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OXAMATE, AN INHIBITOR OF LACTATE DEHYDROGENASE, CAN
STIMULATE M2 POLARIZATION OF PERITONEAL MACROPHAGES
IN MICE WITH LEWIS LUNG CARCINOMA
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Background: Inhibition of aerobic glycolysis of cancer cells is considered a promising therapeutic strategy for the treatment of neo-
plasms. Some inhibitors of energy metabolism can affect not only tumor cells but also the functional polarization of tumor-associated
macrophages, which may either enhance the antitumor effect of such agents or impair their antitumor efficacy. Aim: To investigate
the effect of oxamate, a lactate dehydrogenase (LDH) inhibitor, on the polarization of peritoneal macrophages (PMP) in both
intact mice and mice with transplanted Lewis lung carcinoma (LLC). Materials and Methods: The low-metastatic LLC variant,
LLC/R9Y, was transplanted to female C57Bl/6 mice. Sodium oxamate was used as the test agent at concentrations of 0.02, 0.2,
and 2 mg/ml. Macrophage polarization in tumor-bearing mice was estimated on day 23 after tumor transplantation by assessing
nitric oxide (NO) production and arginase activity as functional indices of PMPs polarization. Results: Oxamate can affect the
functional polarization of PMPs in both intact mice and animals with transplanted LLC/R9. Oxamate in all studied concentrations
changed the markers of PMPs polarization in intact mice (decreasing NO levels and activating arginase activity) that indicated
the stimulation of M2 polarization. In tumor-bearing animals, stimulation of M2 polarization is observed at low concentrations
of oxamate (0.02 mg/ml), but its high concentrations (2.0 mg/ml) causes M1 polarization, which is characterized by three-fold
increase in the level of NO and a decrease in the level of arginase activity. Conclusion: Oxamate, an inhibitor of LDH, can stimulate

M2 polarization of peritoneal macrophages of mice bearing LLC in a dose-dependent manner.
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Almost allinvasive tumors, regardless of their origin,
are characterized by a specific modification of energy
metabolism, which is manifested in the dominance
of aerobic glycolysis over oxidative phosphorylation
(Warburg effect) [1]. This metabolic shift provides
benefits in the survival of tumor cells because they can
produce energy and maintain high levels of anabolic
processes in the cell, even in the case of short-term
or prolonged hypoxia. Moreover, aerobic glycolysis
can guarantee a high rate of synthesis of glycolysis
intermediates, which are required as a building mate-
rial for actively proliferating cells.

This specificity of the energy metabolism of tumor
cellsrepresents a variety of ideal targets for therapeu-
tic intervention aimed at the destruction of tumor cells
without significant manifestations of systemic toxicity.
This approach began to be developed about 10 years
ago, and bioactive molecules that can inhibit aerobic
glycolysis are now being combined into a new class
of potential antitumor agents or drugs — the class
of energy metabolism inhibitors.

A key trigger for aerobic glycolysis is pyruvate,
competition for which between glycolysis and oxida-
tive phosphorylation allows tumor cells to activate
either energy or plastic processes. The switches
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in this trigger are lactate dehydrogenase (LDH) and
pyruvate dehydrogenase (PDH).

LDH is considered the most promising therapeutic
target for antitumor therapy [2], as its inhibition can
almost completely block glycolysis, providing a power-
ful cytostatic effect, and a cytotoxic effect in hypoxia
setting [3-5]

However, malignant tumors consist not only
of heterogeneous populations of tumor cells but
also of the vascular system, numerous residents and
incorporated normal cells of the body (immune cells,
fibroblasts), components of the extracellular matrix,
which together form a microenvironment of tumor
cells that can significantly affect tumor development.

Most immunocompetent cells in almost all solid
malignancies are tumor-associated macrophages
(TAMs) [6, 7]. Numerous experimental and clinical
studies have shown that TAMs exhibit protumoral ef-
fects, promoting survival, proliferation, migration, and
metastasis of tumor cells, stimulating tumor angio-
genesis [8, 9]. These studies have shown a correlation
between poor survival of cancer patients and high TAM
density (which can be as high as 50% of tumor weight).

Macrophages are known to be a heterogeneous
population of immune cells that perform different func-
tions in homeostatic and immune responses. The high
plasticity and adaptability of these cells complicate the
classification of their phenotype, but in most cases,
there is pro-inflammatory (M1) and anti-inflammatory
(M2) polarization [10, 11]. This functional dichotomy
of macrophages is also manifested at the metabolic level.
In particular, the glycolytic pathway of energy metabolism
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dominatesin M1 polarized macrophages, while M2 mac-
rophages mainly use oxidative phosphorylation [12—-14].

Based on this metabolic plasticity of macrophages,
it can be assumed that inhibitors of energy metabolism
can affect not only tumor cells but also the functional
polarization of TAMs, which may either enhance the
antitumor effect of such agents or impair their antitumor
efficacy. Therefore, the study of inhibitors of energy
metabolism of tumor cells as antitumor agents should
include analysis of their effect on the metabolic and,
as a consequence, functional polarization of macro-
phages. Despite the well-known close relationship be-
tween the metabolic and functional dichotomy of mac-
rophages, there have been few publications regarding
the effect of inhibitors of tumor energy metabolism
on macrophage polarization [15, 16].

We aimed to study the effect of an LDH inhibitor
on the polarization of peritoneal macrophages (PMP)
in both intact mice and mice with transplanted Lewis
lung carcinoma (LLC).

MATERIALS AND METHODS

Experimental animals and experimental tu-
mors. Two-month-old female C57BI/6 mice, weighing
20-22 g, bred in the vivarium of the R.E. Kavetsky
Institute of Experimental Pathology, Oncology and
Radiobiology of the NASU were used in the study. All
animal studies were performed in accordance with the
requirements of the Regional Committee for the Ethics
of Work with Experimental Animals and in compliance
with the rules of work with laboratory animals.

A low-metastatic LLC variant, LLC/R9, obtained
from the original LLC strain via 9 consecutive cisplatin
courses in vivo was used as a tumor model.

For transplantation to experimental animals, LLC/
R9 cells were cultured in vitro under standard condi-
tions in RPMI-1640 medium (Sigma, USA) with the
addition of 10% fetal calf serum (Biowest, USA) and
40 ug/ml gentamicin at 37 °C in humidified conditions,
5% CO,. Transplantation of tumor cells was routinely
performed by intramuscular inoculation of 1 - 108 cells
in 0.1 ml of Hanks’ solution.

Determination of primary tumor volume, num-
ber, and volume of metastatic lesions in mice was
performed on day 23 of tumor growth after euthanasia
of under light ether anesthesia.

The volume of the primary tumor was calculated
by the formula:

V=052 -dd

where d is the diameter of the tumor, which was
measured using a caliper.

The number of metastases in the lungs and their
diameter was assessed by conventional methods us-
ing a binocular magnifying glass and a millimeter ruler.

The volume of lung metastases was calculated
by the formula:

V=3 (n, -

14 - d°?
%);dFO.S; 1.0; 1.5;...;

where n;is the number of metastases with diameter d..

Peritoneal macrophages. PMPs were obtained
from peritoneal lavage from atleast 4 mice. 3 ml of cold
saline with heparin (final concentration 5-10 U/ml)
were injected into the abdominal cavity of euthanized
animals, after which the cell suspension was removed
with a sterile Pasteur pipette under sterile conditions
and the abdominal cavity was washed three more times
with equal volumes of cold saline (the total volume of the
obtained cell suspension was 10 ml). The resulting cell
suspension was washed from heparin by centrifuga-
tion (10 min at 1500 rpm), and precipitated cells were
resuspended in a cold complete culture medium. The
concentration of cells was adjustedto 1 - 108/ml. To ob-
tain an adherent fraction of peritoneal cells, 200 pl of cell
suspension was placed into a 96-well culture plate and
incubated for 1 h at 37 °C in 5% CO.. After incubation,
the non-adherent cells were removed by washing the
wells 3 times with warm saline. The obtained adherent
fraction of peritoneal lavage contained mainly cells with
morphological features of macrophages.

Test agent. A competitive inhibitor of LDH, sodium
oxamate (Sigma, USA) was used as the test agent.
The test preparation was dissolved in RPMI-1640 me-
dium (Sigma, USA) and added to PMPs obtained
as described above at concentrations of 0.02, 0.2,
and 2 mg/ml. Following 1.5 h, incubation at 37 °C,
the plate was washed three times with warm saline,
200 pl of culture medium was added and incubation
continued for 24 h at 37 °C.

Nitric oxide (NO) production. PMPs were ex-
posed to the test agent for 24 h, and NO production
was determined by the content of NO,™ by the Griess
reaction [17]. In brief, Griess reagent was added
to 100 pl of the culture medium, the mixture was incu-
bated for 10 min at room temperature. The results were
recorded spectrophotometrically on a MicroELISA
plate reader (StatFax 2100, USA) at a wavelength
of 545 nm. The NO level was determined from a cali-
bration NaNO, curve. Each variant of the experiment
was assessed at least triply. The NO level was pre-
sented in mmol NO,.

Arginase activity was measured in cell lysates
by the rate of urea formation, as described [18,
19]. The cell lysate was obtained by a two-cycle
freeze/thaw. Then 100 ul of lysate were mixed with
100 pl of 25 mm Tris-HCI and 10 ul of 10 mmol
MnCl,, the enzyme was activated by heating for
10 min at 56 °C. The resulting mixture was mixed
with 100 ul of L-arginine (0.5 mol, pH 9.7; Sigma-
Aldrich, USA), the hydrolysis of which was performed
at 37 °C for 60 min. The reaction was stopped by add-
ing 800 ul of a mixture H,SO,/Hz;PO,/H,O (1:3:7).
Colorimetric determination of urea was performed
by adding 9% a-isonitrosopropiophenone dissolved
in 96° alcohol (Sigma-Aldrich, USA) followed by incu-
bation at 95 °C for 30 min and then at 4 °C for 30 min.
The urea concentration was determined spectrophoto-
metrically at A = 545 nm. Optical density values were
converted to micrograms using a standard curve con-
structed from urea solutions of known concentration.
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Arginase activity was presented in equivalent units
of urea concentration.

Statistical analysis was conducted using de-
scriptive statistics, parametric Student’s t-test, and
nonparametric Mann — Whitney test using MS Excel
and Microcal Origin (v. 8.5).

RESULTS AND DISCUSSION

The biological characteristics of the LLC/R9 variant
obtained via an experimental progression of LLC to-
wards the formation of resistance to cisplatin in vivo are
well describedin [20, 21]. LLC/R9 variant had 3—4-fold
lower metastatic potential, and a significantly higher
growth rate of the primary tumor in vivo compared
to LLC due to its high angiogenic potential, in particu-
lar, significantly higher level of VEGF secretion by LLC/
R9 cells and their ability to stimulate endothelial cell
proliferation in vitro [22].

Our choice of LLC/R9 as an experimental model
to study the functional polarization of PMPs is deter-
mined by the fact that LLC/R9 cells are characterized
by high production of humoral factors, which cause
significant pressure on all systems and normal tis-
sues (including macrophage system), changing their
functional and metabolic properties. Thus, we have
shown that the growth of LLC/R9 in mice leads to the
formation of the paraneoplastic syndrome in the early
stages of tumor development [23].

At the time of isolation of PMPs (23rd day of tumor
growth) in LLC/R9-bearing mice, the volume of the
primary tumorwas 764.2 = 75.1 mm?, and the number
and volume of lung metastases were 7.0 + 1.3 and
5.2 £ 1.1 mm?, respectively.

We have analyzed whether oxamate can affect the
functional polarization of PMPs in intact mice and ani-
mals with transplanted LLC/R9. Table 1 presents the
data on the effect of oxamate on the level of NO pro-
duction and arginase activity of PMPs of intact animals.
Incubation of PMPs with oxamate at concentrations
of 0.02 mg/ml and 0.2 mg/ml caused a statistically
significant reduction in NO levels by more than 78%
(p <0.02), while at a concentration of 2.0 mg/ml there
is a pronounced tendency to an increase of NO level,
but it remains lower by 44.5% (p < 0.02) compared
to the corresponding control value.

The effect of oxamate on arginase activity is the op-
posite. An extremely low level of arginase activity of PMPs
inthe absence of oxamate is replaced by significant mul-
tiple increases in the activity (p < 0.001) when oxamate
is added to the incubation medium at all concentrations
studied. Comparison of arginase activity and NO levels
in the absence of oxamate indicates the predominance
of M1 polarized PMPs. Oxamate in all studied concentra-
tions decreased NO levels and activated arginase activity
that indicates the stimulation of M2 polarization.

The effect of oxamate on the arginase activity of PMPs
in mice with LLC/R9 (Table 2) was non-monotonic. The
maximum arginase activity was recorded at an oxamate
concentration of 0.02 mg/ml, exceeding control value
by 235% (p < 0.002) and demonstrating the growth

343% (p < 0.0001) and 169% (p < 0.01) in comparison
toarginase activity at oxamate concentrations of 0.2 mg/
ml and 2.0 mg/ml respectively.

Table 1. The effect of oxamate on NO production and arginase activity
of PMPs of intact mice

Arginase activi-
Oxamate concentra- 9

tions, mg/ml NO, mmol NO, ty in urine equivalent
(ug/ml)
0 (control) 14.6+2.2 1.7+x1.4
0.02 3.1+£1.0* 52.0+5.1*
0.2 2.7+0.7* 37.3 £ 11.5*
2.0 8.1+2.1* 33.3+9.6*

Note: *significant difference compared to the corresponding control values

Table 2. The effect of oxamate on NO production and arginase activity
of PMPs of mice with LLC/R9

Oxamate concentration, Arginase activity

mg/ml NO, mmol NO, in urine equivalent
9 (ug/mi)

0 (control) 31.18.0 98.4+35.4
0.02 30.4+10.5 329.2 £ 25.7*
0.2 37.1+8.6 746 £9.2
2.0 103.6 + 25.6* 122.5 + 47.6

Note: *significant difference compared to the corresponding indices of all
other groups

Thus, it is shown that in animals with tumors oxam-
ate can stimulate M2 polarization of PMPs. However,
in contrast to the effect of oxamate onthe PMPs of intact
mice, in the case of tumor-bearing animals, stimulation
of M2 polarization is observed at low concentrations
of this agent (namely 0.02 mg/ml). High oxamate
concentration (2.0 mg/ml) causes M1 polarization,
which is manifested in a three-fold increase in the level
of NO and a decrease in the level of arginase activity.

The concentration-dependent effect of oxamate
on the functional polarization of PMPs in animals with
tumors can largely determine its dose-dependent anti-
tumor activity in in vivo studies. At low doses of oxam-
ate, the cytotoxic/cytostatic effect of oxamate ontumor
cells can be neutralized by induction of M2 polarization
of TAMs and, as a consequence, stimulation of tumor
angiogenesis and growth of at least the primary tumor.
At high doses, we can expect anincrease in the direct
cytotoxic effect of oxamate on tumor cells due to the
activation of M1 polarization of TAMs.

This conclusion is confirmed by the results of some
studies of the antitumor activity of oxamate in in vivo ex-
periments. In the in vivo experiments [24] the antitumor
efficacy of oxamate against nasopharyngeal carcinoma
in an extremely high total dose (16 g/kg body weight
of mice) has been shown. At significantly lower total doses,
oxamate either did not affect the growth of the primary
tumor or caused some tendency to its stimulation [25, 26].

Thus, research indicates that the development
of new anticancer drugs based on modifiers/inhibitors
of energy metabolism requires a detailed study of the
nature of their effects (at least) on the macrophage
system, which can largely determine the range of their
effective therapeutic doses.
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OKCAMAT, IHIBITOP JIAKTATOEMNOPOrEHA3M,
MOXXE CTUMYJIIOBATU M2-MOJIAPU3ALIIO
NEPUTOHEAJIbHUX MAKPO®ATIB MULLIEA
3 KAPLLUHOMOIO JIETFEHI J1blOIC

LI Coaanuk, O.M. Kapaman*, IO.P. SIxmubacea,
O.M. IPackoscvka, JI.JI. Koaecnux

Incmumym excnepumenmansHoi namonoeii, onkonoeii i padiobionoeii
im. P €. Kaseuvkoeo HAH Ykpainu, Kuie, Ykpaina

CtaH nutaHHs: |HribyBaHHA aepoBHOro rNikonidy NyXaANHHNX
KNTUH PO3rnsfalTb K NePCneKkTUBHY TepaneBTUYHYy cTpa-
Terilo B NikyBaHHi paky. [eski iHribiTopn eHepretmyHoro o6-
MiHY MOXYTb BMJIMBATU HE TiNIbKN HA NYXJNHHI KNITUHK, ane i
Ha PYHKUiOHaNbHY NONSpM3aLilo acouinoBaHNX 3 NyXJIMHOIO
Makpodaris, WO MOXe fK nocwiosaTtu, Tak i nocnabniosa-
TV NPOTUNYXJINHHUI edeKkT Takux areHTtis. Mera: Jocnign-
TW BNAUB iHribiTopa nakrargerigporeHasn (J14I) okcamaty
Ha nongpusauiio neputToHeanbHUX Makpodaris y iHTaKTHUX
MULLEN Ta Y MULLEN 3 NEPELLENSIEHO KAapLMHOMOIO NereHi
Nbtoic. MaTtepiann Ta metogun: Camkam muwein C57BI1/6 ne-
pelennioBany BapiaHT KapumHOMU nereni Jlbioic i3 3Huxe-
HO MeTacTaTU4HO akTuBHicTiO — LLC/R9. Okcamart HaTpito,
K TECTYIOUNIA areHT, BUNnpoboByBanu B KOHLEHTpauisx 0,02,
0,2 Ta 2 mr/mn. Monspuaauio makpodaris iIHTaKTHUX MULLENR
Ta MULLIEN 3 NyXJINMHOIO (Ha 23-Tio A06y nicnsa nepeLennieH-
HS) oujiHOBann 3a PyHKLIOHaNbLHUMU iIHAEKCaMM Nonspuaadii:
3a NMPOAYKLIEID OKCMAy a3oTy Ta 3a apriHa3Ho aKTUBHICTIO.
Pe3ynbraTtn: OkcamaT MOXe BNAMBATU Ha PYHKLiOHANbHY
nonapu3sauilo NepPUTOHeaNbHNX Makpodarie ik y iHTaKTHUX
MuLen, Tak i y muwwen 3 nepewenneHoto LLC/R9. B ycix go-
CNioKEHNX KOHLEHTpaLisax okcaMmaTt 3MiHIOBaB Mapkepu no-
napusauii makpodarie y iHTaKTHUX MULLEN, WO BKasyBaso
Ha CTUMyoBaHHA M2-nonapusauii. Y Muwen 3 nyxanHor
CTMMyNOBaHHA M2-nonapuaauii Big3Hayann 3a HU3bKUX
KOHUeHTpauin okcamaty (0,02 mr/mn), TOAj Ik BUCOKi KOH-
ueHTpauii (2 mr/mn) cnpuynHioBanu M1-nonspusauiio, ska
XapakTepuayBanacs TPbOXKpaTHUM 36inblweHHaM piBHs NO
Ta NigBULLEHHAM PiBHSA apriHa3HOi akTUBHOCTI. BUCHOBKM:
IHriGiTop JIOI okcamaT MoXxe [0303asiexXHO CTUMYSoBaTH
M2-nonsipmsauito makpodaris y MuLLE nepeLlenieHolo Kap-
LMHOMOIO nereHi Jibioic.

KnioyoBi cnosa: iHribiTop nakrtataerigporeHasn, okcamar,
Makpodaru, M2-nonsipusadis, kapumHoma nereti Jibioic.



