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ABSTRACT

Purpose of the study. To evaluate the antiproliferative properties of the novel alkaloid (P1) against CRC cell lines HT-29, Caco-2, and HCT116.
Materials and methods. CRC cell lines (HCT116, HT-29, Caco-2) were used in the experiments. The alkaloid (P1) was isolated from Petasites
hybridus (L.) G. Gaertn., B. Mey. & Scherb and identified using high-performance liquid chromatography (HPLC) and nuclear magnetic resonance
spectroscopy (NMR). Cells were incubated with various concentrations of the alkaloid, and cell viability was assessed. Berberine, a well-known
anticancer alkaloid, served as the reference compound.

Results. The alkaloid (P1) demonstrated pronounced antiproliferative activity across all tested colorectal cancer cell lines = HCT116, HT-29,
and Caco-2. The highest sensitivity was observed in HCT116 cells, with an IC,; value of 15.73 ymol/L after 72-hour incubation, indicating
a substantial inhibitory effect on tumor cell proliferation. Comparative analysis showed that (P1) exhibited greater cytostatic efficacy than
berberine in Caco-2 (IC,,*" = 54.489 # 8.3 ymol/L vs IC,**® = 193.154 + 13.1 pmol/L) and HT-29 cultures (IC,,®" = 55.375 £ 7.1 ymol/L vs
IC,,e® = 90.22 + 8.2 ymol/L).

Conclusion. The findings indicate that the alkaloid (P1) possesses significant antiproliferative potential against colorectal cancer cell lines,
underscoring its promise as a prospective anticancer agent. Notably, its superior efficacy compared with berberine highlights the relevance of
further investigation. These results support continued development of (P1) as a basis for novel therapeutic agents. Future work should include
detailed preclinical and clinical studies to elucidate its mechanism of action, evaluate safety and in vivo efficacy, and optimize pharmacological
properties for potential clinical application.
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3.1.6. OHkonorus, nyyesas Tepanus

OPUT'MHANIbHAA CTATbA

AnTMnponudepaTuBHbIE CBOICTBA HOBOTO PaCTUTE/ILHOTO aKaNoNAa B OTHOLIEHUN KIETOYHBIX
KYNbTYp KOJIOPEKTaNbHOTO paka
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PE3IOME

Lienb uccnegoBanus. OueHnTb aHTUNponudepaTMBHble CBOMCTBA HOBOro ankanouga (P1) B OTHOLWWEHUM KNETOYHbIX KynbTyp KPP HT-29,
Caco-2 n HCT116.

Martepuanbi n MeTofbl. B aKCneprMeHTe UCMoNb30Banuch KneTouHble KynbTypbl KPP (HCT116, HT-29, Caco-2). Ankanoug (P1) 6bin BblaeneH
u3 Petasites hybridus (L.) G. Gaertn., B. Mey. & Scherb u ngeHT1bULMpoBaH ¢ NOMOLLbIO MeTOA0B BAYKX 1 AflepHOro MarHUTHOIO pe3oHaHca.
KneTku nHKy61poBanu ¢ passMyHbiMW KOHLEHTPaLUAMM ankanonaa v NpoBOAUIN aHaN3 XNU3HECTIOCOGHOCTU KNeToK. KOHTPONbHbIM
coefIMHeHWEM SIBNISICS U3BECTHbIN ankanouns 6ep6epuH.

Pesynbratbl. B xoae akcnepumenTa ankanoug (P1) npoaeMoHCTpUpoBan BbipaXeHHoe aHTunpodenudepaTMBHoe fecTBUE Ha BCE UC-
cnepyemMble KIIeTOYHble TMHUM KonopekTanbHoro paka — HCT116, HT-29 n Caco-2. Han6onee Bbicokasi YyBCTBUTENBbHOCTb 6bina BbisiBNEHA
y kneTok nnHum HCT116, rae sHadenue IC, cocTasnsio 15,73 MKMOsb/N Npu 72-4acoBOM MHKY6aLIMK, 4TO CBMAETENbCTBYET O 3HaUNTESbHO
CNOCcOGHOCTH ankanonaa NoAaBnATb NponndepaLuio STUX OMyXoeBbIX KNETOK. KpoMe Toro, Npu cpaBHEHWUM akTUBHOCTM ankanouga (P1)
C KOHTPOJIbHBIM CO€AMHEHUEM — U3BECTHBIM NMPOTUBOOTYXO/NEBbIM anKanonioM 6ep6epuHoM — 6bIs10 ycTaHOBIEHO, YTo (P1) MposiBnsieT 6onee
BbICOKYIO LMTOCTaTUuecKyto addekTUBHOCTb B KynbTypax Caco-2 (IC, ™' = 54,489 £ 8,3 Mkmonb/n npotue IC, " = 193,154 £ 13,1 MKMOnb/n)
1 HT-29 (IC,*' = 55,375+7,1 MkMmonb/n npoTue IC, "™ = 90,22 + 8,2 MKMO/b/N).

3aksioueHmne. PesynbTaTbl NPOBEEHHOrO UCCNIeA0BaHNUS AEMOHCTPUPYIOT, UTo ankanoug (P1) o6nafaeT BbipakeHHbIMU aHTUNponudepa-
TUBHbIMU CBONCTBAMW B OTHOLLEHWUWN KNIETOYHbIX IMHUIA KOMOPEKTaNbHOro paka, YTo CBUAETENbCTBYET O €ro 3Ha4YMTeNIbHOM NOTeHuMane
B KayecTBe MPOTMBOOMYX0N1eBOro areHTta. 0Co6eHHO BaXHO OTMETUTL ero BbICOKY 3(hHeKTUBHOCTb B CPaBHEHWUMN C U3BECTHbLIM ankasno-
nAoM 6ep6epuMHOM, YTO NofYepPKUBaEeT NepPCNeKTUBHOCTb AanbHENLWNX UCCNeA0BaHNUI aHHOrO COeANHEHNS. ITU AaHHble OTKpbIBalOT
HOBble BO3MOXHOCTU ANsi pa3paboTKn MHHOBALIMOHHbIX IeKapCTBEHHbIX NMpenapaToB Ha OCHOBE NPUPOAHbIX COeAVHEHUI. B aanbHeiwem
HeobXoMMbI yriy6neHHble JOKIMHUYECKUE U KNMHWUYECKUe UCCNeA0BaHWS, HanpaBieHHble Ha U3y4YeHne MexaHM3MOoB AeiCTBUA ankanonja
(P1), ero 6e3onacHocTv U 3dHEKTUBHOCTM in Vivo, @ TaKKe ONTUMU3ALMIO ero hapMakoiorMyeckux CBONCTB ANsi BO3MOXHOIO NMPUMEHEHNs
B K/IMHWYECKOW NPaKTUKe.

KniouyeBble cnosa: K0ﬂ0peKTaﬂbeIVl pak, paCTVITeI'IbeIVI ankanouvpg, 6ep66pVIH, LuuTocTaTUYeCcKme CBOWMCTBA, KNTETOYHbIe KynbTypbl

[ns uutupoBanus: Tumodeesa C. B., ®ununnosa C. 10., Yembaposa T. B., THeHHas H. B., Mexesosa W. B., 3natHuk E. 10., HoBukosa W. A., MupoHeHko W. H.,
loHuaposa A. C., IxeHkosa E. A., bypos 0. H., Kut 0. . AHTunponudepaTtmBHble CBOACTBA HOBOFO PacTUTENbHOIO ankanouia B OTHOLIEHUN KNETOYHbIX KyNbTyp
KonopeKTanbHoro paka. 0xHo-Poccuiickuii oHKonoruyeckui xypHan. 2025; 6(4): 16-25.
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BACKGROUND

Cytostatic agents used in oncology represent
an important class of drugs that play a key role in
the treatment of various types of cancer, including
colorectal cancer (CRC) [1]. According to the World
Health Organization (WHO), the incidence of CRC
continues to rise, underscoring the need to develop
new cytostatic compounds with high antiprolifera-
tive activity and low toxicity [2].

In recent years, plant alkaloids have attracted in-
creasing interest due to the established cytostatic
properties demonstrated by many representatives
of this group. One of the most extensively studied
alkaloids, berberine, has shown the ability to inhibit
cancer cell proliferation and induce apoptosis [3].
Berberine acts on key protein targets within signal-
ing pathways that regulate cell growth, including
phosphatidylinositol-3-kinase (PI3K), protein ki-
nase B (Akt), and the mechanistic target of rapamy-
cin (mTOR) in the PI3K/Akt pathway, as well as Raf
kinase, mitogen-activated protein kinase (MEK), and
extracellular signal-regulated kinase (ERK) in the
MAPK pathway. These mechanisms allow berberine
to be considered a promising antitumor agent [4].

However, despite encouraging results, berberine
has several limitations, including low bioavailability
and potential adverse effects, which may restrict its
clinical applicability [5, 6]. In this context, the search
for novel plant-derived alkaloids has become partic-
ularly relevant.

The compound (P1) investigated in our study be-
longs to the class of indole alkaloids and is struc-

Me
"'I//

Chemical Formula: C,H, N,

Molecular Weight: 298,4740

Fig. 1. Structural formula of compound (P1) isolated from
Petasites hybridus (L.) G.Gaertn., B.Mey. & Scherb.
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turally related to alkaloids isolated from plants of
the genus Corynanthe sp., known for their analgesic
and anti-inflammatory properties [7] (Fig. 1)

According to preliminary data, this compound
demonstrates notable cytostatic effects against
pancreatic cancer cell lines and non-small cell lung
adenocarcinoma [8]. Comparing the activity of the
novel alkaloid (P1) with berberine on CRC cultures
will allow assessment of its efficacy and potential
as a therapeutic candidate.

Purpose of the study: to evaluate the antiprolif-
erative properties of the novel alkaloid (P1) against
CRC cell lines HT-29, Caco-2, and HCT116.

MATERIALS AND METHODS

Dried and powdered rhizomes of P. hybridus (L.)
were placed in a Soxhlet extractor; 250 mL of tetra-
chloroethylene (C,Cl,) was added to the extraction
flask. Extraction was carried out under heating in
the Soxhlet apparatus with a reflux condenser for
24 hours. After extraction, tetrachloroethylene was
distilled off from the resulting 250 mL mixture, leav-
ing 5 mL of extract in the distillation flask. The con-
centrated solution was applied to a chromatograph-
ic column packed with silica gel (Si0,'xH,0). The
eluents used sequentially were C,Cl,, CH,CL, and
a CH,Cl,/ EtOH mixture at a ratio of 10:1.

The structure of the isolated alkaloid (P1) was
confirmed by nuclear magnetic resonance spec-
troscopy ("H and 3C NMR) [3]. After purification,
the alkaloid was dissolved in dimethyl sulfoxide
(DMS0) (Biolot, Russian Federation) to prepare
a stock solution at a concentration of 8.8 mmol/L.
A stock solution of berberine (25 mmol/L) was sim-
ilarly prepared in DMSO from dry berberine chloride
(Sigma-Aldrich, USA).

The experiment utilized CRC cell lines HT-29,
Caco-2, and HCT116 obtained from the Cell Cul-
ture Collection of the Institute of Cytology, Russian
Academy of Sciences (St. Petersburg, Russian Fed-
eration), as well as peripheral blood mononuclear
cells (PBMCs) collected from healthy donors. Can-
cer cell lines were seeded at 5,000 cells per well
in 96-well plates using complete culture medium
(CCM) DMEM (Servicebio, China) supplemented
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with 10 % fetal bovine serum (Gibco, USA), 1 % glu-
tamine (Biolot, Russia), 1 % non-essential amino ac-
ids (Biolot, Russia), and 1 % penicillin-streptomycin
(Biolot, Russia). After cell adhesion, the medium
was replaced with CCM containing the tested al-
kaloids in serial twofold dilutions: 125 pmol/L
to 10.12 pmol/L for berberine, and 44 pmol/L to
0.34 pmol/L for the novel alkaloid (P1). Cells were
incubated for 24 and 72 hours at 37 °C in an atmo-
sphere of 5.0 % CO,. Multiple dilutions of berberine
were tested in preliminary experiments, allowing
us to determine the optimal concentrations for this
study [9, 10].

PBMCs from healthy donors were obtained from
venous blood collected in EDTA tubes (MiniMed,
Russian Federation). On the day of collection, the
blood was diluted 1:1 with RPMI 1640 medium
(Servicebio, China) and layered onto Ficoll (Biolot,
Russia), followed by centrifugation for 30 minutes
at 730 g. The PBMC ring at the phase interface was
carefully collected and transferred into a separate
tube. The isolated PBMCs were washed once with
RPMI 1640, counted, and seeded at 5,000 cells per
well in 96-well plates in RPMI 1640 supplemented
with 10 % fetal bovine serum. The alkaloid (P1)
was added in serial twofold dilutions (44 pmol/L
to 0.34 ymol/L), and the cells were incubated for
72 hours at 37 °C in an atmosphere of 5.0 % CO,,.

After incubation, both adherent cancer cell lines
and PBMCs were stained using a mixture of nucle-
ar dyes Hoechst 33342 (1 mg/mL) (ThermoFisher,
USA) and ethidium bromide (10 mg/mL) (Service-
bio, China) for direct counting of live and dead cells.
Visualization was performed using a LionheartFX
imager (BioTek, USA), and nuclear quantification
was carried out using Gen5 software (BioTek, USA).
Cell viability was calculated as the percentage of
live cells in treated wells relative to untreated con-
trols. Each experimental condition was plated in 8
replicates, and each experiment was repeated three
times. Results are expressed as mean + SD.

Statistical significance between mean viability
values was assessed using the Student’s t-test with
Bonferroni correction. Dose-response curves and
half-maximal inhibitory concentration (IC, ) values
were calculated using the online tool IC, Calcula-

tor (“Quest Graph™ IC,, Calculator.” AAT Bioquest,
Inc., 13 Feb. 2025, https://www.aatbio.com/tools/
IC50-calculator).

STUDY RESULTS

The study demonstrated that the alkaloid
(P1) exhibits a selective antiproliferative effect
against the tested malignant cell lines. Incuba-
tion with 44 pmol/L of (P1) for 72 hours resulted
in a > 30-fold increase in the number of dead cells
relative to untreated controls in the HCT116 cul-
ture, a 7.55-fold increase in Caco-2, and a 6.37-fold
increase in HT-29, which was significantly higher
than in PBMCs from healthy donors at the same
concentration (2.5-fold) (Fig. 2A). A decrease in
the concentration of the tested compound (P1)
was accompanied by a reduction in the magnitude
of differences between malignant and normal cell
cultures. Thus, incubation with 22 pmol/L (P1) re-
sulted in significantly higher levels of cell death
in two cultures — HCT116 (7.59-fold) and Caco-2
(3.41-fold) — compared to PBMCs (2.03-fold),
whereas no significant difference was observed
in HT-29 (2.22-fold). Finally, at 11 ymol/L, a signif-
icant difference remained only between PBMCs
(1.09-fold) and Caco-2 (1.72-fold).

The cytostatic activity of alkaloid (P1) against
CRC cultures varied within a relatively narrow
range. After 24 hours of exposure, the half-max-
imal inhibitory concentration (IC,) was lowest
for HCT116 cells (IC,, = 51.98 + 4.8 pmol/L) and
highest for HT-29 (IC,, = 55.375 + 7.1 pmol/L).
After 72 hours, HCT116 again showed the low-
est IC,, value (15.73 * 3.2 pmol/L), whereas
the highest value was observed in Caco-2 cells
(IC,, = 32.505 * 9.2 umol/L), with HT-29 showing
a similar response (IC,, = 29.075 + 7.4 pmol/L).
Across all cell lines, the dose-response curves
demonstrated a hormetic effect — an increase in cell
viability at low concentrations of alkaloid P1. At 24
hours, hormesis was observed in HCT116 and HT-29
cultures (Figs. 2C, 2D), whereas in Caco-2 cells the
effect was more pronounced at 72 hours (Fig. 2B).

The sensitivity of the CRC cell lines to the an-
tiproliferative effects of berberine varied across
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Fig. 2. Antiproliferative and cytostatic effects of alkaloid (P1). A — comparison of the antiproliferative activity of berberine and
alkaloid (P1) against CRC cell cultures and PBMCs from healthy donors, 72 h exposure; B — dose-response curves for Caco-2;

C - dose-response curves for HCT116; D — dose-response curves for HT-29.

* — the difference between CRC and PBMC values at the corresponding (P1) concentration is statistically significant, p < 0.05.

PBMC - peripheral blood mononuclear cells.
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a broader range than in the assays with (P1).
At 24-hour exposure, the IC, for berberine was low-
estin HCT116 (IC_, = 7.43 + 2.4 ymol/L) and highest
in Caco-2 (IC,, = 193.154 + 13.1 pmol/L), with inter-
mediate values in HT-29 (IC_, = 90.22 + 8.2 ymol/L).
At 72 hours, the lowest IC,; remained in HCT116
(IC,, = 4.94 £ 1.2 umol/L), while the highest IC,,
was observed in HT-29 (IC,, = 26.269 + 4.5 ymol/L),
with  values in Caco-2 being similar
(IC,, =23 £3.1 umol/L).

A direct comparison of the antiproliferative prop-
erties of the two alkaloids showed that at 24 h expo-
sure, (P1) exhibited stronger cytostatic activity than
berberine in Caco-2
(IC,,P" = 54.489 + 8.3 pmol/L vs
IC,*e® =193.154 + 13.1 pmol/L) (Fig. 2B)
and HT-29 (IC_*" = 55.375 + 7.1 pmol/L vs
IC,,®=® = 90.22 + 8.2 pmol/L) (Fig. 2D).

In HCT116, the opposite pattern was observed: ber-
berine demonstrated markedly higher potency, with
an IC, nearly one order of magnitude lower

(IC,,®V = 51.98 + 4.8 pmol/L vs

IC,,®=® = 7.43 £+ 2.4 pmol/L).

With prolonged exposure (72 h), IC_ values for both
alkaloids converged in Caco-2 and HT-29: Caco-2:
IC,,®Y =32.505+9.2 pmol/L vs

IC,,®e® =23 + 3.1 ymol/L.

HT-29:1C,®Y =29.075 £ 7.4 ymol/L vs

IC,,®=® = 26.269 + 4.5 pmol/L.

In HCT116, the higher sensitivity to berberine re-
mained evident

(IC,,®" =15.73 £ 3.2 pmol/L vs

IC,,®® = 4.94 + 1.2 ymol/L).

DISCUSSION

The findings of this study indicate that the al-
kaloid (P1), isolated from Petasites hybridus (L.)
G. Gaertn., B. Mey. & Scherb., induces dose-depen-
dent cell death in several colorectal adenocarcino-
ma cell lines. Its cytostatic effect is influenced not
only by concentration but also by exposure time,
with the strongest effect occurring after 72 hours of
incubation.

Among the tested lines, HCT116 demonstrated
higher sensitivity to both (P1) and berberine com-

pared with Caco-2 and HT-29. This highlights the
importance of selecting appropriate cell lines for as-
sessing the activity of novel anticancer agents, giv-
en the notable inter-line variability in drug response.

The CRC lines studied have distinct molecular
and metabolic features that likely underlie their
differing sensitivities to (P1) and berberine. For
example, HCT116 is more sensitive than HT-29
to FOLFOX chemotherapy and hypoxia, possi-
bly due to the absence of p53 loss in HCT116,
whereas HT-29 carries a p53 deficiency and dis-
plays microsatellite instability [11]. Caco-2 cells
lack activating mutations in KRAS, NRAS, BRAF,
and PIK3CA and are resistant to cetuximab [12].
Their capacity for enterocyte-like differentiation is
strongest among the three lines and often used in
drug absorption studies rather than tumor model-
ing [13, 14].

HCT116 is highly aggressive, poorly differentiat-
ed, and enriched in cancer stem cell-like subpopula-
tions [15]. It exhibits MDR1 overexpression and as-
sociated chemoresistance linked to NOX and Nrf2
gene activity [16]. Molecularly: HCT116 harbors
KRAS codon 13 mutations; HT-29 expresses KRAS,
APC, and BRAF V600E [12, 17].

Thus, differences in response to (P1) and berber-
ine may reflect variations in KRAS, TP53, and MLH
gene status, which regulate RAS/RAF/MAPK and
PI3K/Akt/mTOR signaling, cell cycle progression,
apoptosis, and DNA repair [18, 19].

Berberine, widely recognized for its antitumor
activity, also demonstrated substantial cytostatic
effects against CRC cells. Its mechanism of action
includes inhibition of enzymes involved in glucose
and lipid metabolism, as well as modulation of sig-
naling pathways such as the AMPK pathway [20].
Studies have shown that berberine can induce
apoptosis through caspase activation and suppres-
sion of protein kinases [21].

We compared our findings on berberine with
results reported by other international research
groups, as the cytostatic activity values (IC,) ob-
tained in our study varied within a broad range. In
several studies, depending on the exposure time,
IC,, values for berberine in HT-29 cells ranged from
34.6 to 52.37 + 3.45 puM [22, 23], while in HCT116
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cells they ranged from 31 to 55.27 pM [24-26]. At
these concentrations, berberine reduced the expres-
sion of aquaporins 1, 3, and 5 and increased PTEN
expression in HT-29, SW-480, and HCT116 cultures.
Upregulation of PTEN contributed to suppression of
the PI3K, AKT, and mTOR signaling pathways, lead-
ing to enhanced apoptosis in CRC cells and reduced
migratory capacity — findings consistent with those
reported by other researchers [23].

An important aspect relevant to our study is the
previously documented sensitivity of HCT116 cells to
several plant-derived compounds. For example, their in
vitro growth is inhibited by flavopiridol — a compound
developed from a natural molecule through substitu-
tion of a flavonoid moiety with a nitrogen-containing
heterocyclic alkaloid. Flavopiridol has been shown to
inhibit CDK9 kinase and exhibit antitumor activity in
lymphoproliferative disorders. In recent years, HCT116
cells have also demonstrated sensitivity to a number of
additional plant-derived and synthetic compounds [26-
28]. In the study by Parry R. A. et al.,, various fractions
obtained from extracts of Alcea rosea were tested, and
HCT116 cells exhibited greater sensitivity to these frac-
tions in an MTT assay compared with HT-29 cells [29].

Our findings support the hypothesis that the nov-
el plant alkaloid (P1) exerts markedly greater effica-
cy against CRC cells compared with berberine.

CONCLUSION

The novel alkaloid (P1), isolated from Petasites
hybridus (L.) G.Gaertn., B.Mey. & Scherb, demon-
strates clear dose-dependent cytostatic activity
against colorectal cancer (CRC) cell cultures, while
exerting minimal effects on peripheral blood mono-
nuclear cells (PBMCs). Among the tested cell lines,
HCT116 exhibited the highest sensitivity to P1. The
results of this study indicate that the new plant-
derived alkaloid (P1) is markedly more effective
and possesses strong antiproliferative potential
against CRC cells.

Thus, the findings highlight the relevance of P1
as a promising candidate for the development of
new therapeutic strategies against colorectal can-
cer. However, further research is required to draw
definitive conclusions, including comprehensive
evaluation of its toxicity, pharmacokinetics, and
mechanism of action.
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