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Complexation of Lappaconitine with Glycyrrhizic Acid: Stability and Reactivity Studies
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NMR and UV-vis spectroscopy have been used to study the complexation of antiarrhythmic alkaloid
lappaconitine with an efficient complexing agent from licorice, glycyrrhizic acid, which is known to profoundly
influence the therapeutic activity of the alkaloid in the complex. In MeOH, DMSO, or agueous solutions,
lappaconitine has been shown to form a stable complex with glycyrrhizic acid with 1:1 stoichiometry over a
broad concentration range fromuM to 300xM. The stability constank;; equals 2.0< 1 Mt in aqueous
solution. A similar complex of lappaconitine hydrobromiethe pharmaceutical formulation used in the
treatment of arrhythmiais 2 orders of magnitude less stable than pure lappaconitine. A notable decrease in
the rate of the photoinduced electron-transfer reaction between lappaconitine in a complex with glycyrrhizic
acid and tyrosine allows the suggestion of an explicit interrelation between the suppressed chemical reactivity
of the bound alkaloid and the changes of its therapeutic efficiency.

Introduction Lappaconitine

Physicochemical approaches are increasingly employed to
explore the detailed mechanisms of the biologically relevant
processes. Continuous interest to drug complexation is stipulated
by the prospects of the application of the supramolecular
complexes to increase the availability and stability of a drug 2
and to decrease the required dosage. The most widely used O%DB
complexing agents, cyclodextrins, have demonstrated a variety AcHNT +
of advantages of drugcyclodextrin complexek.lt has been W
shown that due to high stability constants these complexes could Lo ) L L\J\.
be effectively used for the purpose of drug delivery protecting
the drug molecule from premature dec&it is believed that
complexation with cyclodextrin not only alters the physico- " T T T T T T T T
chemical properties of the drugor example, solubility-but
also affects its pharmacokinetfcthus allowing to a certain
extent regulation of the reactivity of the drug. Indeed, the
photochemical studies have shown that the reactivity of a
substance is suppressed significantly in the inclusion complex
with cyclodextrin> On the other hand, despite the clear
evidences of the increase of the in vitro bioavailability of the
complexed drud,the mechanism of the complexation influence @?{
at the molecular level has not been elucidated in detail, therefore, HO
it is still unclear whether the observed effects could be explained oo

solely by the increase in drug solubility in the complex with v\ *
cyclodextrin? oH ﬁ

Glycyrrhizic acid (Figure 1), triterpene alkaloid from licorice
root, GA, is a well-known solubilizing agéhand, therefore, T T
could be another potential efficient complexing agent for drug
delivery. Although the complexes of different drugs with GA ppm N
have not been widely used to date as compared to those withFigure 1. Structures anéH NMR spectra (200 MHz) of lappaconitine
cyclodextrins, it is possible to cite a number of instances of the (10P) and glycyrrhizic acid (bottom) in GIDD. Asterisk denotes the
tent infl f GA th ffici f the d = proton of glycyrrhizic acid demonstrating a maximum change of the
potent Intluence o on tne efliciency of the arug. For  chemical shift when the complexation was observed.
example, it has been shown to decrease the required dosage of
common antianginal nitrocompounds such as nitroglycetine;
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animals!® Also, complexes with 5-fluorouracil and rubomycin  known proceduré® Glycyrrhizic acid (GA) was isolated from
have been shown to be less toxic than initial antitumor drugs, the root ofGlycyrrhiza uralensis Fishet® Deuterated solvents
while at the same time retaining their antitumor activity.  D,O, CD;OD (Aldrich), andN-acetyl tyrosine (Tyr) (Sigma)
Recent preclinical pharmacological studies have shown that thewere used as supplied.
addition of GA substantially decreadéshe required dosage Calculation of Stoichiometry of the Complexes and As-
of antiarrhythmic diterpenoid alkaldiéi’4 from monkshooe sociation Constants The change in either the NMR chemical
lappaconitine (Lap, Figure 1). The nature of this effect is, shift of protons or the parameters of absorption spectrum upon
however, unclear. Given the above-mentioned data on the well-complexation is widely used to estimate the stoichiometry of
studied and widely employed drugyclodextrin complexes as  supramolecular complexes and their association constants.
well as those on drugGA, it is reasonable to suggest that GA  The formation of the complex between Lap and GA was traced
is also capable of forming a complex with Lap, thus affecting through the dependence of the changes in the electronic
its properties and therapeutic activity. absorption spectrum of Lap (optical absorption drgd,) on

It is common to attribute the antiarrhythmic effect of Lap to GA concentration. The complex was prepared by adding the
the binding to site 2 of the Nachannel¥® resulting in the MeOH solution of GA to the KHO/MeOH solution of Lap. The
blockade of sodium current and decreasing the maximum total methanol content was kept equal to 20%. The analysis
depolarization rate. The structure of all four binding sites of was based on the shift of absorption maximum (around 300
the channel is well characterizétland the drug is believed to  nm) in the UV spectrum of Lap. The stoichiometry of the Lap
be bound by the peptide loop with a known sequence of amino + GA complex was determined using a continuous variation
acids?’ Recently, we have proposed the approach to model the technique (Job’s plot}28by measuring changes in the chemical
drug—receptor interactions based on the assumption that ashifts of the NMR spectrum of GA. To this end, solutions with
chemical reaction between drug and reactive amino acids of different Lap/GA molar ratios but constant overall molar
the binding site is the underlying factor of the stability and decay concentration of (Lapt GA) were prepared.
of the drug-receptor compleX®1° In the case of the Ca Reactivity Study. NMR analysis of reaction products was
channel, it has been suggested that the dynamics of-drug performed immediately after the photolysis directly in the probe
receptor complex could be satisfactorily modeled by an electron- of an NMR spectrometer Bruker DPX 200H( operating
transfer reaction between, for example, knows ‘Cantagonist frequency 200 MHz). In CIDNP experiments, the samples in
nifedipine and tyrosine which is one of the six amino acid standard 5 mm Pyrex NMR tubes were irradiated directly in
residues forming the binding site of the Lareceptort® A the probe of the NMR spectrometer at room temperature.
similar approach employing chemically induced dynamic nuclear Solutions (reagent concentrations were in the range froni 10
polarization (CIDNP) was used to study the role of electron- to 102 M) were deaerated by Ar bubbling. An EMG 101 MSC
transfer processes in the interactions of Lap with tyrosine and Lambda Physik excimer laser was used as the light source (
tryptophar-amino acids present in the peptide loop of site 2 = 308 nm, pulse duration 15 ns, average pulse energy 100 mJ).
of the Na channel?® It has been demonstrated that electron The quasi-steady-state (QSS) CIDNP experiments were per-
transfer from amino acids to Lap results in the unstable radical formed using a special presaturation technique: saturation
anion species of the drug which could rapidly eliminate its active 180" pulse-a series of laser pulsegvolution time-detection
function, N-acetyl-anthranilic acid. This cleavage is suggested pulse-free induction decay. Since, in this case, the background
to model the underlying cause of the loss of Lap binding to an (equilibrium) NMR signals in CIDNP spectrum were sup-
Na' channel as a result of chemical reactién. pressed, only the signals of the products demonstrating nuclear

In light of the above suggestion of the existence of an Lap Polarization could be observed.
+ GA complex with altered therapeutic activity, it is reasonable

to expect that the effects of this complexation could be o o
modeled8 19 by the variations of reactivity of free and bound Measurement of Association Constants and Stoichiometry

Lap in the reactions with an amino acid. Unfortunately, the ©f Supramolecular ComplexesNMR and optical spectroscopy
reference data lacks the detailed information on the exact Meéthods often provide useful information when analyzing the
molecular structure of the GA complexes. The research is further Structure and stability of supramolecular complexes. In particu-
complicated by the fact that GA is capable of forming micelles 'ar, the advantages of the NMR method were demonstrated when
at critical concentrations above T0M.20 However, other  Studying the inclusion complexes of cyclodextrfis?* Unfor-
aggregates have been shown to form at lower concentrations{unately, this method appeared to be of no avail for kaGA
“guest-host” complexes comprised one or two GA molecules Complexes due to a poor solubility of Lap in water. Therefore,
per one guest molecule have been detegted. in the present study, NM_R spectroscopy was ap_p_lled to the
Thus, the present work employs a two-pronged approach: anaIy_S|s of the comple_xanon of Lap salt,_lappaco_n_mn_e hydro-
First, to elucidate the stoichiometry and stability of Lap bromide (Lap-HBr), which demonstrates high solubility in water.

complexes with GA by means of UV and NMR spectroscopy In this case, the changes both in the aromatic portion of the

; . Lap-HBr spectrum and of the chemical shifts of the proton at
using methods successfully employed to study similar complexes .
of cyclodextrins?22324 Second, to study the influence of the double bond in the GA moleculé ¢ 5.5 ppm, denoted by

complexation on the reactivity of Lap, it is suggested to trace &" asterisk in Figure 1) have been studied. The possibility to
the variations of photoinduced CIDNP effects in the reactions M & hydrogen bond between the NH group of Lap-HBr and
between Lap and tyrosine and to analyze the products of CO group of GA presumably contributes to the stability of a

interaction between Lap and tyrosine in the presence and in9VeN complex. An NMR method was used to measure the
the absence of GA. stoichiometry of the complex by means of Job’s plot. In this

experiment, the changes in the chemical shift of GA were
measured as a function of Lap-HBr molar fraction with a
constant sum [Lap-HBri [GA] = 5 mM (Figure 2). The

Chemicals.Lappaconitine (Lap) was isolated from air-dried  position of the maximum aR = 0.5 in Figure 2 indicates the
roots of Aconitum Septentrionale Koeli@ accordance with stoichiometry of the complex 1:1.

Results and Discussion

Experimental Section



24528 J. Phys. Chem. B, Vol. 109, No. 51, 2005

N
\

6—. n

18
16—-
14-
12—-
10-

A8 x [GA]/ a.u.

02 04 06 08 10

R = [Lap-HBr] / ([Lap-HBr]+[GA])
Figure 2. Job’s plot of the NMR chemical shift changes of selected
GA proton,d = 5.6 ppm for the Lap-HBr/GA complex in 50%,D/
CDs0OD solution. [Lap-HBr]+ [GA] = 5 mM.
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Figure 4. Experimental concentration dependence and its computer
simulation of the shift of Lap absorption maximumA) in the presence

of GA for the case of a 1:1 complex of Lap and GA. The experiment
was carried out in a fD/CD;OD mixture (20% CROD) with [Lap]

= 0.01 mM.

Here, Alc is the variation of absorption maximum of Lap
totally bound in the complex relative to the free molecule.
Experimental dataAAdos Were measured at different GA
concentrations and a constant concentration of lappaconitine in
aqueous solution. The analysis was based on the shift of
absorption maximum (at 300 nm) in the WVis spectrum of
Lap. It has been found that an addition from 0 to 0.03 mM of
GA to 0.01 mM aqueous solutions of Lap results in the shift of
its absorption maximum from 296 to 319 nm. Computer
simulation of the experimental concentration dependence using

Figure 3. Changes of lappaconitine absorption spectrum in the presenceformula 2 for the 1:1 complex shows satisfactory agreement

of GA in CH3;OH, [Lap] = 0.1 mM.

The formation of the complex between pure lappaconitine

and glycyrrhizic acid was studied by monitoring the dependence
of the changes in the electronic absorption spectrum of Lap on

GA concentration. Optical absorption spectra of Lap methanol
solutions in the presence and absence of GA are shown in Figur
3. The UV~vis spectrum of Lap shows a maximum at 300 nm
with molar extinction around 6000, while GA has no maxima
in this range, and at 300 nm, the optical density of 0.1 mM GA

solution is as low as 0.017. Our data show that the weak acidity

of GA?% (pK; = 4.4, K, = 5.3, and K3 = 6.9) does not affect
the absorption spectrum of Lap. The change in the parameter
of the absorption spectrum upon complexation is widely used
for calculation of the stoichiometry of supramolecular complexes
and their association constafts?430The reaction equilibrium

of then/m complex (Gn) between GA and guest (G) molecules
is represented by the equation

mG + nGA=C,,

The association constant of this complex is described as

_ [Cudd

= 1
[G]"[GA]" @

nm

In the case of a 1:1 complex, the valkg; can be obtained

S

(Figure 4). This allows one both to draw conclusions on the
complex formation with stoichiometry 1:1 and to calculate the

stability constant of this compleX = 2.0 x 1 M~1 (4-0.13

x 1P M™Y. The conclusion on the stoichiometry of the complex

obtained by the optical method is in agreement with the date
for Lap-HBr obtained by NMR measurements using Job’s plot

ete(:hnique2.7’28

It is necessary to note that the resulting value indicates an
extreme stability of the complex. For comparison, the stability
constants of cyclodextrin complexes, widely used in pharmacol-
ogy, are on the average around®1d—1.2223 High stability
constants were also observed for GA complexes with other
drugs? This makes the glycyrrhizic acid a rather prospective
complexing agent for pharmacology, because, in this case, the
complexation makes its possible to use very low concentrations
of an active drug. The high stability of GA complexes is also
stipulated by poor solubility of both GA and Lap in water. In
agueous solutions, a hydrophobic interaction can encourage the
formation of supramolecular associates of complex structure.

Since Lap and its complex with GA are insoluble in pure
water, in all experiments, watemethanol mixtures have been
used as a solvent. To study the influence of a solvent on the
GA—Lap complex stability, the same method was used to
measure the stability constant of a given complex in pure
methanol and DMSO aqueous solution. It has been found that,
in the 20% DMSO aqueous solution, the complex demonstrates
the same stability as in the 20% methanol solution. At the same

using eq 2 from the dependence of lappaconitine absorptiontime, in pure methanol, the stability constant decreases by an

maximum on the GA concentratigh

_c<

M= 206,

{[Glo + [GAlo + 1Ky; — (([Co + [GA], +

1/K,))? — 4[G][GA] )" (2)

order of magnitude. This result indicates that hydrophobic
interaction is the main driving force of GA complex formation.
As it has been already mentioned, in view of better water
solubility, lappaconitine hydrobromide (Lap-HBr) is the pre-
ferred pharmaceutical formulation of Lap. From the point of
practical use of LapGA complexes in pharmacology, it is



Lappaconitine Complex with Glycyrrhizic Acid J. Phys. Chem. B, Vol. 109, No. 51, 20054529

SCHEME 1: Radical lon Stages of Photoinduced
Electron Transfer Reaction of Lap and Tyr!®
Lap + Tyr (Lap'_ + Tyr:r )
Lap”
o
OR 90 85 80 75 70 65 60
OH K . COOH
fr R +
N—COCH, N—COCH, ]
:‘é -
NAAA .“‘.:.’ : Lap: 5-H 2-H 4-H 3-H d
x ]
necessary to ascertain whether the complex of GA with Lap- 2 1
HBr has the same high stability as that with the Lap itself. ] *“W””“(c)“
Similar to the above-described experiments, the stability constant ] . . B .
of the complex Lap-HBrGA was measured from the depen- 90 85 80 75 70 65 60
dence of changes in the Lap-HBr absorption spectrum on GA PPM

concentration. The stability constant of the 1:1 complex Lap- Figure 5. QSS*H CIDNP spectra observed after laser irradiation of
HBr—GA is Ki; = 2.6 x 10® M~L, which is 2 orders of Lap (3 mM) in the presence of Tyr (8 mM) in GDD in the absence
magnitude lower than the corresponding value for pure Lap. (@) and in the presence (c) of GA4 NMR spectra (200 MHz) of the

£ . int. this is due t | hvdroohobicity of products measured after 800 laser pulses in the absence (b) and in the
rom our viewpoint, this 1s due to a lower nydrophobicity 0 presence (d) of GA. Two additional singlet lines at 8.1 and 8.3 ppm

the salt. appeared in the spectrum due to the parallel process of self-phototrans-
It should be noted that we are well aware of the fact that all formation of Lap.
the above experiments have been performed for model systems
in mixed watet-alcohol solutions which in contrast to buffered ~ factor of 4 (cf. spectra b and d). Thus, the presence of GA
aqueous solutions are not the real biological environment. substantially hampers the Lap transformation rate.
Unfortunately, the low solubility of both Lap and GA in pure .
water does not allow us to study the concentration dependence<-Onclusion
of NMR chemical shifts and optical absorption of Lap. However,  Thus, in the present work, we have verified the formation of
our previous experiments with GA and cyclodextrin complexes the complex of Lap with GA and measured the stoichiometry
show that methanol does not affect the stoichiometry of the and stability constant of this complex. Note that, since Lap has
complex and is only capable to decrease its stability. Thus, it is the properties of a weak base and GA is a weak acid, one cannot
reasonable to suggest the existence of the above complexes imxclude the possibility of the formation of a salt on their mixing.
buffered aqueous solutions. However, we suggest that, in this case, the influence of GA on
Reactivity of Lappaconitine in the Presence of Glycyr- the physical and chemical properties of Lap has another nature.
rhizic Acid. To study the influence of GA on Lap reactivity, A number of experimental findings contribute to this inference,
the reaction of photoinduced electron transfer between Lap andin particular: (i) the addition of acetic acid withkp ~ 4.6
tyrosine (Tyr, amino acid present in the peptide loop of site 2 Which is close to that of GA to Lap solution has no impact on
of the sodium channel) was used as a model reaction. Thethe absorption spectra of Lap; (i) the experiments with Lap
mechanism of this reaction has been recently studied by meanssalt, its hydrobromide, also demonstrate noticeable influence
of CIDNP 9 The observation of CIDNP effects means unam- ©f GA on the absorption and NMR spectra of Lap; and (jii) the

biguously that the reaction proceeds via a free radical mechanisminfluénce on the reactivity of Lap detected in the present paper
(Scheme 1). for the complex with GA has not been observed for other

organic acids. A high stability constant of this complex is in
accordance with the data for a number of other drugs published
earlier. It makes glycyrrhizic acid a more promising complexing
agent as compared to cyclodextrins. Judging from the results
of pharmacological studies demonstrating a repeated decrease
in the therapeutic dose of a series of drugs in the presence of
GA followed by a decrease in toxicity, GA seems to be a rather
promising object for application in pharmacology.

The result obtained in the present work for the decrease of
) . the Lap transformation rate in the presence of GA testifies in
lines appear at 8.1 and 8.3 ppm in the spectrum due to a paralleIfavor of the suggested mechanism of the influence of GA on
process of self-phototransformation of Lép. the therapeutic activity of Lap and the role of chemical reactions

The primary conclusion to be drawn from the comparison of n the dissociation of ligandreceptor complexe’$:1®
spectra a and c is that the presence of GA decreases CIDNP
significantly. Since CIDNP intensity is proportional to the Acknowledgment. This work was supported by RFBR Grant
radical pair concentration, the observed effect indicates that the04-03-32449 and by the funds of interdisciplinary integration
complexation with GA almost fully blocks the radical reaction project of the Siberian Branch of Russian Academy of Sciences
pathway. The polarization intensity of Tyr and the yield of the No. 146, “Drugs and prophylactics design for medical purposes.
reaction product (NAAA) are observed to decrease by about a Fundamentals and implementation”.

Here NAAA is the final reaction produdy-acetyl-anthranilic
acid. In the present work, the influence of GA on Lap reactivity
was detected from both the intensity of CIDNP effects reflecting
a contribution of the radical reaction pathway and the product
yield of the reaction with tyrosine. Figure 5 compares the QSS
CIDNP and NMR spectra of the final products during photolysis
in the presence and in the absence of GA. CIDNP spectrum
exhibits the polarized lines of both the initial compounds of
GA and Lap and the product, NAAA. Two additional singlet



24530 J. Phys. Chem. B, Vol. 109, No. 51, 2005

References and Notes

(1) Loftsson, T.; Brewster, M. El. Pharm. Sci1996 85, 10171025.
(2) Stella, V. J.; Rao, V. M.; Zannou, E. A.; Zia, ¥dv. Drug Delivery
Rev. 1999 36, 3—16.
(3) Redenti, E.; Szente, L.; Szejtli, J. Pharm. Scj.2001, 90, 979—
986.
(4) Aithal, K. S.; Udupa, N.; Sreenivasan, K. Kdian Drugs1995
32, 293-305.
(5) Bortolus, P.; Mati, SAdv. Photochem1996 21, 1-133.
(6) Zuo, Z.; Kwon, G.; Stevenson, B.; Diakur, J.; Wiebe, L1.IPharm.
Pharm. Sci.200Q 3, 220-227.
(7) Zuo, Z.; Tam, Y. K.; Diakur, J.; Wiebe, L. 0. Pharm. Pharm.
Sci. 2003 5, 292-298.
(8) James, K. C.; Stanford, J. B. Pharm. Pharmacoll962 5, 445-
450.
(9) Maistrenko, V. N.; Gusakov, V. N.; Rusakov, I. A.; Murinov, Y.
I.; Tolstikov, G. A. Dokl. Akad. Naukl994 335 329-331 (in Russian).
(10) Kondratenko, R. M.; Baltina, L. A.; Mustafina, S. R.; Ismagilova,
A. F.; Zarudii, F. S.; Davydova, V. A.; Basekin, G. V.; Suleimanova, G.
F.; Tolstikov, G. A.Pharm. Chem. J2003 37, 485-488.
(11) Baltina, L. A.; Murinov, Y. N.; Ismagilova, A. F.; Davydova, V.
A.; Zarudii, F. S.; Tolstikov, G. APharm. Chem. J2001, 35, 585-587.
(12) Yunusov, M. S.; Tolstikov, G. A.; Murinov, Y. |.; Tzyrlina, E. M.;
Tolstikova, T. G.; Sorokina, I. V.; Voevoda, T. V.; Yunusova, S. G;
Dokitchev, V. A.; Kaverina, N. V.; Turilova, A. |. Russian Federation Patent,
No. 2180583, 2002.
(13) Dzhakhangirov, F. N.; Sultankhodzhaev, M. N.; Tashkhodzhaev,
B.; Salimov, B. T.Chem. Nat. Compdl997, 33, 190-202.
(14) Heubach, J. F.; Schuele, Rlanta Med.1998 64, 22—26.
(15) Wright, S. N.Mol. Pharmacol.2001, 59, 183-192.
(16) Marban, E.; Yamagishi, T.; Tomaselli, G.F Physiol 1998 508
647—657.

Polyakov et al.

(17) Gellens, M. E.; George, A. L., Jr.; Chen, L.; Chahine, M.; Horn,
R.; Barchi, R. L.; Kallen, R. GProc. Natl. Acad. Sci. U.S.AL992 89,
554-558.

(18) Polyakov, N. E.; Taraban, M. B.; Leshina, T. Yhotochem.
Photobiol 2004 80, 565-571.

(19) Polyakov, N. E.; Khan, V. K.; Taraban, M. B.; Leshina, T. V;
Luzina, O. A.; Salakhutdinov, N. F.; Tolstikov, G. Arg. Biomol. Chem.
2005 3, 881—-885.

(20) Romanko, T. V.; Murinov, Y. IZh. Fiz. Khim.2001, 75, 1601~
1604 (in Russian).

(21) Maistrenko, V. N.; Gusakov, V. N.; Sangalov, E.zh. Anal. Khim.
1995 50, 582-588 (in Russian).

(22) Connors, K. AChem. Re. 1996 97, 1325-1357.

(23) Szejtli, J.; Osa, TComprehensgie Supramolecular Chemistry
Cyclodextrins Elsevier Sci. Ltd.: Oxford, U.K., 1996; Vol. 3.

(24) Miyazawa, |.; Ueda, H.; Nagase, H.; Endo, T.; Kobayashi, S.; Nagai,
T. Eur. J. Pharm. Sci1995 3, 153-162.

(25) Zinurova, E. G.; Khakimova, T. V.; Spirikhin, L. V.; Yunusov, M.
S. Chem. Nat. Compd200Q 36, 387—389.

(26) Kondratenko, R. M.; Baltina, L. A.; Mustafina, S. R.; Makarova,
N. V.; Nasyrov, Kh. M.; Tolstikov, G. APharm. Chem. 12001, 35, 101~
104.

(27) Yamamoto, Y.; Inoue, YJ. Carbohydr. Chem1989 8, 29-46.

(28) Casy, A. F.; Cooper, A. D.; Jefferies, T. M.; Gaskell, R. M;
Greatbanks, D.; Pickford, R. Pharm. Biomed. Anall991, 9, 787—792.

(29) Gusakov, V. N.; Maistrenko, V. N.; Safiullin, P. Russ. J. Gen.
Chem.200%, 71, 1307-1310.

(30) Polyakov, N. E.; Leshina, T. V.; Petrenko, A.; Hand, E.; Kispert,
L. D. J. Photochem. Photobiol., 2003 161, 261—267.



