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Carnosine is a natural dipeptide antioxidant. It is proved that it protects human’s cells from
oxidative stress. However, it has a short lifetime in a human organism due to the carnosinase
activity. In order to solve this problem we used carnosine encapsulated in liposomes. Thus, the
aim of this study was the creation of a new liposomal carnosine drug form. We used two
encapsulation methods that show different carnosine beh * avior: a passive and an active one.
We took into account that conditions of obtaining liposomes such as lipid composition, pH and
temperature are important. In this study the lipid composition providing the maximum
encapsulation efficiency was determined. Dipalmitoylphosphotidylcholine (DPPC) and its
mixture with cholesterol (Chol) were used as composition lipids. It was shown that the active
encapsulation method using the creation of ammonium sulphate pH gradient provided the best
results: 41.7% encapsulation efficiency (according to NMR spectroscopy) when using
DPPC:Chol (7:3) mixture as lipids. Moreover, the properties of the liposomes were studied.
Using the dynamic light scattering and electron microscopy methods carnosine liposomes
(DPPC:Chol) were shown to be spherical nanoparticles with an average size of 133 nm.
Carnosine release kinetics studied with the use of a France’s cell showed that carnosine was
released in 24 hours (liposomal composition DPPC:Chol was 7:3). A study of carnosinase
action on liposomal carnosine showed that the maximum amount of carnosine remained
unchanged in DPPC:Chol liposomes (7:3). The results of the study make it possible to conclude
that liposomal carnosine has a better activity in the human organism.
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Introduction
In recent years the interest of researchers in carnosine — a natural dipeptide known for more

than 100 years — considerably increased. Carnosine can be found in muscular and nervous tissues of
humans and other mammals. It performs the functions of a hydrophilic intracellular antioxidant
having anti-ischemic, reparative and anticataract value [1-3]. Nowadays carnosine is generally
applied as a biologically active supplement, and only in cataract it is used in the dosage form of eye
drops. In Russia and abroad works for the creation “of medicines containing carnosine [4-7] are

actively conducted. By now attempts of using carnosine in the form of biologically active
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supplement Sevitin for increasing the efficiency of basic therapy in patients with dyscirculatory
encephalopathy [8] and Parkinson disease have been made [9]. The neuroprotective value of
carnosine was shown with the use of experimental models of parkinsonism, cerebral ischemia,
Alzheimer disease, aging, and also with the use of pilot clinical studies. However, in order to
achieve stable protective effect in patients it is necessary to introduce high daily doses of carnosine:
from 1.5 to 2.0 g. This is necessary to compensate its hydrolysis under the effect of tissular and
serumal carnosinase. In order to increase the lifetime of carnosine chemical modification with the
preparation of its derivatives is carried out, for example, of esters and their salts [10] that are
difficult to degrade by this enzyme.

Another approach that allows protecting a medicine from degradation and at the same time
prolonging its action in the organism is the creation of the liposomal form of the active substance.
Liposomes are nanoparticles having an internal water space surrounded with a lipidic bilayer [11].
It is due to the existence of the lipidic bilayer that liposomes are capable of isolating a medicine, for
example, a dipeptide, from the direct influence of the enzyme. Besides, they are capable of
changing the pharmacokinetics of medicines increasing their pharmacological efficiency [12].

Work [13] is dedicated to a study on carnosine inclusion in liposomes consisting of various
synthetic lipids: dipalmitoylphosphatidylcholine (DPPtdCho), palmitoyloleoylphosphatidylcholine
(POPC) and dioleoylphosphatidylcholine (DOPC). It was shown that the efficiency of carnosine
inclusion decreased in the following series of liposomes: DPPtdCho < POPC < DOPC and was
equal, respectively, to 21.96, 18.86 and 17.12%. In the mentioned work liposomes were obtained by
extrusion with the use of passive loading.

The purpose of this work was to optimize the method for obtaining the liposomal forms of
carnosine having higher efficiency of its inclusion; to study their morphology and sizes; to
determine the kinetics of carnosine release from liposomes; and to determine the kinetics of

carnosinase action on liposomal carnosine.

Experimental

We used carnosine (Yonezawa Hamari Chemicals, Ltd, Japan), dipalmitoylphosphatidyl-
choline (DPPtdCho), cholesterol (CS) (Sigma—Aldrich, USA), chloroform, ethanol, distilled water,
deuterated water, sodium chloride and chemically pure ammonium sulfate (Chimmed, Russia).

We used a Shimadzu UV-1700 spectrophotometer (Japan) to record electronic spectra and a
BrukerBioSpin 300 GmbH spectrometer (Germany) to record ‘H NMR spectra. Electronic
microphotos were obtained by means of a JEOL 100CX (Japan) electronic microscope. The sizes of
liposomes were determined by dynamic light scattering with the use of a Delsa NanoC, Beckman
Coulterinc device (USA). Carnosine in the reaction with carnosinase was determined by



chromatography-mass spectrometry with the use of a Surveyor LC PumpPlus chromatograph in
combination with a LCQ Fleet mass-spectrometric detector (Thermo Scientific, USA). An
Ultrasphere ODS analytical column (250 x 4.6 mm; C18, 100A, 5 um; Hichrom Ltd, Great Britain)
was used.

Carnosine inclusion in liposomes was carried out by passive [14] and active [15] loading.
Preparation of liposomes with carnosine by passive loading. Lipids (40 mg, DPPtdCho or
DPPtdCho-CS 7:3 mixture) were placed into a round-bottomed flask and dissolved in chloroform.
The solvent was evaporated in a rotary evaporator. The obtained lipidic film was dispersed by an
aqueous solution of carnosine with a concentration of 20 mg/ml containing 0.9% of NaCl. By this
method multilamellar vesicles (MLV) were obtained. Then unilamellar vesicles (ULV) were
obtained by extruding the MLVs at repeated squeezing through a filter with 100 nm pores (19
times). The experiments were made at various pH (6.3; 7.1; 8.2).

Preparation of liposomes with carnosine by active loading. Lipids (40 mg, DPPtdCho or
DPPtdCho-CS 7:3 mixture) were placed into a round-bottomed flask and dissolved in chloroform.
The solvent was evaporated in a rotary evaporator. The obtained lipidic film was dispersed by 1 ml
of a 0.3 M solution of ammonium sulfate. After this ULV were obtained by extrusion (as described
above). Then the obtained ULV (500 pl) were applied on a column for NAP-5 exclusion
chromatography with Sephadex G25 sorbent in order to separate the liposomes from ammonium
sulfate. Then 0.75 ml of the obtained liposomes was selected. A solution of carnosine (0.25 ml,
Csat = 20 mg/ml) was added, and the medicine was kept on a water bath for 30 min. The
experiments were made at 50 and 60°C.

Determination of the efficiency of carnosine inclusion in liposomes by *H NMR. In order to
determine the efficiency of carnosine inclusion in the liposomes by *H NMR, when preparing ULV,
deuterated water was used instead of distilled water and isotonic solution. Solutions with various
pH were obtained by DCI addition. The obtained ULV (600 ul) were placed in an ampoule for
NMR samples. Spectra were recorded with the use of an NMR spectrometer at a frequency of 300
Hz. The number of scans was 11, the number of points was 128000.

Determination of the rate of carnosine release from the liposomes. In order to determine the rate
of carnosine release from the liposomes a Franz cell was used. The experiment was made with the
DPPtdCho-CS (7:3) liposomes prepared by active loading. For this purpose liposomes with
carnosine were placed into a donor cell, and isotonic solution was placed into the recipient cell. A
filter with a pore diameter of 60 nm was installed between the cells. During the first 7 h fractions
were collected hour by hour, and then every 24 h. Carnosine concentration was determined by the

diazo reaction method described in [16].



Determination of the action of carnosinase contained in blood serum on liposomal carnosine was
carried out similarly [17].

Preparation of serum containing carnosinase from donors’ blood. Blood was taken from the veins
of donors on an empty stomach and centrifuged at 1000 g for 15 min. Serum was separated. Then
samples from 5-6 donors were combined, divided into 1.5 ml aliquots and frozen at —80°C. All the
participants had signed consent to biomaterial draw.

Carnosinase action on liposomal carnosine. After defrosting 200 pl of serum was preliminarily
incubated at 37°C for 30 min in an incubatory medium of the following composition: 800 ul of 125
mM Tris-HCI, pH 7.8; 300 ul of 5 mM of CdCl, prepared from 30 mM Na citrate; 300 ul H,O.
Then the reaction was started by the addition of 400 ul of a dispersion of the carnosine-containing
liposomes or a solution of carnosine. The starting concentration of the substrate was 5 mg/ml by
carnosine (22 mM). After 0 — 15 — 30 — 60 — 90 — 120 — 150 — 180 min 100 ul tests of the
incubatory mixture were selected and mixed with 400 ul of a cooled 20% aqueous solution of
trichloracetic acid for proteins sedimentation in an ultracentrifuge at 16000 g for 10 min at +5°C.
The obtained supernatant was transferred into a chromatographic vial. The latter was placed into the
autosampler of the chromatograph for chromatography-mass-spectrometry analysis.

The content of carnosine in the liposomes subjected to the action of serumal carnosinase was
determined by LCMS. The supernatant (10 ul) prepared as described above was introduced into the
chromatograph loop. The mobile phase consisted of two solutions: 10 mM ammonium acetate
acidified to pH 3.7 by ice acetic acid (solution A); and acetonitrile — 10 mM ammonium acetate
mixture (90:10) (solution B). The solutions ratio was 85:15. The mobile phase flow rate was 0.7
ml/min, separation temperature was 35°C. Chromatography time was 10 min. Carnosine retention
time was 5.59+0.1 min. The mass spectrometer operated in the mode of registration of ions that had
been positively charged by electrospray at a voltage of 5 kV. Carnosine was determined by the total
ionic current of daughter ions in the range of masses from 60 to 250 amu formed upon
decomposition of carnosine molecular ion (m/z 227.1) at a normalized impact energy of 25 eV. The
data were processed by means of the Xcalibur 2.1 Foundation 1.0.1 software. The external standard
method was applied for quantitative measurement of carnosine concentration. For calibration, the
ratio of carnosine chromatographic peaks areas depending on its concentration was measured.
Calibration dependence for carnosine was linear and was described by the following formula: Ccam
= 0.28784 - Scarn, Where Ceary IS carnosine concentration (mkg/ml), Scarn is the area of the carnosine
peak in integration units. Correlation coefficient was R, = 0.997, which corresponds to appropriate
analytical approximation. The limit of quantitative determination was 0.39 mkg/ml. The method

was metrologically validated. The method error was no more than 10%.



Results and Discussion

Carnosine is a dipeptide (B-alanyl-L-histidine) very soluble in water. It has different ionized
forms at differnent pH. For example, at pH 6.3 its zwitterionic form (70.84%) prevails, and at pH
7.1 and 8.2 carnosine is found in the anion form (72.65 and 95.66%, respectively) [18]. Our purpose
was to prepare liposomes characterized by a high inclusion efficiency and to reduce the risk of
carnosine egress from the water space of the liposomes. On the basis of literature data [13] and
physicochemical properties of carnosine we decided to use the following lipids: DPPtdCho — a
synthetic phospholipid containing saturated fatty-acid residues, which provides a rigid structure of
the liposomes lipidic bilayer; and a mixture of lipids — DPPtdCho-CS (7:3), because cholesterol
introduction makes liposomes even stronger by condensing lipids in the bilayer. At the same time
we varied the loading method, the medium pH and temperature to achieve the greatest possible
content of carnosine in the liposomes.

The efficiency of carnosine inclusion in the liposomes was determined by *H NMR. This
approach was described in [13]. An advantage of this method is that there is no need to carry out
preliminary separation of carnosine included and not included in liposomes by various methods, for
example, by gel chromatography. This excludes the possibility of carnosine egress from liposomes.
The possibility of identifying liposomal and free carnosine in *H NMR spectra is due to the fact that
a carnosine molecule contains two pH-sensitive protons in the imidazole histidine ring. These
protons have signals differing in chemical shifts in *H NMR spectra. Figure 1 shows the region of
protons a and b of the carnosine imidazole ring in *H NMR spectra of carnosine in aqueous

solutions at various pH.
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Figure 1. Fragments of "H NMR spectra of carnosine in aqueous solutions at various pH:
a) 6.3; b) 7.1; c) 8.2 in the region of protons a and b of the imidazole ring of carnosine (d).
[a (a) means a (a), 6 (6) means b (b), B8 means ¢, r means d, ma means ppm]



It can be seen from Figure 1 that the chemical shift of proton a signal at pH 6.3 is 8.28 ppm,
and that of proton b — 7.07 ppm. At pH 7.1 the chemical shift of proton a signal is 7.92 ppm, and
that of proton — 6.93 ppm. At pH 8.2 the chemical shift of proton a signal is 7.57 ppm, and that of
proton b — 6.81 ppm. Thus, the chemical shift changes depending on pH are most pronounced in
case of signals of protons a of the histidine imidazole ring: as pH increases, the signal is shifted to
the weak field. It is this property of carnosine that we used in further work.

At first carnosine inclusion in the liposomes was carried out by the passive loading method.

'H NMR analysis of the samples of the liposomes containing carnosine obtained at various
pH by the method of passive loading revealed that the signals of the imidazole ring proton a of
carnosine included in the liposomes changed their position depending on pH. Thus, at pH 6.3 a
signal in the weak field region at 8.03 ppm (attributed to liposomal carnosine) appeared along with
a signal at 8.3 ppm (attributed to free carnosine). At pH 7.1 no second signal was recorded, i.e.,
there was no signal shift. At pH 8.2 a new (second) high-field signal (attributed to liposomal
carnosine) appeared at 7.86 ppm, and the signal at 7.60 ppm indicated the existence of free
carnosine (Figure 2). Thus, as shown in work [13] and confirmed by us, apparently, pH close to 7.1
is created in liposomes. Therefore, in the liposomes obtained at pH 7.1 the signals of the imidazole
ring protons of liposomal and free carnosine do not differ. In the samples obtained at other pH
values carnosine included in liposomes can be determined by the imidazole proton a signal: 8.03
ppm at pH 6.3 or 7.86 m at pH 8.2 (Figure 2).

Figure 2. Fragments of *H NMR spectra in the region of imidazole ring protons of free and liposomal
(DPPtdCho-CS (7:3)) carnosine obtained at passive loading at various pH: a) 6.3; b) 7.1; c) 8.2.

[a means a, 6 means b, B means ¢, M means ppm]
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The efficiency of carnosine inclusion (IE) in liposomes was calculated by the integration of
signals of imidazole protons a corresponding to liposomal and free carnosine according to the

following formula:

El= (mcarnosine in Iiposomes/morig. carnosine.)xlOO% =
(Icarnosine in Iiposomes/(lcarnosine in liposomes + Ifree carnosine))xloo%
The results of experiments with the liposomes obtained by passive loading are presented in
Table 1.

Table 1. Dependence of efficiency of carnosine inclusion determined by *H NMR on lipidic
structure of liposomes (Ciipigs = 40 mg/ml) and medium pH at passive loading

Liposomes composition Medium pH Inclusion efficiency, %
DPPtdCho 6.3 8+5
DPPtdCho 7.1 not determined
DPPtdCho 8.2 7+5
DPPtdCho-CS (7:3) 8.2 11.5+5

It can be seen from Table 1 that according to NMR the maximum efficiency of carnosine
inclusion in liposomes within the passive loading method (11.5%) was attained at the lipidic
composition of liposomes DPPtdCho-CS (7:3) and pH 8.2. This IE value is close to the results of
[13].

The following stage of our work aimed at achieving higher efficiency of carnosine inclusion
in liposomes was the use of the active loading method by the creation of pH gradient by means of
ammonium sulfate. Such approach is described in detail in [14, 15, 19].

In this case, 'H NMR analysis of samples of liposomes with carnosine (pH 8.2) showed that
the chemical shift of proton a of the imidazole ring of carnosine included in liposomes was equal to
7.96 ppm, and in case of free carnosine, 7.65 ppm. Carnosine IE was calculated by the above
formula.

The results of the effect of the lipidic composition of liposomes and temperature on the

efficiency of carnosine inclusion in liposomes obtained by active loading are presented in Table 2.
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Table 2. Dependence of efficiency of carnosine inclusion on lipidic composition of
liposomes (Ciipigs = 40 mg/ml) and temperature and sizes of liposomes

with carnosine at active loading, pH 8.2

Composition of Temperature, °C | Inclusion efficiency, | Average diameter
liposomes % of liposomes,
Nm
DPPtdCho 50 AND 60 40.5+5 1941+20
DPPtdCho-CS (7:3) 60 41,745 133+20

Changing the active loading temperature did not affect the efficiency of carnosine inclusion
in the liposomes. The highest carnosine inclusion in the liposomes determined by *H NMR was
reached at lipidic composition of the liposomes DPPtdCho-CS (7:3) and was equal to 41.7%. The
content of carnosine in the DPPtdCho liposomes was slightly lower.

Table 2 shows the average diameter of the liposomes obtained by active loading measured
by means of dynamic light scattering. Analysis of the sizes of the obtained liposomes showed that
the carnosine-containing DPPtdCho liposomes are unstable and eventually undergo aggregation (the
particles reach the sizes of 2 microns). At the same time the carnosine-containing liposomes with
the lipidic composition DPPtdCho-CS (7:3) are most stable and maintain their nanosizes for a long
time.

An electronic microphoto of carnosine-containing DPPtdCho:CS (7:3) liposomes obtained
by the method of active loading is presented in Figure 3. It can be seen that the liposomes have a

spherical shape, a smooth surface and are homogeneous in size.

Figure 3. Microphoto of carnosine-containing liposomes of lipidic composition
DPPtdCho-CS (7:3) obtained by active loading (10000-fold magnification).
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One of the main characteristics of the liposomal form of a medicine is the rate of the
medicinal substance release from the liposomes. In order to determine the rate of carnosine release
from the liposomes a Franz cell was used. We analyzed liposomes of composition DPPtdCho-CS.
The control sample was an aqueous solution of carnosine. The experimental results are presented in

Figure 4.
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Figure 4. Kinetics of carnosine release from liposomes with lipidic composition DPPtdCho-CS (7:3) (1) and
diffusion of carnosine from control solution, Ccamosine = 2.5 mg/ml (2) determined with the use of Franz cell.
[KommuectBo kapHOo3uHa, MKT means Amount of carnosine, pg; Bpewmst, « means Time, h]

It can be seen from the submitted data that carnosine diffusion from solution occurred
during 6 h, and carnosine was released from the liposomes during 24 h.

At the final stage of the study the effect of serumal carnosinase on liposomal carnosine was
determined. For this purpose samples of carnosine-containing liposomes were incubated with donor
serum under the conditions described in the Experimental part. The content of carnosine in the
samples after carnosinase action was determined by reverse phase HPLC with the use of a mass-
spectrometric detector. The results are presented in Figure 5.
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Figure 5. Dynamics of change in carnosine content under the conditions of hydrolysis by serumal
carnosinase in solution (1) and in a dispersion of carnosine-containing liposomes of different lipidic

structure: DPPtdCho (2), DPPtdCho-CS (7:3) (3).
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Analysis of the results showed that carnosine is best protected in the liposomes of lipidic
composition DPPtdCho-CS (7:3). Thus, after incubation of these liposomes for 3 h with carnosinase
about 12% of native (not hydrolyzed into amino acids) carnosine remained. In contrast, carnosine

content in the DPPtdCho liposomes was only 7%.

CONCLUSION

In the course of the study, conditions for preparing liposomes providing the highest possible
efficiency of carnosine inclusion were found (composition of liposomes DPPtdCho-CS, 7:3). It was
shown that the obtained liposomes are spherical nanoparticles homogeneous in size. Carnosine is
released from them gradually, and carnosine encapsulated in these liposomes is better protected
from the effect of carnosinase.

The preparation of liposomal forms of carnosine opens the prospects of conducting
experimental studies for the purpose of estimating the efficiency of their neuroprotective effect in
models of central nervous system diseases and developing a new pharmaceutical composition.
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