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Abstract—The distribution of the antitumor drug aurumacryl (intraperitoneally injected at a dose of
100 mg/kg) in the bodies of animals with Lewis lung carcinoma was studied. The determination of aurumac-
ryl in the tumors and organs (blood, liver, kidneys, lungs, spleen, and brain) of mice was carried out for 48 h
by measuring the gold content in the test tissues using inductively coupled plasma mass spectrometry. We
found the preferential accumulation of the drug in the kidneys with an extremely low gold content in the brain
and a relatively uniform distribution of aurumacryl between the tumor, liver, lung, and spleen tissues.
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Studies of the antitumor properties of metallocenes
are actively developing; special attention is paid to the
structures that contain noble metals [1, 2].

The interest in organometallic compounds that
contain noble metals is largely determined by the dis-
covery of the high level of antitumor activity in a series
of complex compounds of platinum (cisplatin, carbo-
platin, oxaliplatin, etc.) that are widely used in mod-
ern chemotherapy of tumors [1, 3].

The accidental discovery of a high level of antitu-
mor activity of cis-dichlorodiamine platinum in the
late 1960s and then its rapid introduction into clinical
practice in the late 1970s drew attention to the possi-
bility of designing novel efficient antitumor agents
based on substances that contain transition metals
with several degrees of oxidation [4, 5].

It is generally accepted that the main biological
effect of such compounds is associated with the central
metal. The organic part of the molecule (ligand),
which also plays an important role in the effect, pro-
vides the stability of the oxidative status of the metal,
reduces systemic toxicity, and improves solubility in
water. Under physiological conditions, a positively
charged metal center is able to bind to negatively

Abbreviations: ICP-MS, inductively coupled plasma mass spec-
trometry; RB, relative bioavailability.

charged biomolecules (enzymes and nucleotides) or
be reduced. Substantial importance is attached to the
nature and degree of oxidation of the metal center, as
well as to the types of ligands (donors of oxygen, nitro-
gen, sulfur, chelating compounds, etc.), which in gen-
eral provides the coordination geometry of the mole-
cule and its stereochemistry [5].

The development of this area of research led to the
discovery of the antitumor activities of organometallic
compounds, including another metal of the platinum
group, gold.

Gold-containing compounds are considered as
promising potential agents for the treatment of malig-
nant tumors. According to the available data, 18 pat-
ents for gold-containing compounds with antitumor
activities were issued in 2010—2015 [6].

Investigation of the antitumor properties of gold-
containing compounds is carried out mainly among
complexes that contain gold in the form of monova-
lent (Au'") or trivalent (Au’") ions formed during oxi-
dation of the metal.

Among the huge variety of compounds that contain
trivalent gold, dithiocarbamate complexes attract the
greatest attention as potential antitumor agents;
during their design, it is proposed to create agents that
structurally resemble cis-dichlorodiamine platinum,
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COOH COOAuClI3H

Fig. 1. The structural formula of aurumacryl.

but possess improved properties, such as higher selec-
tivity, bioavailability, and lower toxicity [7].

The antitumor activity of the agent auranofin (gold
triethylphosphine), which contains 29% monovalent
gold, has been studied in the most detailed way; the
agent has already been used in clinical practice for the
treatment of rheumatoid arthritis. Clinical trials of
auranofin as an antitumor agent in the treatment of
chronic lymphocytic leukemia, epithelial ovarian can-
cer, and non-small cell lung carcinoma have been
reported [8, 9].

Significant antitumor activity of a number of the
agents that contain gold in the form of complex com-
pounds and nanostructures has been found in vitro
against human tumor cell lines, including those resis-
tant to platinum preparations [10—12]. Antitumor
activity of some agents was also demonstrated in vivo
in a number of tumor models, including xenografts of
human tumors (breast, ovarian, and lung cancer, and
lymphomas) [8, 13—18].

Differences in the spectrum of antitumor activity,
the mechanism of action of compounds that contain
gold and platinum, along with a lack of cross-resis-
tance of tumors to some of these agents, give particular
relevance to this field of research.

Previously, when studying metal polyacrylates as
new compounds for oncology we first detected a sig-
nificant antitumor activity of the preparation of gold
polyacrylate (aurumacryl) [19—21].

Aurumacryl effectively inhibits the growth of
murine solid tumors (Lewis lung carcinoma,
AKATOL adenocarcinoma, and Ca-755 adenocarci-
noma) in vivo by 70—90% compared to the control
and causes the death of 60% of MCF-7 human breast
carcinoma cells in vitro [22—24].

The data indicate the prospects of further preclini-
cal investigation of aurumacryl as a potential antitu-
mor agent.

It should be noted that aurumacryl occupies a spe-
cial place in the series of gold-containing compounds
that possess antitumor properties; since, unlike other
compounds that are “small molecules,” it is the first
and still the only gold-containing polymer with signif-
icant antitumor activity. The use of polyacrylic acid as
a carrier when designing a potential antitumor drug is
due to the data on the biological activity of this poly-
mer, as a polyanion [25, 26].

OSTROVSKAYA et al.

The purpose of this work was to study the distribu-
tion of aurumacryl in the body of tumor-bearing ani-
mals (Lewis lung carcinoma).

MATERIALS AND METHODS

Preparation. Aurumacryl is a partial gold salt of
polyacrylic acid that contains 8.03 wt % Au and corre-
sponds to the general formula:

(~CH,—CHCOOH-) (—CH,CHCOOAuCI,H-) ,

where n = 1263, m = 124 (Fig. 1).

The molecular weight of aurumacryl is 100—
300 kDa. Infrared spectra of the preparation contain
absorption bands of the carboxyl and carboxylate
groups at 1720 and 1570 cm™!, respectively.

Aurumacryl consists of yellow glassy plates that are
readily soluble in water.

The preparation was injected to the animals intra-
peritoneally at a single dose of 100 mg/kg as an aque-
ous solution at a volume of 0.2 mL on day 7 after
tumor transplantation (tumor mass 0.2—0.4 g).

Laboratory animals. Experiments were performed
on BDF, inbred male mice with body weights of 18—
20 g, which are f,(Cs;Bl/¢xDBA,) hybrids of the first
generation from the Stolbovaya nursery of the Russian
Academy of Sciences (Moscow oblast).

Tumor model. A solid tumor (Lewis lung carci-
noma) transplanted subcutaneously by crushed frag-
ments of tumor tissue contained in physiological
saline solution to the right side of mice according to
the standard procedure was the tumor test system [27].
The inoculum size was 0.3 mL.

Scheme of the experiment. The distribution of
aurumacryl in the animals was determined by measur-
ing the gold content in the tumor tissues and the
organs (blood, liver, kidneys, lungs, spleen, and brain)
of mice using the ICP-MS method.

Biological material was sampled 0.5, 1, 3, 4, 24,
and 48 h after the injection of aurumacryl on day 7
after tumor transplantation. We carried out the deter-
mination of the mass of tissues extracted for the study,
as well as separation of the blood into plasma and
serum by centrifugation for 10 min at 3000 rpm.

Similar procedures were performed when studying
the control animals that did not receive aurumacryl.

Samples of biomaterial were stored in
special marked containers in a freezer at a temperature
of —20°C.

Determination of the gold in biological substrates.
The determination of the gold in biological materials
was carried out using the ICP-MS method in accor-
dance with the previously described procedure [28].
Additionally, a small amount of hydrochloric acid was
added to nitric acid to stabilize high concentrations of
gold in a solution during autoclave decomposition.
Preliminary experiments with the standard tissue sam-
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ples (MODAS-3 Herring Tissue and MODAS-5 Cod
Tissue) showed that the presence of HCI during auto-
clave decomposition does not impair the correctness
of the determination of all of the certified elements.

Reagents and laboratory glassware. We used deion-
ized water with a resistivity of 18.2 MQ cm and solu-
tions of single- and multi-element standards (High-
Purity Standards, United States). During autoclave
decomposition of the samples, concentrated nitric
acid (HNO; content 65%, max. 0.0000005% Hg, GR,
and ISO) and hydrochloric acid were used. Solutions
were stored in glass volumetric flasks with a ground
stopper in accordance with GOST (State Standard)
1770-74 in 15- and 50-mL disposable polyethylene
tubes (Labcon, United States; and Deltalab, Spain).
All glassware was previously soaked in 5% HNO;, for at
least 4—5 days and washed with deionized water before
use.

Equipment. Autoclave decomposition of the sam-
ples was carried out in a system of autoclave opening (a
development of the Institute of Microelectronic Tech-
nology and Ultra-High-Purity Materials of the Rus-
sian Academy of Sciences), which is a continuation of
the well-proven MKP-05 NPVF system manufactured
by ANKON-AT-2 (Russia). The system allows
heating of Teflon reaction chambers of a volume of
30 cm® to a maximum temperature of 240°C and a
pressure of 20 MPa (200 bar). The thermostat block
for six autoclaves is equipped with two independent
thermocouples and an automatic control unit based
on TRM-251 programmable PID temperature con-
troller (OVEN-K, Russia). The control unit makes it
possible to perform a five-stage program for thermo-
stat heating, at each step of which the temperature,
heating time, and temperature holding time are set.

Mass-spectral determination of the elements was
carried out using an X-7 quadrupole mass spectrome-
ter (Thermo Scientific, United States) with the fol-
lowing operating parameters: an output power of the
generator of 1300 W, a set of standard nickel cones, a
PolyCon concentric nebulizer, a quartz conical spray
chamber cooled to 3°C, a flow rate of the plasma-
forming argon flow of 13 L/min, a flow rate of the
argon auxiliary flow of 0.9 L/min, an argon flow rate
in the nebulizer of 0.95 L/min, a sample flow rate of
0.8 mL/min.

Autoclave decomposition of the samples was carried
out in batches consisting of five samples with a mass
ranging from 100—200 mg and one control sample.
Samples were placed in Teflon reaction chamber of
autoclaves; 1 mL of HNO; and 0.2 mL of HCI were
added and the chambers were closed with lids and
sealed in titanium enclosures of autoclaves. The auto-
claves were placed in an electric heater and heated at
160°C (1 h), 180°C (1 h), and 200°C (0.5 h). After
cooling, the autoclaves were opened, the resulting
solution was transferred to polyethylene tubes, 0.1 mL
of an indium solution at a concentration of 1 mg/L
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(the internal standard for ICP-MS measurements)
was added, and the volume of the solution was
adjusted to 10 mL with deionized water. Solutions
from Teflon chambers in which the procedures
described above were performed without a sample
were used as the control.

Processing of results. Calculation of areas under
the pharmacokinetic curves (.5) was carried out using
the trapezium method: each consecutive pair of points
on the graph forms a trapezoid. The area under the
entire graph was calculated by summing the areas of all
trapezoids. Illustrations were performed in the R pro-
gram using the ggplot2 package [29].

RESULTS

Pharmacokinetic curves that characterize the dis-
tribution of aurumacryl in animals with Lewis carci-
noma are shown in Fig. 2.

Analysis of these dependencies indicates that after
intraperitoneal extravascular injection, aurumacryl
was detected in 30 min in the bloodstream, the tumor,
and the examined organs (liver, kidneys, lungs, and
spleen) of the animals, where it was observed during
48 h of the experiment.

‘We note that the concentration of gold in the stud-
ied tissues in control mice that did not receive auru-
macryl is less than 0.006 pg/g.

As can be seen from the data (Fig. 2, Table 1), the
maximum concentration of gold (C,,,,) was observed
in the blood plasma 3 h after intraperitoneal injection
of aurumacryl (Fig. 2a); in the tumor and lungs, after
4 h (Figs. 2b and 2e, respectively); and in the liver, kid-
neys, spleen, and brain, 24 h after drug administration
(Figs. 2c, 2d, 2f, and 2g, respectively).

The values of the minimum concentration of gold
(Cpnin) recorded 48 h after drug administration indicate
the duration of the residence of aurumacryl in the
studied tissues and allow qualitative comparison of the
rates of drug excretion from them. As can be seen, the
C..;, indicator increases in the following sequence for
organs and tumors: blood plasma —> lungs —>
spleen —> tumor —> liver —> kidneys, which indicates
an increase in the time of residence of the drug in the
tissues in this sequence (Fig. 2, Table 1).

A cumulative pharmacokinetic indicator, namely,
the area under the pharmacokinetic curve (.5), which
makes it possible to evaluate the bioavailability of the
tissues of various organs and tumors for aurumacryl, is
shown by the data presented in Fig. 3 and Table 1.

In accordance with the values of this integral indi-
cator of organ bioavailability for aurumacryl, the
increase in gold content in various tissues occurs in the
following sequence: brain —> blood plasma —> lungs
—> gpleen —> tumor —> liver —> kidneys (Fig. 3,
Table 1).
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Fig. 2. The kinetics of change in the gold content in (a) blood plasma, (b) tumor, (c) liver, (d) kidney, (e) lungs, (f) spleen, and
(g) brain in mice with Lewis lung carcinoma after a single intraperitoneal injection of aurumacryl at a dose of 100 mg/kg.
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Table 1. The pharmacokinetic parameters of aurumacryl distribution in animals with Lewis lung carcinoma (intraperitoneal

injection at a dose of 100 mg/kg)

Tissue samples Crnax> M8/8 Tnaxs D Chnin™,> Ug/g S, ug/(g h) RB factor
Blood plasma 15.6 3 0.9 88.1 —
Tumor 13.6 4 9.2 522,8 5.93
Liver 14.5 24 13 602.2 6.83
Kidneys 129.0 24 90 5099 57.87
Lungs 14.0 4 3.5 372.6 4.23
Spleen 13.1 24 7.2 452.1 5.13
Brain 0.36 24 - 6.8 0.08

* The minimum values of gold concentration recorded 48 h after aurumacryl administration.

It is noteworthy that aurumacryl was detected in
extremely low concentrations in the brain; the order of
magnitude was lower than the concentration recorded
in plasma (Figs. 2 and 3, Table 1). Such a low gold
content in the brain tissues indicates that the drug is
not able to overcome the blood—brain barrier.

Thus, these data indicate the preferential accumu-
lation of the drug in the kidneys with a relatively uni-
form distribution of aurumacryl between the tissues of
the tumor, liver, lungs, and spleen.

The relative bioavailability (RB) factor of tissues of
various organs and tumors for aurumacryl, which is
defined as the ratio between the areas under the curves
for the organ (.5,) under examination or the tumor and
blood (S,): RB = §,/8,, also indicates the predomi-
nant accumulation of aurumacryl in the kidneys.

The value of the RB factor for the kidneys is an
order of magnitude higher than for all other organs
(liver, lungs, and spleen) and tumors (Fig. 2, Table 1).

The observed high bioavailability of the kidneys to
aurumacryl indicates a definite tropism of the drug to
the kidney tissues and suggests that the kidneys may be
a potential target of both the antitumor and toxic
effects of the drug.

At the same time, it seems appropriate to note that
nephrotoxicity is one of the main undesirable toxic
side effects of antitumor drugs of the platinum group,
which limits their use [1].

The selective accumulation in the kidneys that was
found when studying the pharmacokinetics of nitrul-
line, a chemotherapeutic agent that belongs to the
group of alkylnitrosoureas, was subsequently reflected
in the manifestation of its nephrotoxicity, as revealed
during clinical trials of the drug [30].

It should be mentioned that another drug of the
class of alkylnitrosoureas, methylnitrosourea, which is
one of the most efficient agents in the chemotherapy
of lung tumors showed a high tropism to the tissues of
the lungs in an experimental study of its pharmacoki-
netics [30].

When considering the data on the bioavailability of
aurumacryl for the tumor, it should be noted that the
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drug was detected in a subcutaneously developing
tumor almost simultaneously with the entry of the
substance into the blood after extravascular intraperi-
toneal administration; it was recorded at the maxi-
mum concentration after 3 hours and it remained in
tumor tissues at a concentration close to the maximum
one during the entire observation period of 48 h
(Fig. 1, Table 1).

As mentioned earlier, the relative bioavailability of
the tumor to aurumacryl is approximately the same as
for the other studied organs (with the exception of the
kidneys with the highest RB index and the brain with
the lowest RB factor). However, numerically, the RB
factor for the tumor (5.93) is slightly higher than the
RB values found for the spleen (5.13) and the lungs
(4.23), but lower than the RB value recorded for the
liver (6.83) (Fig. 2, Table 1).

The established value of the RB coefficient of the
tumor for aurumacryl corresponds to the values of this
index for a number of other antitumor drugs, which
vary in the range from 1.6 to 10.5 [30].
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Fig. 3. The areas under the pharmacokinetic curves (5)
that characterize the bioavailability of the tumor
and organs of animals with Lewis lung carcinoma for auru-
macryl.
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Thus, the study of the distribution of the potential
antitumor agent aurumacryl in the body of tumor-
bearing animals (Lewis lung carcinoma) made it pos-
sible to establish that aurumacryl, after intraperitoneal
injection, enters the bloodstream, organs (liver, kid-
neys, lungs, and spleen) and the tumor, where it was
found throughout the 48-h observation period.

DISCUSSION

Investigation of the pharmacokinetics of new phar-
maceutical agents is a mandatory step in their study,
which is important for the development of optimum
modes and regimens of application of drugs, as well as
for understanding the mechanisms of their action.

The pharmacokinetics of gold-containing com-
pounds with antitumor activity had not been studied.

The exception is auranofin, whose pharmacokinet-
ics were determined during study of this compound as
an anti-rheumatoid agent that exhibits an anti-inflam-
matory effect. It was shown that auranofin used at a
daily dose of 6 mg is absorbed from the gastrointestinal
tract at 25%, while 60% of the drug binds to blood
plasma proteins. Auranofin undergoes rapid metabo-
lism in the liver and is practically not determined in an
unchanged form in the blood. The equilibrium con-
centration of the drug in the blood is 68 pg/mL; it is
achieved 3 months after the start of treatment. The
elimination half-life (¢, ,) of the drug from the blood is
21-31 days and 42—128 days from the tissues of
organs. Most of the auranofin (approximately 60%) is
excreted through the kidneys with urine; the rest is
excreted with bile.

The pharmacokinetics of auranofin in humans was
also studied during the first phase of clinical trials of
the drug as an antiparasitic agent. The study included
15 healthy volunteers who received the drug orally at
6 mg per day for 7 days. The contents of the drug in
blood plasma and feces were determined by detection
of gold using an ICP-MS method similar to that used
in our study. The average maximum concentration of
gold (C,,) in the blood on the 7th day was
0.312 mg/mL; elimination half-life (7,,), 35 days.
After the first day, gold was not detected in feces; on
the 7th day the average concentration of gold was
8.8 mg/g, from which it was calculated that ~64% of
the administered dose was excreted with feces in 7 days
[31].

Our study of the pharmacokinetics of aurumacryl
(containing trivalent gold polyacrylate) showed that
aurumacryl is absorbed from the abdominal cavity and
enters the bloodstream. In the examined organs (liver,
kidneys, lungs, and spleen) and tumors, gold was
detected 30 min after intraperitoneal administration
and continued to be determined during the 48 h of the
observation.

Analysis of the data we obtained shows that an
approximately uniform distribution of gold between
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tissues of the tumor, liver, and spleen occurred. The
elimination of gold from the lungs is faster than from
the tumor and other organs. Attention is given to the
significantly greater accumulation of gold in the kid-
ney tissue, which can be interpreted as the fact that the
drug is excreted from the body mainly with urine. The
very low gold content in the brain tissue obviously
indicates the impossibility of penetration of the poly-
mer agent through the blood—brain barrier.

The study of the drug metabolism in the body,
along with the identification of active metabolites and
pathways of their interaction with biomacromolecules,
are of great importance for understanding the mecha-
nisms of their action. Gold polyacrylate, as an effec-
tive haemostatic, has a high specificity of interaction
with the albumin molecule and forms an interpolymer
complex [32]. It can be assumed that in tumor-bearing
animals after entering the bloodstream aurumacryl
binds to blood serum albumins and enters the tissues
as a complex with albumin, where further interaction
of this complex with intracellular macromolecules
occurs. Obviously, the processes of biodegradation
and aurumacryl metabolism should be the subject of
special studies.

No selective accumulation of metal in any of the
studied tissues or noticeable lesion of any organ,
including the kidneys, was found during the toxicolog-
ical study of dithiocarbonate complexes that contain
trivalent gold [5].

The data obtained in the present work on the distri-
bution of gold in tumor-bearing animals after admin-
istration of aurumacryl should be considered in a spe-
cial in-depth preclinical toxicological study of the
agent.

In considering the possible mechanisms of the
antitumor activity of gold-containing agents, we note
that the characteristic chemical properties of these
compounds, which are caused by the gold atom, deter-
mine their particular pharmacological profile and
mechanism of action.

The experimental results obtained thus far indicate
that the mechanism of action of gold-containing
agents is different from that of most known antitumor
agents, including cisplatin derivatives. According to
the available data, DNA is not the main and exclusive
target for the cytotoxic effect of these compounds,
in contrast to the targeting of platinum preparations
[12—14].

A number of cellular proteins that can play a role in
tumor growth are indicated as the most likely targets
for the antitumor effect of gold preparations [11].

As shown in a number of studies, one of the targets
for gold-containing compounds is the “thioredoxin—
thioredoxin reductase” system that regulates the level
of reactive oxygen species in the cytosol and mito-
chondria. The inhibition of mitochondrial thiore-
doxin reductase that is induced by gold-containing
compounds leads to an increase in the level of mito-

BIOPHYSICS  Vol. 63

No. 3 2018



AN EXPERIMENTAL STUDY OF THE PHARMACOKINETICS

chondrial reactive oxygen species in the mitochon-
dria, a violation of the permeability of mitochondrial
membranes, and release of cytochrome ¢ and the
apoptosis-inducing factor into the cytosol, which
results in apoptotic cell death via the mitochondrial
pathway. Selective inhibition of thioredoxin reductase
activity is caused by the high affinity of gold for sele-
nium, which is part of the active site of this enzyme
with the formation of Au—Se bonds [15, 18, 33, 34].

Based on such ideas, it is possible to consider gold-
containing compounds as a new group of potential
antitumor drugs with a pro-oxidant effect.

Other possible mechanisms of the antitumor effect of
these compounds have been observed in a number of
experiments, among which are inhibition of proteasome
26S, influence on proteins involved in apoptosis, DNA
intercalation, influence on the topoisomerase I-medi-
ated untwisting of the DNA strands, and an anti-angio-
genic effect [10, 11, 13, 35-39].

These issues show that gold-containing com-
pounds are potential antitumor agents with a multitar-
get mechanism of action that has been investigated
[40, 41].

CONCLUSIONS

The distribution of aurumacryl in the body of
tumor-bearing animals after intraperitoneal injection
at a dose of 100 mg/kg on day 7 of the development of
Lewis lung carcinoma was studied.

The determination of aurumacryl in the tumor and
organs (blood, liver, kidneys, lungs, spleen, and brain)
of mice was carried out for 48 h by measuring the gold
content in the test tissues using the ICP-MS method.

It was found that 30 min after intraperitoneal extra-
vascular injection, the agent was observed in the
bloodstream, tumor, and the test organs (liver, kid-
neys, lungs, and spleen) of animals, where it was
detected during the entire 48-h observation period.

The maximum concentration of gold was observed
in the blood plasma 3 h after the drug administration;
in the tumor and lungs, in 4 h; in the liver, kidneys,
spleen, and brain, in 24 h.

It was shown that the area under the pharmacoki-
netic curve, which characterizes the bioavailability of
tissues of various organs and tumors for aurumacryl,
increases in the following sequence: brain — blood
plasma — lungs — spleen — tumor — liver — kid-
neys.

The parameter of the relative bioavailability of the
tumor to aurumacryl is approximately at the same
level as for the other studied organs (with the excep-
tion of the kidneys, with the highest RB index, and the
brain, with the lowest RB index). However, the RB
index for the tumor is numerically somewhat higher
than the RB values found for the spleen and lungs, but
slightly inferior to the RB value registered for the liver.
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These data indicate the preferential accumulation
of the drug in the kidneys, with an extremely low gold
content in the brain and a relatively uniform distribu-
tion of aurumacryl between the tissues of the tumor,
liver, lungs, and spleen.
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