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Abstract—The main classes of antitumor drugs (antimetabolites, anthracyclines, taxanes, and alkylating
agents) act via DNA damage, inhibit DNA synthesis, and/or represent antimicrotubule agents. The phospho-
rus-containing alkyl glycerolipids induce death of tumor cells of various tissue origin, whereas nonmalignant
counterparts are less damaged. One serious drawback of these compounds is their hemolytic activity, that is,
disruption of red blood cells. Moreover, intracellular phospholipases can hydrolyze the phosphorus-contain-
ing glycerolipids and reduce their antitumor potency. This justifies the search for new antitumor, nonhemo-
Iytic phosphorus-free lipids. Modifications of the hydrophobic and polar groups yielded new lipid-based
agents. In particular, the replacement of the hydrophilic phosphate group with a carbohydrate residue yielded
a new chemotype of glycosylated glycerolipids. Further developments resulted in a series of non-phosphorus
cationic, polycationic, and neutral glycoglycerolipids. New non-phosphorus lipids retained the antiprolifer-
ative and cytotoxic properties similarly to edelfosine and other alkyl phosphoglycerolipids. Importantly, the
hemolytic activity was negligible or absent. This review analyzes the structure—activity relationship within the

class of non-phosphorus glycerolipids as the original antitumor drug candidates.
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INTRODUCTION

Cancer is a major cause of death in Russia and
around the world. The efficacy of antitumor therapy
still remains not so high [1] due to lack of selectivity for
tumor tissues, induction of drug resistance [2, 3], high
hydrophobicity [4, 5] and low efficacy of drug delivery
to the tumor [6, 7], serious side effects, etc. [8, 9].
Hence, the most urgent task is to optimize the struc-
ture of chemical compounds, which represent candi-
dates for antitumor drugs. This review analyzes the
chemical classes of synthetic lipids that hold promise
as antitumor compounds but missed the attention of
researchers.

ANTITUMOR PROPERTIES OF LIPIDS

The investigations into the antitumor properties of
lipids were started in the second half of the twentieth
century, when it was revealed that phagocytosis in
macrophages was significantly increased by small
amounts of the natural phospholipid 2-lysophosphati-

! The article is published based on the materials of the report pre-

sented at the conference “Lipids 2021” (Moscow, October 11—
13, 2021).
Abbreviations: GAELs, glycosylated antitumor ether lipids;
I1C5p, 50% growth inhibitory concentration; PAF, platelet-activat-
ing factor.

2 Corresponding author: e-mail: ngmoroz@mail.ru.

dylcholine (compound (I), Fig. 1) [10]. This indicated
that compound (I) could play an active role in the
body’s defense. Nonetheless, phospholipid (I) is
unstable and is rapidly metabolized into phosphatidyl-
choline (IT) or glycerophosphocholine (III) by acetyl-
transferase or lysophospholipase, which made it
impossible to use compound (I) as a drug [11].

Determination of the structure of the platelet-acti-
vating factor (PAF, compound (IV), Fig. 2) was a
major step in the search for new antitumor com-
pounds. In endothelial cells, compound (IV) stimu-
lates cell motility, expression of adhesion molecules,
promotes destruction of the extracellular matrix, cell
migration, and neoangiogenesis [12]. Upregulation of
PAF receptors induces antiapoptotic factors, contrib-
uting to the survival of tumor cells [13, 14]. It is sug-
gested that the combination of PAF-receptor antago-
nists with chemotherapy may be a promising strategy
for the treatment of tumors [15]. Many compounds of
a lipid nature have structural similarity with com-
pound (IV), which explains the possibility of develop-
ing antitumor agents based on certain lipids.

The investigations of the biological activity of syn-
thetic and natural PAF analogs have shown that vari-
ous modifications of the bond type at the C1 position,
as well as substituents at the C2 positions of glycerol,
lead to the appearance of antagonistic properties in the
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Fig. 1. Conversion of 2- lysophosphatidylcholine (I) into phosphatidylcholine (II) or glycerophosphocholine (III).
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Fig. 2. Structural formula of the platelet-activating factor (IV), edelfosine (V) and its structural analog (VI).

lipid analogs of PAF. Since compound (IV) causes sig-
nificant platelet aggregation, it is difficult to use it for
tumor treatment [16]. A large number of PAF struc-
tural analogs have been synthesized, which exhibit
antitumor properties due to their various effects on the
inhibition of cellular enzymes, induction of necrosis,
activation of immune effectors, and metastasis restric-
tion [17, 18].

The biological effect of PAF-like glycerolipids with
a simple ether linkage depends on the length of hydro-
carbon substituents that form their hydrophobic
domain. The replacement of the acetyl group at the
C2-glycerol atom with a short-chain alkyl group leads
to the appearance of antitumor properties [19]. Zwit-
terionic phospholipids of the alkyl type (structural
analogs of PAF) do not provoke platelet aggregation,
but they inhibit the proliferation of tumor cells and
cause their death. These lipids exhibit antitumor, anti-
viral and antibacterial effects and, in contrast to many
antitumor drugs, they do not cause serious side effects,
except for hemolysis [20—22].

Further developments led to the synthesis of 1-
O-octadecyl-2- O-methyl-3-glycerophosphocholine
(ET-18-OCHj;, edelfosine, compound (V), Fig. 2),
which showed higher antitumor activity than com-
pound (I) [23]. Subsequent studies confirmed that
edelfosine and related alkyl-lysophospholipids have
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potential antitumor activity [17, 24]. Edelfosine was
the first successful glycerophospholipid after PAF (IV)
that was active in micromolar concentrations, entered
phase II clinical trials, and became the gold standard
among antitumor lipids. It is noted that the nature of
edelfosine action was not initially determined and due
to its similarity to compound (IV), PAF receptors were
considered the most likely targets. It was later shown
that the addition of edelfosine to HL60 cells with low
PAF receptor expression caused apoptosis [25], while
incubation of edelfosine-sensitive cells with com-
pound (IV) did not lead to apoptosis [26].

Edelfosine is the first antitumor agent that interacts
with lipid rafts on the cell periphery [27, 28]. It accu-
mulates in the endoplasmic reticulum, which elicits
endoplasmic reticulum stress response and apoptosis,
and also inhibits the synthesis of phosphatidylcholine
by inactivating phosphocholine cytidylyltransferase
[29, 30]. It exhibits some selectivity of action and is
less toxic to nontumor cells [17, 31, 32]. The selective cyto-
toxic action of edelfosine is associated with an increased
rate of endocytosis in transformed cells [33, 34].

The replacement of the methyl group to an ethyl
group at C2-position of the glycerol backbone in edel-
fosine significantly reduces the cytotoxic effect (Table 1,
[19]; compound (VI), Fig. 2).
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Table 1. Cytotoxicity (ICs,) of phosphorus-containing and non-phosphorus positively charged glycerolipids

ICsp, UM
Compounds
K562 HL60 HCT116 B16 SKOV3 MCF-7
Phosphorus-containing glycerolipids
Edelfosine (V) 42103 2.0+0.2 0.8 £0.1 6.0 £ 0.7 34+0.2 6.5+ 0.5
(VD 8.0x0.3 16.0 £ 0.7 12+0.7 150+ 0.4 n.d. n.d.
Non-phosphorus positively charged glycerolipids
(XIIa) n.d. 172 £ 1.3 143£0.3 36.2+ 1.7 40.0 = 1.8 >50
(XIIb) n.d. 173+ 0.9 145+ 0.4 41.0 £ 2.1 352+09 >50
(XIIc) n.d. 28.0+ 1.2 15.0£0.8 >50 425+ 1.9 >50
(XI1d) n.d. 4.8+0.4 12.8£0.2 16.1 £0.7 12.8+0.8 10.9 = 1.3
(XIIe) n.d. 3.8+0.6 10.8 = 0.3 14.1+0.5 8.0x0.5 20.4+ 0.6
(XIIf) n.d. 4910.6 11.5+04 14.8 + 0.4 8.910.7 30.0+ 1.0
(XIIg) n.d. 49103 14.7 £ 0.5 16.2+0.5 99+04 14.8 £0.7
Non-phosphorus positively charged glycoglycerolipids
(XIIIa) 5004 n.d. 0.5x0.2 n.d. n.d. n.d.
(XIIIb) 120+0.3 n.d. 4.0x0.5 n.d. n.d. n.d.
(XIVa) 9.0+0.3 7.0+ 0.5 9.0+0.7 n.d. n.d. n.d.
(XIVb) 11.0+ 04 n.d. 3.0x£0.7 n.d. n.d. n.d.
(XVa) 7.0+ 0.6 50x0.3 50x0.3 5.0x0.7 n.d. n.d.
(XVb) 8.0x£0.5 7.0+0.5 4.0+0.7 7.0+0.4 n.d. n.d.
(XVIa) 18.0 0.6 18.0 £ 0.6 22.0+0.5 29.0 £ 1.1 n.d. n.d.
(XVIb) 36.0+ 1.2 n.d. 16.0 = 0.7 16.0 = 1.2 n.d. n.d.
(XVIc) 41.0 £ 0.7 n.d. 170+ 0.5 13.0+ 0.9 n.d. n.d.
Non-phosphorus polycationic glycerolipids

(XVIIa) 2.06 = 0.11 n.d. 4.23+£0.12 n.d. 1.83 £ 0.05 1.99 +0.36
(XVIIb) 3.20 £ 0.16 n.d. 11.60 + 0.58 n.d. n.d. 2.70 £ 0.13
(XVIIc) 2.25+0.25 n.d. 3.83 £ 0.07 n.d. 4.88 £0.02 1.86 £ 0.31
(XVIId) 2.01 £0.13 n.d. 2.97 £0.19 n.d. 2.36 £0.47 1.93 £ 0.48
(XVIIe) 2.07 £ 1.12 n.d. 321 £0.22 n.d. 1.87 £ 0.35 1.94 £ 0.12
(XVIIf) 1.89 = 0.05 n.d. 3.29+£0.03 n.d. 2.29 £0.27 1.82 £ 0.41
XVIIg) 2,40 £ 0.12 n.d. 8.10 = 0.41 n.d. n.d. 5.80 = 0.29
(XVIIh) 2.18 £0.30 n.d. 3.33+0.14 n.d. 2.53+0.42 2.02+0.44
(XVIIi) 1.851£0.34 n.d. 1.64 £ 0.02 n.d. 1.63 = 0.004 1.28 £ 0.24

K562, chronic myeloid leukemia; HL60, lymphocytic leukemia; HCT116, colon adenocarcinoma; B16, mouse melanoma; SCOV3,
ovary adenocarcinoma; MCF-7, breast cancer; n.d., no data.

Edelfosine has a high hemolytic activity [19]. It has
a relatively low bioavailability (<10% upon a single
administration) and a low rate of excretion from the
body [35]. These factors led to the search for more
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effective structural analogs of edelfosine [36, 37]. The
search for less hemotoxic, more stable and no less
active analogs of edelfosine is still ongoing. Cationic
and neutral lipids have been synthesized, including
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glycerolipids, glycoglycerolipids,
glycerolipids (glyceropolyamines) (Scheme 1).
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and polycationic
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AlKkyl glycoglycerolipids with carbohydrate
fragment attached via a spacer group

Scheme 1. Classification of antitumor lipids.

The side effects of edelfosine and its analogs neces-
sitate the development of new approaches to deliver
compounds in order to improve bioavailability. Paren-
teral administration of phosphorus-containing glycer-
olipids permits a rapid distribution in the organs [38],
but the doses need to be limited because of their hema-
totoxicity. Oral administration of compound (V) pro-
vides the necessary concentration in blood plasma
only upon repeated use [35]. Subcutaneous adminis-
tration and topical application of glycerolipids neither
provide an effective concentration in plasma, but in
some cases they are used to treat skin metastases and
minimize systemic side effects [40]. Modern
approaches used to improve bioavailability and deliv-
ery of glycerolipids are based on the use of lipid
nanoparticles [41—43]. In addition to improved bioavail-
ability due to encapsulation of compound (V) into lipid
nanoparticles, the researchers succeeded in overcoming
the resistance of leukemia cells to edelfosine [39].

This review presents a classification of phospho-
rus-containing and non-phosphorus lipids with anti-
tumor activity (scheme 1), justifies the structural
modifications of various lipids, and analyzes how they
work.

The primary analysis of the activity was performed
using the MTT test to evaluate the cytotoxicity of a
compound on tumor and nontumor cells. Glycerolip-
ids were added to the cells at final concentrations of
0.1-50.0 uM. After a 72-h incubation, viable cells
reduced the tetrazolium dye MTT to form an insoluble
formazan, the amount of which was detected in a col-
orimetric assay (absorbance at 575 nm). The cytotox-
icity of the compounds was calculated as 50% cell

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

growth inhibitory concentration (1Cy,) by comparing
the degree of light absorbance of the formazan prod-
uct in cells treated with the compounds and in intact
(control) cells. In our studies, compounds with 1Cy, >
20—-50 puM were considered to be inactive against
tumor lines. Cytotoxicity of ICy, < 20 uM was
regarded as a threshold for further testing.

EDELFOSINE ANALOGS

IImofosine (compound (VII, Fig. 3), a thioether
variant of edelfosine, demonstrated cytotoxicity
in vitro and in vivo [44]. In clinical trials, ilmofosine
did not show any activity in patients and caused side
effects similar to edelfosine [45]. A similar situation
was observed for miltefosine (hexadecylphosphocho-
line, compound (VIII)), whereas in preclinical trials it
showed higher bioavailability and accumulation in
blood plasma compared to compound (V) [46]. Milte-
fosine is primarily metabolized by phospholipases and
is toxic upon oral and intravenous administration [47].
However, compound (VIII), in contrast to edelfosine
(V), is used for the treatment of several tumors (skin
lymphoma, superficial metastases from breast cancer)
and leishmaniasis [48]. Replacement of the choline
part in miltefosine with heterocyclic piperidine (peri-
fosine, compound (IX)) expanded the range of sus-
ceptible tumor cells and contributed to favorable phar-
macokinetics: perifosine (IX) is absorbed from the
gastrointestinal tract within 24 h and does not undergo
metabolic transformations. The maximum accumula-
tion in the tumor is reached in 48 h [49, 50]. Hence,
perifosine (IX) can be administered orally, similar to
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Fig. 3. Phosphorus-containing antitumor lipids: ilmofosine (VII), miltefosine (VIII), perifosine (IX), erucylphosphocholine (X)

and erufosine (XI).

miltefosine (VIII). It is known that perifosine (IX),
similar to edelfosine (V), causes apoptosis and is selec-
tive for myeloma [31]. Erucylphosphocholine (X) and
its homolog erufosine (XI) are active against brain
tumors [51, 52].

The substantial limitations of edelfosine and its
phosphorus-containing analogs, i.c., hydrolysis under
the action of phospholipases and a significant hemo-
Iytic effect, launched the beginning of structural and
functional investigations into non-phosphorus lipids.

NON-PHOSPHORUS POSITIVELY
CHARGED LIPIDS

The search for candidate phosphorus-free analogs
of edelfosine involved the variation in the hydrophobic
and hydrophilic structural domains. All the phosphorus-
free lipids discussed below can be divided into three main
types (Figure 4): (1) positively charged glycerolipids
(Fig.4a); (2) positively charged glycoglycerolipids
(Fig. 4b); (3) polycationic glycerolipids (Fig. 4c).

Structural and functional studies were conducted
for each group, which investigated the contribution of
individual domains to cytotoxicity. The analysis of the
dependence between activity and structure is largely
complicated by the fact that tumor cells of different
origins differ significantly in their sensitivity to lipido-
therapy. In addition, an increase in toxicity caused by
a change in the lipid structure sometimes reduces the
selectivity of its action.

Positively Charged Glycerolipids

The long-term structural and functional investiga-
tions contributed to the elaboration of alkyl cationic
glycerolipids, a class of non-phosphorus analogs of

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

edelfosine [53]. These compounds are diverse in the
structure; the common feature is the presence of a
positively charged head and hydrophobic substituents
placed on the glycerol matrix (Fig. 4a). There are glyc-
erolipids with a cationic head attached to the glycerol
fragment directly or via a spacer group.

The analysis of the structure—activity relationship
showed that the length of the substituent chain at the
C1 and C2 glycerol atoms, the type of cationic head
and the presence of a spacer group, which separates
the head from the glycerol fragment, have a significant
effect on the activity of the lipid [19, 54]. The follow-
ing fragments in the structure of alkyl cationic glycer-
olipids are essential for the cytotoxic activity [19]: (1) a
long-chain alkyl substituent in the C1 position of the
glycerol backbone (14—19 carbon atoms); (2) a short-
chain alkyl substituent at the C2 position (1—2 carbon
atoms); (3) a cationic head represented by heterocyclic
and aliphatic amines with a range of different func-
tional groups and attached directly to the C3 atom of
the glycerol backbone or via an acyl-type spacer group.

The action of cationic alkyl glycerolipids is not fully
understood, but it is assumed that it involves endocy-
tosis and glycerolipid entry into early endosomes [55].
It has been established that antitumor glycerolipids are
able to integrate into the membranes of tumor cells
and cause biophysical (changes in the fluidity of the
plasma membrane) and biochemical changes, leading
to cell lysis [56].

The main reason for a special attention to phos-
phorus-free alkyl type cationic glycerolipids is that
they have only a minor negative effect on nontumor
cells (including blood cells), which makes these com-
pounds safe [57].

New cationic glycerolipids with various aliphatic or
heterocyclic amines were obtained and studied. The

No.5 2021
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data presented in Table 1 for phosphorus-free glycero-
lipids (Fig. 4a) indicate that colon adenocarcinoma
cell line HCT116 is sensitive to all lipids (XITa—XIIg)
[36, 53, 57]. Compounds with methylimidazolium
(XIIe) and ethylimidazolium (XIIf) cationic heads
showed the highest activity. The ICs, values for the rest
of the studied compounds did not exceed 20 uM.

The ovarian adenocarcinoma cell line SKOV3 was
found to be less susceptible to compounds (XIla—
XIIc). Acceptable results were shown for lipids with
pyridinium (XIId), methylimidazolium (XIlIe),
ethylimidazolium (XTIIF), and dimethyl-2-
hydroxyethylammonium (XIIg) fragments (ICs, does
not exceed 13 uM). The ICs, values for the remaining
compounds were more than 35 uM, which indicates
an insignificant cytotoxic effect of these compounds
against SKOV3 line.

Lipids with pyridinium (XIId) and dimethyl-2-
hydroxyethylammonium (XIIg) polar heads displayed
a significant cytotoxic effect against breast cancer cell
line MCF-7, the most resistant cell to the tested lipids.
The rest phosphorus-free compounds had ICs, values
higher than 20 uM. For MCF-7, lipids with the imid-
azolium group in the polar domain (XIIe, XIIf) were
found to be low-toxic, and lipids with the meth-
ylpiperidinium (XIIa), methyl-4—hydroxypiperidin-
ium (XIIb) and methylmorpholinium (XII¢) groups
did not kill 50% of cells in the range of the concentra-
tions used (0.1-50.0 uM).

In terms of B16 cells (mouse melanoma), lipids
with heterocyclic pyridinium (XIId), methylimidaz-
olium (XIIe), ethylimidazolium (XIIf), and dimethyl-
2-hydroxyethylamonium (XIIg) heads were found to
be more toxic than compounds with methylpiperidin-
ium (XIIa), methyl-4-hydroxypiperidinium (XIIb),
and methylmorpholinium (XIl¢) cationic heads.

In contrast to the listed adhesion cultures, all the
studied lipids, except for compounds with meth-
ylpiperidinium (XIIa), methyl-4-hydroxypiperidin-
ium (XIIb) and especially with methylmorpholinium
(XIIc) groups, had a pronounced cytotoxic effect on
suspension (leukemia) cells (HL60 line), which insig-
nificantly exceeded the cytotoxicity of edelfosine (V).
A compound with a methylimidazolium (XIIe) het-
erocyclic head was the most active compound against
the HL60 line. It was found that the quaternary
ammonium group is necessary for the manifestation of
activity, whereas the hydroxyl group in the cationic
head reduces the cytotoxicity of the compounds. The
action of this group of compounds on the K562 line
has not been investigated in any studies.

The study of the effect on non-tumor cells (fibro-
blasts) showed that 50% cell death occurs in response
to the action of lipids (XIId—XIIg) in concentrations
exceeding 25 uM [53]. A weak effect on fibroblasts
may indicate the selectivity of non-phosphorus alkyl
glycerolipids to tumor cells. This important property
distinguishes this chemotype from edelfosine (V) [53].

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

971

Positively Charged Glycoglycerolipids

Glycosylated antitumor ether lipids (GAELs) are a
class of synthetic antitumor lipids in which the sugar
moiety replaces the phosphocholine fragment of edel-
fosine (V). GAELs are glycolipids with a significant
cytotoxicity for a range of tumor models [58, 59].
These compounds induce cancer cell death in an
apoptosis-independent manner and eliminate tumor
stem cells. The cytotoxicity of some GAELs exceeds
that of edelfosine (V), i.e., the most studied represen-
tative of nonglycosylated alkyl lipids [60].

The molecular actions of GAELs have not been
elucidated comprehensively. GAELSs have been shown
to cause nonapoptotic death in stem tumor cells.
Hence, GAELs hold promise in overcoming drug
resistance [58, 59, 61, 62]. Glycosylated lipids enter
breast cancer cells by endocytosis and are incorpo-
rated into early endosomes [55, 61]. GAELs prevent
the maturation of endocytic vesicles, which leads to
the formation of large acidic vacuoles (possibly via
paraptosis). Apparently, the release of cathepsins from
vacuoles into the cytosol induces cell death in a way
that differs from classic apoptosis [61].

One of the reasons for studying GAELs was the
observation that certain plant species (for example,
oats) are able to partially replace phosphoglycerolipids
with glycoglycerolipids (lipids based on mono- or oli-
gosaccharides) as a response to phosphate starvation
[63]. This observation suggests that a glycerolipid con-
taining a carbohydrate unit can mimic phosphocho-
line-glycerolipids due to the polarity of the carbohy-
drate group [63].

One of the directions in the search for new antitu-
mor glycerolipids is associated with a change in the
positions of a cationic domain, glycerol backbone, and
a carbohydrate fragment (Fig. 4b). The carbohydrate
unit may be located in the center of the molecule
(XIII—XYV) or occupy a terminal position (XVI). The
carbohydrate fragment consists of glucose, galactose,
mannose, and glucosamine residues. The cationic
head is represented by heterocyclic bases, similar to
cationic glycerolipids (Fig. 4b) [64].

Table 1 shows that glycolipids that include man-
nose with a pyridinium cationic head (XIIIa) showed
the greatest activity on K562 and HCT116 cells [64].
Mannose glycerolipid with a methylimidazolium cat-
ionic head (XIIIb), galactoglycerolipids (XIVa, XIVb),
and glucosamine glycerolipids (XVa, XVb) (our
unpublished data) demonstrated good results on
K562, HL60, HCT116 and B16 cell lines. These com-
pounds showed significantly better results compared
to compounds with a terminal location of carbohy-
drate residue (XVIa—XVlIc, Fig. 4b) [64, 65]. There-
fore, subsequent development of mannose-containing
GAEL:s appears reasonable.

Polycationic Glycerolipids

It has been proposed to use polyamines with an
open or substituted terminal group as the cationic
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domains of glycerolipids. This choice is explained by
the structure and biological properties of polyamines.
This class includes natural compounds putrescine,
spermine, and spermidine. The positive charge of the
four amino groups allows spermine and spermidine to
interact with negatively charged molecules: nucleic
acids, ATP, phospholipids, and proteins [66, 67].
Most of the polyamines exist in the bound state with
RNA [68]. Spermine and spermidine are able to
remodel chromatin and thus affect gene expression
[69, 70]. The inhibition of enzymes involved in the
biosynthesis and metabolism of polyamines using
antimetabolites-mimetics slows down cell proliferation.
Thus, the inhibition of ornithine decarboxylase by the
addition of o-difluoromethylornithine decreased the
level of intracellular spermine to a half of control cells
and reduced the rate of cell proliferation [71].

Therefore, the use of polyamines and their deriva-
tives as positively charged substituents in glycerolipids
appears advantageous in terms of the search for new
antitumor compounds [72]. Modified polyamines are
investigated as inhibitors of polyamine transport sys-
tems [73] and enzymes of their biosynthesis [74—76].
In this review, we consider alkyl polycationic glycero-
lipids (Fig. 4c), in which the cationic domain is repre-
sented by a residue of unprotected or terminally
alkylated tetraamine.

Glyceropolyamines (XVIIa—XVIIi) have a strong
cytotoxic effect (IC5, < 6 uM) on tumor cells of vari-
ous tissue origins, including chronic myeloid leukemia
K562/4 subline resistant to doxorubicin and other
drugs transported by P-glycoprotein (Table 1), as well
as on nontumor human embryonic fibroblasts [77].

Based on an analysis of the influence of the alkyl
substituent length in the first position of glycerol in
glyceropolyamines (Table 1), it is noted that for the
K562, HCT116, SKOV3, and MCF-7 cell lines, the
chain lengthening from 10 (XVIIc¢) to 16 (XVIIf) car-
bon atoms has an insignificant effect on cytotoxicity
(ICsy = 1.82—4.88 uM). Further lengthening of the
chain to 18 carbon atoms (XVIIg) reduces cytotoxicity
(no data available for the SKOV3 line). The presence
of an ethyl group at the terminal nitrogen atom of
polyamine slightly reduces the value of ICs, i.e.,
increases the efficacy of compounds (XVIIc—XVIIg,
XVIIi). This effect may be due to the fact that the ter-
minal ethyl group prevents potential acylation and fur-
ther oxidation of the compound, which increases its
stability in cells [78].

NON-PHOSPHORUS NEUTRAL
GLYCOGLYCEROLIPIDS

Neutral glycoglycerolipids do not contain a cat-
ionic head, but remain amphiphilic due to the hydro-
philic carbohydrate unit. This chemotype represents
interest for targeted drug delivery. For example, D-
galactose and D-mannose serve as carbohydrate
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ligands recognized by the liver and dendritic cell
receptors [79—81].

Neutral glycoglycerolipids contain both alkyl and
acyl residues, which have different localizations in the
glycerol backbone and carbohydrate fragment. The
structural domains are represented by the glycosyl unit
and long-chain alkyl and acyl residues located on the
glycerol skeleton or on the carbohydrate unit. The
classification of these lipids is based on the nature of
long-chain substituents, their localization on the gly-
cosylglycerol matrix, and the distance of the carbohy-
drate unit to the glycerol backbone. Therefore, syn-
thetic glycoglycerolipids are divided into:

(1) Alkyl glycoglycerolipids:

(a) Alkyl glycoglycerolipids with a carbohydrate
fragment directly attached to the glycerol backbone.

(b) Alkyl glycoglycerolipids with a carbohydrate
fragment attached via a spacer group.

(2) Acyl glycoglycerolipids.

(3) Combined glycoglycerolipids (contain alkyl
and acyl residues).

Alkyl Glycoglycerolipids

Neutral glycoglycerolipids (GAELSs) are the closest
analogs of natural glycoglycerolipids with high bio-
availability, which increases their clinical significance.
It was shown [55] that cell death under the action of
GAELs does not occur via classical apoptosis, which
distinguishes GAELs from non-phosphorus alkyl
glycerolipids. In addition, an important advantage of
neutral GAELs is related to the almost complete lack
of hemolytic activity [82].

Alkyl glycoglycerolipids with a carbohydrate frag-
ment directly attached to the glycerol backbone. The
carbohydrate fragment of compounds (XVIIIa—
XVIIIf) includes D-mannose, D-galactose, D-glu-
cosamine, N-acetyl-D-glucosamine, D-galac-
tosamine, and N-acetyl-D-galactosamine residues
attached to the C3 atom of glycerol (Fig. 5a). Com-
pounds (XVIIIa, XVIIIb) demonstrated similar cyto-
toxicity and selectivity to the K562 leukemia cell line
(Table 2 [82]): The ICs, values of the two compounds
are lower in comparison with the values obtained for
other cell lines and lower than the corresponding val-
ues for edelfosine (V) (Table 1).

Compounds (XVIIIc—XVIIIf) are alkyl aminogly-
cosides containing residues of D-glucosamine and D-
galactosamine (XVIIIc, XVIIIe) or N-acetyl-D-glu-
cosamine and N-acetyl-D-galactosamine (XVIIId,
XVIIIf) (our unpublished data are provided for com-
pounds (XVIIId, XVIIIf).

Glycerolipids (XVIIIc—XVIIIf) have a similar cyto-
toxic effect on the K562 cell line (1Cs, values are in the
range of 4—8 uM). The most active compound is
(XVIIIe) with the D-galactosamine residue, while its
acetylated derivative (XVIIIf) shows lower activity.
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Fig. 5. Non-phosphorus neutral glycerolipids.

Acetylation of the amino group for both glucose
(XVIIId) and galactose derivatives (XVIIIf) decreases
toxicity of the compounds. Compounds (XVIIIc) and
(XVIIIe) were more active on MCF-7 cells than the
other representatives of this group. Glycerolipids
(XVIIIc—XVIIIf) were less active on the HCT116 and
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SKOV3 cell lines, but also showed similar results (ICs,
were in the range of 9—16 uM).

Alkyl glycoglycerolipids with the carbohydrate frag-
ment attached via a spacer group. In the compounds
(XIXa—XIXf) (Fig. 5a), the carbohydrate residue is
attached to the glycerol unit by spacer groups of differ-
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Table 2. Cytotoxicity (ICs,) of neutral glycoglycerolipids

ICsp, UM
Compound
K562 HL60 HCT116 B16 SKOV3 MCEF-7
Alkyl glycoglycerolipids with carbohydrate fragment directly attached to the glycerol backbone
(XVIIIa) 3.0£0.9 16.0 £ 0.9 15004 12.0 £ 0.7 12.0 £ 0.2 16.0 £ 0.7
(XVIIIb) 25109 n.d. >50 13.5+0.8 n.d. n.d.
(XVIIIc) 6.0+0.8 n.d. 11.0+£ 0.4 n.d. 13.1 £0.3 40x+04
(XVIIId) 8.0+0.2 n.d. 10.1 £ 0.4 n.d. 12.0+ 0.4 10.0 £ 0.6
(XVIIIe) 4.01+0.6 n.d. 9.3+04 n.d. 11.0+0.4 3.0+ 0.6
(XVIIIf) 71+0.4 n.d. 151%+0.6 n.d. 16.0 = 0.3 9.0+04
Alkyl glycoglycerolipids with carbohydrate fragment attached via a spacer group
(XIXa) 340+0.4 n.d. 16.1 £0.75 n.d. 152 +0.8 8.8+ 1.1
(XIXb) 35.0+0.5 17.0 £ 0.8 14.0 £ 0.9 16.0 £ 0.5 n.d. n.d.
(XIXc) 18.0 £ 0.6 15.0+0.5 8.0+ 0.7 8.0+ 0.6 n.d. n.d.
(XIXd) 17.0 £ 0.5 17.0 £ 0.2 19.0+ 0.4 15.0+0.5 n.d. n.d.
(XIXe) 36.0 £ 0.6 n.d. 39.0+0.2 n.d. >50 >50
(XIX1) 29.0+0.2 n.d. n.d. 340x 1.0 n.d. n.d.
Acyl glycoglycerolipids
(XXa) >50 n.d. >50 n.d. 34101 >50
(XXb) 6.7 £0.7 n.d. 13.6 £ 0.2 n.d. 156 £0.4 13.4+£6.8
Combined glycoglycerolipids

(XXIa) >50 >50 >50 >50 >50 >50
(XXIb) >50 >50 >50 >50 >50 >50
(XXIc) >50 >50 >50 >50 >50 >50
(XXIIa) 41.3+ 2.1 9.5+04 >50 >50 >50 >50
(XXTIIb) 7.51£0.3 221+ 1.1 >50 >50 >50 >50
(XXIIc) 59104 >50 >50 >50 >50 >50

K562, chronic myeloid leukemia; HL60, lymphocytic leukemia; HCT116, colon adenocarcinoma; B16, mouse melanoma; SKOV3,

ovary adenocarcinoma; MCF-7, breast cancer; n.d., no data.

ent lengths, which makes it possible to analyze the
effect of the distance of the carbohydrate fragment to
the diglyceride backbone on the cytotoxic properties
of neutral alkyl glycoglycerolipids.

In comparison with compounds (XVIIIa, XVIIIb)
[82], glycoglycerolipids containing a spacer group
were less active for the K562 line and did not show
selectivity. Compound (XIXa) with a D-mannose res-
idue attached via a dimethylene spacer showed higher
toxicity to nontumor cells (IC5, = 12.5 = 5.2 uM on
fibroblasts) than its analog with a tetramethylene
spacer (XIXe) (ICs, > 50 uM).

The best results were shown for compound (XIXc)
with a D-mannose residue attached via a trimethylene
spacer on the HL60, HCT116, and B16 cell lines.
Among the compounds containing the D-galactose
residue (XIXb, XIXd, XIXf), glycoglycerolipids linked
to galactose via a di- or trimethylene spacer (XIXb,
XIXd) were the most active against HCT116, B16 and
K562 cells (only for compound (XIXd)). Glycoglycer-
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olipids with tetramethylene spacer (XIXe, XIXf)
showed the worst results on the studied cell lines,
regardless of the type of carbohydrate residue.

While summarizing the data on neutral GAELs, it
is concluded that GAELs in which the D-mannose
residue is attached either directly to the glycerol skele-
ton (XVIIIa) (for K562 cells) or via a trimethylene
spacer group (XIXc) (Table 2) demonstrate high activity.
Compounds with dimethylene spacer (XIXa, XIXb)
exhibit moderate activity on the studied cell lines. The
mean ICs, values for the group of compounds (XVIII)
were lower than for the group of compounds (XIX),
which indicates that the spacer has a negative effect on
the cytotoxic properties of the considered glycoglycer-
olipids.

Acyl Glycoglycerolipids

Compounds (XXa) and (XXb) are neutral glyco-
sylated glycerolipids containing a D-galactose residue
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as a carbohydrate fragment and differ by the unsatura-
tion degree of acyl substituents at the C1 and C2 posi-
tions of glycerol (linoleic and oleic acid residues)
(Fig. 5b). We present our data regarding acyl glyco-
glycerolipids.

The cytotoxicity of glycosylated acyl glycerolipid
with linoleic acid residue (XXb) on the K562 line was
insignificantly higher than that of edelfosine (V)
(Table 1). The compound with oleic acid residue
(XXa) showed marked selectivity for the ovarian can-
cer line SKOV3 and 1Cy, similar to that of edelfosine
(V). Both compounds were less active on HCT116
cells, but on the p53 gene knockout subline, com-
pound (XXb) with two unsaturated double bonds was
significantly more active (ICs, = 13.6 £ 0.21) than
compound (XXa) containing one unsaturated double
bond (ICs, > 50 uM). The p53 protein plays a major
role in apoptosis [83]. Hence, it is assumed that the
mechanism of action associated with the polyunsatu-
rated acyl residue of compound (XXb) involves apop-
tosis, which distinguishes this compound from other
GAELSs that cause non-apoptotic cell death.

Combined Glycoglycerolipids Containing Alkyl
and Acyl Residues

Combined medications (prodrugs) are compounds
that have low pharmacological activity or lack any, but
they are metabolized in vivo into a pharmacologically
active drug [84]. Using the physicochemical proper-
ties of liposomes, which incorporate prodrugs, and the
pathophysiological characteristics of tumors, it is pos-
sible to trigger the release and activation of ether lipids
(AELs) in a tumor. This is achieved with the help of
polymer-coated liposomes, which contain ether pro-
lipids (proAELSs) [85]. Pro-lipids are metabolized into
active drugs upon hydrolysis by phospholipase A2
(sPLA2) in a tumor [86—88]. Phospholipids are
hydrolyzed by sPLA2 to form lysophospholipids and
free fatty acids [86]. One of the most attractive sub-
stances is lysophosphatidic acid (LPA, (XXIII), Fig.
6), a natural phospholipid that functions as a bioactive
lipid mediator and secondary messenger. Compound
(XXIII) regulates the proliferation, migration, and
survival of tumor cells.

The ability of tumor cells to acquire resistance to
clinical drugs reduces the efficacy of antitumor ther-
apy [2]. Such resistance commonly develops to multi-
ple drugs and causes insensitivity to many anticancer
drugs [3]. Creation of antitumor agents whose compo-
nents induce various mechanisms of cell death may
help overcome drug resistance [50, 89].

As mentioned above, GAELs activate tumor cell
death via the non-apoptotic pathway, and the pres-
ence of a glycosyl residue in the structure of glycero-
lipids may affect amphiphilic property of the mole-
cules, which is necessary to improve the biological
activity and pharmacokinetics.
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Fig. 6. Lysophosphatidic acid (XXIII).

A combination of antitumor actions may elicit an
additive or synergistic effect [89]. Modification of
antitumor agents by conjugation with a fatty acid can
increase selectivity and yield new hybrid structures
with optimized biological activity. Modified fatty acids
may improve efficacy of chemotherapy and make it
less toxic [90]. In this regard, it appears attractive to
create alkyl—acyl glycoglycerolipids containing alkyl
and acyl residues, which differ by saturation and
length in the diglyceride or by carbohydrate domains.

Compounds (XXIa—XXIc¢) are alkyl glycoglycero-
lipids linked to fatty acid residues, which are localized at
the C6 position of the carbohydrate domain (Fig. 5c).
The concept of such molecular engineering is based on
that the ester bond is expected to be degraded by cel-
lular esterases to yield two antitumor agents that trig-
ger different ways of cell death.

The cytotoxicity of glycoglycerolipids (XXIa—
XXIc) on the K562, HCT116, MCF-7, and SKOV3
lines was unsatisfactory (ICy, > 50 uM) (Table 2). This
indicates that this combination of structural elements
is significantly inferior to compounds (XVIIIa,
XVIIIb) without an acyl residue at the C6 position.

m3-Polyunsaturated fatty acids are also used in
chemotherapy [91]. The key mechanism proposed for
overcoming multidrug resistance is based on the effect
of ®3-acids on the structure of the plasma membrane
and transmembrane transport [93] and on the pres-
ence of tissue specificity depending on the structure
[90, 92, 93]. In addition, they may slow down the
growth of tumors, cause apoptosis or inhibit angio-
genesis [91, 94].

Combined antitumor lipids upon intracellular
cleavage may exhibit additive effects due to a combina-
tion of the following properties: 1) lysolipids are cyto-
toxic in micromolar concentrations; 2) fatty acids may
inhibit the proliferation of tumor cells and increase
their sensitivity to antitumor drugs; 3) fatty acids and
lysolipids may reduce the permeability barrier of lipid
membranes [88].

Lysoglycerolipid (XXIIa) and its derivatives with
mono- (XXIIb) and diunsaturated (XXIIc) fatty acids
at the C2 position of glycerol were synthesized, and
their cytotoxicity was studied (Fig. 5c, Table 2). The
compounds demonstrated the greatest effect on the
K562 and HL60 leukemia cell lines (our unpublished
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data). In the A375, MCF-7, HBL100, MDA-MB-231,
and HCT116 tumor cell lines, as well as in nontumor
fibroblasts, the ICs, values exceeded 50 uM. The pres-
ence and unsaturation degree of fatty acids at the C2
position of glycerol affect cytotoxicity, but both mod-
ifications are important for selectivity to leukemia
cells. Replacement of the monounsaturated oleic acid
residue with diunsaturated linoleic acid enhances the
cytotoxic effect on the K562 cells, and lack of a sub-
stituent at C2 or the presence of a more saturated sub-
stituent improve cytotoxic efficacy for the HL60 line.

CONCLUSIONS

At the initial stage of the study of antitumor lipids,
the main investigated compounds were phosphorus-
containing glycerolipids. Edelfosine remains the gold
standard because of its high activity. However, the
consideration of edelfosine as the gold standard
among antitumor lipids requires revision, since its tox-
icity to normal cells and low selectivity do not allow
one to obtain an acceptable therapeutic window for
this substance, i.e., the relation between the amount of
edelfosine that causes the therapeutic effect and the
amount that causes toxicity. In addition, it has low
bioavailability, instability, slow excretion from the
body, and a high hemolytic effect.

Among non-phosphorus lipids, there are individ-
ual chemotypes (for example, positively charged glyc-
erolipids), which, along with antineoplastic activity
comparable to edelfosine, cause minimal damage to
non-tumor cells. Some compounds (cationic glycolip-
ids, neutral glycoglycerolipids, etc.) demonstrated
specificity for leukemia, which may open up new pros-
pects for the development of drugs for the treatment of
this disease. Despite the relatively low antitumor effect
of phosphorus-free lipids, their advantage is low toxic-
ity to non-tumor cells. In addition, individual com-
pounds (cationic glycerolipids) are more active than
edelfosine and cause less damage to red blood cells.

The elaboration of non-phosphorus analogs of
edelfosine and their further modifications is a promis-
ing direction in the search for new candidate antitu-
mor agents among representatives of this class of
chemical compounds.
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