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A stable preparation of agaricinic acid nanoparticles was obtained. The mean hydrodynamic 
size of nanoparticles according to photon correlation spectroscopy was 200 nm and zeta 
potential was -57 mV. Cytotoxic activity of agaricinic acid nanoparticles against human 
HepG2 hepatoma cells was evaluated. Nanoparticles with a low concentration of agaricinic 
acid stimulated and with high concentration — suppressed metabolic activity and viability of 
hepatoma cells. The EC50 for the stimulating effect was 32.8 µg/ml, and the IC50=602.1 mg/
ml. The preparation of agaricinic acid nanoparticles can be used in medicine as a potential 
antitumor agent.
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The fruiting bodies of basidiomycete Fomitopsis offi-
cinalis, along with other biologically active substanc-
es, contain agaricinic acid; biological activity of this 
substance is still poorly studied [13]. In early studies, 
the inhibitory effect of agaricinic acid on lipid me-
tabolism and steroid biosynthesis was described [11]. 
Agaricinic acid can also affect permeability of large 
Ca2+-dependent mitochondrial permeability transition 
pore (mPTP) that plays an important role in calcium 
exchange between the mitochondria and cytoplasm 
[2,4,6]. A key component of mPTP supplying ADP 
to the mitochondria is adenine nucleotide translocase 
(ANT) that acts as an ATP/ADP antiporter. Disruption 
of ANT function can lead to cessation of ATP synthe-
sis in mitochondria and energy starvation of the cell 
[7,10]. Agaricinic acid binds to ANT through the ci-

trate part of the molecule, while the aliphatic sequence 
C16H33 (Fig. 1) stabilizes its binding by anchoring in 
the phospholipid bilayer of the mitochondrial mem-
brane [6]. By acting in this way, agaricinic acid induc-
es pore opening in the inner membrane, which leads 
to Ca2+ release from the mitochondria, a drop in the 
membrane potential, massive influx of water and ions 
into the mitochondrial matrix, mitochondrial swelling, 
and rupture of the outer membrane. As a result, proteins 
that initiate the process of apoptosis, can be released 
from mitochondria [3,12,15]. The mechanism of the 
modulating effect of agaricinic acid on the mitochon-
drial pore can be more complex. It was demonstrated 

Fig. 1. Molecular structure of agaricinic (2-hydroxy-1,2,3-non-
adecanetricarboxylic) acid.
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that although N-ethylmaleimide inhibits agaricinic acid-
induced pore opening, it does not affect the adenine 
nucleotide exchange performed by ANT [5].

Compounds modulating activity of the mitochon-
drial pore are now considered as the basis for the de-
velopment of new promising drugs for the treatment 
of cancer, coronary heart disease (CHD), neurode-
generative diseases, etc. [8,9,14]. Thus, due to the 
important role of agaricinic acid as mPMP modula-
tor stimulating its opening and subsequent induction 
of apoptosis, this compound can be considered as a 
promising agent for the treatment of cancer and other 
diseases associated with impaired functional activity 
of mitochondrial pore.

The molecule of agaricinic acid, like phospholi
pids and fatty acids, is amphiphilic because it consists 
of a polar (three carboxyl groups) and non-polar parts 
(long hydrocarbon chain C16H33; Fig. 1). This molecu-
lar structure explains some features of the functional 
activity of agaricinic acid and attests to its low water 
solubility, which prevents full-scale study of its bio-
logical activity.

We studies the effect of agaricinic acid on HepG2 
tumor cells. For studying agaricinic acid activity in 
biological media, a preparation of its nanoparticles 
was previously obtained.

MATERIALS AND METHODS
Agaricinic acid (2-hydroxy-1,2,3-nonadecane-tricar-
boxylic acid), PBS, glycerin, Sephadex G-50 (Sigma 
Chemicals Co.), arabinogalactan (Fluka) were used. 
All other reagents used in the study were of analyti-
cal grade.

To obtain nanoparticles, 50 mg agaricinic acid 
was added to a solution containing 1.5 ml 96% etha-
nol and DMSO. The solution was heated on a wa-
ter bath until complete dissolution of agaricinic acid. 
Then, a 10-fold excess of an aqueous solution of the 
same temperature containing glycerin was added with 
vigorous stirring. The resulting mixture was cooled 
to 20°C with stirring, sonicated for 10 min using an 
Misonix sonicator S-4000 ultrasonic disintegrator and 
the nanoparticles were purified by gel filtration on a 
Sephadex G50 column. After measuring the concen-
tration of agaricinic acid, the purified preparation was 
used in further experiments.

Particle size and zeta-potential were measured 
by dynamic light scattering method, or photon cor-
relation spectroscopy, using Photocor Compact equip-
ment (scattering angle 90°, laser 654 nm, 30 mW). The 
measurements were carried out at 25°С, the time of 
correlation functions accumulation was 60 sec.

Identification and determination of the concentra-
tion of agaricinic acid in the samples was carried out 

using reverse-phase HPLC. The samples were dis-
solved in 1 ml ethanol, stirred, centrifuged, and 20 ml 
of the supernatant were collected for HPLC analysis. 
The analysis was performed using an Agilent Technol-
ogies 1260 Infinity chromatograph with a C18 column 
for reverse phase chromatography at a flow rate of  
1 ml/min. The mobile phase consisted of a mixture 
of acetonitrile and trichloroacetic acid (0.1% vol.). 
The eluate from the column was monitored at a wave-
length of 206 nm. The retention time of the agaricinic 
acid contained in the samples on the reverse phase 
column was identical to the retention time of its stan-
dard sample. The concentration of agaricinic acid in 
the samples was determined according to a calibration 
curve constructed using a standard sample.

Evaluation of cytotoxic activity of agaricinic acid 
nanoparticles was carried out on a HepG2 human hep-
atoma cell culture (ATCC HB8065) obtained from the 
cryostorage of the Common Use Centre “Regenerative 
Medicine” of the I. M. Sechenov First Moscow State 
Medical University. Before use in the analysis, HepG2 
cells were thawed and passaged. Cells were cultured 
in DMEM/F-12 (Gibco) medium supplemented with 
5% fetal calf serum (Gibco), 100 U/ml penicillin and 
100 mg/ml streptomycin (Gibco) in an incubator at 5% 
CO2 and 37°C.

The effect of agaricinic acid nanoparticles on 
metabolic activity of HepG2 cells was analyzed us-
ing phase-contrast microscopy and colorimetric MTT 
test (Sigma-Aldrich) [1]. HepG2 cells were seeded in 
a 96-well plate (1.5×104 cells per well) and left for 
12 h for adhesion. Then, the preparation of agaricinic 
acid nanoparticles was added in final concentrations 
of 2-1000 mg/ml. All measurements were carried out 
in 8 replicates. Negative control of cytotoxicity were 
cells incubated in the absence of the test substance 
(n=8). After 48 h of cultivation, in order to assess the 
morphology of the cells, their images were obtained 
in phase contrast using TE 2000-U Eclipse inverter 
microscope (Nikon) and an MTT analysis was per-
formed. To this end, the medium was removed, 0.48 
mM MTT reagent was added in a volume of 250 ml 
per well, and the plates were incubated for 4 h. Then, 
the supernatant was removed and the resulting forma-
zan crystals were dissolved in 150 ml DMSO (Sigma). 
Absorbance was measured at λ=540 nm (A540) on a 
Multiskan FC plate photometer (Thermo). The back-
ground value was measured in a sample containing the 
reagent and nutrient medium. Cell viability after incu-
bation with agaricinic acid nanoparticles was calcu-
lated by the formula: [А540(sample)-А540(background)/
А540(control)-А540(background)]×100%.

Statistical analysis was performed using Graph-
Pad Prism 7.00; Gaussian distribution was verified by 
the Shapiro—Wilk test. Non-linear regression model 
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was used to calculate the half-maximal effective con-
centration (EC50). The results are presented as M±SD. 
The differences were significant at p<0.05.

RESULTS
The mean size of the obtained nanoparticles of aga
ricinic acid was 200 nm. The nanoparticle preparation 
was a stable aqueous suspension (zeta potential -57 
mV) without signs of precipitation for at least a month.

According to MTT test, agaricinic acid nanopar-
ticles at low concentrations in the culture medium (from 
2 to 62.5 mg/ml) had a weak stimulating effect on the 
viability of HepG2 tumor cells, while at higher con-

centrations (from 250 to 1000 mg/ml), they pronounced 
an inhibitory effect (Fig. 2). EC50 for the stimulating 
effect was 32.8 µg/ml, and IC50=602.1 mg/ml.

The effect of agaricinic acid nanoparticles on 
HepG2 tumor cells was studied using phase-contrast 
microscopy (Fig. 3). On phase-contrast images of 
HepG2 cells obtained after 48-h culturing with the 
tested concentrations of nanoparticles, no obvious 
changes in cell morphology in comparison with the 
control cells (without the addition of nanoparticles) 
were seen at low concentrations of the preparation 
in the incubation medium (31.3 mg/ml and 62.5 mg/
ml): the cells were evenly spread on plastic. At higher 
concentrations (250, 500 and 1000 mg/ml), gradual 
changes in cell morphology and a decrease in cell 
density were observed, which is consistent with the 
MTT test data and may indicate a cytotoxic effect of 
agaricinic acid nanoparticles. Thus, suppression of 
tumor growth was achieved only at high concentra-
tions of agaricinic acid nanoparticles, which can be 
due to the damaging effect of nanoparticles character-
ized by high free energy of surface atoms on cellular 
structures, and, to a lesser extent, due to the release 
of poorly soluble agaricinic acid from nanoparticles 
inside the cell. The cytotoxic effect of free agaric-
inic acid can be associated with its action on elements 
of the mitochondrial pores, leading to destabilization 
and rupture of the mitochondrial membrane with the 
subsequent release of cytochrome c and triggering of 
apoptotic cell death [15].

Agaricinic acid is characterized by low solubility 
in biological fluids, which is a serious obstacle to the 
study of its biological activity and the search for ways 
of its practical application. Our experiments demon-

Fig. 2. The two-phase curve of the dependence of HepG2 tumor 
cell viability on the concentration of agaricinic acid nanoparticles 
in the culture medium (MTT test data). Dashed lines show the 
half-maximum effective concentration of stimulation (EC50) and 
inhibition (IC50) of HepG2 cell viability.

Fig. 3. HepG2 cells after 48-h incubation in the presence of various concentrations of agaricinic acid nanoparticles. Phase-contrast 
microscopy.
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strated the possible of obtaining and using stable aque-
ous nanosuspension of agaricinic acid for evaluation 
of its cytotoxic and, possibly, other activities. Further 
studies will help to determine the place of agaricinic 
acid among biologically active compounds used in the 
biomedical field.

This work was supported by the Russian Aca-
demic Excellence Project 5-100.

REFERENCES
	 1.	Adan A, Kiraz Y, Baran Y. Cell proliferation and cytotoxicity 

assays. Curr. Pharm. Biotechnol. 2016;17(14):1213-1221.
	 2.	Bravo-Sagua R, Parra V, López-Crisosto C, Díaz P, Quest AF, 

Lavandero S. Calciumt and signaling in mitochondria. Compr. 
Physiol. 2017;7(2):623-634.

	 3.	Crompton M. On the involvement of mitochondrial intermem-
brane junctional complexes in apoptosis. Curr. Med. Chem. 
2003;10(16):1473-1484.

	 4.	De Stefani D, Rizzuto R, Pozzan T. Enjoy the trip: cal-
cium in mitochondria back and forth. Annu. Rev. Biochem. 
2016;85):161-192.

	 5.	García N, Pavón N, Chávez E. The effect of N-ethylmaleimide 
on permeability transition as induced by carboxyatractyloside, 
agaric acid, and oleate. Cell Biochem. Biophys. 2008;51(2-
3):81-87.

	 6.	García N, Zazueta C, Pavón N, Chávez E. Agaric acid induces 
mitochondrial permeability transition through its interaction 
with the adenine nucleotide translocase. Its dependence on 

membrane fluidity. Mitochondrion. 2005;5(4):272-281.
	 7.	Halestrap AP, Brenner C. The adenine nucleotide translocase: 

a central component of the mitochondrial permeability tran-
sition pore and key player in cell death. Curr. Med. Chem. 
2003;10(16):1507-1525.

	 8.	Jia P, Liu C, Wu N, Jia D, Sun Y. Agomelatine protects against 
myocardial ischemia reperfusion injury by inhibiting mito-
chondrial permeability transition pore opening. Am. J. Transl. 
Res. 2018;10(5):1310-1323.

	 9.	Kalani K, Yan SF, Yan SS. Mitochondrial permeability transi-
tion pore: a potential drug target for neurodegeneration. Drug 
Discov. Today. 2018;23(12):1983-1989.

10.	Liu Y, Chen XJ. Adenine nucleotide translocase, mitochondrial 
stress, and degenerative cell death. Oxid. Med. Cell Longev. 
2013;2013. ID 146860. doi: 10.1155/2013/146860

11.	Newton RS, Freedland RA. The effects of specific lipogenic 
substrates and metabolic inhibitors on de novo fatty acid syn-
thesis in isolated hepatocytes from chow-fed female rats. Arch. 
Biochem. Biophys. 1980;204(1):379-386.

12.	Orrenius S, Gogvadze V, Zhivotovsky B. Calcium and mito-
chondria in the regulation of cell death. Biochem. Biophys. 
Res. Commun. 2015;460(1):72-81.

13.	Sidorenko ML, Semal VA. Production of submerged mycelium 
of Laricifomes officinalis (Vill) Kotl. et Pouzar. World Appl. 
Sci. J. 2013;23(5):685-689.

14.	Suh DH, Kim MK, Kim HS, Chung HH, Song YS. Mito-
chondrial permeability transition pore as a selective target for 
anti-cancer therapy. Front. Oncol. 2013;3. ID 41. doi: 10.3389/
fonc.2013.00041

15.	Wang C, Youle RJ. The role of mitochondria in apoptosis. 
Annu. Rev. Genet. 2009;43:95-118.

O. I. Gudkova, A. G. Demchenko, et al.


	ABSTRACT
	MATERIALS AND METHODS
	RESULTS
	REFERENCES

