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Abstract Keywords

Glycyrrhizin or glycyrrhizic acid (GA) - triterpene glycoside extracted from licorice root - has
been intensively studied over the past decade and is considered to be a potential drug delivery
system. Glycyrrhizin was found to enhance the therapeutic effect of various drugs; however the
detailed mechanism of these effects is still unknown and attracts the attention of researchers.
In this work, we have made an attempt to clarify the mechanism of Glycyrrhizin activity on
molecular and cellular level. The influence of GA on the functional properties of biomembranes
was investigated via NMR spectroscopy and atomic force microscopy (AFM) using human
erythrocytes as a model system. GA was shown to increase the permeability (about 60%) and to
decrease elasticity modulus of cell membranes (by an order of magnitude) even in micromolar
concentrations. Changes on the erythrocyte surface were also detected by AFM. These results
could provide a new insight on the mechanism of bioavailability enhancement of some drugs
in the presence of glycyrrhizin, as well as the mechanism of its own biological activity. The role
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of cholesterol-glycyrrhizin binding in the observed effects is also discussed.

Introduction

During the past decade, there has been a significant growth
of publications devoted to the physicochemical studies of
drugs supramolecular complexes (Jain, 2008). Some novel
drug carriers or drug delivery systems (DDSs) enhance drug
solubility and moreover improve its therapeutic activity. One
example of such a compound is glycyrrhizin (or glycyrrhizic
acid; GA; Figure 1) — a triterpenoid saponin extracted from
licorice root. GA has a wide range of biological activity and
is widely used for prevention and treatment of different
diseases: influenza, stomach and duodenal ulcers, liver
disease, eczema, dermatitis, asthma, etc. (Pompei et al.,
1983; Utsunomiya et al., 1997; Saeedi et al., 2003; Asl &
Hosseinzadeh., 2008). According to recent studies, GA also
induces apoptosis of cancer cells and inhibits cancer genesis
and the growth of tumors (Hibasami et al., 2006; Nafisi
et al., 2012). Moreover, there are various examples of GA’s
influence on cholesterol biosynthesis and triglyceride levels
(Novikov et al., 1992; Maurya & Srivastava, 2011).

In addition to its own biological activity, there are lots of
experimental data on GA’s ability to enhance the bioavail-
ability of other drugs (Tolstikova et al., 2009; Polyakov &
Leshina, 2011). Along with the increased solubility of many
hydrophobic pharmaceutical compounds in the presence of
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GA, there is a significant enhancement of their therapeutic
action, and in some cases, even changing of the mechanism
of their activity (Ragino et al., 2008; Vavilin et al., 2008;
Tolstikova et al., 2009; Polyakov & Leshina, 2011; Polyakov
et al.,, 2013). However, the molecular mechanism of GA’s
biological activity and the enhancement of various drugs
bioavailability in the presence of GA are still under debate.
In order to clarify the contribution of GA to drug activity,
different physicochemical studies of the GA solutions
properties have been made during past decade. First, GA
was found to be able to form stable complexes with organic
molecules (Kornievskaya et al., 2007a, Kornievskaya et al.,
2007b; Polyakov & Leshina, 2011). In addition, due to its
amphiphilic character (Figure 1), glycyrrhizin exhibits proper-
ties typical for micelle-forming substances (James &
Stanford, 1962; Gilbert & James, 1964; Azaz & Segal,
1980; Romanenko & Murinov, 2001; Kornievskaya et al.,
2007a, Kornievskaya et al., 2007b; Yakovishin et al., 2012).
The structure of glycyrrhizin self-associates is dependent on
its concentration and the acidity of the solution. At low
concentrations (1075—1073 M), GA mainly forms a dimer,
whereas at high concentrations (greater than 107> M), it
forms large micelle-like aggregates (Kornievskaya et al.,
2007a, Kornievskaya et al., 2007b) .

The increase in drugs bioavailability in the presence of
GA is suggested to be caused by the inclusion complexes
formation of these compounds with GA aggregates. To
determine the contribution of complex formation with GA
to the therapeutic effect of different compounds,
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Figure 1. The structure of glycyrrhizic acid.

physicochemical and pharmaceutical studies of such com-
plexes were conducted (Vavilin et al., 2008; Tolstikova et al.,
2009; Polyakov & Leshina, 2011). The formation of ‘‘host—
guest’’ type inclusion complexes of GA dimers and micelles
with a number of drugs was confirmed by various physical
methods, in particular, optical and magnetic resonance
spectroscopy (Polyakov & Leshina, 2011) and mass-spectros-
copy (Borisenko et al., 2013). The stability constants of GA
complexes (10°~10° M~ ") are one or two orders of magnitude
higher than the corresponding typical values for inclusion
complexes of cyclodextrins (102—103 M_l) (Loftsson &
Duchene, 2007). This allows one to use a much lower carrier
concentration for drug delivery. Several animal studies have
shown, in particular, that the complexes of phenibutum —
nootropic and tranquilizing drug — with GA shows a similar
effect at a dose reduced by 16 times (Tolstikova et al., 2009).
In addition, this complex enhances mnemonic ability of
animals and reduces the side effects of phenibutum, namely
drowsiness and allergic reactions. At the same time, the
toxicity of the drug decreases by a factor of 1.7, and the
therapeutic index increases by a factor of 17 (Tolstikova
et al., 2009). Similar effects were observed for GA complexes
with other classes of drugs (Nafisi et al., 2012).

However, these facts do not allow us to establish the
mechanism of GA action in vivo at the molecular and cellular
level. To answer the main question of how it works, we are
going to fill the gap between model physicochemical studies
in solution and pharmacological studies in vivo. Earlier, we
have suggested that the mechanism of GA activity might be
partially related to the glycyrrhizin influence on the proper-
ties of cell membranes (Gluschenko et al., 2011), in particu-
lar, via extraction of membrane cholesterol. Cholesterol is a
natural lipophilic alcohol, component of cell membranes,
which affects their fluidity. In that study, the fact of GA-
cholesterol complex formation was established (Gluschenko
et al., 2011). Therefore, the aim of this work was the study of
the effects of GA on the functional and mechanical properties
of cell membranes. Human erythrocytes were chosen as the
model for this study, since these cells are most accessible and
relatively resistant to external influences. In particular, we

Drug Deliv, Early Online: 1-8

have investigated the effect of GA on the erythrocyte
membrane elasticity, the structure of cell surfaces, as well
as on the penetration rate of a model molecule (sodium
formate) across the membrane.

Methods
Atomic force microscopy

The red blood cells (RBCs) surface study could be made both
on air and in liquid. The observation of RBC surface in the
liquid by atomic force microscopy (AFM) is possible, but
fraught with technical difficulties. When membrane elasticity
is measured by AFM, there is only vertical force between
RBCs surface and AFM-tip. This force is weak and RBCs are
not removed from the glass surface. In the case of RBCs
surface visualization, there are lateral forces and RBCs are
removed from the glass surface. Drying the erythrocytes does
not alter the structure of their membranes (Zhang et al., 1995;
Takeuchi et al., 1998). Possible changes of erythrocyte shape
do not affect the results of the experiment, as we study the
effect of GA on the surface structure. Moreover, the reprodu-
cibility of the results indicates that the observed changes in the
surface structure are not drying effects. Furthermore, a study of
the dry sample results in higher resolution than scanning in the
liquid (Zhang et al., 1995; Takeuchi et al., 1998). Therefore,
in this work, the surfaces of RBCs were investigated in air,
while elasticity measurements were carried out in liquid.

Blood samples were prepared in phosphate-buffered saline
with pH ~ 7.3, containing 0.137 M NaCl and 0.0027 M KCl
produced by ‘‘Biolot’’. Samples were then centrifuged three
times (3000 g, 5min) with the serum substitution by buffer
solution (Himmelreich et al., 1999). Extracted RBCs were
placed in the same buffer solution with different GA
concentrations and kept there for an hour. Then they were
centrifuged again, and the smear of sediment erythrocytes was
applied to a glass slide to study the membrane structure.

The measurements of membrane elasticity were carried out
in liquid. Blood samples for these experiments were prepared
in the manner described above, cells were immobilized on
glass coated with poly-I-lysine (Thermo, Dreieich, Germany)
for 10 min and placed in a buffer solution with various GA
concentrations, where the samples were incubated for 20—
30 min. Binding a cell to a surface with polylysine is often used
in elasticity measurements by AFM (Maciaszek et al., 2011).
All measurements were performed using an atomic force
microscope Solver P47 Bio (Zelenograd, Russia), manufac-
tured by NT-MDT. We applied the contact AFM probes with a
tip radius of about 20 nm and a force constant 0.003-0.13 N/m.
The same AFM probe was used in each experiment.

NMR relaxation experiments

Sodium formate was used as the perfect model compound for
studying the exchange rate through the membrane by "H NMR
spectroscopy, due to its appearance in the spectrum as a single-
line well separated from the signals of other cellular com-
pounds. All measurements were performed using standard
software for NMR spectrometer, Bruker DPX-200 (Bruker
BioSpin GmbH, Germany). The measurements were per-
formed in a buffer solution (D,O, 5mM HEPES, 150 mM
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NaCl, KOD added to pH ~7.4). In contrast with AFM
measurements, which were carried out in phosphate buffer,
NMR experiments revealed that the MnSO, is not soluble in
this buffer. Therefore, subsequent NMR experiments were
conducted in HEPES buffer, recommended in Himmelreich
et al. (1999).

RBCs were centrifuged (3000g, 5min, three times)
according to Himmelreich et al., (1999). The suspension
was then prepared with a volume fraction of RBCs ~ 50%
in the buffer. Sodium formate (5 mM) was added to this
suspension for exchange rate measurements. Albumin was
used for the experiment with the addition of 2 mM of MnCl,
(binding Mn>* ions to avoid penetration through the mem-
brane into the RBCs). For these samples, the dependence
of T, relaxation time of sodium formate protons versus GA
concentration was measured.

Exchange rate measurements technique (NMR)

The cell membrane forms the boundary between the external
environment and the intracellular water. This boundary is
permeable for water and drug molecules. To study the
membrane permeability, an NMR relaxation method in the
presence of paramagnetic ions Mn”>" was developed (Colon &
Outhred, 1972; Himmelreich et al., 1999). Due to the
presence of these ions, the relaxation rate of the outside
protons will be much higher than the corresponding value
of the protons inside the cell. This allows one to separate the
internal and external water environment by addition of para-
magnetic ions into the external part of the suspension. Thus,
by measuring the relaxation time of protons, one can study
the process of molecules diffusion through the membrane.

To measure the exchange rate, the longitudinal relaxation
time T; can be used if the T, value of the investigated nuclei
inside the cell is higher than the compound penetration time
through the membrane, and the relaxation time of molecules
outside the cell is much shorter than the penetration time. The
second condition was just done by addition of paramagnetic
jons Mn®* to the buffer solution in which the cells are
suspended (Colon & Outhred, 1972).

The measurement of the exchange time by the NMR
technique is based on the fact that the external environment
and the intracellular components are magnetically labeled by
n-pulse (180°), but in a few milliseconds, the external mark
completely disappears due to rapid relaxation owing to the
presence of Mn>* jons. But the intracellular molecular
ensemble loses its magnetic label only after leaving the cell
and making contact with the external environment. Thus, the
observed relaxation time T, is determined by the lifetime of
the molecules within the cell:

where, T, is the observed relaxation time, T, is the time of
the molecule penetration through the membrane and T, is the
relaxation time of protons inside the cell (in the absence of
ions Mn®*), and the membrane permeability coefficient can
be calculated using the following equation:

P=V/Sx1/Ts 2)
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where V is the cell volume and S is its surface square
(Himmelreich et al., 1999).

Elasticity measurements technique (AFM)

Force spectroscopy is widely used for interaction and adhesion
forces measurements (Butt et al., 2005). Data analysis from
this work were based on the Sneddon model (Bogachek et al.,
2008; Vileno et al., 2007), assuming a conical shape of AFM
probe. The cell is considered as an elastic and isotropic
material. In this model, the force applied to the tip by the cell
can be written as:

2Ecell

F(az) = 7r(1 — nge”) tan o

A7 (3)

where E.; is Young modulus of the cell, Ny is the Poisson’s
ratio of the cell, a is the half-angle of the tip (Baklanova
et al., 2008). For each sample, an array of curves was
recorded: (1) area with size 100 x 100 pm was selected on the
surface covered with a monolayer of erythrocytes; and (2) this
area was covered by a grid of 10 x 10 points, and the power
curve was recorded at each point. Thus, the array of 100
curves was obtained. The operation was repeated five times to
increase the confidence interval.

MathCAD software (PTC, Needham, MA) was used for
processing of all power curves. Processing algorithm was
based on the determination of the second derivative maximum
of each curve at the characteristic point (Figure 2). The curves
that obviously belonged to glass (solid surface) were not
considered. Then the dependence of the cantilever deviation
on Az was approximated by parabolic function. All measure-
ments were conducted with the same tip, therefore o was
constant. As for N, it is the negative ratio of transverse to
axial strain. This ratio depends only on the nature of the
material from which the sample is made; therefore, it assumed
to be constant for cells of the same type. In order to avoid
discrepancies related to the definition of the parameters of the

tip and the cells (o and 1), whole factor & = (lf]fi)ﬂt
A cell an o

was analyzed. This allows one to determine the change in the
cell elastic modulus relative to control sample. For each
curve, the parameter ¢ has been calculated, and the distribu-
tion of this parameter was plotted.

. indentation

hard surface

contact point

AN

Relative sample position [nm]

Cantilever deflection [nm]

Figure 2. Scheme of elasticity measurements.
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Results
NMR experiments

Relaxation time measurements of sodium formate protons
were carried out in the presence of different GA

1,25

0,50 .
00 02 04 06 08 10
GA concentration, mM

Figure 3. Dependence of exchange time of sodium formate through the
membrane on GA concentration.
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concentrations: 0, 0.01 mM, 0.05mM, 0.1 mM, 0.5mM and
1 mM. Based on this data, the exchange time of formate
molecules through erythrocyte membrane was calculated
according to Equation (1). The dependence of exchange time
on the GA concentration is shown in Figure 3. Dots represent
mean + SD, exchange rate measurements were repeated five
times. It is notable that the most significant decrease in
exchange time (60%) corresponds to very low GA concentra-
tion, 0.01 mM, and the maximum decrease of exchange time
is more than 2-fold. Decrease in exchange time according to
Equation (2) corresponds to increase in permeability.

AFM experiments

Figure 4 shows the typical examples of the erythrocytes
surface maps obtained using AFM. White points are visible
on the treated erythrocyte surface (Figure 4c). These points
are small nanoscale aggregates, which become more notice-
able at magnification (Figure 4d). It should be noted that at
identical scale, there are no such nanoscale aggregates on the
non-treated sample surface (Figure 4b).

Figure 4. Erythrocyte surface at different magnifications measured by AFM. (a) Control untreated sample, (b) control untreated sample, (c) sample

treated by 0.05 mM and (d) sample treated by 0.05 mM of GA.
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Figure 5. Profiles of the erythrocyte surface (a)
measured by AFM. (a) Control untreated

sample and (b) sample treated by 0.05 mM of

GA.
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The difference is even more distinguishable on Figure 5,
which shows the profiles of the erythrocyte surface in the
absence and in the presence of 0.05mM GA. One can see
the appearance of 20-40nm aggregates on the erythrocyte
surface, which are not observed on samples not treated
by GA. The possible nature of this effect will be discussed
later.

Distributions of parameter £ (see ‘‘Methods’ section) at
different concentrations of GA are shown in Figure 6. A broad
¢ distribution observed for natural untreated erythrocytes
might be connected with remarkable difference in elasticity
between the cells of different ages. It is seen that average
value of ¢ decreases with increasing GA concentration from
3x 107° for the control sample (Figure 6a) to 9 x 10~ for
0.05mM GA (Figure 6b), and to 4 X 1077 for 0.5mM GA
(Figure 6c¢). Distribution half-width were 1.5 x 107, 107°
and 4 x 10~7, accordingly.

These results point to the relative decrease of the membrane
elasticity modulus the in the presence of GA as compared with
untreated membrane. Decrease of the elasticity modulus means
that cells become less resistance to the elastic deformation. In
addition, the distribution of elasticity modulus becomes
narrower in the presence of GA. Concentration of 5 x 107>
M is the minimum concentration of GA at which the effect was
observed. The experiments at concentrations above 0.5—-1 mM
GA are complicated due to low absorbance of RBCs by glass
surface treated with polylysine.

Discussion

Summarizing the results, we can say that all of the observed
effects have dose-dependent characteristics, which correlates
with the available data obtained by physicochemical studies
of the GA solutions properties (James & Stanford, 1962;

Kornievskaya et al., 2007a, Kornievskaya et al., 2007b;
Ragino et al,, 2008; Vavilin et al., 2008; Polyakov &
Leshina, 2011). The minimum concentration of GA, at
which the effect of increasing the membrane permeability
was observed, is 107> M. This concentration corresponds to
the published data on the formation of GA pre-micellar states
(Romanenko & Murinov, 2001; Francis et al., 2002; Polyakov
et al., 2006). It is notable that the most significant increase in
permeability occurs at this concentration. The further increase
in penetration rate of sodium formate through the membrane
(up to 60%) was detected at a GA concentration near 1073 M,
which corresponds to the micelle-formation concentration
(Romanenko & Murinov, 2001; Kornievskaya et al., 2007a,
Kornievskaya et al., 2007b). Similar non monotonic depend-
ences on GA concentration were earlier observed for changes
in canthaxanthin fluorescence and nifedipine solubility
(Polyakov et al., 2006; Polyakov et al., 2008).

It was also found that incubation of erythrocytes in a GA
solution for 20-30 min resulted in a decrease in the elasticity
modulus of the erythrocyte membrane by an order of
magnitude, as well as a decrease in the distribution width of
the membrane elasticity modulus. This means that cells
become less resistant to the elastic deformation. The mem-
brane flexibility is an important property of erythrocytes.
Normal RBCs are able to easily change shape under the
influence of external forces. This ability allows cells to pass
through the capillaries, whose inner diameter is smaller than
the diameter of erythrocyte. Certain hereditary diseases cause
erythrocytes to become more rigid, which restricts the
circulation. Increasing the erythrocyte membranes elasticity
in the presence of GA may have a beneficial effect on blood
circulation.

The permeability of cell membranes, in particular erythro-
cyte, for various molecules is a necessary condition for
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Figure 6. Distribution of parameter & (see ‘‘Methods’” section). (a) control untreated sample and (b) sample treated by 0.05 mM of GA and (c) sample

treated by 0.5 mM of GA.

normal functioning cells. Transport of substances through the
membrane occurs in different ways: hydrodynamically (by
diffusion), when the substances pass through the membrane
pores filled with water, or by penetration through lipid areas,
if the substance is fat soluble. Some substances can easily
enter into reversible binding with built-in membrane mol-
ecules, vectors and then either passively (or as a result of
so-called active transport) pass through the membrane.
However, the rate of such a passive diffusion, for example,
transition of a substance through a membrane from a region
of higher concentration to an area with low concentration,
may differ for different molecules. The diffusion rate of
substances through the membrane depends mainly on the size
of the molecules, the electric charge (polarity) and the relative
fat solubility. The membrane fluidity, permeability and
stiffness might be considered as indicators of the membrane
transport capacity. These parameters may vary with different
lipid disorders, including changes in the concentration of
free cholesterol in the membranes.

Taking into account these considerations, we suppose two
different mechanisms of the observed effects, which can work
separately or simultaneously in a dose-dependent manner.
The first mechanism is incorporation of glycyrrhizin mol-
ecules into the lipid membrane. The second mechanism is the
extraction of membrane cholesterol from the lipid bilayer.
By incorporating into the membrane, GA may affect the
location and ordering of lipids and increase the permeability
of membranes, thus facilitating the drug penetration into the

cell. This might be the reason for a number of published
observations of the reduction of the therapeutic dose of some
drugs in the presence of GA (Novikov et al., 1992; Tolstikova
et al., 2009; Maurya & Srivastava, 2011; Polyakov &
Leshina, 2011). Enhancement in cell membrane permeability
in the presence of GA could partially determine its effect on
drug bioavailability.

Similar effect on the properties of cell membrane can be
achieved by changing the concentration of free cholesterol in
the membranes. It is well known that cholesterol is the
component of cell membranes, which affects their fluidity.
It is important to note that the aging of cell membranes,
in particular erythrocyte membrane, is mainly due to the
accumulation of cholesterol. This is why such a broad
distribution of elasticity modulus was observed for untreated
erythrocytes (Figure 6). From this point of view, a more
narrow distribution of elasticity modulus for erythrocytes
treated with GA is an argument in favor of the latter
mechanism. Another contribution to the broad distribution of
elasticity modulus might be the presence of lipid rafts — micro
domains with enhanced cholesterol concentration — in the
membrane. The heterogeneity of cell membranes is undis-
puted (for example, Figure 4), but the role of intramembrane
rafting in their functional and mechanical properties promotes
vigorous debate (Hancock, 2006). It was shown, for example,
that particular extraction of membrane cholesterol by
cyclodextrin  results in destruction of lipid rafts
(Chubinskiy-Nadezhdin et al., 2011). We suppose that the
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observed effects of increasing membrane elasticity and the
narrowing distribution of elasticity modulus in the presence
of GA might be due to extraction of membrane cholesterol.
This can result in particular destruction of the lipid rafts
and possibly causes cell rejuvenation.

The unusual finding is the formation of nanosized aggre-
gates (20-40 nm) on the surface of RBCs in the presence of GA
in solution. Taking into account that the size of these
aggregates is much higher than the diameter of GA micelles,
we can suggest that these formations are the insoluble
cholesterol-glycyrrhizin complexes. The formation of such
water-insoluble aggregates was investigated earlier in metha-
nol solution by NMR relaxation techniques (Gluschenko et al.,
2011). It should be noted that there is also some data on the
effect of saponins — a class of compounds consisting of a sugar
fragment and a hydrophobic aglycone — on the permeability of
erythrocyte membranes. Various representatives of saponins
have an affinity to cholesterol and can form insoluble
complexes with it, integrate with the membrane and extract
cholesterol, thus increasing their fluidity and permeability
(Glauertet al., 1962; Gogelein & Huby, 1984; Hu et al., 1996;
Francis et al., 2002). Taking into account our own observation
of GA complexes with cholesterol and the increasing in the
permeability of erythrocyte membranes in the presence of GA,
we can assume that GA molecules extract membrane choles-
terol resulting in the change of the properties of the membranes
(Loftsson & Duchene, 2007). In addition, hydrophobic
aglycone fragments of glycyrrhizin could also intercalate
also into the hydrophobic interior of the membrane. Both these
effects may contribute to the alteration of the lipid environment
around membrane proteins, including ion channels, trans-
porters and receptors, which play an important role in their
functions.

Conclusions

The ability of GA to change the properties of cell membranes,
even at micromolar concentrations, has been established in
this work. The increase in permeability (about 60%) and
decrease in elasticity modulus (by order of magnitude) of cell
membranes can provide new insight into the mechanism of
enhancement of drugs bioavailability in the presence of GA,
as well as into the mechanism of its own biological activity.
GA can be considered as an effective drug carrier, which
enhances the solubility of low soluble drugs, as well as
enhances their penetration through cell membranes. The
cholesterol-lowering effect of glycyrrhizin and increase of
erythrocyte elasticity are also very important features and can
find wide practical application. A number of drug formula-
tions, which contain saponins (diosponin and polisponin) are
already known (Francis et al., 2002). They are quite effective,
especially in the early stages of atherosclerosis, but the
mechanism of their anti-atherosclerotic action is poorly
understood. We suppose that these results will stimulate the
further discussion on the mechanisms of biological activity of
a new generation of DDSs.
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