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Cancer treatment is an ongoing struggle around the world, and research into its
treatment and prevention is constantly deepening. Unrestricted cell proliferation is
a hallmark of cancer. In cell reproduction, the exchange of purine nucleotides is of
great importance, because they are involved in the synthesis of DNA, which is
necessary for the uninterrupted process of cell division. The activities of
deamination enzymes of purine nucleotides, nucleosides, and nitrogenous bases are
altered during cancer development both in tumor tissue and in other tissues and
organs of diseased animals. From this point of view, it is of great interest to study
the changes in the activity of purine metabolism, the first stage of which is
deamination. The aim of this work was the study the deamination alterations of
AMP, ADP, ATP, as well as adenine and adenosine in the liver and breast tissue
homogenates in rats with 7,12-DMBA-induced breast cancer.

In the experimental model of rats, mammary cancer was induced by
7,12-DMBA, and further treatment was carried out with the Hypericum alpestre.
In addition, we also observed the combined effect of H. alpestre extract and
chemical inhibitors on the deamination of purine compounds.

Data show a significant elevation of the adenine compounds’ deamination level
in the breast cancer group treated with H. alpestre extract compared with rats with
DMBA-induced breast cancer. During the development of breast cancer in rats, a
significant reduction in deamination levels was observed in the liver homogenate.
This reduction was compared with the group treated with H. alpestre, where
deamination levels showed a notable increase. The levels of deamination of adenine
compounds after the treatment with H. alpestre herb become very close to the
values typical of the samples of healthy animals.

Thus, in conclusion, the mentioned herb’s anticancer activity can be expressed
by the elevation of the deamination levels of adenine compounds, and one of the
molecular mechanisms of the anticancer effect can be the dysregulation of
deamination of adenine compounds under the influence of the selected plant.

https://doi.org/10.46991/PYSU:B.2024.58.1.017
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Introduction. Normal cells undergo a series of highly regulated physiological
responses to provide necessary substrates for the basic cellular processes, while
cancer cells are involved in a complex metabolic rearrangement characterized by an
increase in energy production and biosynthetic processes to sustain cell growth and
proliferation [1-3]. Purines are the most abundant metabolic substrates for all living
organisms by providing essential components for DNA and RNA. Besides as
building blocks for DNA and RNA, purines provide the necessary energy and
cofactors to promote cell survival and proliferation. Thus, purines and their
derivatives widely participate in biological processes, including immune responses
and host-tumor interaction [4].

Notably, high concentrations of purine metabolites have been indicated in
tumor cells, and this discovery favors the development of the earliest antitumor drugs
(purine antimetabolites) to treat cancers by blocking DNA synthesis and halting cell
growth [5]. Cancer cells are known to reprogram their metabolism to enhance
nucleotide synthesis via de novo pathway to replenish the nucleotide pool in cells
and thereby provide the starting materials for DNA synthesis. In this way, they
ensure their growth and reproduction [5]. From this point of view, nucleotide salvage
pathways may also play an important role, by which the degradation of nucleotides
and nitrogenous bases does not proceed to completion. Still, degradation
intermediates are re-engaged in nucleotide biosynthesis, saving material and energy,
which can be extremely important in rapidly dividing and active cancer tissue [6].
However, the molecular events by which oncogenes and cancer suppressors
modulate these metabolic pathways have not yet been fully elucidated.

The fight against cancer continues to be a global struggle, and curative and
preventive therapies are constantly evolving. Medicinal herbs have been used and
are used as the main source of cancer treatment in developing countries for many
years. The natural anti-inflammatory properties of herbs and cytotoxic effects on
cancer cells make them necessary in the fight against cancer [6]. Several herbs
growing in Armenia have an important place among anti-cancer medicinal plants, in
particular, H. alpestre [7]. Taking into account the anti-inflammatory properties of
H. alpestre, this plant was used to clarify its effect on the deamination of adenine
compounds and to confirm its possible anticancer value. Data also indicate that
during the development of various types of cancer, high activity of the arginase and
NO-synthase (NOS) enzymes is manifested. Therefore, to treat or at least suppress
cancer, arginase, and NOS inhibitors are often used, in the presence of which the
proliferation of cancer cells is suppressed and their apoptosis is stimulated [8]. From
this perspective, the enzymes arginase and NOS are becoming an increasingly
attractive target in cancer research, and chemical inhibitors of these enzymes are
being used to treat cancer [9, 10].

Thus, targeting purine metabolism may serve as a potential cancer treatment
modality. We aim to investigate the anticancer effects of the plant extract and
arginase and NOS enzyme inhibitors: Nw-hydroxy-nor-L-arginine (nor-NOHA)
which inhibits arginase and suppresses tumor growth in a dose-dependent manner,
and N-nitro-L-arginine-methylene ether (L-NAME), which is a Ca?*-dependent non-
selective inhibitor of NOS.
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Materials and Methods.

Chemicals and Reagents. All chemicals and reagents were purchased from
“Sigma-Aldrich GmbH” (Taufkirchen, Germany).

Animals and Tumor Induction. The experimental procedures involving
animals were conducted following the guidelines outlined in Directive 2010/63/EU
[11]. Ethical approval was obtained from the Armenian National Center of Bioethics.
Female albino rats weighing between 120-150 g. were randomly distributed into 5
groups, with each group comprising eight individuals (except for the DMBA group,
which had 10 individuals) as detailed in Table. The animals underwent a one-week
acclimatization period before the experiment. They were housed in cages with a total
area of 3500 cm?, in a temperature-controlled room set at 25°C, with a 12-hour
light/12-hour dark cycle and relative humidity of 50-55%. The animals were
maintained under constant environmental and nutritional conditions (Animal Care
house, YSU, Faculty of Biology). To initiate the development of breast cancer in
rats, a solitary dose of 25 mg of 7,12-DMBA, dissolved in 1 mL of soy oil, was
administered via subcutaneous injection into the 2" set of mammary glands [12].
The chemical carcinogen was administrated at the age of 60-65 days. Following 28
weeks of DMBA administration, the rats were compassionately euthanized.

Tumor Inhibition Study. The experimental design and treatment scheme are
shown in Table. The experimental rats were regularly monitored for food and water
consumption, the apparent signs of toxicity, weight loss, or mortality. Intraperitoneal
injections of the H. alpestre extract, nor-NOHA, and L-NAME were performed
according to Directive 2010/63/EU. All the animals were sacrificed after 190 days
(28 weeks after administration by DMBA).

Experimental design and treatment

Sy 25 ma/mL Treatment Treatment by nor-NOHA
Experimental . >mg by H. alpestre (3 mg/kg/day) and
Groups - of rats in oil per rat, :
design each aroun| 7.12-DMBA 2.4 mg/kg/day in | L-NAME (30 mg/kg/day)
group 1, 0.25 mL saline in 0.25 mL saline
DMBA on the 60" day,
1 10 . - -
(breast cancer) a single dose
2 normal control 8 m 5 m
+ Saline
administered for
8 weeks (after
3 DMBA+ 8 on the 60" day, | tumors develop- n
H. alpestre a single dose ment in the 8
week,
every 4 day)
DLAIEY on the 60" day, administered for 8 weeks (after tumors
4 nor-NOHA + 8 . F th th
asingle dose | development in the 8™ week, every 4™ day)
H. alpestre
DU on the 60t day, administered for 8 weeks (after tumors
5 L-NAME + 8 . : " ”
H. alpestre asingle dose | development in the 8™ week, every 4™ day)

Preparation of H. alpestre Extract. Plants were deposited to the Herbarium
of YSU, voucher specimen serial number was given. Plant crude extracts are
prepared by maceration technigue using methanol (98%) and ethanol (96%) at a 10:1
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solvent-to-sample ratio (v/w) [7]. The stock solutions of the samples for in vivo assay
have been prepared by dissolving crude dried extracts in pure dimethyl sulfoxide
(DMSO) (“Sigma-Aldrich”).

Determination of the Intensity of Deamination of Adenine Compounds in
Rat’s Breast and Liver Homogenate. The intensity of deamination of adenine
compounds (adenine, adenosine, adenosine monophosphate (AMP), adenosine
diphosphate (ADP), and adenosine triphosphate (ATP)) was determined in rat breast
and liver homogenates according to the quantity of ammonia measured by
Berthelot's indophenol reaction [13]. The resulting coloring intensity was measured
with a spectrophotometer GENESIS 10S UV-VIS (“Thermo Fisher Scientific Inc.”,
USA) at a wavelength of 640 nm.

Statistic Analysis. The obtained results were presented as the mean values
with standard errors (M + SEM). Statistical analyses were performed by GraphPad
Prism 8 software (San Diego, CA, USA), and a significance level of p < 0.05 was
deemed statistically significant.

Results and Discussion.

Investigation of Deamination Intensity of Adenine Compounds in the
Breast. The tissue homogenate of breast cancer exhibits a relatively high rate of
deamination for adenine compounds, except for ADP, which shows negligible
deamination activity. Adenine and adenosine demonstrate an approximately equal
intensity of deamination, twice as high as the deamination rate observed for AMP
and ATP (Fig. 1).

34 * kK
> - Hm Cancer group
2 5 LA L B Treatment group
S35 21 s - Fig. 1. Deamination intensity
s g; in adenine, adenosine, AMP,
s E ADP, ATP of breast homoge-
E FAE H nate in cancer and treatment
g groups treated with the extract
a of the H. alpestre; n=8.

0= *  —p<0.05

& & —p <0.001;

v **** _p<0.0001.

Based on the data we can conclude, that the breast cancer tissue homogenate
exhibits a notable level of adenine compound deamination, except for ADP, which
displayed minimal deamination activity. Notably, adenine and adenosine
demonstrated nearly equal rates of deamination, approximately two-fold higher than
the deamination observed in AMP and ATP nucleotides (Fig. 1).

We compared the results of adenine compound deamination with data
obtained from the breast. The obtained data can be explained by the fact that in
rapidly growing and proliferating cancer cells, there is a constant demand for the
synthesis of nucleic acids, which, in turn, necessitates the biosynthesis of
nucleotides. Two interconnected pathways contribute to fulfilling this nucleotide
requirement. Firstly, there is continuous de novo synthesis, which involves the
catabolism of nucleotides in the cell into low-molecular-weight end products.
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Literature data also support the notion that this pathway of nucleotide synthesis
predominates in various types of cancer cells [14].

Since the initial step in nucleotide catabolism is deamination, adenine
compounds undergo deamination in rat mammary carcinoma cells, with the potential
for further degradation [5]. The low levels of deamination of adenine compounds in
breast tumor homogenates indicate that the intensity of catabolism of these
compounds decreased, as a result of cancer development (Fig. 1). Since the
catabolism of adenine compounds provides a substrate for de novo synthesis of
nucleotides, the reduction in the intensity of catabolism compared to herb-treated
animals may lead to a lack of starting materials for DNA synthesis and thus to
suppression of DNA synthesis in cancer cells. Most likely, the synthesis of
nucleotides necessary for DNA synthesis in cancer cells is compensated by
nitrogenous bases and nucleotide salvage pathways. It should also be noted that the
decrease in the deamination of ATP and ADP in cancer cells is due to their energetic
role because fast-growing cancer cells have a high energy demand. ATP and ADP
in this case do not undergo catabolism but are hydrolyzed, supplying the energy
necessary for cell growth. ATP acts as a universal source of energy, and ADP as an
alternative source [1]. Therefore, the deamination of ADP, the intensity of which is
almost the same in the cells treated with the herb as that of ATP, is manifested only
as a trace activity in cancer cells (Fig. 1).

Relatively low levels of deamination are observed for adenine nucleotides,
specifically AMP and ATP, while only trace deamination activity is detected for
ADP (Fig. 1). This pattern can be attributed to the high energy demand experienced
by rapidly growing cancer cells. In the case of animals treated with the herb
H. alpestre, the significant increase in the intensity of deamination of adenine
compounds, particularly adenosine, and AMP, suggests that catabolic reactions of
adenine compounds start to prevail in regenerating cells during the recovery process.

Assessing Adenine Compound Deamination Intensity in the Liver
Homogenate. The onset of cancer in the body leads to a reconfiguration of the
functioning of all organ systems, and disruptions in the normal operation of these
systems are inevitable [15]. Therefore, it is important to elucidate the biochemical
status of other organ systems in the body during the development of cancer in any
organ or tissue. The significance of this issue is heightened by the common use of
non-selective cytostatic antitumor chemotherapy drugs in cancer treatment, which
can lead to side effects in cells of various tissues and organs throughout the body.
Notably, liver and brain cells are particularly susceptible to these adverse effects.
It is crucial to assess the risk of liver damage and the potential for recovery during
cancer development and potential treatment. Our data for the intensity of
deamination of adenine compounds in liver homogenate obtained from rats with
breast cancer are shown in Fig. 2.

Fig. 2, a shows the intensity of adenine and adenosine deaminases within the
liver homogenate of cancer and treatment groups of rats including a control group of
rats (healthy rats), a DMBA-induced cancer group, and a treatment group consisting
of three different treatment models. The first model is DMBA+H. alpestre extract,
the second is L-NAME+H. alpestre, combines L-NAME, a chemical inhibitor of
NOS, with H. alpestre herbal extract, the third treatment group is nor-NOHA+



22 THE REGULATION OF DEAMINATION OF ADENINE COMPOUNDS IN BREAST AND LIVER...

H. alpestre employs nor-NOHA as a chemical inhibitor for arginase, in combination
with H. alpestre herbal extract.

Fig. 2, b shows the changes in deamination of AMP, ADP, and ATP in the
same group as mentioned above. Notably, the plant used remains consistent across
all treatment groups.

a
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c =
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During the induction of breast cancer by DMBA in the rats, noticeable
changes in the deamination of adenine compounds occur also in the liver
homogenate. Thus, in the liver homogenate of DMBA-induced cancer rats, the
catabolism of all adenine compounds is suppressed and the most significant effect
was recorded for adenine. So the deamination intensity of adenine was decreased by
38.8%, in the case of adenosine — by 16%, and in the case of AMP — by 10.5% in the
case of ADP — by 30.9%, and in the case of ATP — by 11.8% (p < 0.001).

As indicated by the obtained data (Fig. 2), following the administration of
H. alpestre extract to animals with breast cancer, a consistent trend of increased
deamination strength in adenine compounds is observed. In some cases, this increase
significantly surpasses the levels seen in healthy animals, particularly in the cases of
AMP and ADP. Thus, it can be concluded that the treatment with H. alpestre
promotes the recovery of catabolic processes in the liver homogenate of rats.

In the combined treatment of cancer with chemical inhibitors and H. alpestre,
we observed an increase in the strength of deamination of adenine compounds
(Fig. 2). Importantly, this increase was more pronounced than when the herb was
administered alone, and in terms of these indicators, animals treated with the
combination of nor-NOHA and H. alpestre even suppressed healthy animals.
The only exception was ATP, where deamination intensity was lower in both healthy
and H. alpestre-treated rats. It can be assumed that ATP catabolism is relatively
suppressed in the liver of treated animals, leading to increased hydrolysis to meet
energy requirements. As for other adenine compounds, their catabolism is enhanced,
and the de novo pathway of nucleotide synthesis regains dominance [16].

In the case of combined treatment with L-NAME and H. alpestre, the intensity
of deamination of adenine compounds in the liver of animals with breast cancer
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decreases for all the considered compounds, in comparison with cancer animals.
Thus, during this combined treatment, the catabolism of adenine compounds, the
initial stage of which is deamination, is suppressed. It can be inferred that nucleotide
salvage pathways become more significant in this context. Since the nucleotide
salvage pathway is vital for both DNA repair and replication in cancer cells, targeting
enzymes in this pathway is a strategy in cancer therapy. Inhibitors of these enzymes
can lead to nucleotide depletion, thereby impairing DNA repair and replication in
cancer cells, potentially leading to their death [17].

Conclusion. Based on the data we can conclude that the development of breast
cancer in rats leads to noticeable changes in the deamination of adenine compounds
in breast cancer tissue and liver homogenate. Specifically, catabolism of adenine
compounds is suppressed, which can lead to a decrease of nucleotides de novo
synthesis in cancer. The treatment of cancer with H. alpestre extract appears to
promote the recovery of catabolic processes in the breast and liver of rats and leads
to an increase in the deamination intensity of adenine compounds (Fig. 3).
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Fig. 3. Possible mechanism of DNA repair and adenine cycle in DMBA-induced
breast cancer treatment experimental model of rats.

Combined treatment with chemical inhibitors (nor-NOHA) and H. alpestre
leads to a lower intensity of ATP catabolism, leading to increased hydrolysis of ATP
to meet energy requirements. L-NAME and H. alpestre combined treatment of
cancer animals leads to a decrease in adenine compound catabolism, possibly leading
to a greater reliance on nucleotide salvage pathways.
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BopL6a C pakoM IMpoAo0JIKACTCd BO BCEM MHUPE, U UCCIICAOBAHUSA B obOnmactu
€ro JC4YCHUus1 Hu HpO(l)I/IJ'IaKTI/IKI/I IIOCTOSHHO er'IY6J'I$IIOTC$I. HeOFpaHI/I‘-IeHHaﬂ
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nposudeparus KISTOK SBISICTCS OTIMYUTEIHLHOM 4UepTod paka. B pa3mMHOKeHWH
KJICTOK OOJIBIIIOE 3HAYEHUE UMEET OOMEH ITYPHHOBBIX HYKJICOTH]IOB, TOCKOJIBKY OHU
yuacTByrOT B cunTe3e JJHK, HeoOXoauMoit i1 HEpephIBHOTO MpoIiecca JISICHUs
KJIETOK. AKTHBHOCTh (JEPMEHTOB J1€3aMUHUPOBAHUS IYPHHOBBIX HYKIIEOTH[IOB,
HYKJICO3UJOB M a30TUCTHIX OCHOBAaHUN HM3MEHSAETCA IMPHU PA3BUTHUU paka Kak B
OITyXOJICBOM TKaHH, TaK ¥ B JPYTUX TKAHIX M OpraHax OOJIbHBIX )KUBOTHBIX. C 3TOH
TOYKH 3peHHs OONBIION MHTEPEC MPEACTABISACT N3yUeHIe N3MEHEHH aKTHBHOCTH
MTypUHOBOTO OOMEHa, TIEPBOH CTaaueil KOTOPOTO SABISAETCS JIe3aMUHUPOBAHHE.

Lennio paboOThI OBLIO H3yUEeHHE U3MEHEHHUH ne3amuuupoBanns AM®D, AJID,
AT®, a Takke aJcHMHA M aJ[CHO3WHA B TOMOTIeHATaxX TKaHEH ITeYeHH W MOJIOYHOM
)kenes3sl y kpbic ¢ 7,12-JIMBA-uHAylIMpOBaHHBIM pakKoM MOJIOYHOM >kene3bl. Ha
SKCIIEPUMEHTAIBHON MOJEIN KpBIC PaK MOJIOYHOM Kene3bl MHAyLupoBanu 7,12-
JIMBA, a panbHeiiliee jJedyeHHe IPOBOIMIM 3KCTpakToM pactenmss H. alpestre.
Kpome Toro, MbI Taxke HabJIOIaTH COBMECTHOE JieiicTBre sKkcTpakTa H. alpestre u
XUMHYECKAX HHTHONTOPOB HA JIe3aMHHUPOBAHNE ITYPHHOBBIX COSMHEHUH.

JlaHHBIE TTOKA3bIBAIOT 3HAYUTEIHLHOE MOBBIIICHUE YPOBHS J1€3aMHUHUPOBAHUS
aJICHUHOBBIX COCIUHEHHI B TPYIIE KPBIC, OONBHBIX PAKOM MOJOYHOH Kele3bl U
MOJTy4aBIIHMX 3KCTPaKT TpaBsl H. alpestre, mo cpaBHEHUIO ¢ HEICUCHHBIMH KPBICAMH.
[Tpu pa3BuTHH paka MOJIOUHOM KeJe3bl Y KPhIC HAOI0AaIOCh 3HAYUTEIBHOE CHU-
’KEHHE YPOBHS J1€3aMUHUPOBAHUS B TOMOTCHATE MEUCHU. JTO CHUKCHUE CPaBHH-
BaJTU C TPyIIOi, noyyasiiei H. alpestre, rie ypoBHM 1e3aMUHUPOBAHUS TTOKA3AITH
3aMETHOE YBEJIMYEHHE. YPOBHU JI€3aMHUHHUPOBAHUS aJICHUHOBBIX COCIMHEHUMN
mociie 0bpabotku skctpaktoM H. alpestre cramm odeHs OIM3KMMH K 3HAYECHHUSM,
XapaKTEePHBIM JIJIs P00 37I0POBBIX KHUBOTHBIX.

Takum 00pa3oM, MPOTUBOPAKOBasE aKTUBHOCTH YIIOMSIHYTOW TpPaBBl MOXKET
BBIPAKATHCS B TIOBBIMICHUU YPOBHS JIE3aMUHHUPOBAHUS aJCHUHOBBIX COCIUHEHUH,
Y OJTHUM W3 MOJIEKYJISPHBIX MEXaHU3MOB ITPOTHBOPAKOBOTO JIEHCTBHUS MOKET OBIThH
HapylIEHUE peryjsilud JA€3aMUHUPOBAHUS aJICHUHOBBIX COEIMHEHHH MOJ
siusauem H. alpestre.



