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As the global population grows and ages, the incidence of cancer is rising.
Cancer treatment remains one of the most significant biomedical challenges of
modern medicine. Current treatment modalities, including surgery, radiation
therapy, chemotherapy, targeted therapy, and immunotherapy, have significantly
improved survival rates for some cancers. However, substantial challenges persist
across several fronts, which limit the efficacy and accessibility of cancer treatment.

In recent years, the integration of herbal preparations alongside conventional
chemotherapy has gained growing attention in cancer treatment. The investigation
into the synergistic potential of herbal extracts combined with chemotherapeutic
agents is of particular interest, as it could enhance their therapeutic efficacy while
reducing adverse effects.

This work aimed to evaluate the antitumor effect of plant extracts in the HelLa
cancer cell line, study the possible mechanisms of action, and observe the
effectiveness of the combined effect of plant extracts such as Inula helenium and
Alchemilla smirnovii Juz. with chemical inhibitors of the arginase like L-NAME
and nor-NOHA, targeting the metabolic pathways of nitric oxide synthase (NOS)
and arginase. In our study, treatment with Alchemilla smirnovi Juz. resulted in a
significant decrease in arginase activity compared to the control group. Similarly,
treatment with Inula helenium also reduced arginase activity.

This combination aimed to enhance the cytotoxic impact on cancer cells,
potentially offering an effective strategy for combating breast cancer. Based on the
data, we can conclude that targeting arginine metabolism and using plant-derived
compounds holds promise for developing novel anticancer therapies.
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Introduction. Nowadays cancer research helps understand why certain
populations are more affected and how to address these disparities effectively. For
advancing treatment options cancer research also leads to the development of new
treatments, such as targeted therapies, immunotherapies, and personalized medicine.
These advancements improve survival rates and the quality of life for cancer patients.
By studying the mechanisms that drive cancer growth and spread, the investigation
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of cancer biology can discover new targets for treatment, predict responses to
therapy, and prevent resistance to current treatments [1].

An increasing number of studies in recent years demonstrate that two
mammalian arginase isoforms, arginase 1 (ARG1) and arginase 2 (ARG2), are
aberrantly upregulated in various types of cancers, and play crucial roles in the
regulation of tumor growth and metastasis through various mechanisms such as
regulating L-arginine metabolism, influencing tumor immune microenvironment,
etc. Therefore, arginase receives increasing focus as an attractive target for cancer
therapy [2].

Cancer is fundamentally a disease characterized by disrupted biochemical
processes. One critical process involves cell signaling pathways regulating how
cells communicate, grow, and divide. In cancer, these signaling pathways often
become dysregulated due to gene mutations encoding signaling proteins [3]. This
dysregulation leads to uncontrolled cell proliferation and enhanced survival. Many
components of cell signaling pathways serve as biomarkers for cancer diagnosis,
prognosis, and predicting treatment responses.

Tumor initiation and progression require the metabolic reprogramming of
cancer cells. Cancer cells autonomously alter their flux through various metabolic
pathways to meet the increased bioenergetic and biosynthetic demand and mitigate
oxidative stress required for cancer cell proliferation and survival [4]. Arginine
metabolism is highly compartmentalized due to the expression of enzymes involved
in arginine metabolism in various cells. L-arginine is a multipurpose amino acid
that also serves as a precursor for multiple metabolites, including polyamines and
nitric oxide (NO), which have strong immunomodulatory properties. It is the
substrate for four enzymes, several of which exist as multiple isoforms: NO
synthases (NOSs), arginases (ARGS), glycine amidotransferase, and L-arginine
decarboxylase. To encounter the enzymes involved in its metabolism, L-arginine
must be transported through the plasma membrane via cationic amino acid
transporters (CATSs) and metabolized by NOS enzymes [5].

It should be noted that synthetic analogs of arginine are of great importance
in anticancer therapy and are currently used as chemotherapy drugs [6]. For example,
the NOS intermediate N-hydroxy-L-arginine (NOHA) is known as an arginase
inhibitor. It has been successfully used in organ cultures of human prostate cancer to
suppress arginase activity and, when combined with any NOS inhibitor, to restore
tumor uptake reactivity by lymphocytes. The L-arginine derivative N-hydroxy-nor-
L-arginine (nor-NOHA) has been shown to completely reverse polymorphonuclear
(PMN) cell-associated T-cell suppression during purulent inflammation and restore
normal airway responsiveness in an animal model of arginase-mediated asthma [7].
Nor-NOHA, as a non-competitive inhibitor with a high affinity for the anionic
isoform of arginase (All), can also prevent hyperammonemia that can arise from
arginase inhibition [2]. The compound N-nitro-L-arginine methyl ester (L-NAME)
is one of the most clinically advanced NOS inhibitors, with demonstrated efficacy
in treating septic and cardiogenic shock, as well as for prophylactic purposes [8].
L-NAME also exhibits tumor-suppressive properties in various in vivo cancer
models [9]. These observations form the basis for the preclinical evaluation of nor-
NOHA and L-NAME in the treatment of breast cancer. The L-arginine metabolic
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pathway is crucial in cancer biology, as it is involved in several key processes such
as nitric oxide (NO) production [10]. NO is synthesized from L-arginine by nitric
oxide synthase (NOS).

The flora of Armenia, though geographically limited, is characterized by a
remarkable biodiversity. Despite this, it remains largely underexplored for its
potential to yield novel biologically active compounds [11]. This gap presents a
valuable opportunity to explore the anticancer properties of Armenian plant species,
which could contribute to the development of new therapeutic strategies. Given the
ongoing challenges in the treatment of breast cancer, which remains one of the most
prevalent malignancies with limited effective therapeutic options, there is a critical
need to identify novel agents or combinations of agents, both synthetic and natural,
that possess potent anticancer activity [12]. This study aims to investigate the
anticancer properties of Inula helenium and Alchemilla smirnovii Juz. to assess their
potential as complementary treatments in breast cancer therapy.

We propose that the inhibition of arginase and NO synthase may exert an
antitumor effect on cancer development by reducing the levels of polyamines and
NO, which are precursors of cancer cell proliferation, metastasis, and tumor
angiogenesis, respectively. Furthermore, given the significant potential of herbal
extracts in future cancer treatments, we also investigated the possible anticancer
mechanisms that can occur in HeLa cell lines under the influence of herbal extracts.
I. helenium and A. smirnovii have shown the potential to enhance the efficacy of
arginase and NO synthase inhibitors. To investigate the underlying mechanisms, we
assessed the cytotoxic effects of L-NAME, and nor-NOHA and measured the
guantitative changes in nitric oxide (NO), malondialdehyde (MDA) levels, changes
of activity of arginase and NOS enzymes following their combined application with
chemical inhibitors in HeLa cells.

Materials and Methods.

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

Plant Material and Their Collection, ldentification, and Extraction.
The plants: Inula helenium (IH) (flower and leaf) and Alchemilla smirnovii Juz. (AS)
(aerial parts) were harvested from the Tavush Region of Armenia (1450-1700 m
above sea level). Plant parts were collected during the flowering period (June—July).
Identification of plants was done at the Department of Botany and Mycology,
Yerevan State University (Armenia) by Dr. Narine Zakaryan. Plant specimens
were deposited to the Herbarium of YSU, where voucher numbers were given.
50 mg DW/mL plant crude extracts were prepared by maceration technique using
pure ethanol (96%) at a 10:1 solvent-to-sample ratio (v/w) [13]. The percent yield of
the extracts was determined earlier [14].

Cell Culture. HeLa (human cervical carcinoma) cells have been maintained
in Dulbecco’s Modified Essential Medium (DMEM) supplemented with 10%
Bovine serum and 1xPen/Strep. Cells have been seeded in tissue culture-treated
plates at a maximum density of 2x10° cells/cm?. The cells have been propagated
at 37°C in an atmosphere of 5% CO: in a CO; incubator (Biosan S-Bt Smart
Biotherm, Latvia).
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MTT Cytotoxicity Assay. The MTT test [15] was performed to assess the
inhibition of growth of HeLa cells exposed for 4 h, 24 h, or 72 h to different
concentrations (0.5, 0.25, and 0.125 mg DW/mL) of IH, AS extracts, and inhibitors
(L-NAME-14 mM, nor-NOHA-0.5 mM). Treatments were performed as three
technical replicates. Three independent replicates of each treatment were performed.
Cytotoxicity was expressed as percent growth inhibition of cells exposed to tested
plant extract compared to control cells treated with the appropriate volume of solvent
only (1% ethanol in the final mixture), whose growth was regarded as 100%.

Treatment of Cells with Chemotherapeutic Agents and Herbal Extracts for
Determination of Arginase, NOS, and NO Changes. HelLa cells were seeded in
24-well (5x10% cells per well) plates and incubated for 24 h. After incubation, the
medium in wells (450 xL) was refreshed. The cells were treated with 50 xL control
or test compounds with the following final concentrations: PBS, 1% ethanol
(Control, HeLa), L-NAME (14 mM), nor-NOHA (0.5 mM), Alchemila smirnovii Juz.
(0.125 and 0.25mg/mL), and Inula Helenium (0.125 and 0.25 mg/mL). After 24 h
incubation, the supernatant without cells was discarded. Cells from each group were
collected (trypsinized, neutralized, centrifuged), lysed on ice with Lysis buffer,
collected in a centrifuge tube, and further lysed for 10 min. After centrifugation at
13000xg for 10 min at 4°C, the supernatant was collected. The levels of Nitrite anions,
Arginase, NOS, and NO were quantified according to the methods described below.

Measurement NO Quantity. NO levels in the medium of cell cultures were
determined as nitrite anions. For measurement Griess assay was used as described
before for each 100 uZ sample was added 100 uL Griess reagent. The supernatants
were transferred to the tubes containing pellets of cadmium and incubated at room
temperature for 12 h to convert nitrate to nitrite. The samples’ absorbance was
measured at 1 = 550 nm and the NO quantity was calculated based on a standard
curve prepared with NaNO; [16].

Malondialdehyde (MDA) Assay. MDA quantity in the cell culture medium
was determined with a colorimetric assay using the Ohkawa thiobarbituric acid-
malondialdehyde method [17].

Determination of Arginase Activity. The modified Diacetyl Monoxime
colorimetric method was employed to assess the arginase activity in cell lysates.

Determination of NOS Activity. Nitric oxide synthase activity (umol citrulline/
mg protein) in cell lysates was measured by the conversion of L-arginine to
L-citrulline. All assays were performed in duplicate on aliquoted samples (to avoid
freezing/thawing cycles). The results were normalized for protein content.

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

Results and Discussion.

Cytotoxic Properties of Plant Extracts and Chemotherapeutic Compounds.
In our previous study, we demonstrated that the herbal extracts of I. helenium
and A. smirnovii Juz. exhibited significant cytotoxic effects. Based on these findings,
in the first stage of this work sub-inhibitory concentrations of 0.25 mg/mL and
0.125 mg/mL were selected for combination with chemical inhibitors. Additionally,
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the inhibitors nor-NOHA and L-NAME were evaluated using cytotoxicity assays,
and their sub-inhibitory concentrations were determined for long-term studies
(Fig. 1, A and B).
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Fig. 1. The cytotoxic effects of nor-NOHA-0.5 mM and L-NAME-14 mM after 4 h, 24 h,
and 72 h of treatment in the HeLa cell line, n =3, p <0.05.

During this research previously studied plants (with concentrations of
0.25 mg/mL) were selected and their synergistic effect with inhibitors (nor-NOHA-
-0.5 mM and L-NAME-14 mM) was assessed on the HelLa cell line. The results
showed that after 24 h of treatment I. helenium combined with nor-NOHA had a high
synergistic effect.
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Fig. 2. The cytotoxic effects of the . helenium and combination of A. smironovii Juz. herbal extract
0.25 mg/DWmL with nor-NOHA-0.5 mM, L-NAME-14 mM, n =3, p <0,05.
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The cytotoxic effect was about 60%. (Fig. 2, A). As for L-NAME, a high
cytotoxic effect was observed in combination with both herbs after 24 h
and 72 h of treatment (Fig. 2, B and D). At the 24" hour, the cytotoxic effect of
Inula + L-NAME was observed by approximately 60% growth reduction (Fig. 2, B),
and Alchemilla + nor-NOHA had approximately 50% growth reduction (Fig. 2, C).

Evaluation of Change of Arginase and NOS Activity, and Quantity of NO
and MDA. In cancer, NO can play both pro-tumorigenic and anti-tumorigenic roles
depending on its concentration and the tumor microenvironment. It influences
angiogenesis, apoptosis, and immune response. Another pathway where L-arginine
is involved is polyamine synthesis. It is well known that L-arginine is also a
precursor for polyamines, essential for cell proliferation, and implicated in cancer
growth and progression.
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The enzyme arginase competes with NOS for L-arginine, converting it to
ornithine and urea. High arginase activity is often seen in cancer cells and can
promote tumor growth by depleting L-arginine and limiting NO production, thereby
suppressing immune responses. From this point of view, it is of great importance
for us to understand what changes can occur in HelLa cell lines when they
are exposed to herbal extracts.

Therefore, we investigated the changes in the activity of Arginase and NOS,
and measured the quantity of NO and MDA, to understand the possible anticancer
mechanisms with the influence of I. hellenium and A. smirnovii Juz. herbal extract.
In studying the molecular mechanisms of plant influence on the L-arginine metabolic
pathway, the herbal concentrations of 0.25 mg/mL and 0.125 mg/mL were chosen for
their potential biological activity, particularly their role in modulating cancer-related
processes.
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In our study, as shown in Fig. 3, A, treatment with A. smirnovii Juz. (AS) at
concentrations of 0.25 mg/mL and 0.125 mg/mL resulted in a significant decrease in
arginase activity compared to the control group (p < 0.05). Similarly, treatment with
Inula helenium (IH) at a concentration of 0.25 mg/mL also reduced arginase activity
(p < 0.05); however, no significant changes were observed at the IH concentration
of 0.125 mg/mL.

Fig. 3, C illustrates the changes in NOS activity. In the AS-treated group at
0.25 mg/mL, NOS activity was 1.3-fold higher than that of the control group
(p <0.05). Conversely, at 0.125 mg/mL AS, NOS activity was 1.18-fold lower than
in the control group, though this change was not statistically significant (p > 0.05).
In comparison to the control group, the IH-treated group at 0.25 mg/mL exhibited a
1.72-fold increase in NOS activity (p < 0.05), whereas, at 0.125 mg/mL IH, NOS
activity remained comparable to the control, with a value of 6.5 units.

Levels of NO were measured in both control and herbal-treated HeLa cell
groups (Fig. 3, B). To evaluate the induction of oxidative stress and elucidate the
anticancer potential of the plant extracts by targeting multiple cellular components,
MDA levels were also quantified. MDA serves as an indicator of lipid peroxidation,
which is typically elevated in tumors due to increased reactive oxygen species (ROS)
levels. The quantitative analysis revealed that, compared to the control group, all
concentrations of the selected plant extracts resulted in increased MDA levels
(Fig. 3, D). This increase suggests enhanced lipid peroxidation, potentially contri-
buting to the anticancer effects of the plant extracts by inducing oxidative stress in
cancer cells.

Conclusion. These results confirm that NOS and arginase are potential
therapeutic targets in oncology. By studying the metabolism of arginine and its
critical role in cancer progression, it is possible to use inhibitors of arginase
metabolic pathways, such as L-NAME and nor-NOHA, nitric oxide synthase (NOS)
and arginase inhibitors, in combination with plant extracts to achieve a cytotoxic
effect against cancer cells. Based on the data, we can conclude that targeting arginine
metabolism and using plant-derived compounds holds promise for developing novel
anticancer therapies.
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Unwgyud vjubtiph hhdwbt Jpw dtbp Jupnn thp Ggpujugbly, np
wnghthth  nipuhnpuwbwynipyub phpwpuwynpnudp pniuwljub dSwgnid
nLibkignn dhwgnipynibbitiph htin hwdwwntin niith jununnidiuhg htinwmbjuinpbitip
huljupungltinuyhtt pipwuwhuyh dtg:
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HABJIIOJAEHUE U3MEHEHINA METABOJIMYECKOI'O IIYTU
API'MHMHA B PAKOBBIX KIJIETKAX HelLa ITYTEM
KOMBUHUPOBAHHOI'O U HAITPABJIEHHOI'O BO3JIEMCTBUS
WHI'MBUTOPOB N PACTUTEJIBHBIX DKCTPAKTOB

B nocnennue ronsl BMECTE ¢ pOCTOM HACENEHUS! YBEIMUUBACTCS U YHCIIO
OHKOJIOTHYECKUX OonbHBIX. JleueHne 3TOro 3abo0JeBaHUS OCTAaeTCsl OAHOM W3
BOKHENIINX 33]]a4 COBPEMEHHON MEJIULIVHBI.

Hecmotpss Ha pmecaTuieTwss WCCIENOBAaHWNA W JOCTHKEHHH B obOlacTh
OHKOJIOTHH, PaK OCTaeTcs BeAyIIeH MPUYMHON 00Je3Hel U CMEPTHOCTH BO BCEM
mupe. CoBpeMEHHbIE METOIbI JIEYEHNUS, BKIIIOYAs XUPYypPruuecKoe BMEIIaTeNnbCTRO,
JY4EeBYI0 TEpanuio, XMMHUOTEPAIUIO, TAPreTHYIO TEPalui0 MU HMMYHOTEpAIHIo,
3HAYUTEJIBHO YIIYUIIWINA PE3YIbTaThl JIEUCHUSI HEKOTOPBIX TUIOB paka. OmHaKo
OCTalOTCSI CEepbe3HbIC MPOOJIEMBI, KOTOPbIE OTrpaHHYMBAIOT 3(H(HEKTUBHOCTH U
JIOCTYITHOCTb JICUEHUS paKa.

B mocnegnue roapl Oonblioe BHUMAHUE YOENAETCS HWHTETPALMM PACTH-
TEJbHBIX JKCTPAKTOB C KJIacCHYeCKOW XMMuoTepamnuen B jeueHue paka. C 3Toit
TOYKH 3PEHUs] OCOOBIN MHTEpec MPEACTaBIACT HCCIEIOBAaHHE CHHEPTETHYECKOTO
NOTEHIHAIa XUMUOTEPANIeBTUYECKUX CPEICTB U JIeYeOHBIX CPEJICTB Ha OCHOBE TPaB,
COBMECTHMOCTb KOTOPBIX MOKET MOBBICUTH 3()(HEKTUBHOCTH KJIACCHUYECKHX Tepa-
MEBTHYECKHUX MPENapaToB MPH OJHOBPEMEHHOM CHIXKCHUH MMOOOUHBIX 3P PEKTOB.

Llens naHHO¥M pabOTHI — OLIEHUTH POTUBOOIYXOJEBBIH 3(P(HEKT IKCTPAKTOB
TpaB Ha JIMHUM PaKoBbIX Ki1eTok Hela, u3ydnts BO3MOXKHBIE MEXaHU3MBI JCHCTBUS
1 Habmomath 3G ¢EeKT PacTUTENbHBIX AKCTPaKTOB, a mMeHHO Inula helenium wu
Alchemila sminovi Juz., a Takke XUMHYECKUX MHIMOUTOPOB apruHa3bl, TAKUX Kak
kak L-NAME u nor-NOHA, koMOWHMpPOBaHHOTO AEHCTBHSA, HANpPaBICHHOTO Ha
MeTaboInyYecKne IMyTH CHHTa3bl okcuaa azora (NOS) m aprunasel. B Hamem
MCCIICIOBAHNH JICUEHHE C MOMOIIB0 A. SMirnovi Juz. mpuBeo K 3HAYUTETLHOMY
CHIDKCHHMIO aKTHMBHOCTM apruHa3bl 110 CPAaBHEHHWIO C KOHTPOJIBHOW TIPYMHIOM.
AmnanornvHo, jedeHue ¢ momoinsio |. helenium Ttaxke CHHM3MIIO aKTHBHOCTH
apruHaspl. JlaHHas KOMOMHAIMsA HampaBieHa Ha YCHJIEHHE IUTOTOKCHYECKOTO
JNEHCTBUSI Ha pPAaKOBBIE KIETKH, B pe3yJabTare dYero MOXXHO TMPEeIJIOKNUTh
3¢ PEeKTUBHYIO TPOTUBOPAKOBYIO CTPATETHIO.

Ha ocHoBaHWY MOTy4eHHBIX JAHHBIX MOYKHO CJIENIaTh BBIBOJ, YTO BO3JCHCTBHIE
Ha MeTabonM3M apruHrHA B COYETAHWH C COCTUHEHHMSMHU PACTHTEIHHOTO MPOUC-
XOXJIEHHS UMEET MHOT000EIAI0INE TIEPCIIEKTUBBI B IPOTHBOPAKOBOW TEpAINH.



