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ABSTRACT

Aim. The goal of the current study is directed to investigate
the therapeutic effect of erufosine (EPC3) alone, as well as in
combination with doxorubicin (DOX) on the development of
metastases in the testes in an experimental model of trans-
plantable Graffi myeloid tumor (GMT) in hamsters.
Materials & Methods. Experimental in vivo model of GMT in
Golden Syrian hamsters was used. Animals were inoculated
subcutaneously with live virus-transformed malignant cells.
Testes from male tumor-bearing hamsters (TBHs), treated
and non-treated with the antitumor agent erufosine alone
or in combination with DOX, as well as untreated healthy
controls, were subjected to morphometric and histological
assays on the testicular architecture to evaluate potential
antitumor/antimetastatic effects in in vivo conditions.
Results. The results showed no changes in blood vessels
and morphology (impaired spermatogenesis and/or meta-
static changes) of the testicular tissue in TBHs treated with
antitumor agents (alone or in combination) compared to
control healthy animals. In contrast, in the testes of TBHs
without therapy, impaired spermatogenesis and foci of me-
tastases, as well as significant changes in testicular blood
vessels were found.

Conclusion. The data obtained demonstrated an antitumor/
antimetastatic effect of EPC3 in the testes of hamsters in the
experimental GMT model.

Keywords: metastases, antitumor activity, erufosine,
doxorubicin, Graffi myeloid tumor, morphology of
testicular tissue, spermatogenesis, acute myeloid
leukemia.

Knuhnueckas onkorematonorus. 2024;17(1):18-26

SKCNEPUMEHTA/JIbHbIE
UCCNIEAOBAHMA

BnmsHme npoTBoOONyXoseBbIX
npenaparos 3pyco3uHa U AOKCOpPyOMLMHA
Ha pasBUTHE METACTa30B B AMUKAX
XOMSIKOB C MMe/IOMAHOM onyxonbio Graffi.
MopdpomeTpuueckoe u rucronornyeckoe
nccnepoBaHMA

W.H. Unneed’, U.B. Canrosd’, P.A. TowkoBd’,
A.K. leoprneed’, B.H. Hanes', P.[. LjoHeBa?

' Kadpeapa skcnepumeHTanbHon Mopdonoruu, MHCTUTYT aKcnepumeH-
TanbHON MOPONOrkK, NAaTONOrNKA M aHTPONONOrUK Npu My3ee bonrap-
CKoW akafiemum Hayk, Cochus, bonrapus

2 Jlabopatopuu TpaHCMeMOPaHHO CUrHanu3auun, MHCTUTYT 6MoM3NKK
1 GUoMeanLMHCKON MHXeHepun bonrapckoin akagemum Hayk, Cochusa,
Bonrapus

PE®EPAT

Lenb. ViccnegoBaHue TepaneBTuyecknx ahhekToB apydo-
3uHa (ERS3) B BMAe MOHOTEpPanun nnn B KOMOGMHaLMK C AOK-
copybuumHom (DOX) B OTHOLLEHUN PA3BUTUSA MOPAXKEHWN
ANYEK Ha 3KCMEepUMEHTanbHON MoAenu TpaHCnaaHTupye-
Mol MnenovgHon onyxonu Graffi.

Martepuanbl U Metoabl. /ICnob30Bav aKCnepuMeHTasnbHyo
mMopfesnb MmenonaHon onyxonu Graffi y cupmiicknx 3010TUCTbIX
XOMSAKOB. >XMBOTHbIM MOAKOXHO BBOAWIM B3BECb >XUBbIX
BUPYC-TPAHCHOPMUMPOBAHHBIX  OMyXOEBbIX KMETOK. YacTb
>XXMBOTHbIX Nosydana Tepanuio ERS3 B komGuHauum nnm 6e3
DOX. KoHTponbHaa rpynna Bk/to4Yana 340PO0BbIX XMBOTHbIX
6e3 neyveHns. Ha matepunane anyek XXMBOTHbIX, Y KOTOPbIX pa3-
BWIMCb OMYyXO/1, @ TakXXe KOHTPO/bHbIX XXMBOTHbIX MPOBOAN-
71 TUCTONOrNYECKoe N MOPHOMETPUYECKOE UCCIefoBaHUS.
Pesynbtatbl. B cpaBHEHUN C XMBOTHbIMW KOHTPO/BHOW
rpynnbl pasnnymnsa B CTPYKTYpPE AnYKa U XapakKTepuctmkax
COCYA0B Y XMBOTHbIX, NOMy4YaBLUMX /ledYeHne, He oBHapy-
XXeHbl. HanpoTtue, B AinUKax XOMSAKOB C OMyXo/ibio, HO 6e3
NeyeHuns BbIBNEHbI CKOM/TIEHUS OMYyXONEBbIX KNETOK, Hapy-
LEeHUs crnepMaToreHesa, a TakKe 3HaYUTe/IbHble U3MEHe-
HWS AMaMeTpa CoCyaoB.

3aknoueHue. NonyyeHHble gaHHble NMPOAEMOHCTPUPOBa-
M NPOTUBOOMYXOMEBbLIA M NPOTUBOMETACTaTUHECKUA dd-
ekTbl ERS3 B akcneprMeHTansHOM mogenn MMenoungHom
onyxonn Graffi.

KnioueBble cnoBa: MeTacTasbl, MPOTUBOOMyXOsie-
Bbli aphekT, 3pydho3nH, AOKCOPYOULUH, MUENOo-
noHas onyxonb Graffi, Mmopdonorna TkaHu suyex,
criepmaToreHes, oCTpbli MUEeIoOUaHbIN NTENKO3.
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INTRODUCTION

In modern medicine, the idea of personalized applica-
tion of the holistic approach in therapy and the fight
against oncological diseases is becoming more and more
important. The preparation of a specific (individual)
therapeutic program suitable for the individual needs to
take into account not only the type and area in which the
primary malignant process develops but also the whole
physical body (general health and normal body functions),
including mental health and overall quality of life. In this
complex of health measures, modern methods of rapid
and accurate diagnosis should not be excluded, as well as
referral of patients to post-healing activities related to the
quality of the healing process (clinical follow-up during
remission and/or relapse), but also physiotherapy and/or
balneotherapy and rehabilitation.

Conventional therapy for the treatment of cancer
usually includes surgical intervention, chemotherapy (in-
cluding adjuvant chemotherapy), and/or radiotherapy, but
also endocrine therapy or antihormonal treatment, which,
however, often leads to slight, or unsatisfactory results
without an effective cure [1]. The attention of anti-cancer
therapy is primarily directed to two main features in the
development of tumor formations: the prolonged process
of proliferation and the exceptional ability of cancer cells to
avoid apoptosis [2]. Another main goal of the therapeutic
strategies is to overcome the resistance mechanisms and
to reduce the toxicity of the administered drugs and their
consequences by improving the efficacy (survival rate)
of the treatment. It is equally important to decipher the
underlying mechanisms that lead to recurrences and/or
metastases (why and how they occur), which may prede-
termine new treatment approaches [3].

Chemotherapy is a systemic approach that targets
rapidly growing and dividing cancer cells, aiming to slow
the growth of blast cells or eliminate (damage/kill) them in
the affected tissue/organ, but also destroy those of them,
which have metastasized (spread) to the rest of the body,
not only the original/primary tumor cells. Sometimes
chemotherapy is the once-necessary treatment strategy,
but it often causes side effects and discomfort. In most
cases, chemotherapeutic agents are found to be toxic to
normal healthy cells and tissues, while at the tumor site,
the antitumor substance does not reach a sufficiently
high concentration to obtain a positive therapeutic effect.

Another major drawback of conventional chemotherapy is
that cancer cells often develop multidrug resistance, which
necessitates the search and development of new, more
effective, and more tolerable chemotherapeutic agents for
treatment.

In this aspect, alkylphosphocholines (APCs) are a
new class of lipophilic drug compounds with a different
pathway of cytostatic action compared to conventional an-
ticancer agents. They are synthetic phospholipid analogs
with a simplified structure of lysophosphatidylcholine,
in which the glycerol skeleton is replaced by a simple
alkyl chain [4]. APCs localize to the plasmalemma and
intracellular membranes, disrupting the structure and
metabolism of membrane lipids, and thus inhibit related to
them intracellular signal transduction pathways of mitosis
and induce apoptosis in cancer cells [5]. APC analogs are
believed to be more effective in cancer treatment than
other drugs because they do not cause myelotoxicity and
DNA damage [6]. APCs has also been found to be effective
in various tumor cell lines, including acute leukemia,
lymphoma [7, 8], colorectal cancer [9], breast cancer [10],
multiple myeloma [11], brain tumors [12], prostate cancer
[13], etc.

Erufosine (EPC3, erucylphosphocholine) belongs to a
new generation of APCs analogs that readily incorporate
into the plasma membrane and distribute between intra-
cellular membrane compartments of tumor cells. EPC3
inhibits the synthesis of key phospholipids such as phos-
phatidylcholine, sphingomyelin, and other secondary lipid
intermediates involved in cell cycle progression, growth
regulation, and tumor cell survival [14, 15]. Thus, by in-
terfering with lipid metabolism and suppressing lipid-de-
pendent signal transduction, EPC3 induces strong stress
and apoptotic changes in proliferating metabolically active
cancer cells without affecting healthy (normal) resting
cells [16]. Erufosine is the first substance, belonging to the
class of the alkylphosphocholines that can be applicated
intravenously because it does not cause hemolytic and
myelotoxic effects and even stimulates normal hematopoi-
esis [17].

Doxorubicin (DOX) is a mighty anthracycline anti-
biotic, a DNA intercalator, which is related to conventional
chemotherapeutic agents for the treatment of various types
of cancers, including hematological malignancies. One of
the main mechanisms of the cytotoxic action of doxorubicin
on malignant, but also on normal cells, involves interaction
with DNA (by intercalation of DOX molecules in the nu-
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cleotide bases), binding to the lipid component of the cell
membrane, and disruption of topoisomerase II (an enzyme
which relaxes supercoils in DNA for transcription), which
leads to halting of nucleotide replication (by inhibition
the activity of DNA/RNA polymerases), and the cancer cell
growth/proliferation, respectively [18]. Prolonged replica-
tion arrest then leads to molecular programs that initiate
cell death [19]. Doxorubicin is often given together with
other chemotherapy agents. The combined application of
the anti-tumor agents erufosine and doxorubicin (which
have non-overlapping toxic effects) enables a simultaneous
attack on cancer cells and, accordingly, doubly effective
inhibition of tumor growth. On the other hand, EPC3 has
been suggested to reduce significantly the side effects of
DOX, but at the same time, to enhance its anti-tumor effect
when administered at lower doses. In this context, APCs
may be suitable as combination partners in the treatment of
leukemias because they do not cause myelosuppression, the
main side effect of most anti-leukemic agents, and thus limit
the overall toxicity to the host within acceptable limits [20].

Metastatic (blast cell) foci in the testes are most often
a complication of lymphoma or leukemic malignancies,
especially in cases of acute myeloid leukemia (AML;
monoblastic and myelomonocytic subtypes of AML), but
also primary tumors with non-hematological origin (most
often of the prostate, but also lung, melanoma, seminal
vesicles, etc.) [21, 22]. Blast cell infiltration usually occurs
in the interstitial spaces, but it can also invade the semi-
niferous tubules of the testis. The way, by which tumor
cells reach the male gonads, is through vasodilation of
blood vessels (capillaries) with impaired permeability, as
a result of neoangiogenesis associated with the neoplastic
process [22]. According to literature data, several main
mechanisms of secondary malignant decimation in the
testicular tissue are described: by lymphatics, vas deferens,
epididymis, the spermatic (testicular) veins, and by the
arterial (hematogeneous) pathways [22, 23].

Inthe present, butalsoinour previousstudies [24, 25] was
hypothesized that the blood-testis barrier (BTB) is one of the
main factors for the secondary spread and invasion of tumor
cells in the male gonads in an experimental transplantable
model of Graffi myeloid tumor (GMT) in hamsters. The main
reason for the application of this model in our experimental
work is that a tumor of Graffi is analogous and has cellular
characteristics to AML in humans [26], and enables possible,
through histological studies, to trace and demonstrate the
early and later pathological changes in the testes (induced by
Graffi myeloid cells) and the occurrence of metastatic foci in
the testicular tissue of hamsters. Similar malignant changes
have also been described in other extramedullary locations,
such as the brain, lymph nodes, skin, etc. [27, 28].

The objective of the present study was to determine
the therapeutic effect of erufosine applied alone or in
combination with doxorubicin on the development of
metastases in the testes of hamsters with GMT (as an
experimental model).

MATERIALS AND METHODS

Experimental Graffi myeloid tumor model
Male Golden Syrian hamsters, 2-3 months old,
weighing approximately 100 g were used as experimental
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animals. They were obtained from the animal facility in
Slivnitsa of the Bulgarian Academy of Sciences, Sofia, and
were maintained under standard laboratory conditions
(temperature: 26 * 2 °C; 12 h dark/light cycle; food pel-
lets and water: ad libitum). The GMT, primary induced
with Graffi murine leukemia virus (MulLV) in new-born
hamsters was created and maintained monthly in vivo
by subcutaneous (s.c.) implantation of live tumor cells
(2 x 106/mL™" in phosphate-buffered saline, PBS) in the
inter-scapular area of animals [29]. The tumor appeared
subcutaneously between Days 7 and 15 after tumor trans-
plantation as a solid formation in the area of injection. It is
100 % reproducible in hamsters, and grew progressively
to 4-5 cm in diameter, and caused the death (100 %) of
the experimental animals on Days 28-30 after tumor
cell transplantation. Spontaneous regression was not ob-
served in this tumor model. For the experiments, hamsters
were inoculated (s.c.) with 2 x 10* viable Graffi tumor
cells obtained aseptically from tumor fragments (without
necrosis) by disaggregation. The tumor cell suspension
was filtered through a 100-mesh grid, washed three times
by centrifugation (at 4 °C) with PBS, and cell viability was
determined with 0.2 % Tr. blue. All animals were kept
under standard conditions in individual plastic cages with
free access to food and water.

All studies were performed in accordance with the
Guide for Care and Use of Laboratory Animals, as proposed
by the Committee on Care Laboratory Animal Resources,
Commission on Life Sciences, and National Research
Council, and a work permit No. 11130006.

Antitumor agents (doses and schedule of

application)

Erufosine (EPC3; MG 504.7) is the (N,N,N-trimethyl) —
propylammoniumester of erucyl-phosphoric acid. It was
synthesized in the Max Planck Institute for Biophysical
Chemistry, Gottingen, Germany, and was kindly provided
by Prof. Martin R. Berger. EPC3 was dissolved in a PBS
(137 mM NacCl, 2.7 mM KCl, 8 mM Na,HPO,, and 2 mM
KH,PO,, pH 7.4) in 10 mM stock solution and keptat 4 °C be-
fore use. EPC3 was administered in a dose of 1.5 mg/100 g
BM, s.c. in a volume of 0.5 ml PBS per hamster, twice a
week, for 4 weeks, alone or in combination with DOX.
Therapy begins on the day of tumor cell transplantation.

Doxorubicin (DOX) — an anthracycline antitumor
antibiotic. Administered at a dose of 0.00058 mg/100 g
BM, s.c. in a volume of 0.5 ml PBS in combination with
EPC3 per hamster. Therapy begins on the day of tumor cell
transplantation.

Experimental design

The experimental male animals were separated into
four groups (n = 3 in each group) and treated as follows:
Gr-1 — Graffi tumor-bearing hamsters without any treat-
ment (Day 30 after tumor transplantation); Gr-2 — Graffi
tumor-bearing hamsters treated only with erufosine
(Day 28 of therapy); Gr-3 — Graffi tumor-bearing hamsters
treated with erufosine in combination with DOX (Day 28 of
therapy) and Gr-4 — control healthy hamsters.

In experimental groups, 2 and 3, treatment with EPC3
and EPC3 + DOX respectively started simultaneously with
Graffi tumor cell engraftment and continued for 28 days
(twice a week, for 4 weeks) after transplantation.
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Table 1. Morphometric data of blood vessels in the testes of untreated TBHs, TBHs treated with erufosine, TBHSs treated with EPC3 + DOX,
and healthy (control) hamsters

Blood vessels diameter, um

Luminal diameter, pm 6.0-15.0 15.5-30.0 30.5-50.0 >50.0
Control 9.19£2.05 23.25+2.36 34.62+1.22 60.95 £ 6.11
TBH-EPC3 9.90 + 3.49* 23.95+3.98 37.75+5.76* 63.20 + 8.90**
TBH-EPC3 + DOX 9.99 +2.83* 23.31+4.06* 37.01+5.41* 62.93 + 7.4
TBHs (untreated) 12.93£1.66 25.72+3.26 43.33+4.95 82.65+7.77

*p<0.01,* p <0.001, *** p < 0.0001.

Morphometric and histopathological examination

Samples of testes from control (healthy) and tu-
mor-bearing hamsters (TBHs) were taken, fixed, and
embedded in paraffin using routine histological practice.
Tissue sections (5-7 um) were stained by hematoxy-
lin-eosin and examined under a light microscope Leica
DM5000B. The morphometric data were obtained at 400x
magnification using an eyepiece micrometer. The luminal
diameter was measured as the perpendicular distance
across the maximum chord axis of each vessel in testicular
tissue.

Statistical analysis

The results were reported as mean values #* standard
error of the mean (SEM). Significance was evaluated by
one-way ANOVA, followed by Student’s t-test. Differences
were considered statistically significant when p < 0.05.

RESULTS AND DISCUSSION

The current investigations are a continuance of our
previous studies, related to the development of metastases
in the testes of Graffi-TBH, as an appropriate experimental
model [24, 25]. In the present study, we followed the
morphological/morphometric changes in the testes, in
the four experimental groups: non-treated tumor-bearing
hamsters (untreated TBHs), TBHs treated with erufosine
(TBH-EPC3), TBHs treated with EPC3 in combination
with DOX (TBH-EPC3 + DOX), and control group (healthy)
hamsters. The efficacy of antitumor therapy was evaluated
in a terminal stage of malignant disease development
by comparing the morphometric and histopathological
changes in the testes of Graffi-TBH, undergoing therapy,
and Graffi-TBH without therapy. Morphometric values of
the luminal diameter of the testes vessels, divided into
four subgroups in control (healthy) and TBHs, were deter-
mined.

Significant changes in the mean luminal diameter, with
dilatation of capillaries, as well as the larger blood vessels
(arterioles and venules) and large vessels of > 50.0 um of
the testes of all TBHs (Gr-1) were found in comparison
with the control group (healthy hamsters). The luminal
diameter of the large vessels > 30.0 um and > 50.0 um, was
the most significantly increased in TBHs without therapy
(43.33 + 4.95 pm and 82.65 * 7.77 pm, respectively). No
significant changes in blood vessel diameter (mean lumen
diameter) were found in the testes of EPC3- and EPC3 +
DOX-treated TBHs compared to the healthy control group
(Table 1). However, we observed statistically significant
changes in the mean lumen diameter of both capillaries
(vessels < 15.0 pm and vessels with a diameter of

15.5-30.0 um) and large blood vessels (vessels with 30.5-
50.0 um and > 50.0 pm), in testes between the group of
untreated TBHs and TBHs treated with EPC3 alone or with
the combination of EPC3 + DOX (p < 0.01, p < 0.001). These
changes were most pronounced in blood vessels > 50.0 pm
in diameter between the TBH-EPC3 + DOX and untreated
TBHs (p < 0.0001) (Table 1).

Furthermore, no significant changes were found in
the percentage distribution of blood vessels in the testes
of hamsters from Gr-2 (TBH-EPC3) and Gr-3 (TBH-EPC3 +
DOX) compared to healthy animals, but a significant dif-
ference was observed in comparing them with untreated
TBHs (Gr-1) (Fig. 1).

The percentage distribution of blood vessels of dif-
ferent sizes in Gr-1 showed an increase in the percentage
of large blood vessels — venules, arterioles, and/or
dilated capillaries (vessels of 30.5-50.0 um and > 50.0 pm
in diameter) in the testes of these animals (9.35 % and
5.14 %, respectively), compared to those of Gr-2 (2.5 % vs.
1.45 %) and Gr-3 (2.1 % vs. 1.2 %) and the control (3.43 %
vs. 1.00 %). These results indicated an interesting cor-
relation in the percent distribution of the smaller vessels
(capillaries with < 15.0 um and vessels with a diameter
of 15.5-30.0 um) in the untreated TBHs. The number of
blood vessels with lumen diameter 15.5-30.0 um in Gr-1
(41.77 %) was significantly increased, while the per-
centage of those with the smallest size (< 15.0 um) was
reduced (43.74 %), compared to Gr-2 and Gr-3 hamsters
with therapy, as well as the control group (healthy). In the
same group (untreated TBHs), however, the ratio between
these blood vessels was almost equalized (Fig. 1). In the
hamsters with therapy (Gr-2 and Gr-3), no changes in the
luminal diameter of capillaries and other blood vessels
were observed and the values were similar to those of the
control healthy hamsters. The results presented showed
the positive effect of the antitumor agents EPC3 and EPC3 +
DOX in tumor-bearing animals with a progressively devel-
oping malignant process (Gr-1). The established changes
in the testicular vessels of hamsters from Gr-1 (TBHs) are
a “signal sign” for the initiation of the neoangiogenesis
process, which is associated with the development of
secondary tumors — metastases (terminal stage).

Similar data have been received in our previous
studies, related to the investigation of the presence of
malignant changes (metastases) in the testes of Graf-
fi-TBH, in dynamics (Days 10, 25, and 30 after tumor
transplantation). No significant changes in the blood
vessel diameter in the testes of hamsters from Day
10 were found, in contrast to Days 25 and 30, where
measurements showed significantly higher mean values
of the lumen of the testicular blood vessels, as in capil-
laries (vessels < 15.0 um and vessels with 15.5-30.0 pm
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Fig. 1. Comparison of morphometric data in the distribution of testis blood vessels in treated and untreated TBHSs (proportion in %)

Fig. 2. Testicular cross-sections of untreated TBHSs, treated with EPC3 and EPC3 + DOX TBHs, and control groups. (A) Cross-section
of TBHs EPC3-treated. (B) Cross-section of EPC3 + DOX-treated TBHSs. (C) Healthy hamsters (controls). Normal morphology of the
seminiferous tubules and preserved spermatogenesis. (D, E, F) Untreated TBHs. Seminiferous tubules with damaged basal membranes and
impaired/suppressed spermatogenesis. The germinal epithelium is disorganized, showing depletion of germ cells, degenerating primary
spermatocytes (St) with abnormal chromatin condensation/fragmentation (apoptotic cells), immature spermatids (Sd), giant multinuclear
cells, and atypical GMT blast cells, (D) disrupted vascular wall and effusion of blood elements in the intratesticular space. H&E, x200, x400

arrowheads — giant multinuclear cells; v — microvessels; + — atypical tumor/GMT cells; * — abnormal germ cells/St; ¢ — interstitium.

in diameter; p < 0.01) but also in the larger blood
vessels (with 30.5-50.0 um, p < 0.001, and > 50.0 pm
in diameter; p < 0.0001) of TBHs compared to the
healthy animals [24, 25]. In this case, the data showed
that the processes of neoangiogenesis started after Day
10 of Graffi-tumor transplantation, and were closely
related to the progressive development of the primary
malignant process. In TBHs (Gr-2 and Gr-3) treated
with the antitumor agents, no deviations in the size and

distribution of testicular blood vessels were observed,
compared to healthy animals, suggesting inhibition of
the spread of the tumor process in the testicular tissue
during EPC3 and DOX treatment.

Histological light microscopic examinations of testic-
ular tissue from Gr-2 and Gr-3 show normal structure and
function of the seminiferous tubules (or spermatogenesis)
similar to the control group of healthy animals (Fig. 2,
A-C). In contrast, untreated GMT-bearing hamsters (Gr-1)
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Fig. 3. Testicular cross-sections: (A) TBHSs treated with EPC3; (B) EPC3 + DOX treated TBHs; (C) control animals; (D—F) sections of untreat-
ed TBHs. (A-C) Region from the testicular tissue, slight enlargement of the interstitial space (in the normal values), as well as normal
micro-vasculature with different size of vessel diameter (capillaries and venules); (D, F) blood vessels with many erythroid and atypical
myeloid cells in the lumen, and (D) two sinusoidally extended and branched capillaries between seminiferous tubules; (E) thin capillary
“bridges” located between two peritubular capillaries were observed. H&E, x200, x400

Vv — microvessels; + — atypical tumor/GMT cells.

showed profound destruction in the seminiferous tubules
and surrounding interstitial tissue (Fig. 2, D-F).

In general, the pathological morphological changes
occurring in the seminiferous tubules in untreated
TBHs are characterized by: suppressed/incomplete
spermatogenesis, disorganization of the seminiferous
epithelium with “detachment” of the germ cells from the
basal membrane of the tubules (related probably to their
degeneration) formation of multinucleated (giant) cells
and clusters of degenerative (apoptotic) spermatogenic
cells in the lumen of the seminiferous tubules; depletion
of differentiated (spermatocytes and spermatids), but an
increase in the number of undifferentiated (blast-like)
germ cells located near the basal membranes or tubule
lumen. As a result of altered spermatogenesis, elongated
spermatids, and spermatozoa are not visualized (Fig. 2,
D-F and Fig. 3, A-C). At this stage of GMT development in
hamsters, no morphological changes in the Leydig cells
were established. In the testes, sections containing blood
vessels (mainly capillaries located in the peritubular and
intratubular space) with sinusoidal expansions of the
lumen with branches arising from them (thin growths)
directed to the main blood vessel are found (Fig. 3, D).
Short and thin capillary “bridges” (probably anastomoses)
between peritubular and/or peritubular and intratubular
blood vessels (capillaries, arterioles, and venules) are also
observed (Fig. 3, D, E). In the untreated TBHs, in the lumen
of blood vessels, in addition to erythrocytes, numerous
nuclei of atypical myeloid cells are visualized, and in cases
with impaired integrity of the vascular wall, cell infiltrates
are observed in the surrounding tissue (Fig. 2, D and Fig. 3,

D, F).

Changes in the peritubular blood vessels are com-
bined with enlarged interstitial spaces, as well as with a
damaged structure of the nearby seminiferous tubules.
Moreover, it is observed that the malignant myeloid
cells invade the tubules, disrupting the basal membrane
and thus affecting spermatogenesis, probably with the
participation of the tumoricidal toxic factors that alter
the nuclear chromatin of the spermatogenic cells, turning
them into “atypical” degenerative cells (Fig. 2, D-F and
Fig. 4, A, B). It is assumed that precisely neoangiogenesis
in neoplastic processes helps to carry out the exchange of
various metabolic substances, including pathological cell
factors (by near inter-cellular contacts), inducing initial
tumorigenesis (in this case — early development of meta-
stases in the testis). According to some authors, the in-
jured spermatogenesis and the subsequent disintegration
of germ cells in tumor-bearing rats can be induced under
the influence of body fluids containing damaging humoral
cell-tissue factors/substances (produced and secreted by
tumor cells) to whose pathological influence the germ cells
in the testes are most sensitive and susceptible [30].

Human melanoma cells are known to produce various
angiogenic factors which promote tumor angiogenesis
through in-growth in the tumor vasculature from pre-
existing blood vessels [3, 31]. Similarly to acute leukemic
diseases in humans, the primary GMT is just as malignant
and leads to early death in the animals before the devel-
opment of late tumors (metastatic) foci in the testes. The
cells of these organs are also rich in DNA, RNA (respec-
tively DNA, RNA proteins), as well as monoblastic and/
or myelomonocytic cells (depending on the type of AML),
which probably accounts for their stronger resistance
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Fig. 4. (A, B) Transverse section of testes of untreated TBHs (terminal day). Along with the damaged tubular basal membranes, clusters of
tumor cells/metastases were observed spreading from the microvessels into the testicular interstitium and infiltrating the walls and lumen
of the adjacent seminiferous tubules. Highly invasive GMT cells form tubular and interstitial, micrometastases are formed. The seminifer-
ous tubule is observed with “detachment” of abnormal germ cells and atypical cells from the basement membrane into the lumen of the

tubule. H&E, x200, x400

arrowhead — interstitium; small arrows — destroyed basal membranes; v — microvessels; + — tumor cells; * — atypical germ cells.

against the invasion of tumor cells, unlike other tissues
and organs [26]. According to many literature data, BTB
is very important in the spreading of neoplastic diseases,
related to the male reproductive tract [32-34].

The mechanism of blood flow microcirculation in the
testes is by the active vasomotor function of the terminal
afferent and efferent blood vessels (arterioles and ve-
nules), as well as anastomoses between small vessels of
both types. Thus, through adjacent peritubular and inter-
tubular capillaries, blood reaches the seminiferous tubules
and Leydig cells. The exchange of substrate/metabolite
substances between the bloodstream and the testicular
cells takes place through the walls of these blood vessels,
including through the BTB [34]. This is the main reason
our studies are directed to the changes in the diameter
of the blood vessels lumen (especially of the capillaries),
as morphological proof about the early sign of tumor-in-
duced neovascularization, while pathological changes in
testicular tissue are associated with invasion and develo-
pment of testicular metastases in untreated TBHs. The
presented data were in confirmation of literature findings,
according to which the spreading of malignant myeloge-
nous disease could influence male fertility by influencing
the spermatogenesis process [35, 36]. Cases of relapse
after systemic chemotherapy in patients with malignant
diseases, especially cases of AML are often discussed in
the scientific literature. According to one of the widely dis-
cussed hypotheses, this poor prognosis is associated with
the ability of cancer cells to “hide/harbor” in places with
a microenvironment that protects from chemotherapy,
where they can remain quiescent or exert their resistance
to cytotoxic agents. Metastases and/or relapses can occur
in extramedullary sites such as the brain and testes,
which are designated as “sanctuary sites” for cancer cells
because of the relative protection they seem to offer and
where chemotherapeutic drugs could reach, but in more
low doses (concentrations) compared with their plasma
levels. This is probably due to the protective function of
the tissue-blood barriers in these organs, which hinder the
process of drug supply [3, 33, 37].

The compared results of the performed morphological
investigations in groups of TBHs treated with EPC3 and
EPC3 + DOX showed for the most part normal structure
of the seminiferous epithelium and spermatogenesis in
the tubules, i.e. they are not affected by the growth and
proliferation of myeloid tumor cells. In the light micro-
scopic observations in the lumen of the blood vessels
(capillaries, arterioles, and venules) of the testes, besides
erythrocytes were not noted nuclei of atypical myeloid
cells (Fig. 2, A-C). This is probably due to the positive
effect of antitumor agents that inhibit secondary invasion,
as well as suppression of proliferation and micro-spread
of tumor cells in the male gonads in these experimental
groups of animals. However, in one of the cases from Gr-3,
a higher percentage of seminiferous tubules with impaired
spermatogenesis (69.3 %) was assessed compared to
Gr-2 (> 75 %) and control healthy animals (> 80 %). The
probable reasons, in this case, may be different, including
a more pronounced sensitivity to one of the therapeutic
agents (e.g., DOX), having a toxic effect on the development
of germ cells. The results of the present study complement
and confirm the previously published data proving the sig-
nificant antitumor effect of EPC3 and EPC3 + DOX on Graffi
tumor by inhibiting tumor growth (significantly reducing
the size of the primary tumor), reducing the transplant-
ability of tumor cells, inducing apoptotic changes (apop-
tosis) in them, suppress metastatic activity (by blocking
cell migration) and prolong the average survival time of
experimental animals [38]. According to many literature
findings, the positive therapeutic effect of APC derivatives
(including erufosine) is explained by their ability to influ-
ence lipid metabolism, membrane permeability (fluidity,
impaired elasticity of the cell membrane), modulation of
intracellular signaling pathways transduction and subse-
quent induction of apoptosis in cancer cells [39-41]. Data
have been presented showing that caspase 3 activity is
doubled under the action of erufosine, which is probably
the main apoptosis pathway for cancer cells [5].

In relation to therapeutic practices, new data are
being accumulated related to the helpful effects that in-



http://bloodjournal.ru/

frared thermal fields and electromagnetic fields can have
on malignant diseases. Their biological impact on water,
saline, and blood serum was investigated by analyzing
the parameters of electromagnetic hydrogen bonds
[42]. During the study of physiological saline observed a
5-times increase of hydrogen ions (H*) and a change in
membrane conductivity, which is evidence of restoring
the ion balance. The increase in the number of H* ions
reveals a process of restoring the potential of the cancer
cell to a healthy state. The processes of improvement of
ion exchange and electrical potential in the tumor cells
and the synthesis of basic proteins, support the body
protection and the immune status, and they hold up
the tumor process. Results show the positive effect of
near-infrared radiation on the structure and function of
the erythrocyte membrane in normal and pathological
conditions. Positive results related to DNA synthesis
have also been reported [42]. In addition, studies have
been conducted related to the influence of electrolyzed
alkaline water (catholyte) on the development of tumors,
including in developing experimental GMT in hamsters
[43]. Analysis shows significant differences in the
values of somehematometric indices and morphological
changes in some of the blood cells. Hamsters treated
with catholyte were also found to develop tumors with
some delay, have slow tumor growth, and increased
survival rates compared to untreated (drinking tap
water). Catholyte water (investigated in vivo — in an ex-
perimental model of hamsters bearing GMT) can improve
cellular immunity through an immunomodulating and/or
immunostimulating influence. The results suggest that in
this experimental model the treatment of tumor-bearing
animals with catholyte, such as drinking water, improved
the hematometric indices to the normal values and give
a reason for the possible use of catholyte to support the
non-invasive therapy of cancer diseases [43].

CONCLUSION

The presented results show the protective anti-malignant
effect of erufosine drug, which is expressed as suppressed
metastatic activity in the testes of hamsters with Graffi my-
eloid tumor as an appropriate experimental in vivo model.
The morphological assessment of the degree of injury in
the spermatogenesis, as well as of the cytological changes
in the germ cells in the seminiferous tubules in patho-
logical and/or experimental (as GMT model) conditions,
could be helpful for the development of new methods and
directions for therapy and prevention of the male fertility
in malignancy development and neoplastic metastases in
the testes.
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