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ARTICLE INFO ABSTRACT

Keywords: Background: Hypoxia is a characteristic feature of many tumors. It promotes tumor proliferation, metastasis, and
Oxygenation invasion and can reduce the effectiveness of many types of cancer treatment.
Tumor

Objective: The aim of this study was to investigate the pharmacokinetics of methylene blue (MB) and its impact on
the tumor oxygenation level at mouse Lewis lung carcinoma (LLC) model using spectroscopic methods.
Approach: The pharmacokinetics of MB were studied qualitatively and quantitatively using video fluorescence
imaging and fluorescence spectroscopy. The degree of hemoglobin oxygenation in vivo was examined by
calculating hemoglobin optical absorption from the measured diffuse reflectance spectra. The distribution of MB
fluorescence and the lifetime of NADH were analyzed using laser scanning microscopy and fluorescence lifetime
imaging microscopy (FLIM) to assess cellular metabolism.

Results: After intravenous administration of MB at 10-20 mg/kg, it quickly transitioned in the tumor to a
colorless leucomethylene blue, with maximum accumulation in the tumor occurring after 5-10 min. A con-
centration of 10 mg/kg resulted in a relative increase of the tumor oxygenation level for small tumors (volume
50-75 mm3) and normal tissue 120 min after the introduction of MB. A shift in tumor metabolism towards
oxidative phosphorylation (according to the lifetime of the NADH coenzyme) was measured using FLIM method
after intravenous administration of 10 mg/kg of MB. Intravenous administration of MB at 20 mg/kg results in a
long-term decrease in oxygenation, which persisted for at least 120 min after the administration and did not
return to its initial level.

Conclusions: Administration of MB at 10 mg/kg shown to increase tumor oxygenation level, potentially leading to
more effective antitumor therapy. However, at higher doses (20 mg/kg), MB may cause long-term decrease in
oxygenation.

Photodynamic therapy
Methylene blue

1. Introduction

Cancer treatment still remains a significant challenge for both sci-
entists and physicians. Solving this complex problem is hindered by the
tumor’s gene-expression, independent evolution, metabolism, and high
heterogeneity of tumors [1,2], as well as a large number of interrelated
factors that lead to changes in the tumor microenvironment [3-5]. As
result, the tumor microenvironment possesses distinct physiological
traits compared to healthy tissue.

Cancer cells exhibit active growth and prefer to produce ATP through
the glycolytic system for biomass production, known as aerobic glycol-
ysis, in addition to oxidative phosphorylation, even when sufficient
oxygen is present in the tissue [6]. This increased glycolytic activity
results in high lactate production, which plays a critical role in signaling,
regulation of cancer immunity, and immunosuppression [7,8]. The
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accumulation of lactate in tumors indicates a rise in NADH levels
compared to NAD™. Cancer cells have been found to have a higher
NADH/NAD™ redox ratio than normal cells [9-11], where the ratio of
NAD™ to NADH is balanced in favor of NAD™. In cancer cell mitochon-
dria, NADH is used to maintain high NADPH levels, which is essential for
the production of scavenging enzymes, regulation of reactive oxygen
species (ROS) levels and tumor defense against oxidative stress and cell
death [12].

Accelerated tumor growth results in chronic hypoxia as oxygen
consumption exceeds its supply. This causes a gradual decrease in tumor
oxygenation as the distance from the tumor-associated vasculature in-
creases [13]. In addition, acute or perfusion-related hypoxia may occur
due to an irregular or dilated vascular network in tumor or vascular
occlusion caused by tumor cell aggregates [14,15]. Normal tissue oxy-
gen levels range from 10 to 80 mmHg, while most tumor tissues have
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levels below 5 mmHg [16]. Poor patient outcomes are associated with
the expression of the hypoxia-inducible factor 1 (HIF-1) [17-19]. Hyp-
oxia promotes tumor proliferation, metastasis, and invasion, as well as
resistance to cancer treatments [20-22], and can reduce the effective-
ness of all types of cancer therapies, including radiotherapy, chemo-
therapy [23-25], and photodynamic therapy [26].

The aim of developing new therapeutic modalities is often to in-
crease the oxygen content in tumors, with the goal of enhancing therapy
efficacy. Recently proposed strategies [26] for addressing tumor hyp-
oxia include direct delivery of exogenous oxygen to the tumor or gen-
eration of oxygen in situ [20,25,27], reducing tumor cellular oxygen
consumption by inhibiting respiration [28,29], normalizing tumor
vasculature, or disrupting tumor extracellular matrix [30-32], and
inhibiting the HIF-1 signaling pathway [33]. Additionally, the
oxygen-independent Type-I PDT is also discussed as an alternative
strategy [34,35].

One interesting approach is the development and study of nano-
zymes — nanostructures that mimic the catalytic properties of natural
enzymes. Most nanozymes can catalyze the degradation of peroxides
and are actively used to generate oxygen in situ [36-38]. There is also
growing interest in developing nanozymes for other cofactors involved
in cellular metabolic redox reactions, such as NADH/NAD [39].
Well-known redox dyes, such as methylene blue (MB), can be used for
the same purposes.

MB is a heterocyclic aromatic phenothiazine dye discovered by
Heinrich Caro in 1876. Early research on methylene blue dates back to
the 1930s, when the idea was proposed that MB could increase oxygen
consumption by tissues prone to aerobic glycolysis, particularly tumors,
and also to restore oxygen consumption after cyanide poisoning [40].
The effect of MB was proposed to be proportional to the enzymatic ca-
pacity of tissues, and the catalytic properties of MB in relation to tumors
are due to its interaction with lactic acid produced as a result of aerobic
glycolysis. MB has been actively studied as an antidote for cyanide
poisoning [41-44], but, after the advent of other antidotes, research was
discontinued for quite some time.

MB is currently being actively researched and widely used clinically,
both for fluorescence-based intraoperative imaging [45,46] and as a
PDT agent [47-52]. Its catalytic properties find application in the
treatment of methemoglobinemia [53,54] and lactoacidosis [55], as
well as an antidote for carbon monoxide [44] or cyanide poisoning [42].
During interaction with cell membranes, dimerization of MB promotes
electron transfer reactions leading to the generation of reactive oxygen
species and Type-I PDT [56,57].

A more detailed understanding of the metabolic pathways of tumor
development generates interest in redox dyes. Modern methods allow a
more detailed analysis of the effect of MB on metabolism, both at the
cellular level and on the tumor as a whole. It is well-known that MB is
capable of exhibiting cyclic redox properties both in vitro and in vivo
[58,59]. The in vivo cyclic activity is caused by the interaction with
molecules found in the cytoplasm or mitochondria, such as NADH [60,
61], FADH or reduced glutathione [58]. This leads to the rapid reduction
of MB to its colorless form, leucomethylene blue (LMB), in the absence of
oxygen [62]. Oxygen and molecules with high oxidation potential, can
then re-oxidize LMB to MB, creating a cyclic electron donor-acceptor
pair [59,63,64].

The effects of MB/LMB pair can vary significantly depending on the
MB concentration and the redox state of its immediate environment. For
instance, low concentrations of MB are used to treat methemoglobiemia,
while high concentrations act as an electron acceptor [59] and may lead
to methemoglobiemia. The cycling between the oxidized and reduced
forms of MB, which facilitates electron transport in the mitochondria
and enhances the ATP production through the oxidative phosphoryla-
tion at nM or low pM concentrations of MB (up to 10 pM) [65-67].
Positive effects have been reported at high concentrations up to 60 pM
[68].

Most of the studies on the influence of MB on cell and tissue
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metabolism have been conducted in cell cultures, animals or ex vivo
organs. These studies have established important patterns of MB influ-
ence, which depend on the concentration of MB and the redox state of
the microenvironment [69,70]. However, due to the large number of
interacting factors, it is not always possible to model the entire set of
experimental factors in vitro and ex vivo. Therefore, in this article, we
used modern spectroscopic methods to study the accumulation of MB in
normal tissues and in tumors of laboratory animals in vivo and to
investigate the effect of MB on oxygenation.

2. Materials and methods
2.1. Tumor model in vivo

Male BALB/c mice weighting 25-30 g and aged 8-10 weeks were
used in experiments conducted at the N.N. Blokhin National Medical
Research Center of Oncology. The mice were obtained from the Push-
chino nursery (Russia) and were in standard cages at a temperature of
21°C with a 12-hour light-dark cycle. They were given ad libitum access
to standard laboratory feed and water. Tumor grafting was performed by
intramuscular injection of 50 pl of a 15 % C57LB strain Lewis lung
carcinoma (LLC) tumor cell suspension in Hanks’ Balanced Salt Solution
the into the right hind leg. Tumor growth was assessed at 6, 8, 10, and 14
days post-injection by measuring two perpendicular diameters of each
tumor with calipers. The tumor size was determined by direct mea-
surement of its dimensions, and the volume was calculated using the
formula: V= 0.5 (L x Wz), where V — volume, L — length and W —
width.

Experiments were conducted on 14th day after the injection of LLC
cells. The animals were administered a commercially available photo-
sensitizer Methylene Blue (MB, Samaramedprom, Russia). The 200 pl of
1 % aqueous solution of MB in saline (based on a total dose of 10 and 20
mg/kg (0.031 mM and 0.062 mM) in an animal) were administered
intravenously into the tail vein under fluorescence control.

The mice were divided into four groups based on tumor size (small
and large tumor, corresponding to 50-75 mm® and 100-150 mm?,
respectively) and MB concentration (total dose of 10 and 20 mg/kg).
Each group consisted of three mice. Oxygenation measurements were
taken at three locations in both tumor and normal muscle tissue for 30 s
for each mouse. Fluorescence measurements were also taken at three
locations in both tumor and normal muscle tissue. After this, the data
was averaged and STD was calculated.

2.2. Video fluorescence imaging

Fluorescence was excited using 660 nm laser radiation and detected
by a black-and-white MQO13RG-ON camera (Ximea, Korea) sensitive to
near-infrared wavelengths and equipped with a 700-750 nm bandpass
optical filter. The fluorescence signal was recorded as the image
brightness for 5 min following the administration of MB solution in both
tumor and normal tissue.

2.3. Diffuse-reflected fluorescence spectroscopy

The accumulation of MB was measured spectroscopically in both
tumor and normal tissue using a LESA-01-Biospec fiber-optic spec-
trometer (Biospec, Russia) with fiber-optic probe. The device can mea-
sure fluorescence spectra in the 350-1000 nm wavelength range with a 3
nm resolution and an adjustable exposure between 20 and 500 ms. The
probe consisted of a central illuminating fiber that provided laser radi-
ation to excite the tissue and six peripheral fibers that collected the
scattered and fluorescence radiation. An He-Ne laser emitting at 632.8
nm was utilized for exciting MB fluorescence. The power of laser radi-
ation at the fiber output was 5 mW. An optical filter was installed at the
spectrometer entrance to reduce laser radiation, allowing for the
observation of component backscattered by tissue within the same
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dynamic range as fluorescence radiation.

The concentration of the photosensitizer in the tissues was calculated
by measuring integral intensity of fluorescence. A calibration was car-
ried out using optical phantoms that replicate the scattering and ab-
sorption properties of biological tissues. These phantoms contained MB
at concentrations ranging from 0 to 5 mg/kg in a scattering medium of 1
% Intralipid fat emulsion (Fresenius Kabi LLC, USA) in a test tube. The
fluorescence index was calculated for each optical phantom by dividing
the area under the MB fluorescence peak by the area under the scattered
laser radiation peak. The fluorescence indices of the optical phantoms
were used to construct a calibration curve. Both the tissue fluorescence
index and MB concentration in optical phantoms were determined under
identical external conditions. Measurements were taken before MB
administration and at time intervals ranging from 5 to 120 min after the
administration. At each time point, three measurements were taken for
each animal. For statistical analysis of the obtained data, the Shapiro-
Wilk test was used to determine whether the sample followed a
normal distribution. After confirming the normal distribution, we per-
formed a two-sample t-test to evaluate the difference between the values
at each measured time point and the value at zero (before drug
administration), as well as between time points for trend analysis.

2.4. Measurement of hemoglobin oxygenation level

The degree of hemoglobin oxygenation in vivo was examined using a
hemoglobin optical absorption method [71]. A halogen lamp with a
fiber-optic output functioned as the broadband light source, while
LESA-01-Biospec fiber-optic spectrometer registered the diffuse reflec-
tance spectra. The hemoglobin concentration was derived from the ab-
sorption spectrum. The degree of hemoglobin oxygenation was
calculated as the ratio of oxygenated hemoglobin absorption to total
hemoglobin absorption. For statistical analysis of the obtained data, the
Shapiro-Wilk test was used to determine whether the sample followed a
normal distribution. Since the obtained data did not follow a normal
distribution, we performed Wilcoxon signed rank test to check the data
for a significant difference between two population medians.

2.5. Fluorescence microscopy and fluorescence lifetime imaging
microscopy (FLIM)

Mice were euthanized immediately and 5 min after MB injection. A
mouse with a tumor without MB administration was used as a control.
Tumors, subcutaneous tissue, skin, and muscle were excised en bloc and
frozen. Sections were cut at a thickness of 50 pm using a Microm HM 560
Cryostat (Thermo Scientific, Waltham, MA, USA) and processed for laser
scanning fluorescence microscopy and FLIM procedures to analyze the
accumulation of MB within individual cells. The sections were placed in
saline under a coverslip and examined immediately.

The fluorescence spectra and lifetime images of autofluorescence and
MB fluorescence were recorded using a laser scanning confocal micro-
scope LSM-710-NLO (Carl Zeiss AG, Oberkochen, Germany). The spec-
trally resolved images were acquired under simultaneous 488 nm and
633 nm laser excitation in lambda mode with 32-channel GaAsP de-
tector in the 450-740 nm spectral range. The average autofluorescence
level was determined from tumor sections of mice without MB admin-
istration for subtraction from the spectra of tumor sections of mice with
MB administration. Using the same image acquisition parameters, im-
ages of aqueous MB solutions were obtained to assess the level of MB
concentration in tumor sections. Time-resolved images of auto-
fluorescence and MB fluorescence were recorded under two-photon 740
nm excitation with a Chameleon Ultra II femtosecond laser (Coherent,
Saxonburg, Pennsylvania, USA), with a pulse width of 140 fs and a
repetition rate of 80 MHz. Optical bandpass filters FB450-40 (Thorlabs,
Newton New Hersey, USA) and BP 640/30 (Carl Zeiss AG, Oberkochen,
Germany) were used to isolate fluorescence signals from NADH and MB,
respectively. Time-resolved fluorescence images were processed using
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SPCImage 8.0 software (Becker & Hickl GmbH, Berlin, Germany). In
calculating the NADH a;/a; metabolic index, kinetics were approxi-
mated using fixed lifetimes: 7; = 0.4 ns, 79 = 2.5 ns [72].

For statistical analysis of the obtained data, the Shapiro-Wilk test was
used to determine whether the sample followed a normal distribution.
After confirming the normal distribution, we performed a two-sample t-
test to evaluate the difference between the NADH lifetime values for
tumors after MB injection with value for control tumor without MB.

3. Results

The results of a qualitative study of the MB pharmacokinetics using
the video fluorescence method are shown in Fig. 1.

Immediately after intravenous MB administration an intense fluo-
rescent signal was observed in both tumor and normal tissue. In normal
tissue, the signal remains at a constant level until the end of the mea-
surement. In tumors, the signal decays rapidly: for small tumors, the
signal decays to 20 % of the initial brightness after approximately 50 s.
For large tumors, the signal decays even more rapidly, reaching 20 % of
the initial brightness in 20 s. The signal then slowly increases to 30 % of
the initial brightness. It should be noted that, after 15 s, vessels in the
tumor are clearly visualized; after 300 s, the staining is more diffuse,
which may indicate the accumulation of MB in different tumor
compartments.

The results of a quantitative study of MB pharmacokinetics using
fluorescence spectroscopy are presented in Fig. 2.

In normal tissues, the maximum of MB accumulation was observed at
5-10 min after injection, after which the fluorescence intensity began to
decrease. At 10 mg/kg administered dose, statistically significant dif-
ferences in accumulation were observed between the 5- and 120-minute
time points. The rate of signal decrease was higher at a higher concen-
tration of MB (20 mg/kg), statistically significant differences in accu-
mulation were observed already between the 5- and 10-minute time
points, the trend of decreasing concentration continued up to 120 min. A
similar trend was observed in small tumors. The maximum accumula-
tion of MB observed after 10 min for small tumors was 0.11 + 0.02 mg/
kg at a dose of 10 mg/kg and 0.16 + 0.03 mg/kg at a dose of 20 mg/kg.
For large tumors, the measured MB concentration was significantly
lower (the maximum accumulation was 0.05 + 0.01 mg/kg at a dose of
10 mg/kg and 0.09 + 0.01 mg/kg at a dose of 20 mg/kg) and the error of
calculated concentration is higher, no statistically significant difference
was found to determine the trend of MB accumulation. This may be due
to both the significant heterogeneity of large tumors and poorer blood
supply, as well as the transition of part of the MB to a colorless LMB form
under hypoxic conditions.

The results of the oxygenation study of normal tissues and tumors are
shown in Fig. 3.

In normal tissues, a decrease in the oxygenation level was observed
at short time intervals, 5 — 10 min, corresponding to the maximum
accumulation of MB. With increasing time, a reverse increase in the level
of oxygenation is observed, and after administration of 10 mg/kg, the
level of oxygenation after 2 h exceeds the initial one (p < 0.01). Intra-
venous injection of 20 mg/kg MB leads to a decrease in oxygenation of
normal tissues over the entire time interval studied; after 120 min,
oxygenation is still below the initial level (p < 0.01).

In small tumors, intravenous administration of MB at a concentration
of 10 mg/kg results in a short-term decrease in oxygenation after 5-10
min. However, after this initial decrease, there is a subsequent increase
in oxygenation levels, with oxygenation after 120 min exceeding the
initial value (p < 0.01). Intravenous administration of MB at a concen-
tration of 20 mg/kg leads to a long-term decrease in oxygenation; 120
min after administration, the level of tumor oxygenation still does not
reach the initial value (p < 0.01).

In large tumors, intravenous administration of MB at a concentration
of 10 mg/kg does not lead to statistically significant changes in
oxygenation Intravenous administration of MB at a concentration of 20
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Fig. 1. a) Normalized MB fluorescence brightness after intravenous administration in mice observed in normal leg (left hind leg), large and small tumors (right hind
leg, volume 100-150 and 50-75 mm?, respectively) over time. b) Frames of fluorescence images of mouse legs, healthy (gray circle) and with a grafted tumor (green

circle) over time after intravenous administration of MB.

mg/kg causes a long-term decrease in oxygenation in large tumors, after
120 min the level of tumor oxygenation still does not reach the initial
value (p < 0.05).

The obtained dependencies indicate that small tumors exhibit faster
and most severe decrease in oxygenation, while large tumors experience
less pronounced decline. At low dose of MB, the oxygenation level in-
creases above the initial level for small tumors and normal tissue.
Conversely, at high dose of MB, the oxygenation level remains below its
initial value throughout the entire time of the experiment.

Cryosections of tumors were examined using laser scanning micro-
scopy and FLIM. The distribution of MB fluorescence and the lifetime of
NADH were analyzed to assess cellular metabolism. The MB fluores-
cence was detected on tumor cryosections only for the animal that was
euthanized immediately after intravenous administration of MB, Fig. 4.
Five minutes after intravenous injection of MB into the tumors, no traces
of MB fluorescence could be detected.

The mean fluorescence lifetimes of NADH (t NADH) measured by
FLIM and averaged across tumor regions such as healthy muscle, tumor
border, deep tumor core are given in Table 1.

In mice with MB in tumor, NADH shows a shift towards longer
fluorescence lifetimes compared to control, even when no MB was
detected. This increase in NADH fluorescence lifetime can be interpreted
as a shift in metabolism towards oxidative phosphorylation [73].

4. Discussion

The LLC model is commonly used to evaluate the efficacy of new
drugs, particularly those with antiangiogenic properties [74,75]. LLC
grows rapidly, forming a heterotopic graft. The metabolic phenotype of
lung cancer cells is characterized by increased glucose uptake and
glycolytic activity. Thus, in the selected model, the presence of a
microenvironment that is characteristic of a rapidly proliferating tumor
(excess of lactate [7], NADH [11], and hypoxia [16]) is expected. This is

also confirmed by experimental results. Tumor oxygenation, measured
before MB administration, is significantly lower than that of normal
tissue (about 75 %) and amounts to 60 % and 50 % for small and large
tumors, respectively.

After intravenous administration, MB is quickly distributed
throughout all organs and tissues due to the small size of its molecules
[76]. Since the intensity of the fluorescent signal in tumors begins to
decrease almost immediately after intravenous injection, and decreases
more rapidly in large tumors, Fig. 1a), we assume that this is not only
due to the blood flow and the accumulation/removal of MB from tissues,
but also due to its transition to the LMB when interacting with co-
enzymes in the tumor. The constant level of fluorescence intensity in
normal tissues over a 300-second time period confirms this assumption.
Even if the transition to LMB occurs in normal tissues, rapid reoxidation
into the MB is likely due to the good oxygen supply. Such trend was
shown for MB in closed system when interacting with NADH [61] —
under anaerobic condition a rapid transition of MB to LMB occurs, while
under aerobic condition no changes in MB absorption were observed,
however a decrease in the amount of NADH was observed. We assume
that the interaction with NADH leads to changes in oxygenation.

The interaction between MB and NADH in both tumor and normal
tissue, on the one hand, is determined by the speed of blood flow, which
affects the delivery of MB to the tumor, and on the other hand, by the
amount of NADH that acts as a reducing agent of MB to LMB and oxygen,
which acts as an oxidizer of LMB to MB.

The concentration of MB in large tumors, as determined by spec-
troscopic methods, does not exceed 0.1 mg/kg, Fig. 2. The maximum
accumulation was 0.05 &+ 0.01 mg/kg at an administration dose of 10
mg/kg and 0.09 + 0.01 mg/kg at an administration dose of 20 mg/kg,
compared to 0.11 + 0.02 mg/kg and 0.16 + 0.03 mg/kg for small tu-
mors, respectively. This may be due to poor accumulation resulting from
insufficient blood supply and hypoxia in large tumors, which causes the
transition of MB to LMB. At the same time, at a concentration of 10 mg/
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Fig. 2. Pharmacokinetics of MB after intravenous administration at a dose of
10 and 20 mg/kg in normal tissue (a) small (volume 50-75 mm?®) and (b) and
large (volume 100-150 mm?®) (c) tumors, measured using fluorescence spec-
troscopy. For (c) time points statistically significantly different from the con-
centration at zero (before MB administration) are marked (*p < 0.05, **p
< 0.01).

kg, MB has a weak effect on the oxygenation of large tumors, with the
measured changes in oxygenation not being statistically significant,
Fig. 3.

Based on this, we assume that slow blood flow in large tumors may
be the reason for the ineffective accumulation of MB and its minor effect
on the oxygenation in large tumors, despite the high NADH content and
rapid transition of MB to LMB, Fig. 1a).

When comparing the effect of MB on the oxygenation of small tumors
and normal tissues, Fig. 3, it is evident that despite the lower concen-
tration of MB in the tumor compared to normal tissue, the effect on
oxygenation is comparable and demonstrates the same trend. The
transition from MB to LMB can result in underestimation of the con-
centration measured in the tumor by spectroscopic methods. Addition-
ally, a higher amount of NADH in the tumor promotes more effective
catalytic reaction.

The effect of MB on oxygenation is dependent in the dose. Low
concentrations (10 mg/kg, equivalent to 30 puM) resulted in a rapid
decrease followed by an increase to a level higher than the initial.

Interestingly, the observed effect very quickly leads to a shift in
metabolism towards oxidative phosphorylation. An increase in NADH
lifetime was observed in animals euthanized immediately after the
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Fig. 3. Oxygenation of normal tissues (a) small (volume 50-75 mm?®) (b) and
large (volume 100-150 mm?®) (c) tumors, measured by hemoglobin absorption.
To evaluate statistically significantly difference, the values at each measured
time point were compared with the value at the previous time point. **p
< 0.01.

administration of MB. In animals euthanized 5 min after the adminis-
tration of MB the effect intensifies.

High concentrations (20 mg/kg, equivalent to 60 uM) of MB nega-
tively affected the oxygenation in both tumors and normal tissues. In
case of large tumors it resulted in a long-term decrease in oxygenation.
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Fig. 4. Fluorescence image of a tumor cryosection from a mouse euthanized
immediately after MB administration. Red color corresponds to the MB fluo-
rescence wavelength range, green — autofluorescence.

Table 1
Results of tumor sections examination with fluorescence and time-resolved
microscopy.

sample region MB fluorescence T NADH
level [ns] (p+o)
control without MB tumor, about 2 NA 0.86 +
mm from surface 0.14
euthanized immediately tumor surface 0.2 mg/kg 1.00 £
after MB administration 0.13*
tumor, about 2 NA 0.59 +
mm from surface 0.10*
tumor, more than NA 0.75 +
2 mm from 0.09
surface
euthanized in 5 min after tumor surface NA 1.16 +
MB administration 0.20*
tumor, more than NA 1.15+
2 mm from 0.22*
surface

Note: NA - less than detectable.
" indicates p < 0.05, comparison using two sample t-test with value for control
without MB.

This indirectly confirms our assumption that blood flow plays a role in
the low accumulation of MB in large tumors.

Similar concentration-dependent effects have also been reported in
the literature. Cases of desaturation of patient tissue with oxygen, in
combination with a concomitant drop in the partial pressure of oxygen
in the alveoli after MB administration, have been reported [77-79]. The
concentration ranges resulting in a shift between the positive and
negative effects of MB are consistent with the literature data. [65-68].

5. Conclusion

It was demonstrated that MB therapy enhances tumor oxygenation
levels, which contributes to more effective antitumor therapy.

For low concentrations of MB (10 mg/kg, equivalent to 30 uM), the
oxygenation level increased in small tumors and normal tissue 120 min
after the MB introduction. We suggest that even lower concentrations of
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MB may have a more significant effect on tumor oxygenation. Along
with an increase in oxygenation, there is also a shift in metabolism to-
wards oxidative phosphorylation. It is important to note that the
observed effects are highly dose-dependent. For high concentrations of
MB (20 mg/kg, equivalent to 60 uM), a negative effect on the oxygen-
ation of both tumors and normal tissues was observed.
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