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Hypoxia is an important factor in the macrophages mi-
croenvironment. Many physiological and pathological pro-
cesses including solid tumor development are characterized 
by both low oxygen content and presence of macrophages. 
Tumor-associated hypoxia causes alternative polarization 
of macrophages in tumor tissue and transformation of these 
cells into the allies of a malignant neoplasm. The aim of the 
work was to investigate the effect of NSC631570, a cancer-
selective drug that is known to selectively accumulate in 
the tumor tissue, on hypoxic macrophage function. Murine 
peritoneal macrophages (PMs) were subjected to hypoxia 
(3% O2). Nitrite level was assayed by the Griess reaction. 
Arginase activity was measured by colorimetric method. 
ROS generation and phagocytosis was estimated by flow cy-
tometry. O

2

– generation was assayed by the NBT reduction 
method. HMGB1 expression was determined by ELISA. 
42 h hypoxia caused alternative polarization of murine 
PMs with significant arginase prevalence. NSC631570 
repolarized arginine metabolism of hypoxic macrophages 
to NOS dominant and activated their pro-inflammatory 
functions: recovered ROS production and increased alarmin 
releaseNSC631570 can restore pro-inflammatory functions 
of macrophages, alternatively polarized by hypoxia.

Key words: hypoxia, macrophage alternative polarization, 
NSC631570, oxidative metabolism, phagocytosis, alarmins.

Introduction. Phenotypic and functional heteroge-
neity is the distinctive feature of macrophages. It 
is mediated both by the tissue microenvironment 
and by natural activating stimuli. The plasticity of 
macrophages can be represented by two extremes 
in their activation profile, M1 («classical») and 
M2 («alternative») activation [1, 2]. The M1 pro-
file is induced by IFN-  and microbial products 
and primarily exhibits microbicidal activity and 
a pro-inflammatory phenotype [3, 4]. In total, 
such macrophage activation leads to development 

of the inflammatory process and to induction of 
the Th1-type immune response [2, 5]. M2 mac-
rophages (induced by IL-4, IL-13, IL-10, TGF , 
glucocorticoid hormones etc.) are characterized by 
anti-inflammatory properties [6, 7]. The alterna-
tive macrophage activation leads to development 
of the Th2-type immune response. They are better 
adapted to scavenging of debris, promoting angio-
genesis, and repairing and remodeling of wounded/
damaged tissues. Such macrophages practically lose 
cytotoxic activity [8, 9]. In spite of the MHCII-
molecule formation, they are not able to complete 
antigen-presentation [1, 2, 6]. Instead of this, such 
cells accomplish the functions of regulatory cells 
[10, 11]. The classic and alternative activation of 
macrophages leads to distinctly directed arginine 
metabolism. During the classic activation, the in-
ducible nitric oxide synthase (iNOS) metabolizes 
arginine with NO formation, whereas, during the 
alternative activation, the Arg-1 arginase enzyme 
is synthesized which polymerizes arginine to urea 
and ornithine (a precursor of polyamines and pro-
line) [12, 13]. Increased arginase activity is con-
sidered as a marker of immunosupressive macro-
phages [14]. An additional criteria of functional 
polarization of macrophages are the production of 
reactive oxygen species (ROS) and phagocytic ac-
tivity. It is admitted that over-expression of recep-
tors involved in phagocytosis: CD163 and CD206 
are the markers of alternatively polarized macro-
phages. Scavenger receptor, CD163, expressed 
almost exclusively on circulating monocytes and 
on tissue macrophages, has been recognized as a 
valuable specific macrophage marker. Tolerogenic 
macrophages and DC display higher levels of 
the mannose receptor (CD206) which is another 
scavenger. The function of CD209 is to recognize 
complex carbohydrates located on glycoproteins 
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that take part in a variety of different biological 
processes. Some of those processes include cell–
cell recognition, serum glycoprotein metabolism 
and neutralization of pathogens. This protein also 
functions as a type 1 membrane immune receptor 
that mediates endocytosis of glycoproteins by 
macrophages. In addition to such receptor func-
tion, CD163 and CD206 seem to be involved in 
performing anti-inflammatory functions which are 
believed to be predominantly associated with M2 
macrophages [15]. ROS generation is a marker of 
cytotoxic macrophage activity, characteristic for 
M1 macrophages. Besides, ROS are important 
regulatory molecules and may influence metabo-
lism of a number of pro-inflammatory molecules 
including iNOS and danger associated molecular 
patterns (DAMP) [16].

Hypoxia is an important factor in the macro-
phage microenvironment. Many physiological and 
pathological processes (e.g., inflammation, wound 
healing, acute myocardial infarction, retinopathies, 
atherosclerosis, solid tumors and more) are char-
acterized by both low oxygen tension (hypoxia) 
and presence of macrophages. Hypoxia influenc-
es  different modes of macrophage activation and 
regulates the shift between them. Macrophages are 
central participants in hypoxia-driven processes, 
and the mediators they express and secrete recruit 
other cells and orchestrate their activity. The role 
of macrophages and the effects hypoxia exerts on 
them were studied mostly in solid tumors. Such 
attention is stipulated by an essential role of tumor-
associated macrophages in tumor biology [17]. 
Macrophages are important effector cells in anti-
tumor immunity [18, 19]. Activated macrophages 
can infiltrate tumors, express the inducible NOS2, 
and produce NO, which kills tumor cells [20, 21]. 
However, presence of macrophages in neoplastic 
tissue can also lead to their alternative polariza-
tion and transformation into the cells-allies of a 
malignant neoplasm. Such tumor-associated mac-
rophages (TAMs) can promote tumor angiogen-
esis, facilitate tumor cell invasion, and provide an 
immunosuppressive tumor microenvironment [18, 
22]. TAM activity is therefore likely to be complex 
and may be influenced by microenvironmental fac-
tors, such as cytokines and growth factors produced 
by tumor cells. Interestingly, TAMs migrate to-
wards and accumulate in hypoxic tumor domains. 
When exposed to hypoxia, macrophages alter their 

metabolism implying that tumor hypoxia has a pro-
found influence on TAM functions [23].

NSC-631570 (Ukrain) is a thiophosphoric acid 
derivative of alkaloids from greater celandine. It 
exerts cytotoxic and cytostatic effects on cancer 
cells due to its ability to be selectively accumulated 
in tumor tissue and activate apoptosis only in ma-
lignant cells and not in normal cells [24–27]. This 
selective uptake of NSC631570 in the cancer cells 
has been confirmed due to its autofluorescence un-
der UV light. Doroshenko et al. [28] determined 
the blood plasma and tissue concentrations of the 
main fluorescent component of free Ukrain after 
a single intravenous injection of this substance 
(0.25 mg/kg) to carcinosarcoma W-256 bearing 
rats. W-256 tumor tissue was the only tissue that 
showed accumulation of Ukrain (its concentration 
at 45 min after injection was up to 2.84-fold higher 
than that in the blood plasma). Authors suggested 
that the preparation penetrates into tumor tissue 
either by active transport or by a favored diffu-
sion. ULA-DC test (UV light excitation and results 
analysis with the use of AlphaDigiDoc software) 
revealed that tumor cells consumed much more 
drug than non-malignant cells [29]. The mecha-
nisms of selective accumulation of the preparation 
in tumor cells have not yet been fully investigated 
and understood. Being selectively accumulated in 
a tumor tissue the preparation can influence TAM 
function, as TAMs are reported to form about 
80 % of the total stromal leucocyte population in 
solid tumors [14]. In addition, Korolenko et al. 
[30, 31] have shown that NSC-631570 can influ-
ence macrophage migration and cause influx of 
macrophages into the site of its injection and into 
the tumor growth area after intravenous adminis-
tration. In our previous investigation we have also 
observed the ability of the preparation to effect 
monocyte/macrophage migration [32]. A growing 
number of studies have described modulating ef-
fect of NSC-631570 on macrophage function 
[33–35]. The preparation stimulates lysosomepha-
gosome fusion and increases the content of poly-
merized fibrillar form of actin in intact mouse peri-
toneal macrophages [34]. NSC-631570 used alone 
or in combination with IFN-gamma increases cy-
totoxicity of non-sensitized mouse peritoneal mac-
rophages and restores the defective cytotoxic re-
sponse of peritoneal macrophages of tumor-bearing 
mice in vitro [35]. 
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The aim of the present work was to investigate 
the effect of NSC-631570 on functional polariza-
tion of murine peritoneal macrophages (PMs) ex-
posed to hypoxia in vitro.

Materials and Methods. Isolation and culture of 
murine PMs. Murine PMs were isolated without 
preliminary stimulation. Intact mice (male, 8 to 
10 weeks old, bred in the vivarium of the Educa-
tional and Scientific Center «Institute of Biology» 
of Taras Shevchenko National University of Kyiv, 
Ukraine) were sacrificed and PMs were harves-
ted using phosphate buffered saline containing 
100 U/ml of heparin. Cells were centrifuged at 
300 g for 5 min at 4 ºC, washed twice with se-
rum-free DMEM, and re-suspended in DMEM 
containing 10 % FCS and 40 g/ml gentamycin. 
The cells were then seeded into 96-wells flat bot-
tom plates (6·105 cells/well) and incubated at 37 ºC
in a humidified incubator in 95 % air/5 % CO2 
for 2 h to allow the cells to adhere. Non-adherent 
cells were removed by washing with serum-free 
DMEM, and adherent cells were further incu-
bated with DMEM-10 % FCS for hypoxia induc-
tion experiments. For short-time investigation of 
O2

– generation adherent cells were resuspended in 
Hanks buffered saline solution.

Determination of cell viability. Cell viability was 
determined by Trypan blue exclusion test [36]. 

Macrophage cultures at different oxygen concen-
trations. For hypoxia induction experiments, mu-
rine PMs were subjected to either normoxia (21 %
O2) or hypoxia (3 % O2) for the time periods indi-
cated below. Normoxia was controlled by using a 
humidified 5 % CO2/air incubator, and hypoxia by 
pregasing DMEM for 30 min in a sealed hypoxic 
work station with 5 % CO2/balance N2 gas mix 
and subsequent culture in a humidified hypoxic 
(CO2/N2) incubator. After the incubation for in-
dicated time period, the cells subjected to nor-
moxia were washed three times in a cold calcium/
magnesium-free PBS and harvested. For cells in-
cubated in hypoxic conditions, these procedures 
were carried out in a chamber with a constant flow 
of CO2/N2 gas mixture. To verify the actual oxy-
gen concentration in the hypoxia incubators, we 
used an oxygen monitor. To estimate the effect of 
NSC-631570 on functional polarization of PMs 
exposed to normoxia and hypoxia the cells were 
treated with NSC-631570 (Nowicky Farma, Aus-
tria) at the concentrations of 20 and 200 g/ml for 

24 h in normoxic and hypoxic conditions respec-
tively. Media and cells were harvested after treat-
ment with NSC-631570. Aliquots of media were 
sampled immediately and analyzed for nitrite and 
O2

–. Arginase activity and intracellular ROS were 
analysed in harvested cells.

Nitrite assay. Nitrite levels were used as a mea-
sure of NO released into the conditioned media 
of the cells under the various conditions tested. 
To stimulate the macrophages, lipopolysaccharide 
(LPS) (from Escherichia coli; Sigma-Aldrich) was 
added to DMEM to the concentration of 100 ng/ml. 
After 24 h of cultivation, the culture supernatants 
were collected, and the nitrite concentration in 
each supernatant was assayed by the Griess reaction 
[37]. Briefly, equal volumes of 2 % sulfanilamide in 
10 % phosphoric acid and 0.2 % naphthylethylene 
diamine dihydrochloride were mixed to prepare the 
Griess reagent. The reagent (100 l) was added to 
equal volumes of the supernatant, and the mixture 
was then incubated for 30 min at room temperature 
in the dark. The A550 of the formed chromophore 
was measured with a plate reader. The nitrite 
content was calculated with sodium nitrite as a 
standard. Each sample was assayed for nitrite in 
triplicate. Each value was divided by the number 
of viable cells and expressed as nitrite level per 106 
cells. The mean value and SD were calculated with 
normalized values.

O2
– generation assay. O2

– generation was assayed 
by the nitroblue tetrazolium (NBT) reduction met-
hod. In a 5 % CO2 atmosphere PMs (2·105/well) 
were incubated for 1 h at 37 ºC in Hanks buffered 
saline solution containing 1 mg of NBT per ml, 
with or without 10–9 M phorbol 12-myristate 
13-acetate (PMA) as a stimulator of oxidative 
burst. The optical density at 540 nm in each well 
was examined with a plate reader. Each sample was 
assayed for O2

– generation in triplicate, and results 
are presented as mean ±SD.

Determination of arginase activity. Arginase ac-
tivity was measured in cell lysates by standard 
colorimetric method with some modifications 
[37]. Briefly, 100 l of 0.1 % Triton X-100 and 
100 l of 50 mM Tris-HCl (pH 7.5), containing 
10 mM MnCl2, were sequentially added to cell 
samples. Macrophage arginase was then activated 
by heating of the mixture at 56 ºC for 7 min. The 
reaction of L-arginine hydrolysis by arginase was 
carried out by incubation of the mixture contai-
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ning activated arginase, with 100 l of L-arginine 
(0.5 M; pH 9.7) at 37 ºC for 2 h, and was stop-
ped by the addition of 800 l of the mixture of 
acidic solution (H2SO4 : H3PO4 : H2O = 1 : 3 : 7). 
For colorimetric determination of urea, a-isoni-
trosopropiophenone (40 l, 9 % solution in etha-
nol) was added, and the mixture was incubated at 
95 ºC for 30 min and then at 4 ºC for 30 min. The 
urea concentration was determined spectrophoto-
metrically at 540 nm with the use of a microplate 
reader. Each condition was tested in triplicate and 
the experiments were repeated at least three times. 
Each value was divided by the number of viable 
cells and expressed as urea level/h per 106 cells. 
Mean and SD were calculated with normalized 
values.

Intracellular ROS assay. ROS levels were mea-
sured using 2 7 -dichlorodihydro-fluorescein diace-
tate (carboxy-H2DCFDA, Invitrogen), which is 
converted into a non-fluorescent derivative (car-
boxy-H2DCF) by intracellular esterases [38]. Car-
boxy-H2DCF is membrane impermeable oxidized 
to fluorescent derivative carboxy-DCF by intracel-
lular ROS. After the indicated treatments, the cells 
were washed with PBS and incubated with PBS 
containing 10 M carboxy-H2DCFDA for 20 min 
at 37 ºC. The loading buffer was then removed, 
and a short recovery time was allowed for the cel-
lular esterases to hydrolyze the acetoxymethyl es-
ter or acetate groups and render the dye respon-
sive to oxidation. Then the cells were returned to 
pre-warmed growth medium and incubated for 20 
min at 37 ºC. Cells were washed twice with PBS, 
trypsinized, and collected in 1 ml PBS. The cells 
were then transferred to polystyrene tubes with 
cell-strainer caps (Falcon, Becton Dickinson) and 
analyzed with flow cytometry (excitation: 488 nm, 
emission: 525 nm). Only living cells, gated accord-
ing to scatter parameters, were used for the analy-
sis. PMA was used to stimulate ROS production by 
macrophages,.

Phagocytosis assay. The flow cytometry phago-
cytosis assay was performed as described [39] with 
slight modifications. Staphylococcus aureus Cowan I 
cells (collection of the Department of Microbiolo-
gy and General Immunology of Taras Shevchenko 
National University of Kyiv) were grown on beef-
extract agar and subsequently were heat inactivated 
and fluorescein isothiocyanate (FITC) labeled. 
Peritoneal macrophages were isolated as described 

above. 100 l of the PMs suspension at the con-
centration of 2·106 cells/ml was added to each tube. 
The stock of FITC-labeled S. aureus  at the con-
centration of 1·107 cells/ml in the volume of 5 l 
were added to all tubes. A tube with PMs only 
served as a negative control. All probes were in-
cubated at 37 ºC for 30 min. At the end of the 
assay, phagocytosis was arrested by the addition 
of cold stop solution (PBS with 0.02 % EDTA 
and 0.04 % paraformaldehyde). Fluorescence of 
phagocytes with ingested bacteria was determined 
by flow cytometry. The results were registered as 
the percentage of cells emitting fluorescence after 
a defined culture period and as phagocytosis index 
(PhI) that was calculated by the following formula

[Gmeanpos/ Ppos ] – [Gmeanneg/ Pneg],

when Ppos – percent of positive cells, Gmeanpos – 
mean channel fluorescence, Pneg – percent of posi-
tive cells in the negative control, Gmeanneg  – mean 
channel fluorescence of the negative control.

ELISA assay. HMGB1 expression was deter-
mined in the cell culture supernatant using a spe-
cific anti-HMGB1 ELISA (Shino Test Corpora-
tion) following the manufacturers protocol. Briefly, 
50 l of sample diluent and 50 l of cell culture su-
pernatant  were  added to each well  and incubated 
at 37 ºC for 24 h. After the incubation, the wells 
were washed five times with wash buffer and incu-
bated for 2 h at 25 ºC with 100 l of POD-conju-
gate solution. Then the wells were further washed 
five times with a washing buffer and incubated for 
30 min at room temperature with substrate solu-
tion. The reaction was stopped by adding 100 l of 
stop solution to each well and the absorbance was 
recorded at 450 nm (the background was excluded 
by measuring absorbance at 570 nm) [40].

Statistical analysis. The statistical significance of 
the experimental results was determined by Stu-
dent’s t-test. Pearson’s test was used to determine 
correlation coefficient (R2) between HMGB1 re-
lease and intracellular ROS generation (GraphPad 
Prism). For all analyses, p < 0.05 was accepted as 
a significant probability level.

Results and Discussion. Arginine metabolism 
of macrophages cultured in normoxic and hypoxic 
condition depends on the time of exposure. Like 
other cell types, the macrophage response depends 
on the severity and the duration of the hypoxic 
exposure. Depending on these characteristics, hy-
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poxia can drive pro-inflammatory or anti-inflam-
matory functions of macrophages [41, 42]. The 
initial experiments were performed to compare the 
functional state of PMs cultured under normoxic 
(21 % O2) or hypoxic (3 % O2) conditions for 16, 
24, 42 and 72 h. Arginase activity and production 
of nitrite was measured to characterize arginine 
metabolism in these cells. It is known that the iso-
lation procedure may affect the viability of mac-
rophages and their tolerability to further treatment 
[43, 44]. For that reason PMs were cultured under 
normoxic conditions for 4–6 h to adapt these cells 
to in vitro conditions before the exposing to different 
oxygen concentrations. In such a case hypoxia was 
better tolerated by the PMs. Exposure of the cells 
to hypoxia for 16 h did not effect significantly the 
arginine metabolism polarization in PMs. The me-
tabolism of L-arginine through arginase was greater 
by 1.5 times in cells cultured in hypoxia conditions 
compared with those cultured under normoxic 
conditions (Fig. 1, a). Nitrite was weakly produced 
by nonactivated cells, either under normoxic or 
hypoxic conditions. NO production by PMs was 
unaffected by hypoxia after 16 h exposure (Fig. 1, 

b). Th  e absence of significant arginine metabolism 
polarization was also registered after 24 h expo-
sure (data not shown). In experiments concerning 
the effects of hypoxia on functional polarization 
of phagocytes peripheral blood monocytes or bone 
marrow derived monocytes (functionally imma-
ture cells) are commonly used. These cells polarize 
metabolism under hypoxic condition for a shorter 
period of time. PMs are mature tissue phagocytes 
with more conservative metabolism. Probably, 
for this reason short-time hypoxia did not effect 
their function significantly. Moreover functional 
changes in the cells after a short-term exposure to 
hypoxia can fully be restored by a brief period of 
re-oxygenation [45]. We performed all functional 
tests (in average for 2 h) with cells, exposed to 
both normoxia and  hypoxia, under normoxic con-
ditions. Re-oxygenation for this period of time can 
restore cellular metabolism and could be an addi-
tional reason of the absence of significant arginine 
metabolism polarization after a short-time hypoxia. 

More expressed polarization of arginine metab-
olism of murine PMs was observed after 42 h hy-
poxia. Arginase activity in hypoxic cell lysates was 

Fig. 1. Effects of the duration of hypoxia exposure on 
the arginase activity and NO release (measured as ni-
trite level) by the PMs. Macrophages were cultured un-
der normoxic (21 % O2) and hypoxic (3 % O2) con-
ditions for different time periods. Arginase activity and 
NO generation (measured by nitrite production) was 
evaluated to characterize functional polarization of these 
cells. a – arginase activity ( mol urea/h per 106 cells) was 
measured in cell lysates as described in «Materials and 

methods». b – NO generation. The levels of nitrite were measured by Griess assay. Nitrite level was normalized by 
the number of viable cells and presented as nitrite level per 106 cells. All results are expressed as mean ± SD of three 
independent experiments. * P < 0.05 was considered significant compared to normoxic cells as analyzed by unpaired 
Student’s t-test; c – PMs cultured under hypoxic conditions for 72 h became detached from culture plates and their 
viability was significantly decreased as compared to that in normoxic cells (d), ×200
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1,7 times higher than that in normoxic cultures. NO 
level in supernatants of hypoxic PMs was 1.5 times 
lower than that in supernatants of normoxic cells. 
Therefore, 42 h hypoxia polarized PMs function 
to M2 expression profile. Our results are consis-
tent  with the data of literature by which, in con-
trast to the upregulation of iNOS by hypoxia, NO 
production is reduced by hypoxia in most cell types. 
Recent work suggests a prominent role for O2 sub-
strate dependence in the short-term regulation of 
iNOS-mediated NO production [46]. After a more 
prolonged hypoxia the expression pathway in the 
exposed cells was altered from arginase dominant 
to iNOS dominant. Urea level in lysates of PMs 
exposed to hypoxia for 72 h was 1.35 times lower 
than that after 42 h hypoxia. It is necessary to point 
out a significant individual variability of urea levels 
in supernatants of PMs exposed to hypoxia for 72 h. 
NO level in supernatants of  cells exposed to hy-
poxia for 72 h was more than 4 times higher than 
that after a 42 h hypoxia and 3.5 times higher than 
that in normoxic PMs.

We observed that after 72 h hypoxia treatment 
>50 % of PMs became detached from culture plates 
(Fig. 1, d). The viability of detached macrophages 
was about 20 % (data not shown). The viability 
of the attached macrophages was >90 %, which 
is indicative of living cells. Therefore, prolonged 
hypoxia   proved to be severe for PMs and caused 
cell death. Cell death, in turn, could be the reason 
of the pro-inflammatory activation of these cells 
and, consequently, of an increase of NO production 
[44]. Degrossoli et al. [47] have shown that se-
lective population of macrophages may adapt to 
prolonged hypoxic conditions by overcoming the 
apoptotic signal, and exposition of macrophages to 
periods of severe hypoxia results in the selection of 
cells with constitutively elevated NO production. 

PMs cultured under normoxic conditions for 72 h 
were attached to plates (Fig. 1, c). The viability of 
these cells was >80 %. The level of arginase activity 
was 1.77 times higher than that after 42 h culturing. 
Macrophage arginase activity was reported by other 
authors to be significantly elevated by an adaptation 
of these cells to stress conditions. Arginase hydro-
lyzes L-arginine to urea and ornithine; the latter 
being the main intracellular source for synthe-
sis of polyamines necessary for cell growth and 
survival [12, 13, 44]. In our experiments elevated 
arginase activity could be considered as a marker 

of adaptation of PMs to in vitro conditions. The 
level of nitrite in the probes of PMs cultured under 
normoxia for 72 h did not differ from that after 42 
h culturing and was, as before, rather low. Taking 
into account the high level of cell death in PMs 
exposed to hypoxia for 72 h, we used only 42 h 
hypoxia in our further experiments.

Oxidative metabolism, phagocytosis and HMGB1 
release in macrophages cultured at different oxygen 
concentrations. Both hypoxia and hyperoxia may 
favor overproduction of ROS. Significant forma-
tion of reactive oxygen species was observed in tu-
mor zones of intermittent hypoxia and reperfusion. 
Though, prolonged severe hypoxia can decrease 
ROS production [16, 48]. 

In our experiments we have investigated spon-
taneous and stimulated (with PMA) intracellular 
ROS formation and extracellular O2

– generation 
(in NBT-test) by   macrophages exposed to 42 h 
hypoxia. The level of intracellular ROS in PMs af-
ter 42 h hypoxia was  insignificantly lower than that 
in the cells cultured for the same period of time 
under normoxic conditions (Fig. 2, a). Treatment 
of hypoxic cells with PMA failed to stimulate ROS 
production. Whereas, PMs cultured under nor-
moxic conditions for 42 h exhibited significantly 
higher ROS level after stimulation with PMA. 

Extracellular O2
– generation was also affected 

by hypoxia (Fig. 2, b). Spontaneous O2
– generation 

in PMs cultured under hypoxic condition for 42 h 
was 30 % lower than that in the cells cultured 
under normoxia. Treatment of PMs exposed to 
hypoxia with PMA failed to stimulate extracellular 
O2

– generation, whereas treatment of PMs cultured 
under normoxic conditions for 42 h with PMA 
resulted in a significant stimulation of oxidative 
burst.

The effect of hypoxia itself on the process of 
phagocytosis remains largely unexplored and con-
troversial. A number of systemic inflammatory dis-
eases are accompanied by development of hypoxia 
and are associated with bacterial suprainfection, 
raising the question that phagocytosis may also be 
impaired in these hypoxic processes. At the same 
time hypoxia was found to cause the activation of 
intracellular signaling pathways, which themselves 
may regulate phagocytosis and can enhance phago-
cytosis in macrophages in a HIF-1-dependent man-
ner [49]. In our experiments we have investigated 
spontaneous and stimulated (with LPS) phagocy-
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tosis by PMs exposed to 42 h hypoxia and have 
analyzed a number of cells emitting fluorescence 
(phagocytic number) and phagocytosis index (see 
«Materials and methods»).  

As shown in Fig. 2, c, exposure of PMs to 
hypoxia for 42 h had no effect on a number of 
phagocyting cells. In contrast, phagocytosis index 
of hypoxic PMs at this time point was 28 % lower 
than that in normoxic cells (Fig. 2, d). Treatment 
of hypoxic PMs with LPS did not exert any signifi-
cant effect on phagocytic activity and the phago-
cytosis intensity. At the same time, statistically sig-
nificant increase of a number of phagocyting cells 

and phagocytosis index in response to treatment 
with LPS was observed in normoxic PMs.

High-mobility group box 1 (HMGB1) is a ubiqui-
tous nuclear protein that can be released by any dam-
aged cell or by activated macrophages and certain oth-
er cell types. HMGB1 is a member of a subfamily of 
the HMG proteins. HMG proteins are constitutively 
expressed in the nucleus of eukaryotic cells. Like other 
members of this protein family, HMGB1 plays an im-
portant role in DNA architecture and transcriptional 
regulation. Extracellular HMGB1 has apparently con-
trasting biological actions: it sustains inflammation 
(with the possible establishment of autoimmunity or of 

Fig. 2. Intracellular and extracellular ROS generation, 
phagocytic activity and alarmin release in PMs alterna-
tively polarized by hypoxia. Macrophages were cultured 
under normoxic (21 % O2) and hypoxic (3 % O2) condi-
tions for 42 h: a – effect of 42 h hypoxia on intracellular 
reactive oxygen species generation by PMs. PMs cultured 
under normoxic and hypoxic conditions were stained 
with carboxy-H2DCFDA (see «Materials and meth-
ods»). The fluorescence intensities of 10,000 cells were 
then analyzed by BD-FACS Calibur. The data are ex-
pressed as mean relative fluorescence; b – effect of 42 h 
hypoxia on extracellular reactive oxygen species produc-

tion by PMs. Oxidative burst was evaluated by NBT-test. The results are presented as the extent of NBT reduction. 
PMA was used to stimulate oxidative metabolism; c, d – phagocytic activity of PMs exposed to 42 h hypoxia. Phago-
cytosis was analysed by flow cytometry with the use of FITC-labeled S. aureus. Phagocytic activity was assessed as a 
number of fluorescence emitting cells (c) and as a phagocytosis index (d) as described in «Materials and methods»;
e – effect of 42 h hypoxia on HMGB1 release by PMs. Release of HMGB1 was assessed in the cell culture super-
natant by ELISA. All the results are expressed as mean ± SD of three independent experiments. * P < 0.05 was 
considered significant compared to normoxic cells as analysed by unpaired Student’s t-test
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a self-maintaining tissue damage) while by activating 
and recruiting stem cells, it fosters tissue repair [49, 
50]. As HMGB1 has multiple downstream signaling 
responses due to activation of different receptors, it 
also induces cell specific responses when it stimulates 
cells of the immune system. HMGB1 induces den-
dritic cells maturation as measured by the increased 
expression of many cell surface markers, as well as 
the secretion of inflammatory cytokines. Monocytes 
and neutrophils stimulated with HMGB1 have an in-

creased capacity for adhesion and release numerous 
cytokines and inflammatory mediators.

HMGB1 is integral to oxidative stress. Release of 
this protein from cultured cells was found to be an 
active process regulated by reactive oxygen species 
(ROS) [51, 52]. We found that HMGB1 level in 
the culture supernatants of hypoxic PMs was sig-
nificantly lower than that in their normoxic coun-
terparts (Fig. 2, e). Treatment of macrophages with 
LPS did not effect alarmin release under normoxia 

Fig. 3. Effects of NSC631570 at the different concentrations on arginase activity and NO release (measured as nitrite 
level) by the PMs cultured under hypoxic conditions. Macrophages were cultured under normoxic (21 % O2) and 
hypoxic (3 % O2) conditions for 42 h. LPS was used to stimulate nitrite production. To estimate the effect of NSC-
631570 on arginine metabolism of PMs exposed to normoxia and hypoxia, cells were treated with the drug at the 
concentrations of 20 g/ml and 200 g/ml for 24 h in normoxic and hypoxic condition respectively: a – arginase ac-
tivity ( mol urea/h per 106 cells) was measured in cell lysates as described in «Materials and methods»; b – the levels 
of nitrite were measured by Griess assay. Nitrite level was normalized by the number of viable cells and presented as 
nitrite level per 106 cells. All the results are expressed as mean ± SD of three independent experiments. * P < 0.05 
was considered significant compared to untreated hypoxic cells as analysed by unpaired Student’s t-test
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but caused significant increase of HMGB1 release 
in hypoxic cells. Taking into account interdepen-
dence between ROS and alarmins release Pearson 
correlation analysis was used to determine the cor-
relation coefficient (R2) between the concentration 
of HMGB1 in the cell supernatants and intracellu-
lar ROS generation in PMs exposed to 42 h hy-
poxia. The levels of HMGB1 in the probes of un-
treated hypoxic cells exhibited strong correlation 
(R2 = 0.94, P < 0.05) with the levels of ROS. Un-

like in the probes of hypoxic cells treated with LPS, 
the correlation between HMGB1 level and ROS 
level was absent. It indicates that the mechanisms 
of LPS-mediated increase of HMGB1 release in 
hypoxic cells did not depend on intracellular ROS 
generation.

In our further experiments we investigated the 
effect of NSC631570 on functional state of PMs 
cultured under normoxic and hypoxic conditions 
for 42 and 72 h.

Fig. 4. Effects of NSC631570 on intracellular and ex-
tracellular ROS generation, phagocytosis and HMGB1 
release in PMs cultured under hypoxic conditions. Mac-
rophages were cultured under normoxic (21 % O2) and 
hypoxic (3 % O2) conditions for 42 h: a – intracellular 
reactive oxygen species generation. PMs were stained 
with carboxy-H2DCFDA (see «Materials and meth-
ods»). The fluorescence intensities of 10,000 cells were 
then analyzed by BD-FACS Calibur. Data are expressed 
as mean relative fluorescence; b – extracellular reactive 
oxygen species production. Oxidative burst was evaluated 
by NBT-test. Data are presented as the level of NBT 
reduction. PMA was used to stimulate oxidative metabo-

lism; c, d – phagocytic activity. Phagocytosis was analysed by flow cytometry with the use of FITC-labeled S. aureus. 
Phagocytic activity was assessed as a number of cells emitting fluorescence (%) (c) and as a phagocytosis index (d) as 
described in «Materials and methods»; e – effect of 42 h hypoxia on HMGB1 release by PMs. Release of HMGB1 
was assessed in the cell culture supernatant by ELISA. All results are expressed as mean ± SD of three independent 
experiments. * P < 0.05 was considered significant compared to untreated hypoxic cells as analysed by unpaired 
Student’s t-test
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NSC631570 repolarizes arginine metabolism in 
hypoxia exposed PMs in a dose-dependent manner. 
Taking into consideration the low levels of nitrite  
production by non-activated cells we have used 
LPS to stimulate arginine metabolism in both nor-
moxic and hypoxic PMs. As it was shown above, 
42 h hypoxia polarized arginine metabolism of PMs
to the arginase dominant. Treatment of normoxic 
and hypoxic cells with LPS had no effect on the 
arginase activity. The effect of NSC631570 on 
arginase activity of PMs depended on the con-
centration of the preparation. In our experiments 
we have used two concentrations of the prepara-
tion: 20 g/ml (the minimal concentration apop-
togenic for tumor cells) and 200 g/ml (con-
centration of the preparation that causes death 
of 90 % of tumor cells in vitro) [32]. Urea levels 
in lysates of hypoxic phagocytes treated with 
NSC631570 at the concentration of 20 g/ml for 
24 h did not differ from that in lysates of untreated 
hypoxic cells. Incubation of normoxic phagocytes 
with NSC631570 at the low concentration led to 
increase of arginase activity. Treatment of hypoxic 
PMs with NSC631570 at the concentration of 200 
g/ml resulted in decrease of arginase activity to 

the normoxic cell level (Fig. 3, a). Urea levels in 
the probes of normoxic cells treated with the drug 
at high concentration did not differ from that in 
the untreated cells.

Fig. 3, b shows the production of nitrite by PMs. 
As mentioned above, the non-activated cells show 
low production of nitrite. For this reason, we have 
used LPS to stimulate NO production. Surpris-
ingly, treatment of PMs cultured under normoxia 
with LPS failed to stimulate NO production. Af-
ter challenge of hypoxic cells with LPS, the nitrite 
production was observed to increase  insignificant-
ly. NSC631570 (20 g/ml) did not effect nitrite 
production in both normoxic and hypoxic cells. 
The preparation at the concentration of 200 g/
ml increased NO production 1.3 times in normoxic 
cells and  about 2 times  in hypoxic macrophages. 
Treatment of normoxic PMs with NSC631570 
at the concentration of 20 g/ml in combination 
with LPS resulted in significant decrease of nitrite 
production. In contrast, treatment of hypoxic cells 
with the combination of these preparations led 
to increase of NO production. Culturing of nor-
moxic macrophages with LPS in combination with 
NSC631570 at the high concentration had no ef-

fect on nitrite production, whereas in hypoxic cells 
this treatment caused significant decrease of NO 
level in cell supernatants. 

Taking into account that NSC631570 at the 
concentration of 200 g/ml exerted more expressed 
effect on hypoxic macrophage functional polariza-
tion than at the concentration of 20 g/ml, we 
have used only high concentration of the prepara-
tion to estimate its effect on oxidative metabolism, 
phagocytosis and HMGB1 release.

NSC631570 modulates oxidative metabolism, pha-
gocytic activity and alarmin release in hypoxia exposed 
PMs. In our previous investigation we have observed a 
dose-dependent modulation of oxidative metabolism 
of intact murine peritoneal macrophages caused by 
short-term (1 h) treatment with the preparation [data 
in press]. NSC631570 was found to restore cytotoxic 
activity of peritoneal macrophages of tumor-bearing 
animals in vitro after short-term incubation [35]. In 
the present experiment PMs cultured under normo-
xia and hypoxia were treated with the preparation 
for 24 h. As shown in Fig. 4, a, NSC631570 
considerably enhanced intracellular ROS generation 
in hypoxic cells but did not effect significantly this 
characteristic in PMs cultured under normoxia. 
Treatment of hypoxic PMs with NSC631570 in 
combination with PMA also resulted in substantial 
increase of ROS generation, whereas this treatment 
led to decrease of intracellular ROS generation 
in normoxic cells. Effect of NSC631570 on extra-
cellular ROS production by PMs differed from that 
on intracellular ROS generation. Used alone, the 
preparation did not influence oxidative burst in both 
normoxic and hypoxic PMs. However, if used in 
combination with LPS, the preparation appreciably 
potentiated the stimulatory effect of the latter on 
PMs cultured under hypoxic conditions and inhibited 
LPS-mediated stimulation of the oxidative burst in 
normoxic cells.

Used alone, NSC631570 exerted inhibitory ef-
fect on phagocytic activity of PMs irrespective of 
the conditions of cell culturing. Moreover, the pre-
paration decreased stimulatory effect of LPS when 
they were used in combination. However, the pat-
tern of inhibitory effect of NSC631570 on hypoxic 
cells differed from that on the normoxic ones. In 
hypoxic cells supressive effect of the preparation 
was more expressed towards phagocytosis intensity 
(phagocytosis index in treated cells was 2.3 times 
lower than that in the untreated cells), whereas in 
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normoxic PMs NSC631570 largely (by 2 times) 
reduced a number of phagocyting cells.

As for HMGB1 release, we have found that its 
level in the culture supernatants of hypoxic cells 
treated with NSC631570 was significantly higher 
than that in untreated cells and than that in the 
cells treated with LPS. Used in combination with 
LPS, the preparation also increased alarmin re-
lease. The levels of HMGB1 in the cell probes treat-
ed with NSC631570 in combination with LPS were 
higher than those in supernatants of cells treated 
with these drugs separately. It indicates synergistic 
effect of NSC631570 and LPS on alarmin release 
by alternatively polarized hypoxic macrophages.

Conclusions. NSC631570 repolarized arginine 
metabolism of alternatively polarized hypoxic 
macrophages and activated their pro-inflammatory 
functions: recovered ROS production and increa-
sed alarmin release. According to earlier pu-
blications [24–27], NSC631570 has an ability to 
be selectively accumulated in tumor tissues, where 
TAMs (cells alternatively polarized by tumor mi-
croenvironment including tumor-associated hy-
poxia)  may constitute up to 80 % of the total 
stromal leucocyte population. Therefore we can-
not rule out the possibility that the preparation can 
influence TAM functions and recover their anti-
tumor potential. Effect of hypoxia on functional 
polarization of murine peritoneal macrophages de-
pended on the duration of exposure. Only 42 h 
hypoxia caused alternative polarization of murine 
PMs with reliable arginase dominant. Alternative 
polarization of arginine metabolism was accom-
panied by significant decrease of intracellular and 
extracellular ROS production, slight reduction of 
alarmins and moderate lowering of phagocytic 
activity of hypoxic cells. Our findings provide new 
insight on the mechanisms of NSC631570 anti-
tumor effect and suggest that the preparation not 
only kills tumor cells but also has an ability to re-
store the role of TAMs in antitumor defence.

Ë.Ì. Ñêèâêà, À.Ã. Ôåäîð÷óê, Ì.Ï. Ðóäûê, Â.Â. Ïîçóð, 
Í.Í. Õðàíîâñêàÿ, Ì.Þ. Ãðîì, ß.Â. Íîâèöêèé

ÏÐÎÒÈÂÎÎÏÓÕÎËÅÂÛÉ ÏÐÅÏÀÐÀÒ NSC631570 
ÌÎÄÓËÈÐÓÅÒ ÔÓÍÊÖÈÈ ÃÈÏÎÊÑÈ×ÅÑÊÈÕ 
ÌÀÊÐÎÔÀÃÎÂ

Ãèïîêñèÿ ÿâëÿåòñÿ âàæíûì ôàêòîðîì ìèêðîîêðó-
æåíèÿ ìàêðîôàãîâ. Ìíîãèå ôèçèîëîãè÷åñêèå è ïà-
òîëîãè÷åñêèå ïðîöåññû, â òîì ÷èñëå ðîñò ñîëèä-
íûõ îïóõîëåé, õàðàêòåðèçóþòñÿ íèçêèì äàâëåíèåì 

êèñëîðîäà è ïðèñóòñòâèåì ìàêðîôàãîâ. Îïóõîëå-
àññîöèèðîâàííàÿ ãèïîêñèÿ ÿâëÿåòñÿ îäíîé èç ïðè-
÷èí àëüòåðíàòèâíîé ïîëÿðèçàöèè ìàêðîôàãîâ â 
îïóõîëåâîé òêàíè, ïðåâðàùàÿ èõ â êëåòêè-ñîþçíè-
êè îïóõîëåâîãî ïðîöåññà. Öåëüþ ðàáîòû áûëî èñ-
ñëåäîâàíèå âëèÿíèÿ NSC631570 – îïóõîëå-ñåëåê-
òèâíîãî ïðåïàðàòà ñî ñïîñîáíîñòüþ èçáèðàòåëüíî 
íàêàïëèâàòüñÿ â îïóõîëåâîé òêàíè – íà ôóíêöèè
ãèïîêñè÷åñêèõ ìàêðîôàãîâ. Ìûøèíûå ïåðèòîíå-
àëüíûå ìàêðîôàãè (ÏÌ) ïîäâåðãàëèñü ãèïîêñè-
÷åñêîé îáðàáîòêå (3 % O2). Óðîâåíü íèòðèòîâ èñ-
ñëåäîâàëè â ðåàêöèè Ãðèññà. Àðãèíàçíóþ àêòèâ-
íîñòü îïðåäåëÿëè êîëîðèìåòðè÷åñêèì ìåòîäîì. Îá-
ðàçîâàíèå âíóòðèêëåòî÷íûõ ðåàêòèâíûõ ôîðì êèñëî-
ðîäà (ÐÔÊ) è ôàãîöèòîç àíàëèçèðîâàëè c ïîìîùüþ 
ïðîòî÷íîé öèòîôëþîðèìåòðèè. Âíåêëåòî÷íóþ ïðî-
äóêöèþ ÐÔÊ îïðåäåëÿëè â ÍÑÒ-òåñòå, ýêñïðåññèþ 
HMGB1 – ìåòîäîì ELISA. 42-÷àñîâàÿ ãèïîêñèÿ îáó-
ñëîâëèâàëà àëüòåðíàòèâíóþ ïîëÿðèçàöèþ ÏÌ ñ
ïðåîáëàäàíèåì àðãèíàçíîé àêòèâíîñòè. NSC631570
âûçûâàë ðåïîëÿðèçàöèþ ìåòàáîëèçìà àðãèíèíà â 
ãèïîêñè÷åñêèõ ÏÌ è àêòèâèðîâàë èõ ïðîâîñïà-
ëèòåëüíûå ôóíêöèè: óñèëèâàë êèñëîðîä-çàâèñèìûé 
ìåòàáîëèçì è âûäåëåíèå àëàðìèíîâ. NSC631570 
ñïîñîáåí âîññòàíàâëèâàòü ïðîâîñïàëèòåëüíûå ôóíê-
öèè ìàêðîôàãîâ, àëüòåðíàòèâíî ïîëÿðèçîâàííûõ ãè-
ïîêñèåé. 
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Í.Ì. Õðàíîâñüêà, Ì.Þ. Ãðîì, ß.Â. Íîâèöüêèé

ÏÐÎÒÈÏÓÕËÈÍÍÈÉ ÏÐÅÏÀÐÀÒ NSC631570 
ÌÎÄÓËÞª ÔÓÍÊÖ²¯ Ã²ÏÎÊÑÈ×ÍÈÕ 
ÌÀÊÐÎÔÀÃ²Â

Ã³ïîêñ³ÿ º âàæëèâèì ôàêòîðîì ì³êðîîòî÷åííÿ 
ìàêðîôàã³â. Áàãàòî âàæëèâèõ ô³ç³îëîã³÷íèõ ³ ïàòî-
ëîã³÷íèõ ïðîöåñ³â, ó òîìó ÷èñë³ ð³ñò ñîë³äíèõ ïóõ-
ëèí, õàðàêòåðèçóþòüñÿ íèçüêèì òèñêîì êèñíþ ³ 
ïðèñóòí³ñòþ ìàêðîôàã³â. Ïóõëèíî-àñîö³éîâàíà ã³-
ïîêñ³ÿ º îäí³ºþ ç ïðè÷èí àëüòåðíàòèâíî¿ ïîëÿðè-
çàö³¿ ìàêðîôàã³â ó ïóõëèíí³é òêàíèí³, ïåðåòâîðþ-
þ÷è ¿õ íà êë³òèíè-ñîþçíèêè ïóõëèííîãî ïðîöåñó. 
Ìåòîþ ðîáîòè áóëî äîñë³äæåííÿ âïëèâó NSC631570 – 
ïóõëèíî-ñåëåêòèâíîãî ïðåïàðàòó ç³ çäàòí³ñòþ âè-
á³ðêîâî íàêîïè÷óâàòèñü ó ïóõëèíí³é òêàíèí³ – 
íà ôóíêö³¿ ã³ïîêñè÷íèõ ìàêðîôàã³â. Ìèøà÷³ ïåðè-
òîíåàëüí³ ìàêðîôàãè (ÏÌ) ï³ääàâàëèñü ã³ïîêñè÷-
í³é îáðîáö³ (3 % O2). Ð³âåíü í³òðèò³â âèâ÷àëè â 
ðåàêö³¿ Ãð³ñà. Àðã³íàçíó àêòèâí³ñòü âèçíà÷àëè êîëî-
ðèìåòðè÷íèì ìåòîäîì. Óòâîðåííÿ âíóòð³øíüîêë³-
òèííèõ ðåàêòèâíèõ ôîðì êèñíþ (ÐÔÊ) ³ ôàãîöèòîç 
àíàë³çóâàëè çà äîïîìîãîþ ïðîòî÷íî¿ öèòîôëþîðèìåò-
ð³¿. Ïîçàêë³òèííó ïðîäóêö³þ ÐÔÊ âèçíà÷àëè â ÍÑÒ-
òåñò³, åêñïðåñ³þ HMGB1 – ìåòîäîì ELISA. 42-ãî-
äèííà ã³ïîêñ³ÿ ñïðè÷èíÿëà àëüòåðíàòèâíó ïîëÿðè-
çàö³þ ÏÌ ç ïåðåâàæàííÿì àðã³íàçíî¿ àêòèâíîñò³. 
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NSC631570 âèêëèêàâ ðåïîëÿðèçàö³þ ìåòàáîë³çìó 
àðã³í³íó ó ã³ïîêñè÷íèõ ÏÌ ³ àêòèâóâàâ ¿õ ïðî-
çàïàëüí³ ôóíêö³¿: ïîñèëþâàâ êèñíå-çàëåæíèé ìåòà-
áîë³çì ³ âèä³ëåííÿ àëàðì³í³â. NSC631570 çäàòíèé 
â³äíîâëþâàòè ïðîçàïàëüí³ ôóíêö³¿ ìàêðîôàã³â, àëü-
òåðíàòèâíî ïîëÿðèçîâàíèõ ã³ïîêñ³ºþ. 
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