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Abstract

Introduction. The development and implementation of new effective and safe drugs with osteogenic activity is an urgent problem of modern
medical and pharmaceutical sciences. This is due to the wide prevalence and complexity of the treatment of diseases of the musculoskeletal
system, which entails significant economic costs for the treatment and recovery of this group of patients. Recently, standard therapy regimens are
increasingly being supplemented with drugs derived from medicinal plants, which is associated with their rather pronounced therapeutic effect
and the absence or mild side effects compared to more expensive modern medical analogues. In this regard, the development of new directions
in the strategy for the development of pharmacological agents from plant sources becomes relevant. The study of plant secondary metabolites is
one such area that has already yielded good results in relation to the development of such drugs, and holds great promise. The review provides
information on the biological properties of chelidonic acid and its possible derivatives in order to demonstrate the prospects for the use of these
objects for the development of drugs, including those with osteogenic activity.

Text. Chelidonic acid is a substance present in many medicinal plants and has a wide range of pharmacological effects — analgesic, antimicrobial,
anti-inflammatory, oncostatic and sedative. At the moment, methods have been developed for obtaining chelidonic acid and its derivatives from
natural sources. In addition, chelidonic acid belongs to the so-called “small” molecules with osteogenic properties, which makes it promising in the
creation of drugs for the treatment of diseases of the musculoskeletal system caused by impaired formation and regeneration of bone tissue. Native
chelidonic acid has a low osteogenic activity, but given its ability to form complex compounds, it can act as a delivery system for osteoprotective
micro- and macroelements. So, calcium chelidonate in experiments in vitro and in vivo shows a pronounced osteogenic activity: it stimulates the
viability, adhesion and osteogenic differentiation of mesenchymal stem cells, enhances the mineralization of the extracellular matrix.

Conclusion. Taking into account the wide range of biological activity of chelidonic acid, its use in the complex therapy of allergies, depression,
diabetes mellitus, inflammatory diseases, malignant neoplasms and other pathological conditions seems relevant. Calcium chelidonate is a
promising drug candidate that can be used to accelerate regeneration processes and in bone tissue engineering.
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Pesiome

BBepeHue. Pa3pabotka u BHeapeHne HoBbIX 3GdEKTMBHBIX U 6e30nacHbIX NIeKapCTBEHHbIX CPEACTB C OCTEOreHHON aKTUBHOCTbIO ABNAETCA
aKTyaslbHOW Npo6neMoil COBPeMEHHOW MeAWNLMHCKON U dapmaLeBTUYECKON HayK. ITO OOYCNOBMEHO LWMPOKOWN PacnpoCTPaHEHHOCTbIO U
CJIOXKHOCTbIO Tepanuy 3aboneBaHNii ONOPHO-ABUraTeNbHOrO anmapara, YTo BieyeT 3a CO60i 3HaUMTeIbHble SKOHOMUYECKIE 3aTpaThbl Ha fleueHune
N BOCCTAaHOBNEHWE JaHHOW rpynnbl NauMeHToB. B nocneaHee Bpems cTaHAapTHblE CXeMbl Tepanuu Bce 6osblue AONOMHAIOTCA NpenapaTamu,
NOJTly4YeHHbIMU 13 NEeKaPCTBEHHbIX PACcTEHWI, UTO CBA3AHO C WX [OCTAaTOYHO BbIPAXXEHHBIM TepaneBTUYECKM BO3LENCTBUEM M OTCYTCTBUEM UMK
cnabon BbIpaXeHHOCTbIO NOBGOUHbIX 3PGHEKTOB MO CPaBHEHUIO C 6onee JOPOrMMM COBPEMEHHBIMY MEAUUMHCKUMY aHanoramu. B cBasm ¢ aTum
aKTyasnbHbIM CTAHOBUTCA Pa3BMUTUE HOBbIX HaNpPaBfieHUI B cTpaTernn paspaboTky dapmakonormyeckmx cpeicTs U3 pacTUTeNbHbIX NCTOUHMKOB.
M3yyeHne BTOPMYHBIX METABONUTOB PacTeHU ABNAETCA OfHOW M3 TakKMxX obnacTei, KOTopas yXe Aana Xopolune pe3ynbTaTbl B OTHOLIEHWU
pa3paboTKu nekapcTs, U MMeeT 6onblume nepcnekTuBbl. B 0630ope npeactaBneHa MHGopMaLus 0 GUONOrMYECKUX CBOWMCTBAX XENULOHOBOW
KNCSIOTbl 1 BO3MOXHbIX €€ 1epVBaTOB, C Liefbio MPOAEMOHCTPMPOBaTb NEPCNEeKTUBbI MPYMEHEHUA 3TUX 06bEKTOB AJ1A Pa3paboTKy NeKapCTBEHHbIX
CPefCTB, B TOM YUC/IE, C OCTEOTEHHOW aKTUBHOCTBIO.

TeKcT. XenugoHoBas KUCNOTa SABNAETCA BelecTBOM, MPUCYTCTBYIOWMM BO MHOMUX JIEKAPCTBEHHbIX pacTeHusAX, U obnajamowas WUPoKUmM
cnekTpom dapmakonornyeckmx 3ddekToB — obesbonmBatowmin, NPOTUBOMUKPOOHDLIN, MPOTUBOBOCMNANUTENIbHbIA, OHKOCTATUYECKUA W
ceflaTBHbIN. Ha faHHbIi MOMEHT pa3paboTaHbl Cocobbl NOYYEHNUA XeTMJOHOBOW KACSIOTbI U €€ AePMBATOB U3 MPUPOAHbIX UCTOUHNKOB. Kpome
TOro, XeNMAOHOBAsA KMCI0Ta OTHOCUTCS K TaK Ha3bIBAaEMbIM «MaJsibiM» MOJIEKY/IaM C OCTEOr€HHbIMY CBONCTBAMU, UTO [ENaeT ee NepcrieKTMBHON B
CO3AaHMKN NpenapaToB ANA neyeHns 3aboneBaHNii ONMOPHO-ABUraTENIbHOMO annapaTa, Bbi3BaHHbIX HapyLeHneM GOpMUPOBaHNA 1 pereHepaumm
KOCTHOW TKaHW. HaTuBHas xennaoHoBas K1CoTa 06nafaeT HeBbICOKOW OCTEOreHHON akTVBHOCTBIO, HO YUNTbIBas ee CnocobHOCTb 06pa3oBbIBaTh
KOMIMJIEKCHbIE COefIHEHNs, OHAa MOXET BbICTYMaTb CUCTEMOW JOCTABK/ OCTEONPOTEKTOPHBIX MUKPO- U MaKpO3/ieMeHTOB. Tak, XxeiaoHaT Kanbuus
B 9KCMEePUMEHTaX in Vitro v in vivo NpoaBnseT Bblpa)KeHHYI0 OCTEOreHHYI0 akTUBHOCTb: CTUMYNNPYET XN3HECNOCOOHOCTb, aAre3unto 1 OCTEOTeHHYH0
anddepeHUNPOBKY Me3EHXMMaNbHBIX CTBOMOBbIX KIIETOK, YCUIMBAET MUHEPANTM3aLIMI0 BHEKIIETOYHOMO MaTpUKCa.

3aknoueHue. [pUHNMan BO BHUMAHME WNPOKMIA CNEKTP BMONOrMYeckon akTUBHOCTU XeNNLOHOBOW KUCNIOTbI, NPEACTaBAAETCA aKTyallbHbIM
ee 1CMosb30BaHNe B KOMMIEKCHON Tepanuu anneprui, genpeccuin, caxapHoro avabeTa, BocnanuTeNbHbiX 3a60NeBaHWi, 3110KaueCTBEHHbIX
HOBOOOPA30BaHUiA 1 APYrMX NaTONOMMUYECKUX COCTOAHUIA. XeNMAoHaT KanbLUya ABNAETCA NEPCNEKTUBHBIM IEKaPCTBEHHBIM KaHAVAATOM, KOTOPbIN
MOXHO OYAieT NPUMEHATb AJ1A YCKOPEHWA MPOLLeCCOB pereHepaLun 1 B MHXXeHepU KOCTHOMN TKaHW.

KnioueBble cnoBa: xenMaoHOBasA KMCNOTa, XeNNAOHAT KafbLnA, NPON3BOAHbIE Y-MMPOHA, OCTeOreHHasa akTUBHOCTb, OCTEONPOTEKTOPbI

KOH¢J1I/IKT MHTEpecoB. ABTOpbI AEKNapUpyT OTCYTCTBNE ABHbIX N NOTEHUWANbHbIX KOHd)J'IMKTOB NHTEpPECOB, CBA3aHHbIX C ny6n|/|Kau|/|e|7| HacTosLen
CTaTbWn.

Bknap aBTopos. JI. A. MupouwHuueHko, T. |0. NMonakoea npopaboTanu nuTepaTypHble UCTOYHMKK, YHaCTBOBAaNU B HaMMCaHUM TeKCTa CTaTbu.
E.10. ABfieeBa npopaboTana rpapuueckunii Matepuan, yyacTBoBana B HanmcaHuu Tekcta ctatbu. C. B. Kpusoliekos npopaboTan nutepatypHble
MNCTOYHMKK, Y4aCTBOBAJ B HaNMcaHUW 1 yTBepxaeHnn Tekcta ctatbu. M. A. Xnycos, M. B. benoycoB yyacTBOBanu B HaNnUCaHUN 1 YTBEPXKAEHUN
TeKcTa cTaTby.

Ana untnposanna: MupouwHunderko J1. A, Monakosa T. 10., ABgeesa E. 10., Kpusowekos C. B., Xnycos U. A., benoycos M. B. XennaoHoBas Kucnota
N ee AepuBaTbl: OOWMIN CNEKTP BUONOrMYECKON aKTUBHOCTU U OCTEOTEHHble CBOMCTBA. Paspabomka u pecucmpayus aekapcmeeHHblx cpedcms.
2022;11(4):60-71. https://doi.org/10.33380/2305-2066-2022-11-4-60-71

INTRODUCTION

to stimulate the process of osteogenesis. Complications

. o of surgical treatment of bone fractures (osteomyelitis,

Aspects of bone tissue regeneration in the context . . . .
) ) ] o non-united fractures, false joints) using implants and
of an aging population, an increase in injuries and . . ,
endoprostheses also require pharmacological correction
musculoskeletal (MS) diseases are a global fundamental . . . .
with osteogenic agents. The administration of drugs

and applied scientific problem of modern regenerative that stimulate osteogenesis is extremely important

medicine. MS diseases are currently distinguished not . . ctructive surgery in the complementation of

only by their wide prevalence, diversity, but also by the | metric defects in tumor lesions of bone tissue.

complexity of treatment. Such diseases have a high  Racently, due to the growth of injuries and the widespread

social significance, as they reduce the quality of life  yse of metalloosteosynthesis methods in the treatment

and often lead to dlsablllty and death. In the structure of fracturesl there has been an increase in the number

of MS diseases, a significant percentage is taken by  of patients with chronic osteomyelitis [1, 2]. Despite the

disorders related to the impairment of the formation and

regeneration of bone tissue, which means there is a need

successes achieved in the treatment of osteomyelitis,
the relapse rate reaches 40%, which is associated with
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the need for repeated operations. The consequences of
the disease are accompanied by significant economic
costs for the treatment and pension provision of patients.
Thus, MS diseases are not only a major medical, but also a
socially significant problem.

In clinical medicine, bisphosphonates, denosumab,
calcitonin, morphogenetic bone proteins (BMP) [3]
and some other growth factors are used to control
bone remodeling processes in various disorders, which
often neutralize the benefits of specific osteogenic
activity [4].

Recently, standard treatment regimens are increa-
singly supplemented with drugs derived from medicinal
plants. The growing interest in products of natural origin
is due to their rather pronounced therapeutic effect and
the absence or weak severity of adverse effects compared
to more expensive modern medical analogues. In this
regard, the development of new directions in the stra-
tegy for the development of pharmacological agents
from plant sources becomes relevant. The study of se-
condary plant metabolites is one such area that has
already shown good results in relation to the develop-
ment of such drugs and has great prospects. Modern re-
search on new molecules with osteogenic activity is also
developing in the field of natural compounds [5].

Of particular interest in the development of os-
teogenic agents are the so-called "small" molecules
with osteogenic properties, which include helidonic
acid (HA) contained in a number of medicinal plants,
which has various types of biological activity, including
osteogenic [6-9].

The ability of HA to chelate vital metal ions through
coordination bonds [10] expands the spectrum of its
pharmacological activity.

The
biological activity of helidonic acid, one of the most

review summarizes the literature on the
important natural compounds of y-pyrone, in order to
assess the specific activity and possibility of use as drugs
to stimulate bone regeneration.

SOURCES OF HELIDONIC ACID
AND ITS DERIVATIVES

For the first time, helidonic acid (HA) also known as
2,6-dicarboxy-4-pyrone, 4-oxo-1,4-pyran-2,6-dicarboxylic
acid, 4-oxo-4H-pyran-2,6-dicarboxylic acid, Jerva acid,
jervaic acid and jervasic acid [11] isolated in 1839 from

the milky juice of the stem of Chelidonium majus L. [12,
13], hence it received its name. HA is a heterocyclic
organic acid found in more than 688 species of plants,
such as: the fruits of the Moroccan palm, the flowers of
the May lily, the sprouts of sorghum bicolor, etc. [14-17].
Helidonic acid is also found in alkaloid producer plants,
where it forms ionic associates with the latter [18]. At
the same time, as a secondary metabolite, helidonic
acid may modulate the pharmacological activity of plant
alkaloids [16].

The first works carried out in the 1960s and 1970s
were devoted to the investigation of the processes
underlying the synthesis of this natural compound by
some plant species. It has been shown that HA is not a
product of aromatic metabolism (Figure 1). Based on
the results obtained in the study of the incorporation
of radioactive molecules of glucose and ribose into
the HA molecule, acid biosynthesis can go along the

Ribulose-5-P
I COOH
2 CHOH ——> Trioses —> Hexoses

I
3 CH,OP

3-P-glyceric acid \ /
l | CHO
1 COOH 2 CHOH
2C-0P + 3 CHOH
3 (Hsz 4 CH,0OP
P-enol-pyruvic acid erythrose-4-P

!

1 COOH
2 C=0
3 CH,
+— 4 CHOH
5 CHOH
6 CHOH
7 CH,0P

gOOH

chelidonic acid

Figure 1. Scheme of the biosynthesis of chelidonic acid by
Malcolm [20]



carbohydrate pathway. Based on the research data, three-
carbon and four-carbon units formed as a result of the
photosynthetic reduction cycle were offered as building
blocks of the y-pyrone [19, 20].

Later, studies appeared concerning the role of HA
and its derivatives in provision of vital processes of plant
organisms. So, it was found that potassium helidonate
is responsible for nyctinasts (circadian movements of
leaves) in some plants. In particular, it has been found to
regulate the closure of the leaves of Cassia mimosoides at
nightfall [21].

But even in the works of the beginning of the
XXI century, the full pathway of HA metabolism remains
completely unclear. The elucidation of the biosynthesis
of helidonic acid is significantly difficult due to the
inherent symmetry of the molecule [22, 23]. However,
a number of investigators using a retrobiosynthetic
approach on Leucojum aestivum cell suspension cultures

Research and development of new drug products
Mouck u pazpabomka Ho8biX JleKapCcmeeHHbIX cpedcms

have established that the carbon skeleton of helidonic
acid is assembled from a single molecule of pentose and
phosphoenolpyruvate [22].

The synthesis of HA is also possible in plants -
hyperaccumulators of metals that accumulate organic
acids and amino acids (as ligands) in response to the
increasing intake of metals. Thus, in the studies by
Chrisanne Naicker, it has been shown that Berkheya
coddii, when exposed to a solution with a high
concentration of nickel, enhances the synthesis of HA
by more than 3 times compared to control. This may be
the plant’s response to the stress reaction associated
with an increase in the nickel content which leads to the
activation of HA synthesis to bind excess Ni. Based on
these results, it can be concluded that HA is actually the
ligand responsible for complexation with Ni in Berkheya
coddii [23].

0
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Figure 2. Scheme of the biosynthesis of chelidonic acid by Ueda [22]

63



64

Research and development of new drug products
Mouck u pazpabomka Ho8bixX JleKapcmeeHHbIX cpedcme

This property of HA, namely the ability to chelate
metal ions due to coordination bonds [10], has made
it possible over the past few decades to synthesize
and register various complexes of helidonic acid
and the following metals — barium, zinc, copper, rare
earth elements, nickel, etc. [10, 24-28]. These metal
complexes are structurally characterized, and biologi-
cal activity of some of them has also been investigated
[30-41]. For example, the organometallic compound
ruthenium(ll) containing a chelidonate ligand was
found to be more toxic against certain microorganisms
than its parent ligand, while having antioxidant pro-
perties [40, 42].

There is also information on the molecular and sup-
ramolecular structures of five metalcomplexes synthe-
sized from 4-oxo-4H-piran-2,6-dicarboxylic acid,
mely tetraaquaberylium 4-oxo-4H-piran-2,6-dicarboxy-
late (), hydrazine(2+) diaqua(4-oxo-4H-pyran-2,6-dicar-
boxylato)calcite (ll), tetraaqua(4-oxo-4H-pyran-2,6-di-
carboxylate)manganese(ll) dihydrate (lll), tetraaqua(4-
oxo-4H-pyran-2,6-dicarboxylato) copper (Il) (IV) and dia-
qua(4-oxo-4H-pyran-2,6-dicarboxylate) cadmium mono-
hydrate (V). Complexes (1), (Ill) and (V) were obtained
by direct interaction in an aqueous solution of 4-oxo-
4H-piran-2,6-dicarboxylic acid with beryllium sulfate tet-
rahydrate, manganese (ll) acetate and cadmium nit-
rate, respectively. Complex (IV) is synthesized in a simi-
lar manner using the basic copper carbonate. The anionic
complex (ll) was also obtained by this reaction, but in
once distilled water, where the calcium component is
assumed to remain. The data obtained also indicate
an excellent coordination versatility of HA as a ligand
and, as a result, the ability to participate in the formation
of various structural complexes [10].

Several new metal complexes of helidonic acid
(heINz), namely

na-

[Ca(hel)(H,0),], [Cu(hel)(H,0).] - 2H,0

n [VO (hel)(H,0),]1- 2H,0,

were obtained and identified by elemental analy-
sis, characterized by electrochemical methods and
IR spectroscopy, and their thermal stability was in-
vestigated by the TGA/DTA method. The mechanism
of electrochemical reduction of HA on a static drop
mercury electrode (SDM electrode) was investigated by
cyclic rectangular voltammetry at different pH values.
Its reduction on the SDM electrode is a kinetically
controlled electrode reaction occurring with the transfer

of one electron and two protons at 1 < pH < 6, whereas
in highly alkaline environments electron transport is
independent of pH [42].

An improved synthesis of biologically active die-
thyl-4-oxo-4H-pyran-2,5-dicarboxylate  (diethylisoche-
lidonate) has also been developed, which involves the
condensation of ethyl-2-(dimethylamino)methylene-
3-oxobutanoate with diethyloxalate in the presence of
sodium hydride. This method has several advantages,
the main of which are simplicity, efficiency and availa-
bility of raw materials. Isochelidonic acid and its de-
rivatives were obtained from diethylisohelidonate for
the first time with a good yield. Taking into account
this fact, namely the ability to convert an ester group
into other functional groups, it has been once again
confirmed that the nucleus of 4-pyrone-2,5-dicarbo-
xylate is a universal "building block" for creating a wide
range of 4-pyron derivatives [9].

At the same time, the growing interest in HA is due
not only to its use in industry as a ligand in organometallic
compounds for their separation, but also to the ability
of HA to exert a wide range of pharmacological effects,
namely analgesic, antimicrobial, anti-inflammatory, on-
costatic and sedative actions [9, 17, 48-51].

TOTAL SPECTRUM
OF BIOLOGICAL ACTIVITY

Antidepressant properties of helidonic acid

The investigation of antidepressant properties
of HA in the "forced swimming" and "open field" test
showed that oral administration of the acid to mice
once a day for 14 days led to a significant decrease in
immobility time in the forced swimming test without
changing motor activity in the "open field" test. In
addition, there was an increase in the number of Nissl
bodies in the hippocampus, the expression of brain
neurotrophic factor and estrogen receptor mRNA in
the activation of phosphorylation of the protein kinase
ERK [52].

Anti-inflammatory and immunomodulatory
properties of helidonic acid

The anti-inflammatory properties of HA were
characterized by a decrease in the level of hippocampal
IL1B, IL6 and TNF-a in a significant increase in serotonin,



dopamine and norepinephrine levels compared with
those in mice that were administered with distilled
water [52].

The anti-inflammatory properties of HA were al-
so shown in a model of ulcerative colitis induced by
sodium dextran sulfate. The administration of the
acid diminished clinical signs of intestinal inflamma-
tion (loss of body weight and shortening of the length
of the colon). In addition, HA has been found to re-
gulate serum levels of IL6 and TNF-a, and in the tis-
sues of the colon, the production of prostaglandin E,
(PGE2) and the expression levels of cyclooxygenase-2
(COX-2) and hypoxia-induced factor-1a (HIF-1q), leve-
ling their increase [51]. A significant reduction in TNF-a
levels was also observed in an inflammation model of
oral keratinocytes cultured for 24 hours with 5% ci-
garette smoke extract and treated with Kouyanqging
Granule, which include HA as one of the biological-
ly active ingredients [53]. Recurrent aphthous ulcers,
oral mucositis, lichen planus, and other inflammato-
ry oral disorders are usually associated with the sec-
retion of various pro-inflammatory cytokines (e.g.,
TNFa, IL1B, IL6, IL8, etc.) [54-57]. Thus, modulation
of the production of these HA cytokines can contribute
to the restoration of the mucous membrane in inflam-
matory oral diseases of the oral cavity.

Hyun-Ji Shin et al. investigated the effect of HA
on the mechanisms of regulation of the inflammatory
response mediated by mast cells of the HMC1 line
H..O

using forbolic ester C, H O,

(forbol-12-myristate-13-
acetate) and calcium ionophore A23187 [50]. The acid
has been shown to inhibit IL-6 production and IL-6
mRNA expression by blocking the nuclear factor NF-kB.
Helidonic acid also reduced inflammatory responses
by suppressing activation and expression of caspase-1,
which is also confirmed by the data obtained by Hyun-A
Oh and colleagues, on a model of allergic rhinitis in
mice sensitized with ovalbumin. Oral administration of
HA significantly reduced the number of nose/ear rubs
in mice with allergic rhinitis by reducing histamine, IgE
levels, and reducing infiltration by eosinophils and
mast cells. A decrease in the level of IL.-4 was accompa-
nied by a significant increase in the level of IFNy, which
suggests the influence of HA on the cellular component

of the immune response [58].
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The immunomodulatory effects of HA have been
confirmed in studies in rats immunized with ovalbu-
min. HC was administered intraperitoneally to animals
in doses of 1, 3 and 10 mg/kg. Ex vivo and in vitro expe-
riments have shown that HA inhibits mast cell deg-
ranulation caused by ovalbumin and histamine re-
lease regardless of the immunological or other mecha-
nisms involved in such release. In addition, there was a
dose-dependent decrease in the number of eosinophils
and the level of IgE in the blood after administration
of HA [59]. In this regard, it can be assumed that the
immunomodulatory reactions of HA to allergic agents
(ovalbumin) depended on the level of IgE and were
mediated by Th2 cells. It should be noted that these
effects of the study drug were comparable to the effects
of prednisone. At the same time, the use of HA reduced
by 40 % the death of animals from anaphylactic shock
caused by the administration of prednisone. In addition,
14-day administration of HA at a dose of up to 20 mg/kg
did not cause signs of acute toxicity.

In classical tests for the evaluation of humoral and
cell-mediated immunity, it is shown that the test sub-
stance inhibits the antibody-mediated response to the
administration of red blood cells of the sheep in mice
and also reduces the number of cells that form sple-
nic plaques. In addition, the specific level of IgG also
decreased with the administration of HA compared
with the control (without HA treatment). At the same
time, in tests for delayed hypersensitivity (HRT), HA
caused a decrease in reaction. HRT compared to the
control group, which presumably indicates the suppres-
sion of cell-mediated immunity by the study drug. Ho-
wever, these effects were independent of HA dose
and may be related to the non-specific nature of the
immune response [59]. These results suggest that HA
has an immunosuppressive effect in adaptive immuni-
ty tests, which may emphasize its modulating effect in
other immune-mediated disorders.

The data obtained confirm the significant immu-
nomodulatory and anti-inflammatory properties of
helidonic acid in experimental allergy models and sug-
gest the possibility of using this molecule of plant
origin in the treatment of allergic and anti-inflammato-

ry diseases.
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Inhibitory effect of helidonic acid

Studies by T. G. Porter and D. L. Martin have shown
that HA is a potent inhibitor of glutamate dehydrogenase.
Kinetic analysis of HA inhibition revealed that this
compound was competitive with glutamate with a
Ki value of 1.2 pM, it inhibited glutamate-dependent
apoenzyme formation by blocking the penetration of
glutamate into the active site of the enzyme, but did not
affect the absorption of free pyridoxal phosphate. Thus,
HA can be considered as a potential agent involved in
the regulation of the synthesis of gamma-aminobutyric
acid [60].

HA is also an inhibitor of dihydrodipicolinate syn-
thase, a key enzyme in the biosynthesis of lysine via the
aminopimelate pathway [61].

There is evidence of the possibility of using HA
derivatives as an inhibitor of BACE1 (b-secretase, a protein
precursor of amyloid). A group of authors synthesized
non-peptide and small-sized inhibitors of BACE1 having
a helidonic or 2.6-pyridindicarbon heterocyclic carcass at
position P2, which are comparable in permeability across
the blood-brain barrier to potent pentapeptide inhibitors
of BACE1, but have much better bioavailability due to
high enzymatic stability [62].

Antitumor effects of helidonic acid

The study of anticarcinogenic properties of organo-
tin HA polyesters is due to the available data on the
antitumor effects of organotin compounds [63-65], as
well as on the high biological activity of HA. Organo-
tin polyesters of HA are obtained as a result of an inter-
phase reaction between the disodium salt of helido-
nic acid and various organotin dihalides. The toxici-
ty of each test compound was assessed on the human
pancreatic adenocarcinoma cell line (AsPC1) and the
human pancreatic epithelioid ductal carcinoma cell line
(PANC1). It was shown that organotin HA polymers more
significantly inhibit the growth of pancreatic cancer cells
in comparison with monomeric organotin fragments.
Similar results were obtained when compared with
cisplatin. Perhaps this is due to both the polymeric
nature of the materials and the ability of organotin
compounds to inhibit the growth of cancer cells at once
at several stages, while the cytostatic acts only through

chelation of the DNA itself [11]. The data obtained will
certainly allow advancing in the expansion of the range

of anti-cancer agents.

Antidiabetic properties of helidonic acid

According to the literature, in rats with streptozo-
tocin-induced diabetes, administration of the methanol
extract of T. cannabina led to a decrease in blood glu-
cose levels [66]. The information obtained suggested
the presence of hypoglycemic action in the pyran ether
(bis-(6-methylheptyl) ester of 4-oxo-4H-piran-2,6-dicar-
boxylic acid), isolated from the chloroform extract of
the root of T. cannabina, by column chromatography.
In a model of fertilized eggs of white leghorn chickens
treated with streptozotocin, it was shown that the ad-
ministration of this compound in doses of 0.5 mg/egg
and 1 mg/egg had a dose-dependent antihyperglyce-
mic effect. Pyran ether in the docking analysis showed
a good binding ability to the active site of AMP kinase,
comparable to metformin. The results obtained in stu-
dies in silico demonstrated dose-dependent efficacy
and correlation with in vitro experiments. However, for
a full assessment of the antidiabetic effects of this sub-
stance, additional in vivo studies are needed, as well as,
a comprehensive study of biological safety and clinical
efficacy [67].

Pronounced analgesic activity of y-pyron derivatives,
including HA, has been experimentally shown [68-71].

In particular, HA is of interest as a ligand of organo-
metallic compounds in plants [10, 29], and a possible
way to deliver vital elements to target organs.

Osteogenic activity of helidonic acid
invivo and in vitro

In a series of experiments, data were obtained for
the first time on the osteogenic activity of HA isolated
from Saussurea controversa both in the native state and
in combination with calcium [Ca(Cha)(HZO)g], as well as
synthesized n-monobutyl ester of chelidonic acid and
calcium helidonate obtained semi-synthetically using
natural HA [72, 73].

According to the results of in vitro stromal cell tes-
ting, HA and n-monobutyl ester of HA showed low
activity relative to osteogenic differentiation of a cul-
ture of multipotent mesenchymal stromal cells from



human adipose tissue (hMMSC-AT). At the same time,
high doses of these substances showed cytotoxicity
and reduced the number of cells in culture, depending
on the balance of the processes of cell proliferation,
differentiation and apoptosis. In their turn, the tested
doses of natural calcium chelidonate significantly sti-
mulated the level of cell viability, enhanced the diffe-
rentiation of hMMS-AT into osteoblasts and minerali-
zation of the culture of hMMS-AT compared with both
control and comparators. There is evidence that the
calcium helidonate fraction of S. controversa extract
showed osteogenic activity in vivo in experimental
osteomyelitis in rats (table 1) [74, 75].

X-ray diffraction analysis demonstrated the identity
of the structure of the semi-synthetic calcium helidonate
and the sample isolated from natural raw materials [72].
The osteogenic activity of semi-synthetic calcium che-
lidonate was studied in vitro on a 21-day culture of
hMMS-AT and in vivo in mice using ectopic (subcuta-
neous) implantation of titanium plates coated with CaP
saturated in vitro with syngenous bone marrow. When
using an aqueous solution of calcium helidonate at a
dose of 10 mg/kg, there was an increase in the minera-
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lization of the extracellular matrix in vitro and the for-
mation of ectopic bone tissue in situ. The test substance
contributed to the differentiation of multipotent mesen-
chymal stromal/stem cells of human adipose tissue, as
well as mouse mesenchymal stem cells into osteoblasts
in vitro and in vivo, respectively (table 1) [73].

The results obtained allowed the authors to propose
potential targets for calcium helidonate. These can be
bone morphogenetic protein 2 (BMP-2), transcription
factor 2 (RUNX2) and Wnt pathway [76], as well as small
osteogenic molecules such as B-glycerophosphate, de-
xamethasone and ascorbic acid; adenosine [via the
phosphatadenosine triphosphate (ATP) axis — adenosine
receptor A2b (A2bR)] and a derivative of helioxanthin
4-(4-metoxyphenyl)-pyrido[40,30:4,5]thieno-[2,3-b]
pyridine-2-carboxamide [77] or calcium (via Ca** sensitive
receptor). Given all of the above, as well as the non-
toxicity of the calcium salt of HA, the authors believe
that calcium helidonate is a promising substance for
accelerating the processes of bone tissue regeneration
and engineering.

Thus, despite the low osteogenic activity of native
HA, but given its ability to form chelated compounds,

Table 1. Osteogenic activity of chelidonic acid and its derivatives in vivo and in vitro

Osteogenic activity
Substance Production method References
invitro invivo
Weak activator of osteogenic differen-
Chelidonic acid Natural source tiation of hAMMSC culture. Cytotoxin in [72]
high doses
Stimulation of cell viability, enhance-
. . ment of hAMMSC differentiation into | Osteogenic activity in experimental
Calcium chelidonate Natural source . . . [72,74,75]
osteoblasts and mineralization of | osteomyelitis in rats
hAMMSC culture
Weak activator of osteogenic differen-
n-monobutyl ester of . . o .
Lo Semi-synthetic tiation of hAMMSC culture. Cytotoxin in [72]
chelidonic acid .
high doses
Enhancement of viability, adhesion
. o and osteogenic differentiation of
Increased mineralization of the extracel-
. . . . . o . | MSCs on the surface of CaP-coated
Calcium chelidonate Semi-synthetic lular matrix and osteogenic differentia- | . . . . [73]
. implants under biomechanical cyclic
tion of hRAMMSC
loads caused by movement of muscles
and skin in mice.
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it can act as a delivery system for osteoprotective trace
elements, such as calcium, magnesium, strontium,
which have a significant impact on the processes of
bone tissue regeneration and on the normal bone
structure [78-81].

It should be noted that the search for systems for
the delivery and targeting of therapeutic agents to bone
tissue is an important problem [82-84]. It is known that
organic molecules with chelating properties, including
HA can be a method to deliver mineral components to
tissues and lead to an increase in the selectivity of their
therapeutic effect on bone tissue [85].

CONCLUSION

Summarizing the literature data, it can be conclu-
ded that further explorative and preclinical pharma-
cological studies of the specific activity of helidonic
acid and its compounds, the search for targets of their
pharmacological effects, as well as the possibility of
using helidonic acid in the complex therapy of mus-
culoskeletal diseases, motor apparatus, allergies, de-
pression, diabetes, inflammatory diseases, malignant
neoplasms and other pathological conditions is very
promising. At the same time, not only investigation
of natural complex compounds of helidonic acid is of
considerable interest, but also the possibility of syn-
thesizing candidate substances based on the acid as
promising osteoprotectors.
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