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The aim of our research was to obtain new, more soluble and biologically active derivatives of ellagic acid through acylation of phenol hydroxyls and obtaining supramolecular complexes with cyclodextrins, as well as to study the ability of the derivatives synthesized to eliminate the microorganism resistance to aminoglycoside antibiotics (by the example of gentamicin). The article represents the research results of the acylated derivatives of ellagic acid and its supramolecular derivatives with β-cyclodextrins. The structure of the compounds synthesized has been confirmed by NMR1H -spectroscopy and HPLC with a multiwave ultraviolet-detector. It has been shown that in subeffective concentrations (0.001% solution) in the absence of direct antimicrobial and antifungal properties, tetrasuccinyl-digallic acid (5) reveals the ability to reduce sensitivity to gentamicin in polyresistant strains of microorganisms and sensitivity to nistatine in fungi resistant to it. It has been found that clathrate complexes of ellagotanin with β-cyclodextrins have no antiresistant activity, as well as other acylated derivatives of ellagic acid.
Ellagic acid is a polyphenolic compound consisting of two residues of gallic acid [1]. In the form of various derivatives with gallic acid and glycosides it is found in many medicinal plants, particularly the Myrtle family [2,3,4]. The biological activity of ellagic acid glycosides has been studied well enough: from antimicrobial, antiviral, anticancer activity to the antioxidant and cardioprotective ones [5,6,7]. In Ukraine a drug on the basis of ellagic acid under the name of Elgacin is planned for manufacture [8]. Unlike the known natural derivatives of ellagic acid Elgacin is an aglycone or pure ellagic acid. Its almost complete insolubility in liquids available for human and, therefore, its low bioavailability have become the problem for using this drug. But even such low bioavailability appeared to be enough for exhibiting the antioxidant and cardioprotective activity of its tablet form. In terms of chemistry, phenolic hydroxyls of ellagic acid, which are rather reactive and available for substitution in acylation and alkylation reactions, are of interest. Our studies previously conducted have confirmed a moderate antimicrobial activity of high-molecular derivatives of ellagic acid. The solubility of ellagic acid can be increased either by acylation of some phenolic hydroxyls and/or by obtaining supramolecular complexes with cyclodextrins. The last area of research is very promising since exactly glycosides of ellagic acid showed the maximal biological activity.

The aim of our research was to obtain new, more soluble and biologically active derivatives of ellagic acid by acylation of phenol hydroxyls and to obtain supramolecular complexes with cyclodextrins, as well as to study the ability of the derivatives synthesized to eliminate the microorganism resistance to aminoglycoside antibiotics (by the example of gentamicin). Elgacin in a pure form was kindly provided for research by PJSC “Borschagov Chemical and Pharmaceutical plant”.

Fig. 1 presents the scheme for the synthesis of ellagic acid derivatives 4, 5. If the reaction took place in the glacial acetic acid medium, as a result of synthesis disubstituted derivatives 4a and 4b were formed, but only in para positions. In case if the reaction occurred in the DMF medium in the presence of sodium hydroxide, the partial ring-opening of ellagic acid was observed, and after acylation the reaction product as a sodium salt gave even the product with four substituted groups 5a and 5b. Disuccinyl and dimalleinyl products 4а and 4b were less soluble in polar solvents (water, methanol and ethanol) than tetrasuccinyl and tetramalleinyl products 5a and 5b. Attention should also be paid to the fact that the initial compound 1 was practically insoluble in polar solvents, including DMSO and DMF. To carry out the reaction we had to dissolve 1 in the mixture of DMF and glacial acetic acid when heating. In this case the product of the partial ring-opening of ellagic acid 2 easily dissolved in water and methanol and had a red colour. Based on HPLC data, compounds 4 and 5 were not individual chemically pure substances, they were a combined mixture of a derivative substituted from only by one of the groups up to fully substituted by all groups. The fully substituted derivatives are given in Fig. 1. Even with a substantial excess of the acylated agent the reaction of complete replacement of all available phenolic groups does not proceed (in Fig. 2 there is a PHLC [9] chromatogram of the final product 5 at 255 nm, it is the maximum that is typical for digallic acid derivatives (see Fig. with UV-spectrum of ellagic acid [10]). In solutions, in particular polar ones, there is an equilibrium between ellagic acid (1) and its salts (2) and probably the initial compound 1. This phenomenon is typical not only for ellagic acid, but for gallic acid, as well as for their more high-molecular derivatives – tannids.  
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Fig. 1. The synthesis of acylated derivatives of ellagic acid
The systems synthesized are quite well identified spectroscopically by NMR1Н spectroscopically although representing complex inseparable supramolecular systems.
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Fig. 2. The fragment of the HPLC-chromatogram and UV-spectrum of ellagotannin (1); digallic acid sodium salt (2); tetrasuccinyl-digallic acid (5)
Another variant for obtaining soluble 1 is to obtain its inclusion complex with β–cyclodextrin (β-CD). The result of modeling of the inclusion complex with ellagic acid using the semiempirical algorithm Bio+ after MM2 optimization is presented in Fig. This modeling was necessary to determine the feasibility of further search of synthetic methods for the inclusion complex between 1 and β-CD. As can be seen from Fig. 2, ellagic acid is consistent with the size of the hydrophobic cavity of β-CD. Due to the fact that β-CD is soluble only in water, and 1 is insoluble in water at all, a problem of obtaining the inclusion complex has appeared. We proposed several methods for the synthesis of inclusion complexes. One of them is injection of solution 1 in pyridine into 1% aqueous solution of β-CD with subsequent cooling the solution to 5ºС. In these conditions crystallization at the bottom of the flask with the inclusion complex was observed, and it was confirmed by its solubility in water up to 2% with preserving the UV absorption spectrum identical to 1. Another method was in adding a dry powdered 1 to the solution of β-CD with subsequent treatment of the solution by ultrasound and condensation of the inclusion complex by cooling the solution to 5ºС. In the latter case the yield of the final product soluble in water was significantly lower (12±3%) than both the planned one (70±10%) and the yield of the product in the first method (52±7%). Anyway, method 1 allowed to obtain ellagotanin completely soluble in water in the form of the inclusion complex with β-CD with the possibility to create solutions with stable concentrations up to 2%. Complexes 1 with β-CD differed from the pure 1 only by extended solubility in water; in attempting to solve them in pure DMSO they decomposed to formation of white crystals of β-CD and solution (1). The UV spectrum of the solution obtained corresponded to the spectrum of ellagic acid.
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Fig. 3. The result of modeling of ellagotannin molecule inclusion into the complex with β-CD
The antiresistant activity was studied in subeffective doses when a substance did not exhibit the antimicrobial and antifungal activity, but significantly potentiated the action of antimicrobial agents or canceled the resistance of microorganisms to antibiotics and antimicrobial drugs commonly used. To study the antimicrobial properties we used gentamicin and the strains of microorganisms resistant to it from the Clinical Microbiology laboratory and the laboratory of Biochemistry of Microorganisms and Culture Media at the State Institution “Institute of Microbiology and Immunology named after I. I. Mechnikov of the National Academy of Medical Sciences of Ukraine”, the strains of S. aureus poly-2008, P. aeruginosa Port 293, as well as C. albicans rts232, A. niger rs33 resistant to nistatine. The antiresistant and antimicrobial activities were studied according to the method of serial dilution.
Table 1. The antimicrobial activity of 0.1% gentamicin in relation to resistant forms of microorganisms
	Exposure in the presence of microorganisms (1 ml of the solution per 5 ml of the medium)
	EP-2012 requirements

	The microbial count, CFU/ml

	
	The bacterial count CFU/ml
	The fungal count
CFU/ml
	S. aureus poly-2008
	P.aeruginosa Port 293
	C. albicansrts232
	A. niger  rs33

	
	
	
	8.90*105
	5.90* 106
	1.50*105
	1.80*105

	2 days
	NG
	NG
	8.21*105
	5.50* 106
	1.11*105
	1.11*105

	7 days
	NG
	NG
	1.59* 104
	1.47*104
	5.00*104
	1.70*104

	14 days
	NG
	NG
	1.50* 103
	6.56*102
	6.50*102
	7.00*102

	28 days
	NG
	NG
	5.70* 102
	1.15*102
	3.20*102
	2.70*105


*- given for control of the absence of the antifungal properties in the composition; NG – no growth.
Table 2. The antimicrobial and antifungal activity of 0.1% gentamicin and 0.1% nistatine, respectively, in the presence of 0.001% antiresistant component (5а*) against the resistant forms of microorganisms
	Exposure in the presence of microorganisms (1 ml of the solution per 5 ml of the medium)
	EP-2012 requirements

	The microbial count, CFU/ml

	
	The bacterial count CFU/ml
	The fungal count
CFU/ml
	S. aureus poly-2008
	P.aeruginosa Port 293
	C. albicans rts232
	A. niger
rs33

	Day of inoculation
	-
	-
	8.00*105
	5.00* 106
	1.00*105
	1.11*105

	2 days
	NG
	NG
	NG
	NG
	NG
	NG

	7 days
	NG
	NG
	NG
	NG
	NG
	1 NG

	14 days
	NG
	NG
	NG
	NG
	NG
	NG

	28 days
	NG
	NG
	NG
	NG
	1.20*102
	1.10*102


*- preliminary data of the screening of other derivatives were shown that compounds 4а,b; 5b and complex 1 with β-CD did not reveal antiresistant properties in subeffective concentrations; NG – no growth.
Experimental part
For a detailed study of the qualitative composition the method of high-performance liquid chromatography (HPLC) was applied as one of the most reliable for determination of individual phenolic compounds [12]. For identification of phenolic compounds standard samples of phenolic acids were used. Criteria for identification of components were the retention times of the substances under study, UV spectra, data bases and review articles on the main spectral characteristics of tannic acids [13]. The sample analysis was performed on an analytical HPLC system containing an “Agilent 1200” liquid chromatograph with a photodiode array detector and the ChemStation system for collection and processing of chromatographic data. The photodiode array detector allowed to perform detection and recording of absorption spectra in the wavelength range of 255–370 nm [14]. The chromatographic conditions were as follows: a Zorbax SB-C18 column 4.6×150 mm with the particle size of 5 µm in a gradient elution mode. In the mobile phase the content of methanol in the aqueous solution of orthophosphoric acid (0.1%) changed from 50 to 52% within 18 min. The flow rate of the eluent – 1 ml/min; the volume of the injected sample – 5 µL; the column temperature – 27°C; detection – at λ360 (aglycones) [15]. Before using the mobile phase was filtered through 0.45 µm membrane filter. To prepare the mobile phase methanol, ortho-phosphoric acid, bidistilled deionized water were used. Standard solutions were prepared in the concentration of 10 µg/ml [16].

The NMR1Н spectrum of compounds 4 and 5 was recorded on a Bruker WM spectrometer (300 MHz) with DMSO-d6 as a solvent.  
Tetrasuccinyl-digallic acid disodium salt (5а). Into the pyridine solution of 0.005 mol (1) add 0.01 mol of NaOH in pyridine, dissolve the precipitate. The solution becomes of a red colour. To the solution obtained add 0.02 mol (3), mix the solution to dissolve the precipitate 3, allow to stand on a water bath at 1000 С for 20 min, cool, add a double ethanol solution. In 60 min filter the precipitate (5a), formed. (Yield – 60%). M.p. – 175-200ºС. NMR1H δ, ppm 5.37 (s, 2H, Ph-OH), 11.6 (s, 4H, -COOH), 7.65 (s, 2H, Ar-H), 2.72 (s, 8H, -CH2-).
Disuccinyl-ellagic acid (4а). Into the glacial acetic acid pour 0.005 mol (1) previously dissolved in pyridine, pour 0.01 mol (3), heat under reflux for 30 min, cool the solution. Filter the precipitate obtained (4a). (Yield – 62%). M.p. – 175-200ºС. NMR1H δ, ppm 5.35 (s, 2H, Ph-OH), 11.6 (s, 2H, -COOH), 7.84 (s, 2H, Ar-H), 2.72 (s, 4H, -CH2-).
Tetramalleinyl-digallic acid disodium salt (5b). Into the pyridine solution of 0.005 mol (1) add 0.01 mol of NaOH in pyridine, dissolve the precipitate. The solution becomes of a red colour. To the solution obtained add 0.02 mol (6), mix the solution to dissolve the precipitate (6), allow to stand on a water bath at 1000 С for 20 min, cool, add a double ethanol solution. In 60 min filter the precipitate (5b) formed. (Yield – 43%). M.p. – 175-200ºС. NMR1H δ, ppm 5.37 (s, 2H, Ph-OH), 11.8 (s, 4H, -COOH), 7.63 (s, 2H, Ar-H), 6.35 (d, 4H, -CH=), 6.50 (d, 4H, -CH=).
Dimalleinyl-ellagic acid (4b). Into the glacial acetic acid pour 0.005 mol (1) previously dissolved in pyridine, pour 0.01 mol (6), heat under reflux for 30 min, cool the solution. Filter the precipitate obtained (4b). (Yield – 47%). M.p. – 175-200ºС. NMR1H δ, ppm 5.35 (s, 2H, Ph-OH), 11.6 (s, 2H, -COOH), 7.84 (s, 2H, Ar-H), 6.35 (d, 4H, -CH=), 6.51 (d, 4H, -CH=).
Method 1: complex (1) and β-CD. In 1% aqueous solution of 0.01 mol of β-CD inject 0.01 mol (1) in pyridine while stirring, then cool the solution up to +5ºС, filter the precipitate of the complex, dry and wash with ethanol from pyridine and dry again (Yield – 52%). Solubility of the precipitate is up to 2% in water. UV (mn): 255, 370.
Method 2: complex (1) and β-CD. In 1% aqueous solution of 0.01 mol of β-CD pour 0.01 mol (1) finely powdered previously and treat the solution obtained with ultrasound with a frequency of 44 kHz and capacity of 900 W on a UZDN-2Т apparatus for 15 min. Then filter the solution through a "red tape" folded filter, reject the precipitate not included in the complex. Cool the supernatant up to +5ºС, filter the precipitate of the complex and dry (Yield – 12%). Solubility of the precipitate is up to 2% in water UV (mn): 255, 370.
Conclusions
1. Tetrasuccinyl-digallic acid (5) is the most promising compound for further research and introduction; in subeffective concentrations it restores the sensitivity of microorganisms to antimicrobial drugs, and the sensitivity of fungi to antifungal drugs (nistatine).
2. Although it proved possible to obtain a water soluble complex of ellagic acid inclusion with β–cyclodextrin, it did not reveal the antimicrobial and antiresistant activity. 
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СИНТЕЗ І АНТИРЕЗИСТЕРНА АКТИВНІСТЬ АЦИЛЬОВАНИХ ТА СУПРАМОЛЕКУЛЯРНИХ ПОХІДНИХ ЕЛАГОВОЇ КИСЛОТИ

Мустафа Алі Альхуссейн, А.В. Мартинов 

Ключові слова: елагова кислота, ацильовання, сукцинільовання, ВЕРХ, ЯМР1Н, антибактеріальні властивості, протигрибкові властивості.
Метою дослідження було отримання нових, більш розчинних та біологічно активних похідних елагової кислоти через ацильовання фенольних гідроксилів і отримання супромолекулярних комплексів з циклодекстринами, вивчення здатності синтезованих похідних знімати резистентність мікроорганізмів до аміноглікозидним антибіотикам (на прикладі гентаміцину).  У роботі представлені результати досліджень синтезованих ацильованих похідних елагової кислоти та її супромолекулярних похідних з β–циклодекстрином. Структура синтезованих сполук підтверджена ЯМР1Н -спектроскопічними та зі застосуванням ВЕРХ з мультіхвильовим УФ-детектором. Показано, що в субефективних концентраціях (0,001% розчин) при відсутності прямих антимікробних та антигрибкових властивостей, тетрасукциніл-дигалова кислота (5) проявила здатність відновлювати чутливість до гентаміцину у полі резистентних штамів мікроорганізмів та чутливість до ністатину у резистентних до нього грибів. Показано, що клатратні комплекси елаготаніну з β–циклодекстрином не володіли антирезистентною активністю так само як і інші ацильовані похідні елагової кислоти.
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