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Metallatranes and hydrometallatranes:
their immunotropic and antitumor properties
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A series of biologically active metallatranes and hydrometallatranes was synthesized via the
reaction of biogenic triethanolamine with salts or oxides of the essential metals; their toxicity
was determined, and the immunotropic and cytotoxic properties were evaluated. Compounds
causing immunostimulatory, immunosuppressive, and also competing effects on the immune
response were revealed. A pronounced immunosuppressant, 1-oxovanadatran, exhibits a high
and selective cytotoxic effect, inhibiting the growth of B16 melanoma cells by 39—80%, but does
not affect the tumor cells of L1210 lymphocytic leukemia, P815 mastocytoma, and Lewis lung

carcinoma.
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The first silatranes N(CH,CH,0);3Si—X (X = OEt and
Ph),! which became parents of the class of atranes, have
earlier been synthesized via a transetherification of
triethoxysilanes X—Si(OEt); with triethanolamine.
Relative metallatranes N(CH,CH,0);M—X (M = Ge,
Sn, efc.)?—5 were obtained later. Their molecules possess
a specific tricyclic structure due to the transnannular in-
tramolecular N—>M bond. Their hydroxy-containing
analogs, hydrometallatranes [N(CH,CH,OH);M|"* « nX~
(see Ref. 6) and protatranes [N(CHQCHz‘OH)ﬂ-I]+ X
(see Ref. 7), also belong to the class of atranes. In
contrast to metallranes, these compounds of tri-
ethanolamine with MX,, metal salts or HX protonic
acids are ionic ones. They consist of hydrometalla-
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trane (containing N—M and M- OH bonds) or prota-
trane (bearing N—H and H-OH bonds) cations and
X~ anions.

To date, a large number of atrane compounds possess-
ing specific physical, chemical, and also biological prop-
erties has been synthesized. Silatranes are of interest not
only as theoretical objects, but also as valuable reagents,
materials, as well as physiologically and pharmacologically
active compounds due to their unusual architecture, high
molecular dipole moment, and strong electron-donating
effect of the silatrane moiety.8 Some silatranes and
protatranes have been already employed in agriculture
and medicine as protective, growth-promoting, and
medicinal drugs. These include 1-chloromethyl- and
1-ethoxysilatranes (Mival and Migugen), protatrane
Krezatsin (the complex of triethanolamine and biologi-
cally active cresoxyacetic acid) [N(CH,CH,OH);H]" -
~00CCH,0C¢H4Me-2, and other atranes.?—16

At the same time, an urgent problem is the design of
new types of metallatrane compounds, search for unknown
properties, and also investigation of the structure—activ-
ity relationship for them. We believe that promising objects
for the design of new atranes are hydrometallatranes, which
are potential donors of microbioelements, models of
metalloenzymes, and precursors in the case of cata-
lysts and paramagnetic drugs. However, in contrast
to silatranes and protatranes, their synthesis, physico-
chemical properties, and structure have been insuffi-
ciently explored, while their physiological activity is
represented only by few examples. Thus, hydrometall-
atranes [N(CH2CH20H)3M]2+-2ACO* were demon-
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Table 1. The effect of compounds 1—16 on spontaneous proliferation and that stimulated by concanavalin
A (Con A) and pokeweed mitogen (PWM) of cell proliferation in vitro (antiproliferative properties). The data
are presented relative to the corresponding control (100%)

Compound Dose Spontaneous Con A PWM
/png mL~! proliferation
%

N(CH,CH,0);B (1) 1 16 18 32
5 12 19 25
10 31 5 2
N(CH,CH,0)3V=0 (2) 0.01 16 13 —
0.1 20 19 —
1 -35 -55 —50
5 =77 —69 —81
10 -87 -85 -90
N(CH,CH,0);Mo0(0O)(OH) (3) 1 -1 -3 39
5 9 29 20
10 4 17 14
[N(CH,CH,0H);Co]%"-2CI~ (4) 1 —4 —15 —43
5 -28 -55 —81
10 —68 -85 -91
[N(CH,CH,0H);Co]%" - 2AcO~ (5) 1 -12 -15 =23
5 -33 —63 —68
10 -35 -74 =77
[N(CH,CH,0H);Zn]?* - 2C1~ (6) 1 63 31 -13
5 58 12 7
10 58 2 13
[N(CH,CH,0H);Zn]2* - 2AcO~ (7) 1 =25 19 -10
5 —15 -24 =25
10 -26 -20 0
[N(CH,CH,0H);Mn]%" - 2AcO~ (8) 1 12 29 -2
5 3 8 —14
10 -35 -33 =25
[N(CH,CH,0H);Cu]?"-2CI~ (9) 1 —14 -1 1
5 -35 69 =5
10 —65 49 -35
[N(CH,CH,0H);Cu]?*-2AcO0~ (10) 1 —68 -29 -33
5 -76 =77 -28
10 =75 —58 -26
[N(CH,CH,0H);Cd]?" - 2AcO~ (11) 1 1 23 9
5 8 9 =23
10 -13 3 -7
[N(CH,CH,0OH);Ni|%"-2AcO~ (12) 1 —6 23 4
5 14 13 =25
10 44 3 -6
[N(CH,CH,0H);Mg]?*-2CI~ (13) 1 22 29 35
5 16 35 55
10 21 37 38
[N(CH,CH,0OH);Fe]3*-3CI~ (14) 1 12 29 14
5 2 38 44
10 -1 29 19
[N(CH,CH,0OH);Na]* - CI~ (15) 1 6 13 —6
5 5 12 0
10 -3 3 -9
[N(CH,CH,0H);Rh]3*-3CI~ (16) 1 1 -53 —
5 —24 =72 2

10 0 =55 —11
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Table 2. Cytotoxic effect of 1-oxovanadatrane (2) on the
tumor cells of L1210 lymphocytic leukemia, B16 mel-
anoma, LLC, and P815 mastocytoma in vitro

Dose/pg mL™! Inhibition (%)
L1210 B16 LLC P815
1 -34 -39 1 19
—28 —77* 7 13
10 -39 —80* —13 —24

* Reliable towards the corresponding control, p < 0.05.

strated as stimulators (M = Zn) or inhibitors (M = Mn
and Ni) of the plant cell growth.17 Investigations of hy-
drometallatrane [N(Cl-12CH20H)3Zn]2+ +2(TOOCCH,-
OC¢H4Me-2), which was named as "Crezoxyzincatran”,
revealed it as a promising new drug causing antiangiogenic
and antisclerotic effects.!8

Pronounced immunoactive properties of some atranes
and their analogues have earlier been briefly reported.11-12:19
Recent and latest works (published in 2015—2019) have
also indicated an antitumor activity of the atranes and
similar ionic complexes of Zn, V, Ti, Ru, and Pt with
amines.20—25

In order to expand these researches in the present work,
we have synthesized boratrane (1), 1-oxovanadatrane (2),
1-oxo0-1-hydroxymolybdatrane (3), and a series of hydro-
metallatranes (4—16) via the reaction of biogenic tri-
ethanolamine with salts or oxides of some metals essential
for life (Table 1).26.27

The determined toxicity, estimated immunoactive
properties, and evaluated antitumor properties of the
synthesized compounds have been for the first time re-
vealed (Tables 1—4) in the collaboration with the Research
Institute of Fundamental and Clinical Immunology (Novo-
sibirsk, Russian Federation). The toxicity determination
was performed using the intragastric route of administra-
tion on outbred white mice. Compounds 1—16 were found
as low toxic ones (LD5, of 675—4000 mg kg—1).

The immunotropic properties of compounds 1—16
were explored on CBF1 and BDF1 hybrid mice according
to the standard tests for their ability to influence:

— on spontaneous proliferation of mouse spleen cells
in vitro and that stimulated by concanavalin-A (Con A)
and pokeweed mitogen (PWM) (antiproliferative proper-
ties, see Table 1);

— on the amount of IgM antibody-producing cells
(APC) in vivo (humoral immune response, see Table 3);

Table 3. Effect of compounds of 1, 3—5, 7, 8 on the number of IgM antibody-producing cells

(APC) in vivo

Compound Amount of APC
BDFI CBF1
Average value of Part of the Average value of Part of the
two experiments control (%) two experiments control (%)
Control 7710 — 26416 —
1 4954 -36 11533 —56
3 5017 -35 30211 14
4 4311 —44 19878 =25
5 1895 -76 23199 -12
7 2948 —62 23578 —11
8 2451 —69 16586 -37

Table 4. Effect of compounds 1, 3—5, 7, 8 on the delayed-type hypersensitivity (DTH) in vivo

Compound DTH
BDF1 CBF1
Average value of Part of the Average value of Part of the
two experiments control (%) two experiments control (%)
Control 55.7 — 35.6 —
1 53.6 —4 41.6 17
3 56.5 1 44.0 23
4 56.4 1 29.6 -17
5 75.3 35 31.6 —11
7 66.1 19 30.8 —14
8 81.7 46 49.4 39
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— on the delayed-type hypersensitivity (DTH) test
(cellular immune response, see Table 4).

The antitumor activity of compounds in vitro was
evaluated according to the standard protocol (*H-thym-
idine test, see Table 2).

Table 1 shows the data on the effect of compounds
1—16 on the spontaneous and mitogen-stimulated prolif-
eration of spleen cells in the intact mice of CBF1 hybrids.

As one can see from Table 1, the cobalt, vanadium,
and copper compounds possess pronounced antiprolif-
erative properties: they inhibit the spontaneous, Con A-
and PWM-stimulated proliferation of T and B spleen cells
in vitro at the administered doses (1—10 pg mL~!). Among
the inhibitors of proliferation, 1-oxovanadatrane (2) and
hydrometallatranes 4 and 5 demonstrate the maximum
inhibitory properties. The latter exhibit a dose dependence
(LDs, of 675 mg kg~! for 5), while 1-oxovanadatrane (2)
either stimulates or suppresses the spontaneous and mito-
gen-induced proliferation of splenocytes depending on
the dosage. Boratrane (1) and hydrometallatranes 7, 13,
and 14 demonstrated immunostimulating properties on
the in vitro culture. In contrast to 1, 13, and 14, complex
7 stimulates the spontaneous proliferation to a greater
extent. The immunoactive properties of other compounds
were significantly difficult to evaluate: for example,
rhodium complex 16 exhibited a higher inhibitory effect
on the Con A-stimulated proliferation than that on spon-
taneous and PWM-stimulated ones. The remaining com-
pounds demonstrated mild antiproliferative properties.
1-Oxovanadatrane (2), which exhibited the highest anti-
proliferative and immunosuppressive activities (see Table 1),
was evaluated in vitro for the antitumor activity in the cell
cultures of B16 melanoma tumor, L1210 lymphocytic
leukemia, P815 mastocytoma, and Lewis lung carcinoma
(LLC) (see Table 2).

As one can see from Table 2, non-toxic (LDjs, of
3000 mg kg—!) 1-oxovanadatrane (2) does not affect the
proliferation of L1210 lymphocytic leukemia, P815 masto-
cytoma, and LLC tumor cells. However, compound 2
exhibits a cytotoxic effect, inhibiting the growth of B16
melanoma cells (by 39—80%). For comparison, cytostatic
cisplatin widely used in the clinic practice suppressed in
the present work at the doses of 0.5, 2.5, and 5 ug mL~!
the proliferation of B16 melanoma cells by 60, 93, and
94%, respectively. However, it is highly toxic (LDs, of
30 mg kg~!) and causes undesirable side effects as com-
pared to compound 2.

Compounds demonstrated in vitro the immunoactive
properties were evaluated in the tests of IgM antibody
formation (humoral immune response) and DHT (cel-
lular immune response) in vivo (see Tables 3 and 4).

The data presented in Table 3 show that the investigated
compounds at the dose of 10 mg kg~! administered to
BDF1 mice cause the suppression of humoral immune
response (by 35—76%, on the average by 54%). In the case

of CBF1 mice, the similar dose causes a lower inhibition
of the response (by 11—56%, on the average by 28%).
Hydrometallatrane 5 causing the greatest immunosup-
pression in BDF1 mice causes practically no effect at the
same dose on the antibody formation in CBF1 mice.
Boratrane (1) possesses the pronounced immunosuppres-
sive effect, causing the inhibition by 36% in BDFI mice
and by more than 50% in CBF1 mice.

Table 4 provides the data on the effect of compounds
on the cellular immune response in vivo.

As one can see from Table 4, the studied compounds
cause various effects on the degree of HRT in BDF1 and
CBF1 mice, e.g., compound 5 stimulates the HRT by 35%
in BDF1 mice and slightly suppresses the response in CBF1
mice. The data on the ability of complex 8 to efficiently
suppress the humoral response and to stimulate the cel-
lular immune one are the most interesting. Rhodium
complex 16 causes the same opposite effect, suppressing
the IgM response by 23% and stimulating the HRT by 52%.

Therefore, the series of biologically active metallatranes
and hydrometallatranes, including previously unknown
ones, has been synthesized via the reaction of biogenic
(participating in the vital activity) triethanolamine with
salts or oxides of the certain essential metals. The screen-
ing performed in the both in vitro and in vivo tests revealed
the low-toxic highly efficient substances possessing the
both immunostimulating and immunosuppressive proper-
ties. Non-toxic 1-oxovanadatrane possessing the most
pronounced immunosuppressive properties has exhibited
the high and selective cytotoxic effect. Similarly to the
well-known but toxic cisplatin, it inhibits the growth of
B16 melanoma cells by 39—80%, but does not affect the
tumor cells of L1210 lymphocytic leukemia, P815 masto-
cytoma, and LLC. Assessing the overall data on the im-
munoactive and antitumor properties of synthesized
atranes and hydrometallatranes, it should be noted that
the unique substances causing the competing effect on the
cellular and humoral immune responses have been found
among them. This makes them promising candidates for
the design of new drugs capable of tuning the immune
balance in the desired direction.

Experimental

Materials, synthesis, and characterization of compounds
1—16. Triethanolamine was purified by the triple distillation.
The used metal salts were purchased from Sigma-Aldrich and
met the "analytical grade" standard. Compounds 1—16 were
synthesized according to the known procedures?%:27 and fully
characterized by the IR spectroscopy (a Bruker IFS-25 spectro-
photometer) and 'H, 13C, and 1N NMR spectroscopy (a Bruker
DPX-400 spectrometer).

Biological evaluations of compounds 1—16: materials and
methods. Used cultural media, reagents, and assays: medium
RPMI-1640; medium 199 (NPO Vector, Russia); Hanks solution;
physiological saline buffered with phosphate buffer (0.2 mol L1,
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pH 7.4); Linbro 96-well round-bottomed plates for the cultiva-
tion (Flow Lab, USA).

The acute toxicity of the synthesized compounds has been
determined on outbred white mice upon a single intragastric
route of the administration and showed that they are low toxic:
LDs, of 675—4000 mg kg~!. All the compounds were dissolved
in RPM-1640 medium and used at different doses relative to
LDsj. The RPMI-1640 medium was administered to the control
animals in the same volume and mode. The tests were carried
out in several series of the experiments, each of them contained
its own control. The control and experimental groups consisted
of 10 mice.

Healthy and sexually mature hybrid mice (CBA1/2C57BL/6)
F1 (CBF1) and (C57BL/61/2DBA/2)F1 (BDF1) of both genders,
8—10 weeks old, and weighing 18—20 g were used. The spread
by the initial body weight in the groups did not exceed 10%. The
control and experimental animals of the same age were simulta-
neously obtained from the one farm (Rassvet, Russia). The
control and experimental animals were kept in a vivarium under
the same conditions: in standard plastic cages with small wood
shavings (no more than 10 species) on a standard diet. All the
studies were performed at the same time of a day (in the morn-
ing). The experiments were carried out according to the rules
established by the European Convention for the Protection of
Animals (Strasbourg, 1986) and approved by the Committee on
Biomedical Ethics at the Research Institute of Fundamental and
Clinical Immunology of the Siberian Branch of the Russian
Academy of Medical Sciences.

Determination of the amount of IgM antibody-producing cells
(APC) in vivo. Tested compounds at the dose of 10 mg kg~! in
the volume of 0.5 mL were daily administered intraperitoneally
once a day for five days. The control animals were treated with
RPMI-1640 medium in the same volume and mode. The animals
were intravenously immunized with sheep erythrocytes (SE) at
the dose of 0.5 mLx 107 on the day of the last administration of
compounds or simultaneously with the administration of SE.
The amount of IgM-APC in the spleen of mice was evaluated on
the fourth day after the immunization by the number of local
hemolysis zones in a semi-liquid medium according to the
modified method.28 The results were expressed as the absolute
amount of IgM-APC in the spleen.

Delayed-type hypersensitivity test in vivo. The studied com-
pounds at the dose of 10 mg kg~! in the volume of 0.5 mL were
daily administered intraperitoneally once a day for five days. The
control animals were treated with RPMI-1640 medium in the
same volume and mode. The mice were sensibilized on the day
of the last administration of compounds by intraperitoneal ad-
ministration of 0.25% SE solution in the volume of 0.5 mL; on
the fourth day after the sensibilization, a resolving dose of the
antigen was administered under the plantar aponeurosis of the
right hind leg (50% SE in the volume of 50 uL). The solvent was
injected into the contralateral leg in the same volume. The con-
trol animals were treated with RPMI-1640 medium in the same
volume and mode. The reaction was evaluated by the local DTH
procedure 24 h after the administration of the resolving dose of
SE, and the degree of edema was determined by a caliper. The
results were expressed as a percentage.??

Evaluation of the effect of compounds on the spontaneous
proliferation and that stimulated by concanavalin-A (Con A) and
pokeweed mitogen (PWM) of cells in vitro. The spleens of mice
were taken under sterile conditions, and a cell suspension was

prepared: the spleens were placed in bottles with medium, cut
out with scissors, repeatedly passed through a syringe equipped
with needles of decreasing diameter, filtered through a metal
mesh, and washed three times by the centrifugation at 1000 rpm
for 10 min with a change of the medium. The spleen cell pellet
was resuspended in complete RPMI-164 medium containing
fetal calf serum (10%), Hepes (10 mmol L—1), 2-mercaptoethanol
(4+1075 mol L), L-glutamine (2 mmol L~!), and gentamicin
(50 pg mL~1); and their total number was calculated. The re-
sulting cell suspension was adjusted to the concentration of
0.7+106 cells per 1 mL of the complete medium and placed in
96-well round-bottom culture plates by 103 cells per 1 well in the
volume of 150 uL per 1 well. The optimal doses of Con A and
PWM mitogens determined in preliminary experiments (2 and
1 ug mL~1, respectively) were added in the volume of 10 uL. The
RPMI-1640 medium (10 pL) was added to the wells for the
evaluation of spontaneous proliferation. All the samplings were
performed in triplets. Compounds 1—16 were added at various
doses to the wells simultaneously with the mitogens. The cell
culture was incubated at 37 °C under an atmosphere containing
CO, (5%) for 72 h. The proliferative activity of cells was evalu-
ated by the incorporation of H3-thymidine into the DNA of
self-duplicating cells. The label (1 pCi in the each well of the
assay) was introduced 16 h before the end of cultivation. On this
purpose, the stock solution of 3H-thymidine was initially dissolved
in RPMI-1640 medium to the concentration of 100 pCi mL~!,
and then the resulting solution (10 pL) was added to the each
well of the plate. At the end of incubation, the cells were har-
vested on glass fiber filters (Flow Lab, USA) using a Harvester
apparatus (Titertek, USA). The filters were placed in scintillation
counting bottles, and the radioactivity was counted in the scintil-
lator (4 g of diphenyloxazole and 0.1 g of diphenyloxazolylbenz-
ene per 1 L of toluene) by a Delta liquid scintillation counter
(USA). The results were evaluated as a percentage. The incor-
poration of 3H-thymidine in the absence of studied compounds
(i.e., the solvent only) was estimated as the negative control, and
these results were taken as 100%.

Evaluation of the antitumor activity of compounds in vitro.
The cultivation of cells and evaluation of their proliferative activ-
ity was carried out according to the protocol described above for
the cultivation of lymphoid cells; the number of line cells was
104 per 1 well, the cultivation time was 24 h, and 3H-thymidine
was added 4 h before the end of cultivation. Compound 2 at
various doses was introduced into the culture medium at the
initial moment of cultivation in the volume of 10 pL. Water was
used as the solvent of preparation. The effect caused by the drug
was expressed as the following percentage: [(proliferation in the
presence of drug — proliferation without the drug)/(proliferation
without the drug)]x100%. The acquired data were (partially)
processed using the nonparametric Mann—Whitney criterion U.

The authors are grateful to O. P. Kolesnikova (Research
Institute of Fundamental and Clinical Immunology,
Novosibirsk, Russian Federation) for her help in con-
ducting the experiments and in the interpretation of ac-
quired data.

The major results were obtained using the equip-
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Sciences.
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