and used in the experiments or immediately frozen
with liquid nitrogen and stored at –20 °C. Leukocytes lysate was
used for the experiments. Cells (2 × 106) were lysed using a 25 mM
Tris-HCl buffer (pH 7.5), which contained 0.5% Triton X-100, 100
mM KCl, 5 mM MgCl2, 2 mM EDTA, and inhibitors of proteases ((“Carl
Roth GmbH+Co. KG”, Germany, Art. No. 3751.1). The lysates were
centrifuged for 15 min at 8000 rpm, and the obtained supernatant
was used in the experiment.
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Activity of Glucose Uptake by Leukocytes
Glucose uptake by leukocytes was analyzed using
fluorescent microscopy with 2-NBDG (2-deoxy-2-((7-nitro-2,1,3benzoxadiazol-4-yl) amino)-D-Glucose) staining. Freshly isolated
leukocytes in the amount of 5 × 105 were incubated for 30 min at 37
℃ in 50 μl of 0.1 M Krebs-Ringer phosphate buffer (pH 7.2-7.4) with
addition of 1.25 μl of 20 mM 2-NBDG. After incubation cells were
washed thrice by addition of 0.5 ml Krebs-Ringer phosphate buffer
and centrifuging for 5 min at 3000 rpm. Washed leukocytes in the
amount of 1 × 105 were placed on microscope glass slide, rested
for 2-3 min for sedimentation and analyzed by inverted microscope
Olympus IX73 equipped with DP74 digital camera. Obtained photos
were analyzed using ImageJ program (v. 1.53e, NIH, USA). Activity
of 2-NBDG fluorescence was expressed in arbitrary units (AU).

Measurement of ATP Content

ATP content in leukocytes lysates was measured using ATP
Colorimetric/Fluorometric Assay Kit (CN MAK190, Sigma-Aldrich,
USA) according to manufacturer’s instruction. 2 × 106 cells were
lysed as described above. 50 μl of obtained supernatant were used
for analysis. ATP content in leukocytes was expressed in ng of ATP
in 1 μl of cell lysate.

Measurement of Reactive Oxygen Species (ROS) Content

ROS content in leukocytes was measured by fluorescence
intensity of 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA).
Freshly isolated leukocytes in the amount of 2 × 106 were incubated
for 30 min in darkness at 37 ℃ in 1 ml of PBS containing 5 μM
H2DCFDA. After incubation cells were washed once by addition of
0.5 ml PBS and centrifuging for 5 min at 3000 rpm. Cells in amount
of 2 × 105 were placed on microscope glass slide, rested for 2-3 min
for sedimentation and analyzed by Nikon Optiphot-2 microscope
equipped with HB-10101AF lamp and DCM310 digital camera.
Obtained images were analyzed using ImageJ program (v. 1.53e,
NIH, USA). Activity of H2DCFDA fluorescence was expressed in
Arbitrary Units (AU).

Measurement of Myeloperoxidase (MPO) Activity

Myeloperoxidase activity in leukocytes lysates and blood
plasma was measured spectrophotometrically. To 10 μl of sample
(leukocytes lysate or blood plasma) we added 290 μl of 50 mM
phosphate buffer (pH 6.0) containing 0.3 mM H2O2 and 0.68 mM
o-dianisidine. Enzyme activity was analyzed by changes in optical
density of experimental sample at λ=450 nm for 5 min at 37 ℃.
Obtained results were expressed as nmol H2O2 / min × mg of protein.

Analysis of Neutrophil Granulocytes Phagocytic
Activity

Polymorphonuclear leukocytes and monocytes of peripheral
blood are able to bind on their surface, intake and digest microbial
test-culture. Phagocytosis object was prepared according to
[12]. Before the experiment we prepared yeast suspension
with concentration of 40 × 106 cells per 1 ml by adding 4 mg of
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fresh yeasts (Saccharomyces cerevisiae) to 4 ml of water. For
phagocytosis analysis of neutrophil granulocytes there must
be 5 times bigger concentration of phagocytosis objects. Yeast
suspension was incubated for 5 min at 37 ℃ with stirring. To 0.4 ml
of this suspension, we added 0.4 ml of 2% trypan blue solution and
boiled for inactivation for 5 min at 90 ℃. After that, phagocytosis
objects were washed from dye excess by adding distilled water
and centrifuging for 5 min at 1500 rpm until decolorization of
supernatant. Obtained sediment of dyed yeasts was resuspended
in 0.4 ml of PBS and used for phagocytosis analysis of neutrophil
granulocytes.

In two vials we added 50 μl of leukoconcentrate (3 × 106
cells) and 5 μl of yeast suspension. One vial was incubated at 37
℃ for 30 min and another for 120 min. After the incubation, vials
were centrifuged for 3 min at 2000 rpm. From cells sediment we
prepared cell smears on microscope glass slides. Smears were dried
and fixated with methanol. After complete methanol evaporation
smears were covered with 70% ethanol. Gradually by droplets was
added distilled water to wash ethanol. Cell smears were stained by
Romanowsky-Giemsa for 40 min, washed with distilled water and
dried. Smears were analyzed by counting phagocytic neutrophil
granulocytes and phagocytosed particles. Phagocytic Index (PI)
(percent of phagocytosis) was determined as ratio of mean number
of phagocytic cells to general number of counted cells (200):
PI =

x
200

where x – number of phagocytic cells.

Index of finished phagocytosis (IFP) was determined by
formula:
x
IFP = 30min
x120min
where x30 min – mean number of yeast cells phagocytosed
after 30 min of incubation; x120min – mean number of yeast cells
phagocytosed after 120 min of incubation.

Analysis of Neutrophil Granulocytes Bactericydal
Activity by Reduction of Nitroblue Tetrazolium [13]

Reaction of nitroblue tetrazolium reduction (NBT-test) gives
possibility to analyze phagocytic and bactericydal activity of
granulocytes by formation in cytoplasm granules of formazan. In
vial of special glass slide were added 0.025 ml of heparin (20-25
units/ml), 0.1 ml of blood, 0.05 ml of 0.15 M phosphate buffer (pH
7.2) and 0.05 ml of 0.2% solution of nitroblue tetrazolium. Vial
content was mixed vigorously with pipette. Glass slide with vial
was covered by filter paper, soaked with 0.85 % NaCl and another
glass slide for creation of wet chamber. This construction was
incubated in thermostate for 15 min at 37℃ and for 15 min at room
temperature. After each stage of incubation vial content was mixed
with pipette. Vial content was used for preparing cell smears on
micriscope glass slides. Smears were dried, fixed with methanol
and stained with 2% solution of methylene green. Evaluation of
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cytochemical studies was performed by semi-quantitative method
using Astraldi principe based on differentiation of specific staining
levels (0, +, ++, +++). Results were expressed as mean cytochemical
coefficient (MCC) obtained by formula:
MCC =

A × 0 × B × 1× C × 2 × D × 3
100

where A – number of cells with negative reaction; B – number of
cells with weak positive reaction; C – number of cells with moderate
positive reaction; D – number of cells with acutely positive reaction.
100 – total number of counted cells.

Statistical Analysis of Results

Statistical analysis of results was performed using Microsoft
Excel 2016 data analysis. The direct quantitative data obtained from
the study was used for calculation of basic statistical parameters
(arithmetic mean – M, the standard deviation of the arithmetic
mean – m). To evaluate the reliability of the difference between two
alternative data sets, we performed Student’s t-test. The difference
was considered significant under p≥0.95 (the level of significance
P<0.05).

Results

OGTT revealed that organism of rats with EDM characterized
by lower glucose tolerance. Glycemic curve under EDM conditions
had clearer peak on 30 min, placed higher on diagram (Figure 1A)
and area under glycemic curve was 2.69-fold bigger than in control
group (Figure 1B). There were no significant differences in glucose
tolerance between control group and control animals treated with
PBM. However, treatment with PBM therapy of EDM rats improved
glucose tolerance of their organism which was manifested in lower
area under glycemic curve (1.83-fold than in nontreated EDM) and
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intermediate position of glycemic curve between control and DM
group.

After investigation of glucose tolerance, we decided to evaluate
efficiency of glucose uptake by rat’s blood leukocytes. We revealed
that during EDM glucose uptake activity was decreased 1.18-fold.
However, treatment with PBM of control animals and rats with
EDM increased glucose uptake (1.21- and 1.22-fold respectively),
compared to nontreated animals (Figure 2A). After that, we decided
to investigate ATP content in leukocytes lysates under experimental
conditions (Figure 3). We revealed that during EDM ATP content
was decreased 1.39-fold comparing to control, but treatment with
PBM of rats with EDM increased ATP content 1.52-fold compared
to nontreated EDM animals. There were no significant changes of
ATP content in control animals treated with PBM. After evaluating
ATP content in leukocytes we decided to measure activity of ROS
production in these cells under EDM conditions and after PBM
treatment. We observed (Figure 4A), as expected, that during EDM
ROS content was elevated 1.18-fold compared to control. PBM
treatment of healthy animals also increased ROS content 1.15fold but caused no significant changes of ROS content in animals
with EDM. Knowing ROS content under studied conditions, we
decided to measure activity of MPO. We revealed (Figure 5A), that
during EDM MPO activity in blood plasma was increased 2.16fold compared to control. PBM treatment of healthy animals also
increased MPO activity 1.9-fold compared to nontreated rats.
However, PBM treatment of EDM rats caused the 1.63-fold decrease
of MPO activity compared to nontreated EDM animals. Contrary to
these, MPO activity in leukocytes (Figure 5B) was decreased under
EDM conditions and PBM treatment of healthy animals (3.17- and
2.69-fold respectively). PBM treatment of rats with EDM caused
the 7.7-fold increase of MPO activity compared to nontreated EDM
animals.

Figure 1A and 1B: Results of OGTT: typical glycemic curves (A) and area under glycemic curves, mmol/l × h (B). In vivo study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05
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Figure 2A and 2B: Fluorescence intensity of 2-NBDG in rat`s leukocytes under the studied conditions, (AU) (A); microphotographs
of leukocytes fluorescence under the studied conditions, (magnification 25.2x) (B). In vitro study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05

Figure 3: ATP content in leukocytes lysates, ng/μl. In vitro study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05

Figure 4: Fluorescence intensity of H2DCFDA in rat`s leukocytes under the studied conditions, (AU) (A); microphotographs of
leukocytes fluorescence under the studied conditions, (magnification 40x) (B). In vitro study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05

Citation: Oleksandr Karmash*, Mariana Liuta, Nataliia Yefimenko and Nataliia Sybirna. The Effect of Photobiomodulation Therapy on
Energy Supply and Functional Activity of Leukocytes from Rats with Experimental Diabetes Mellitus. Archives of Diabetes & Obesity 3(5)2021. ADO.MS.ID.000173. DOI: 10.32474/ADO.2021.03.000174

377

Arch Dia & Obes

Volume 3 - Issue 5

Copyrights @ Oleksandr Karmash, et al

Figure 5: MPO activity in blood plasma (A) and leukocytes lysates (B), nmol H2O2/min × mg of protein. In vitro study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05

For further investigation of PBM influence on functional activity
of leukocytes, we decided to evaluate changes in their phagocytic
activity. We revealed, that during EDM in case of 30 min incubation
of leukocytes the PI was 1.11-fold lower than in control group. PBM
treatment of rats with EDM caused the 1.02-fold increase of PI
after 30 min of incubation, compared to nontreated animals with
EDM (Figure 6A). After 120 min of leukocytes incubation PI in rats
with EDM was 1.05-fold lower compared to control group. PBM
treatment of rats with EDM showed tendency to increase this index,
but changes were not significant (Figure 6B). Based on these results,
we calculated the index of finished phagocytosis (IFP). IFP in rats
with EDM was 1.54-fold lower compared to control group (Figure
7). PBM treatment showed multidirectional changes of IFP in rats

with and without EDM. In PBM-treated healthy animals IFP was
1.19-fold decreased and in PBM-treated rats with EDM IFP was 1.28fold increased, compared to nontreated animals. After investigating
phagocytic activity, we decided to evaluate bactericidal activity of
neutrophil granulocytes. Measuring spontaneous production of
superoxide, we observed 1.28-fold decrease of MCC during EDM
(Figure 8A). PBM treatment also caused 1.20-fold decrease of MCC
in healthy animals, but irradiation of rats with EDM showed 1.58fold increase of MCC compared to nontreated animals. Considering
stimulated NBT-test, we didn`t observe significant changes of MCC
in control group, rats with EDM and PBM-treated healthy animals
(Figure 8B). However, PBM-treated rats with EDM showed 1.5-fold
increase of MCC compared to nontreated animals.

Figure 6: Phagocytic index of segmentonuclear neutrophils after 30 min (A) and 120 min (B) of incubation, %. In vitro study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05
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Figure 7: Changes of IFP under studied conditions. In vitro study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05

Figure 8A and 8B: Spontaneous (A) and stimulated (B) NBT-test of neutrophil granulocytes. In vitro study.
* – the difference is significant compared to control, P<0.05
# – the difference is significant compared to EDM, P<0.05

Discussion
In our previous research we have demonstrated that PBM
therapy are capable to lower blood glucose concentration in rats
with EDM. Besides, it is more important, that PBM therapy can
lower the content of glycosylated hemoglobin in EDM animals [10].
Glycosylated hemoglobin content is important index that refers
to long-term changes in blood glucose concentration. Decrease of
this index may indicate the prolonged hypoglycemic effect of PBM
therapy, because lifetime of rat`s erythrocytes is about 50 days and
50% of glycosylated hemoglobin is formed in the last quarter of
erythrocyte lifetime, which is coincides with time of our treatment
[14,15]. Naturally, the question arises: how PBM therapy cause the
decrease of blood glucose concentration? We presumed, that PBM
therapy promotes glucose uptake by peripheral tissues. Indeed, our
results of OGTT (Figure 1) are demonstrating, that hypoglycemic
effect of PBM therapy can be explained by improved glucose
utilization by organism. These data are consistent with the results
of other researchers. In particular, it was found that light therapy

promotes lowering of blood glucose concentration in patients with
type 1 DM [16]. Also, in rats, PBM promotes the decrease of blood
glucose level and activation of glycogen synthesis in muscles [17].
Our data and literature sources allows us to assume, that PBM
therapy can influence on glucose transport in peripheral tissues.
In this research we decided to concentrate on peripheral blood
leukocytes because of lack of data about how glucose transport and
energy supply affects their immune functions.

We found, that PBM therapy showed the improvement of
glucose transport (Figure 2) as evidenced by higher fluorescence
of 2-NBDG in leukocytes of irradiated healthy and diabetic rats,
compared to nontreated animals. The mechanism of this action is
difficult to explain as number of researches considering glucose
transport and activity of its transporters in leukocytes are few and
they often contradictory. In particular, it is known that in peripheral
blood leukocytes present GLUT1, GLUT3, GLUT6 and GLUT9
glucose transporters. GLUT6 is low-affinity glucose transporter
with unidentified primary physiological substrate and its function

Citation: Oleksandr Karmash*, Mariana Liuta, Nataliia Yefimenko and Nataliia Sybirna. The Effect of Photobiomodulation Therapy on
Energy Supply and Functional Activity of Leukocytes from Rats with Experimental Diabetes Mellitus. Archives of Diabetes & Obesity 3(5)2021. ADO.MS.ID.000173. DOI: 10.32474/ADO.2021.03.000174

379

Arch Dia & Obes

Volume 3 - Issue 5

in leukocytes is unknown. It is suggested that GLUT6 may be
involved in glucose transport between inner compartments of cell.
Considering GLUT9, there are data about its presence in leukocytes
but function of this transporter is also unknown. So GLUT1 and
GLUT3 are considered as main glucose transporters in leukocytes
[18, 9]. It is worth noting, that in rats, unlike humans, GLUT3
is expressing only in brain, so GLUT1 with highly conservative
expression among mammals remains the only known target of PBM
[19].

It is known that PBM therapy can activate hypoxia-inducible
factor 1α (HIF-1α) in a way that, probably, do not depends from
oxygen, but through activation of Mitogen-Activated Protein
Kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt
pathways. HIF-1α, in turn, is capable to induce the expression of
GLUT1, intensifying glucose transport into the cell [20]. Classic
definition of diabetes mellitus contains interesting physiological
contradiction: blood glucose concentration rises, while peripheral
tissues suffer from its deficiency because of lack of insulin
signaling. So we suggested, that reinforced glucose uptake by cells
leads to improvement of its energy supply and functioning. To
test this suggestion, we decided to identify ATP content in blood
leukocytes of rats under studied conditions. There are evidences,
that hyperglycemia cause the decrease of ATP content, that affects
activity of antibody production in response to stimulation in
B-lymphocytes [21]. We also revealed that during EDM ATP content
in leukocytes decreases (Figure 3). However, PBM treatment of
rats with EDM showed increased ATP content. In our opinion,
this normalization of ATP content in leukocytes of treated with
PBM diabetic rats is possible due to activation of oxidative
phosphorylation [22] and enhanced glucose uptake by cell. These
results confirm the improvement of energy supply in leukocytes by
PBM therapy that can lead to normalization of their functions.
Increasing of ATP content, which is accompanied by
intensification of cellular respiration should lead to increased
production of ROS. Indeed, researchers revealed that PBM therapy
can increase membrane potential of mitochondria and activate ROS
production in mice normal cortical neurons but decrease these
indices in cells with oxidative stress [23,24]. We obtained similar
results for peripheral blood leukocytes. Under EDM conditions,
as expected, we observed a significant increase of ROS content
in leukocytes (Figure 4). Also we observed the increase of ROS
production in leukocytes of healthy PBM-treated animals. During
PBM treatment of rats with EDM, we didn`t observe significant
changes in ROS production comparing to nontreated animals with
EDM. In our previous researches [10, 25] we revealed antioxidant
effect of PBM therapy. This effect was manifested as a decrease
of TBA-positive products content in blood plasma, erythrocyte
hemolysates and leukocyte lysates, decrease of OMP content
and increase of SOD activity in PBM-treated rats with EDM. Such
contradiction as increasing of ROS production and lowering of
some oxidative stress indices can be explained by influence of PBM
therapy on enzymatic part of pro-/antioxidant balance system, but
not direct antioxidant activity of light. Because of this, we decided
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to investigate the effect of PBM therapy on MPO activity, as this
enzyme is one of the main sources of ROS in leukocytes.

One of the main consequences of DM is the development
of generalized inflammation and oxidative stress. Besides, DM
patients are characterized by higher susceptibility to microbial
infections and altered wound healing. These can imply the
distortions in functioning of innate immune system. For example,
there are defects in neutrophil chemotaxis, phagocytic and
bactericidal activity in patients with diabetes. Excessive or
deficient activity of MPO considered to be the main reason of
these defects [26]. There is some contradiction in literature data
about MPO activity during diabetes. In particular, MPO activity is
decreased in leukocytes [27], but increased in blood plasma [28].
This can be explained by preactivated state of neutrophils during
DM. Preactivated cells are characterized by excessive activation
of NADPH oxidase and superoxide (О2-•) production which plays
an important role in bactericidal function of neutrophils, but
also can lead to development of oxidative stress and apoptosis
if produced in plenty [29]. While such preactivation, negatively
affects antimicrobial activity of neutrophils, it also takes part in
development of inflammation through activation of neutrophils
to release MPO in blood plasma due to action of pro-inflammatory
cytokines (in particular TNF-α) [30, 31].
As a result of our research, we found the decreased activity of
MPO in leukocytes of rats with EDM. This decrease of MPO activity
can be explained by lower content of Advanced Glycosylation End
Products (AGEs) in leukocytes during DM. There are data, that AGEs
can stimulate MPO production through interaction with RAGE [32].
Besides, such decrease of MPO activity in leukocytes during EDM
can partially explain higher ROS content in leukocytes because
lack of MPO and catalase activity prevents to utilize hydrogen
peroxide [33]. We revealed the increase of MPO activity in blood
plasma of rats with EDM, that confirms involvement of this enzyme
in development of oxidative stress and inflammation. However,
PBM treatment of EDM rats revealed the increase of MPO activity
in leukocytes and decrease in blood plasma. We think this may
indicate the improvement of leukocyte`s functional activity and
lowering of oxidative stress in rats with EDM under PBM treatment.
For further investigation of PBM therapy effect on functional
activity of leukocytes, we decided to examine phagocytic and
bactericidal activity of leukocytes. Researches about activity of
immune response in patients with DM first emerged in 1960-s. In
particular, there were shown that chemotaxis of Polymorphonuclear
Leukocytes (PMNL) was distorted during ketoacidosis. Aleksievich
et al, revealed impaired phagocytosis in leukocytes of DM patients
and this was related to glycemic control, where better control
of glucose level during 3-month period improved phagocytosis
activity [34]. It is also known, that decrease of MPO activity leads
to suppressing of phagocytosis in neutrophils and increases the
risk of infections in DM patients [35]. In general, there is the whole
spectrum of defects in work of immune system during DM. However,
the main factor that promotes increased susceptibility to infections
is deterioration of leukocyte function [36]. In our research we also
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revealed the decrease of phagocytosis activity in leukocytes of rats
with EDM. This expresses as the decrease of PI in segmentonuclear
neutrophils after 30 min of incubation and in the decrease of IFP.
In PBM-treated rats with EDM we find the increase of phagocytosis
activity compared to nontreated animals with EDM. Phagocytosis
is a complex energy-dependent process that requires precise
reorganization of cytoskeleton and neutrophil degranulation.
Besides, there are researches, indicating that phagocytosis process
in leukocytes depends from energy supply through breakdown
of glucose by glycolysis [37]. Changes in glycolysis under diabetic
conditions in leukocytes are scarcely studied, but some works
indicating that glycolysis is downregulated due to decrease of
phosphofructokinase activity [38]. Other researchers, vice versa,
revealed increased activity of phosphofructokinase, but decreased
activity of glucose-6-phosphate dehydrogenase – key enzyme of
pentose phosphate pathway. Thus, there is no doubt that during
DM carbohydrate metabolism in leukocytes is distorted. Also, it is
important to note, that insulin therapy can neutralize the negative
effect of DM on carbohydrate metabolism in leukocytes even if
there are no changes in hyperglycemia [39]. This indicates that the
disturbance in glucose uptake is responsible for impaired functions
of leukocytes during DM.
Besides phagocytic activity, we determined bactericidal ability
of leukocytes by performing NBT-test which indicates NADPH
oxidase activity and superoxide anion production in neutrophils.
We revealed, that during EDM there is decrease of spontaneous О2-•
production but there are no significant changes in stimulated О2-•
production. However, PBM therapy treatment revealed significant
increase of spontaneous and stimulated О2-• production. There
are contradictive data in literature about ROS production in
leukocytes during DM. Some researchers report about increased
ROS production in neutrophils due to development of oxidative
stress during DM. This is also confirmed by our data (Figure 4A).
At the same time, another researches indicating the suppressing of
respiratory burst during DM due to decreased activity of NADPH
oxidase. These occurs because of hyperglycemia-induced inhibition
of glucose-6-phosphate dehydrogenase activity, one of the main
function of which is the supporting the level of NADPH, substrate
for NADPH oxidase [40]. This is also consistent with our data
of NBT-test, that demonstrates the decrease of О2-• production
during EDM and the increase after PBM therapy treatment. Thus,
antioxidant activity and antihyperglycemic effect of PBM therapy
along with facilitation of glucose uptake by leukocytes, evidences
about its positive influence on energy supply and pro-/antioxidant
balance of cells. All these afterwards lead to improvement of
functional activity of leukocytes.

There are limitations in this study that should be noted. The
method of leukocytes extraction allows us to evaluate energy
supply, ROS content and MPO activity only in the whole WBC
population, but not in subpopulations. Further research with
separated subpopulations of WBC is needed. Biological effects of
PBM therapy may be dependent on the dosimetry characteristics,
yet we only used one type of LED matrices for all studies, thus other

spectrum or energy densities may have different action. Loss of
function studies in vitro (using ATP and ROS neutralization agents)
and time-course kinetic study with H2DCFDA would further
enhance the specificity of our observations.

Conclusions

PBM therapy treatment of rats with EDM causes improvement
of glucose tolerance, activation of glucose uptake and ATP
production in leukocytes that accompanied by increased ROS
production. Besides, we revealed that PBM therapy treatment
causes increase of MPO activity, phagocytic activity and superoxide
anion production in leukocytes. The decrease of oxidative stress
indices, that was revealed earlier, together with observed in this
research increase of ROS content and activity of superoxide anion
production, evidence about positive effect of PBM therapy on pro-/
antioxidant balance in leukocytes. This balance is very important
and, as we think, processes of ROS accumulation in the cell during
oxidative stress, that accompanies DM, and specific ROS production
in leukocytes for performing their function as immunocompetent
cells should be clearly distinguished. We believe, that found in this
study positive effects of PBM therapy during EDM on functional
activity of leukocytes are caused, in particular, by improvement
of their energy supply due to higher glucose uptake in cell and
increased production of ATP.
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