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'H NMR and CIDNP methods were used to demonstrate that triterpene glycoside (glycyrrhizic acid, GA) can
substantially change the efficiency and direction of phototransformation of alkaloid lappaconitine (LA) due
to both its solubilization in GA micelles and protonation of LA amine nitrogen in waaérohol solutions.

The LA solubilization in the GA micelle suppresses the process of deacylation.

1. Introduction coronic residue) moieties in the GA molecule allows one to
assume that GA and its derivatives might form micelles in

In evolutionarily advanced plants, alkaloids play a particular )
y P playap aqueous solution.

role fulfilling a function of plant protection against viruses,
funguses, and microorganisms. Alkaloids both in pure form and
resulting from various chemical transformations are widely used
to produce physiologically active substanéésppaconitine-

an alkaloid isolated from aconitedemonstrates bradycardic and
hypotensive activity.* In pharmacology it is employed as the
hydrobromide salt of lappaconitine called “Alapinine”. Chemi-
cally, lappaconitine is an ester of triatomic alcohol lappaconin
andN-acetyl-anthranilic acid. The structure of the LA molecule
predetermines its photochemical lability which is not only of
fundamental interest but also affects the application of LA as a
drug>®

o 3 Glycyrrhizinic acid (GA)
6 4
l 5 Recently, our efforts were directed to studies arising from
Me” Yo the interaction between GA and some biologically active
compounds: nifedipin&, lappaconiting, carotenoidg®17 and
Lappaconitine (LA) Methyl ester of N-acetyl-anthranilic acid (MA) methyl ester ofN-acetyI-anthraniIic aci® in water—alcohol

solutions. These studies suggested formation of two types of

The present paper uses NMR and CIDNP methods to study Ga aggregatesa complex and a micelle. Small aggregates of
the influence of triterpene glycosieglycyrrhizic acid (GA)  GA and drug molecules with a stoichiometry of 2:1 were
on the lappaconitine photolysis in solution. Interest to these gpserved at low GA concentrations (88-10-5 M).5 At high
studies was inspired by the finding of a considerable enhance-¢oncentrations310-3 M) GA forms large micellar-like associ-
ment of the therapeutic activity of lappaconitine in the presence atesi® |n particular, evidence of micelle formation was obtained
of GA accompanied by a decrease in the toxicity of prepardtion. by NMR relaxation techniques (measurement of sfsipin
Itis worth noting that similar effects were also observed for a rgjaxation timeT,) for complexes of GA antii-acetyl-anthranilic
series of other drugs? In the pharmacological literature the  a¢ig methyl ester (MAJ8
effect of GA is usually assigned to formation of the complexes  The goal of the present work is to study LA solubilization in

with drug moleculed®** However, in the literature there are  Ga and the effect of GA on various stages of LA photode-
only assumptions on the structure of these complexes. It wascomposition. In addition to the chemically induced dynamic
assumed that at low concentrations GA could form cyclic dimer nyclear polarization (CIDNP) methd®;22 we used'H NMR
structures that contain hydrophobic cavities and are stabilized (jine width analysis and spinspin relaxation timé, measure-
due to intermolecular hydrogen bontlsThe existence of ment).

cavities allows formation of complexes of the “hesfuest”

type. Most known examples of such aggregates are cyclodextrine2. Experimental Section

inclusion complexe&? On the other hand, the presence of both

hydrophobic (triterpene fragment) and hydrophilic (two glu- _ 2-1- ChemicalsDeuterated solvents ¢ (99.9% D), CL-

OD (99.5% D), Aldrich) were used as supplied. Glycyrrhizic
*To whom correspondence should be addressed. Phone: &Cid, lappaconitine, and the methyl esteNecetyl-anthranilic
(383)3332947. Fax: (383)3307350. E-mail: rybina@kinetics.nsc.ru. acid were kindly donated by Prof. N. F. Salakhutdinov (NIOC,
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Figure 1. *H NMR spectra of glycyrrhizic acid methyl groups in the

presence of 1 mM LA in 20% C§DD at different GA concentrations:
(a) 1.5, (b) 1, and (c) 0.5 mM.

Novosibirsk). To prepare the basic medium (sH0) we used
dry recrystallized NaOH. A mixture of D with CD;OD in a

Kornievskaya et al.

£l

s 10

2

2]

c

[V]

=

g

5 957

(%]

Q

<

[&]

w

[

2

®©

3 0.0

x T T T T T 1

000 005 010 015 020 025
Time (s)

Figure 2. Changes in the echo signal intensity of GA methyl protons
in the presence of LA in 20% CGOD as a function of time at different
GA concentrations: @) 0.5 and @) 2 mM. Solid lines correspond to

1:1 and 4:1 ratio was employed to study the associations of Pestfitting curves.

GA and its effect on LA photoreaction. Solutions were deaerated
by Ar bubbling.

2.2. Experimental Methods and Equipment. All NMR
experiments (including photo-CIDNP and measurement,of
relaxation) were performed using an NMR DPX200 Bruker

spectrometer equipped with a photoprobe and temperature

control. An excimer laser Lambda Physik EMG101 (XeCl, 308
nm, 100 mJ) was used as a light source. All relaxation time
measurements were carried out at’25 Photo-CIDNP experi-

ments were performed at room temperature. Photo-CIDNP was

recorded using both time-resol&dnd quasi-stationary vari-
ant®* of pulse sequences; relaxation was measured by means
of the Carr-Purcel--Meiboom-Gill sequence: p(90°) —

(r — p(180°) — 7)n — acquisition?® wherer = 2 ms anch was
varied from O to 4028.

2.3. Sample Preparation.LA concentration was either 0.5
or 1 mM in all experiments. GA concentration was varied from
0.5 to 5 mM. GA solutions were prepared according to the
following scheme. First, GA was dissolved together with LA
in CDs0OD, and then PO was added to the volume ratio of
either 1:1 or 1:4. To equilibrate the sample, the GA solutions
were heated to 50C and mixed for 2 h.

3. Results and Discussion

3.1. Study of GA Association in Water-Alcohol Solutions
in the Presence of LA.To study the association of GA in
water—alcohol solutions we analyzed NMR spectra of GA
solution and measured thE relaxation time of the methyl
groups of GA. Figure 1 shows the broadening of NMR lines of
methyl groups of GA with an increase in GA concentration.

The line broadening is assigned to an increase in the-spin
spin relaxation rate (I4) of the given protons. It is known that
in liquid a change in the nucledp relaxation rate depends on
the change in the rotational correlation time of the particle
possessing the nuclei under sti@ylhe rotational correlation
time depends, in turn, on the particle size, which can vary
substantially upon associatiéh.Recently, we studied the
dependence of the transversal relaxation ratd,)16f GA
methyl protons on its concentratidhlt was established that

= B)
0 E
E104 O @ 2.0
8 \ £
b \
5 poly .
o c 15 0
£ g o
& g
6 01 S 10 /’
5. P

2 5 ¢’
S § o 1
- — /I
g / % 054 /,
E / £ Bige--ge----- 0------0
(0] @ v
S00{ o 8 4//_/1 O—o—=o
=

00 05 10 15 20 © 00 05 10 15 20

GA concentration (mM) GA concentration (mM)

Figure 3. (A) Dependence of the relative premicellBf (O) and
micellar P, (®) fractions in the transversal relaxation function 1 on
the GA concentration in the presence of LA. (B) Changes in the
concentration of GA in premicellar ) and micellar 2 @) forms as

a function of GA concentration in the presence of LA. Squares and
dotted lines have the same dependences in the presence & MIA.
data correspond to 20% GOD.

concentration were measured in the presence of LA to prove
formation of micelles. We found that time dependences of the
echo signal intensity (Figure 2) could also be well described
by function 1.

In the literature there are many exampgfé8of biexponential
relaxation observed in investigations of the association of
monomeric compounds into micelles, clusters of liquid crystals,
etc. One of the best-known explanations of the observed
phenomena is based on the difference in relaxation rates of
protons of the same kind located in either the associate or its
periphery?® Another explanation could be based on the differ-
ence in relaxation rates of the protons of the same kind located
in either the associate or solution where the molecule is in the
monomeric state. In this case, the relaxation timigsand T»»
refer to protons in solution and associate &@dndP; are the
probabilities to find the molecule in the monomer or associated
states, respectively. However, the latter is probable only in the
case of slow exchange between the foffhdJnder our
experimental conditions the fast part of the time dependence of

the time dependence of the echo signal intensity is not describedthe echo signal corresponds to relaxation times below 10 ms.

by a single exponent even at low GA concentrations (0.5 A¥M).
However, it was well approximated by a biexponential function

@)

In the present work similar dependences of the transversal
relaxation rate (I,) of the methyl protons of GA on its

A(t) = Pyrexp(—t/T,,) + P,cexp(=t/T,,)

Therefore, assuming that a characteristic time of the exchange
of GA molecules between the associate and solution corresponds
to long times (the corresponding rate being less thart 04,

we determined th&; andP, ratio for each GA concentration

in the presence of LA. In this case, taking into account
the dependence of correlation times on particle size, the
long relaxation times were assigned to molecules in solution
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Figure 4. (A) *H NMR spectra of GA methyl groups at different concentrations of GA in 20%dIDat pH= 3.5: (a) 5, (b) 1.5, (c) 1, and (d)
0.5 mM. (B)*H NMR spectra of GA methyl groups at different concentrations of GA at=pH0: (a) 30, (b) 1.5, (c) 1, and (d) 0.5 mM.
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TABLE 1: T, Relaxation Time Values {T,; and T,,) from Eq

s 07 1 at pH = 3.5 and T, from Eq 2 at pH = 10 of the GA
Methyl Protons in 20% CD3;OD at Different GA
0.8 Concentrations
relaxation times, ms
0.6
[GA], mM T2 T21 T22
044 0.5 45+ 4 9.6+ 0.2
1 51+ 17 10+ 0.4
1.5 151+ 60 9.6+ 0.7
0.2+ 2 137+ 2 164+ 70 9.5+ 0.3
5 141+ 2
0.0 ° 10 139+ 3

. . . . 15 142+ 3
000 005 010 045 020 025 030 30 11742
Figure 5. Changes in the ectEZZn(::)intensity of methyl protons of associates might be due to destruction of hydrogen bonds
GA at as a function of time in different conditions®) [GA] = 1 between_ carbor_lyl groups. .
mM, [LA] = 1 mM in 20% CROD: (O) [GA] = 2 mM, [LA] = 1 . As.an |IIu§trat|on, Figure 5 shows th.e decay of an echo signal
mM in 50% CDOD; and @) [GA] = 2 mM, @) [GA] = 30 mM in acid media (pH= 3.4,), basic media (pH= 10), and 50%
without LA at pH= 10. Solid lines correspond to best-fitting curves. CD3sOD. Note that the curve at pH 10 almost coincides with
the one in 50% CBOD and is well described by the monoex-
and the shorter ones to the associates. This allows one toponential function (instead of the biexponential function which
determine a change in the GA molecule distribution between describes dependences at pH3.4)
the monomeric and associated forms depending on GA con-
centration. A(t) = Pyrexp(-t/Ty) (2)
Figure 3A shows theP; and P, dependences on GA
concentration in the presence of LA. Using the concentration Data on T, relaxation times of the methyl protons of
dependences &f; andP, we can readily obtain the dependence the molecule GA for various pH values are summarized in
of GA concentration in various forms on the initial GA Table 1.
concentration (Figure 3B). For comparison, the same depend- These results allow us to conclude that micelle formation
ences in the presence of MPare presented at Figure 3. The occurs in 20% methanol solution only at neutral or acidic pH
monomer concentration is [GAn] = P1[GA], and that of the in the range of GA concentration exceeding 1 mM. Then in
associate is [GAJ = P2 [GA]/M, whereM is the association  basic media as well as at high methanol content the GA
number. It is worth noting that the plots obtained in the present molecules exist only in the premicellar form. The absence of
work correlate well with those obtained in other studfe®.31.32 micelle in 50% alcohol might be due to specific solvation of
Thus, we can make the conclusion about micelles formation GA molecules by methanol.
under our experimental conditions (20% §ID). On the other Finally, we are going to discuss the size of the GA micelle.
hand, in 50% CBOD we have not detected any concentration In the literaturé® there are several examples of the dependences
dependence of line width (Figure 4A) or relaxation times (Figure of the mole fraction of molecules in the micellar state on their
5) in the same GA concentration range (62mM). overall concentration for various association numbers at the
Similar measurements were also made in basic media at pHsame critical concentration of micelle formation (cmc). For small
= 10 in 20% CROD (Figures 4B and 5). These experiments association numbers these dependences are smooth without
show no substantial effect of GA concentration on line broaden- sharp changes in the mole fraction in the cmc region. An
ing or relaxation rates of given protons. This suggests that theincrease in the association numbers causes a drastic change in
micelles of glycyrrhizic acid are not formed in basic solution the mole fraction within the cmc region. The dependence of
as well as at the high alcohol content (50% or more). In the the mole fraction of GA molecules in the micellar state (Figure
case of basic solution, the reason for destruction of GA 3A) is not characterized by sharp changes in the mole fraction

Relative Echo Signal Intensity (
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Figure 6. Partial*H NMR spectra of aromatic protons anthranilic  Figure 7. *H NMR spectra of 1 mM MA in CROD/D,O mixture:
fragment of 1 mM LA at different GA concentrations in 20% §ID: (a) 80% DO, (b) 50% DO, (c) 30% BO, (d) 10% BO, (e) 0% BO,
(@) 5, (b) 2, (c) 1.5 mM, (d) 1, (€) 0.5, and (f) 0 mM. and (f) CDCN.
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Figure 8. Dependence of the relative CIDNP intensity of LA aromatic
protons: (a) on GA and (b) AA concentration.

lecular hydrogen bond in the MA molecule (see the H(6) line
in Figure 7) and a decrease in the efficiency of the photoinitiated
reaction.

The latter, i.e., the decrease in MA reactivity, was detected
by the decrease in the CIDNP intensity of the aromatic protons.
As compared to MA, lappaconitine, being thHé-acetyl-

in the region of 0.51 mM. This fact indicates that in the ~anthranilic acid ester, is photolyzed via a more complex

case of GA we are dealing with small aggregation numbers mechanism which, however, also includes th_e deat_:ylatlor?_étep.

(M < 10). Recently, the method of photo-CIDNP (including a time-
3.2. Study of GA Effect on Lappaconitine Phototransfor- resolved variant) has been applied to establish the detailed

mation. The next step of the present study is the investigation Mechanism of LA phototransformation in homogeneous water
of the influence of GA in micellar and premicellar forms on alcohol solution$* Scheme 1 shows the radical intermediates

the LA phototransformation. Figure 6 illustrates the influence @nd final products of lappaconitine phototransformatibh,
of GA on theH NMR spectrum of aromatic protons of LA. acetyl-anthra_mllc amdl()_and_enamlnel(l ). T_he deacylation
By increasing GA concentrations we clearly observe a Product (V) is formed in minor amounts in homogeneous
substantial broadening of LA lines. The changes observed SClutions and detected only in acidic media.
indicate an increase in the relaxation rate of LA aromatic protons It was shown that LA phototransformation occurs from the
with increasing GA concentrations. A possible reason for this triplet excited state I®* The mechanism of formation of the
effect might be penetration of the lappaconitine molecule inside main products Il and Il includes three steps: (1) intramolecular
the GA micelle. In this case, solubilization of the LA molecule €lectron transfer from the nitrogen atom (N-20) to the anthranilic
in the micelle displaces, on one hand, water from its nearest fragment to form a charged biradical followed by the charge
environment of LA and, on the other hand, leads to an increase€xchange of this biradical with a lappaconitine molecule in the
in the rotational correlation time of the LA molecule compared bulk resulting in a radical ion pair (RIP); (2) proton transfer

I m

to that in homogeneous solution. from the 19-CH group to the anthranilic fragment with
As mentioned above, earlier we demonstrated the effect of formation of a neutral radical pair (¥ VI); (3) fragmentation

micelle formation on the photodecomposition Mfacetyl- of neutral radicals resulting in formation of final products, the

anthranilic acid methyl ester (MA® The monomolecular ~ N-acetyl-anthranilic acidll) and compoundil .

process of diacylation is the main reaction for MA photolysis. In terms of the above-mentioned results of the influence of

It was established that the intermolecular hydrogen bonds of GA on MA photodecompositio} it was assumed that the
MA carbonyl groups with water protons are destroyed inside interaction between LA and GA leads to changes in the
GA micelles. This, in turn, leads to reduction of the intramo- efficiency of the process of deacylation. It might be suggested
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Figure 9. (A) Partial QSS CIDNP spectra detected during the photolysis of 1 mM LA at different GA concentrations in 2@DC&) 2, (b)
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Figure 10. Dependence of the relative CIDNP intensity detected during Figure 11. Dependence of the relative CIDNP intensity of the H-19
the photolysis of 1 mM LA of (1) H-3 (3) H-19 protons oflll in proton oflll in 50% CD:OD (a) on GA concentration and (b) on AA
50% CDOD, (2) H-3 in 20% CD:OD on GA concentration. concentration and (c) of the H-Broton of LA in 50% CROD on AA
concentration.

that solubilization in the micelle should block processes
involving the electron-transfer step, too. 8a and b indicates that the observed change in polarization
We studied the GA effect on the photochemical activity of intensity on GA concentration cannot be assigned only to
LA using the CIDNP method. In the previous study it was medium acidity, which additionally confirms the assumption
demonstrated that the deacylation reaction demonstrates polarof the effect of GA micelle formation on the reactivity of
ization of aromatic protons of LA at the &nd 8 positions  solubilized compounds.
(see Scheme B}.Polarization, in the processes involving an Unfortunately, under the conditions when GA forms micelles,
electron-transfer step, was observed for the protons of compound.€., in 20% methanol solution, only the deacylation process is
Il (H-19 and H-21). In this case CIDNP is generated in a radical observed (CIDNP signals are recorded for Hu3d H-5 protons
ion pair (RIP, see Scheme 1) and neutral radical pait(V1). only) (Figure 9A). To study the influence of GA on the electron-
Thus, we assume that investigation of the dependencies ofand proton-transfer stages that lead to cleavage of the ester bond
intensities of CIDNP of H-3aromatic protons and the H-19  and formation of compounds andlll 3* we measured CIDNP
proton on GA concentration in watemethanol mixtures allows  intensities in the photolysis of LA in 50% methanol solution in
one to test the influence of GA on separate stages of LA the presence and absence of GA.
phototransformation. An increase in the fraction of methanol in a solution (Figure
Figure 8a shows the dependence of the CIDNP intensity of 9B) up to 50% leads to the manifestation of all steps of the
the H-3 aromatic protons of the LA on GA concentration. above-mentioned mechanism. Therefore, the GA effect was
Comparison of Figures 8a and 3A demonstrates the relationshipstudied for this solution. We measured the CIDNP intensity of
between the polarization intensity of LA aromatic protons and two lines, H-19 (Il ) which reflects the efficiency of intramo-
the mole fraction of GA molecules in the micellar state. Thus, lecular electron transfer and H{3) which reflects the efficiency
solubilization of LA in the micelle changes its nearest environ- of deacylation.
ment from the hydrophilic (in the homogeneous solution) to  Figure 10 shows the dependences of the relative CIDNP
the hydrophobic one which in turn (as in the case of MA) leads intensity of the H-3and H-19 protons on GA concentration in
to reduction of the intramolecular hydrogen bond which prevents 50% watet-methanol solution. The decrease in the efficiency
deacylation. It might be the reason for the decrease in the of both processes, deacylation and electron transfer, was detected
polarization intensity with increasing GA concentration. in the presence of GA (Figure 10(1,3)). Note that no micelle
Taking into account that GA is a weak acidk = 4.4, formation was detected under this experimental condition. As
pKaz = 5.3, KKa1 = 6.98% it is necessary to verify that the follows from Figure 10(3), an increase in GA concentration
observed effect of GA is not stimulated by the changes in the causes a sharp decrease in the CIDNP intensity of the H-19
acidity of solution. To this end, the effect of GA was compared proton of LA. A decrease is also observed for the 'H-3
with those of acetic acid with a similaKp(pK.= 4.76)36 Figure aromatic proton (Figure 10(1)) which is, however, smoother.
8b shows the dependence of the LA polarization intensity on  One might suggest that more drastic changes in the CIDNP
the concentration of the added acetic acid. Comparing Figure of H-19 is due to a contribution from protonation of the nitrogen
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atom N-20. This should decrease the efficiency of electron (6) Polyakov, N. E.; Leshina, T. \Russ. Chem. Bul007, 4, in press.

transfer. However the effect of GA on the CIDNP of H-19 is (7) Yunusov, M. S.; Tolstikov, G. A.; Murinov, Yu. I.; Tsyrlina, E.
h d h f f . id hi M.; Tolstikova, T. G.; Sorokina, I. V.; Voevoda, T. V.; Yunusova, S. G.;

much stronger compared to the effect of acetic acid on this pojichev, v. A.; Kaverina, N. V.; Turilova, A. I. Patent RF 2180583, March

process (see Figure 11b). Thus, the influence of GA on the 20, 2002.

efficiency of the electron- and proton-transfer processes could (8) Maisternko, V. N.; Gusakov, V. N.; Rusakov, Yu. |.; Murinov, Yu.

: ; ; - I.; Tolstikov, G. A. Dokl. AN 1994 335 329.
not be explained by the action of GA acid function. In our (9) Archakov, A. I.; Selzovskii, A, P.: Lisov, V. I: Tsyganov, D. 1.

opinion this points to the fact that the absence of micelles does knyazev, v. A.; Ipatova, O. M.; Torkhovskaya, T .Biomed. Khim2002
not mean the absence of binding of GA to LA. Earlier, formation 48, 139.
of LA—GA complexes with a 1:2 stoichiometry was detected  (10) Sangalov, E. YuRuss. J. Gen. Cheri999 69, 667.

; ; 3 : (11) Dalimov, D. N.; Isaev, Yu. T.; Saiitkulov, A. MChem. Nat. Compd.
at GA concentrations in the range $6-102 M by optical 2001 37, 15L1.

methodst? Figure 11a,b additionally confirms the fact that GA (12) Tolstikov, G. A.; Murinov, Yu. I.; et alkhim. Pharm. Zh(in Russ)
does not play only the role of an acid for the electron-transfer 1991 3, 42.
processes. (13) Szejtli, J.Chem. Re. :!.998 98, 1743. .
(14) Romanko, T. V.; Murinov, Yu. IZh. Phyz. Khim2001, 75, 1601.
(15) Polyakov, N. E.; Taraban, M. B.; Leshina, T. Supramolecular
complexes of glycyrrhizin and biologically agti moleculeslVth Interna-

Thus, NMR and CIDNP studies of LA photolysis in water tional Symposium “Design and Synthesis of Supramolecular Architectures”,
’ . . . . Kazan, 2006.
alcohol solutions with and without GA demonstrate high (16 polyakov, N. E.; Leshina, T. V.; Salakhutdinov, N. F.; Kispert, L.
sensitivity of the phototransformation processes to the effect D. J. Phys. Chem. 2006 110 13699+-6998.
of medium in general and GA in particular. It is shown that in (17) Polyakov, N. E.; Leshina, T. V.; Salakhutdinov, N. F.; Konovalova,

the 80% wateralcohol solutions solubilization of LA by ﬁé)KEErenritévLs'kg'y';re\f RSa'dll((:?l!IpB[;Zl.Xﬂeld'zgggh?r?él'?otllﬁ?:lgljsion

glycyrrhizic acid suppresses one of the photolysis directions, phenomena Macrocycl. Che007, in press.
namely, deacylation. It is also demonstrated that in the 50% (19) Polyakov, N. E.; Khan, V. K.; Taraban, M. B.; Leshina, T. V.;

water-alcohol solutions a specific interaction was detected Salakhutdinov, N. F.; Tolstikov, G. Al. Phys. Chenr8 2005 109, 24526~

4. Conclusion
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GA micelle. L. Spin Polarization and Magnetic Effects in Radical Reactidwsademiai
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drug is the deacylated form of L, the blocking of the | 1?1)1 o arasov. V. B Bagryanskaya, E. G.; etialAm. Chem. S04995

deapylation process by GA observeql in thg present paper might (22) Parnachev, A. P.: Bagryanskaya, E. G.; etGilem. Phys. Lett.
clarify the nature of the therapeutic action of the complex 1995 244, 245.
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decrease of the deacylation rate of the complexes of LA with (P) Closs, G. L.; Miller, R. JJ. Am. Chem. Sod.981, 103 3586.

. . . (24) Goez, M.Chem. Phys. Lettl992 188 451.
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