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Tuberculosis (TB) is a truly global disease, found in every country on earth. One-third of
humanity, over 2 billion people, carry the bacillus that causes TB and 2 million people die
of the disease each year. Despite that, no new specific drug against Mycobacterium
tuberculosis has been developed since the 1960s. There are several candidates for new
anti-TB agents, but none proven clinically effective. Stilbenes are compounds found in
numerous medicinal plants and food products with some known biological and even
antimycobacterial activity. This paper describes the synthesis and the anti—-M.
tuberculosis activity of eight stilbene analogues. The synthesis and characterization of
these compounds are shown, and the results compared with one “first”-line drug used in
current therapy.
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INTRODUCTION

Tuberculosis (TB) has re-emerged as one of the leading causes of death in the world, reaching a million
deaths annually. Mortality rates decreased globally in 2007, with 1.3 million HIV-negative TB patients
dying in 2007 and 456,000 deaths among individuals infected with both TB and HIV[1]. However,
multidrug resistant (MDR) TB, extensive drug resistant (XDR) TB, and TB/HIV are stifling attempts to
control TB and causing suffering, death, and impoverishment worldwide[2]. Rifampin, discovered over
40 years ago, represents the last novel class of antibiotics introduced for the first-line treatment of TB.
Drugs in this class are part of a 6-month regimen that is ineffective against MDR and XDR TB, and
difficult to use with many antiretroviral drugs[3]. Thus, there is an urgent need to develop new therapies
for TB, to reduce the duration of treatment, and to provide a more effective therapy for resistant and latent
TB infection[4].

Stilbenes, such as resveratrol, piceatannol, and pinosylvin, are compounds found in numerous
medicinal plants and food products (Fig. 1)[5,6,7]. The natural stilbene most relevant and more described
in the literature is resveratrol, which was first isolated from Chinese and Japanese medicinal plants in
1963[8]. In 1992, this compound was postulated to explain some of the cardioprotective effects of red
wine (the so-called “French paradox™)[9,10,11].
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Resveratrol: R,'= OH, Ry'=H, R3 = Rg = OH
Piceatannol: R3' = R4’ = R3 = R; = OH
Pinosylvin: R; = R5 = OH

FIGURE 1. Structure of the most common
natural stilbenes.

Since then, dozens of studies have indicated that resveratrol plays an important role in preventing or
slowing the progression of many diseases and illnesses, such as inflammation[12,13,14,15],
cancer[6,7,14], and heart diseases[8,16]. Recently, additional properties of resveratrol have been
documented, such as radical scavenging, antioxidant activity[15,17], neuroprotection[15,18], antiviral
activity[15,19], antibacterial activity[20,21,22], antitubercular activity[23,24,25], and others[6,8,26,27].

On the other hand, little attention has been given to bioisostere analogues of stilbenes. Based on the
concept of bioisosterism[28], the basic skeleton of trans-stilbene was modified by replacement of the
central C=C linkage with a C=N double bond. This modification was carried out by the reaction of an
aldehyde and an amino acid through an imine formation reaction (Fig. 2).
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FIGURE 2. Classical bioisosterism approach.

It has recently been reported that a natural stilbene showed good results against M. bovis[23].

Due to our expertise, we have worked on and reported on new natural and synthetic (organic and
inorganic) compounds with antimycobacterial activities[29,30,31,32,33,34,35,36]. In this paper, we
propose to study the anti—-M. tuberculosis (MTB) activity of this class of molecules (aza-stilbene
derivatives) and to describe the synthesis of these stilbene analogues.

MATERIAL AND METHODS

Chemistry

The typical procedure for the preparation of aza-stilbene derivatives was carried out. All compounds were
synthesized by a facile and efficient imine formation reaction. For this, a mixture of corresponding
aromatic aldehyde (5.50 mmol) and 4-hydroxy-aniline (5.00 mmol) was stirred in anhydrous ethanol (10
mL) at room temperature for 12 h. The crystalline powder formed in precipitation was collected by
filtration, washed with cold EtOH, and dried in a vacuum oven to give the desired product. When
necessary, the compounds were crystallized in acetonitrile. The NMR of 'H and **C spectra were
collected in a Bruker Avance DRX300; IR spectra were registered in a Bomen-FTIR MB-102
spectrometer. The most important spectroscopic information is shown in Table 1.
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TABLE 1
Spectral Data of Aza-Stilbene Derivatives

Compound 8 CH=N 8 C=N vy C=N M.P.(°C) Yield (%)

1 8.61 (s, 1H) 157.1 1624 189.3 62
2 8.43 (s, 1H) 157.1 1607 203.7 53
3 8.89 (s, 1H) 157.1 1616 141.4 55
4 8.42 (s, 1H) 156.9 1615 197.0 60
5 8.51 (s, 1H) 156.6 1609 189.0 61
6 8.51 (s, 1H) 157.0 1624 185.4 68
7 8.38 (s, 1H) 156.9 1610 182,7 75
8 8.73 (s, 1H) 157.3 1624 172.1 76

The NMR experiments were performed at 300 MHz for *H and 75 MHz for **C in
DMSO-ds (ppm), and IR experiments were performed at KBr support (cm™).

Biology

An anti-MTB activity assay was performed. The anti-MTB activity of the compounds was determined by
the resazurin microtiter assay (REMA)[37]. Stock solutions of the test compounds were prepared in
dimethyl sulfoxide (DMSO) and diluted in Middlebrook 7H9 broth (Difco Laboratories, Detroit, Ml,
USA), supplemented with oleic acid, albumin, dextrose, and catalase (OADC enrichment; BBL/Becton
Dickinson, Sparks, MD, USA), to obtain final drug concentration ranges from 0.15 to 250 ug/mL. The
serial dilutions were realized in a Precision XS Microplate Sample Processor (Biotek™). The isoniazid
was dissolved in distilled water, as recommended by the manufacturer (Difco), and used as a standard
drug. MTB Hz;Rv ATCC 27294 was grown for 7-10 days in Middlebrook 7H9 broth supplemented with
OADC, plus 0.05% Tween 80 to avoid clumps. Cultures were centrifuged for 15 min at 3,150 x g,
washed twice, resuspended in phosphate-buffered saline, and aliquots were frozen at -80°C. After 2 days,
an aliquot was thawed to determine the viability and the CFU after freezing. MTB Hs;Rv ATCC 27294
was thawed and added to the test compounds, yielding a final testing volume of 200 pL with 2 x 10°
CFU/mL. Microplates with serial dilutions of each compound were incubated for 7 days at 37°C, after
resazurin was added to test viability. Wells that turned from blue to pink, with the development of
fluorescence, indicated growth of bacterial cells, while maintenance of the blue color indicated bacterial
inhibition[37,38]. The fluorescence was read (530-nm excitation filter and 590-nm emission filter) in a
SPECTRACfluor Plus (Tecan®) microfluorimeter. The minimum inhibitory concentration (MIC) was
defined as the lowest concentration resulting in 90% inhibition of growth of MTB[38]. As a standard test,
the MIC of isoniazid was determined on each microplate. The acceptable range of isoniazid MIC is from
0.015 to 0.06 pg/mL[37,38]. Each test was set up in triplicate.

RESULTS AND DISCUSSION

Chemistry

The aza-stilbene derivatives 1-8 were synthesized by the classical method of imine formation involving
condensation between 4-hydroxy-aniline with a variety of aromatic aldehydes in EtOH (Scheme 1). All

compounds were characterized by *H and *C NMR, IR, and m.p. (Table 1), and were in accord with data
in the literature[39,40,41,42,43].

1115



Pavan et al.: Anti-MTB Evaluation of Aza-Stilbene TheScientificWorldJOURNAL (2011) 11, 1113-1119

=\_R
O@NHZ +  OHC— 7 — HO@N\\_@R
EtOH, r.t.
’ \ /4

4-hydroxy-aniline  aromatic aldehydes 5
l:R2:R3:R4:R5:H §:R4:OM6
2: R, = OH 6:R3=R, = Rg= OMe
3: R2:OH Z: R4:NM62
4:R,=0H,Rs=OMe  8:R;=NO,

SCHEME 1. Synthesis of aza-stilbene derivatives 1-8.

Biology

Anti-MTB activity assay — The in vitro anti-MTB activities of the aza-stilbene derivatives were
tested against MTB Hs;Rv ATCC 27294 and the MICs are reported in Table 2. The MICs of
compounds 1-5 and 7-8 were the same (15.6 ug/mL), and compound 6 was less active than the
others compounds (31.25 pg/mL). This is the first report of activity against in vitro MTB
infection in aza-stilbene derivatives and these results are comparable with pyrazinamide (MIC of
50-100 pg/mL), a “first”-line drug used in current therapy[44], and better than natural stilbene in
assays against Mycobacterium species described in the literature.

In vitro structure activity relationship (SAR) — As can be seen in Table 2, the results of the
condensation between 4-hydroxy-aniline with a variety of aromatic aldehydes in EtOH showed
similar MIC among the compounds 1-5, 7, and 8. Then due to little difference between the results
of the compound 6 with the others, indicate that the basic structure, the aza-stilbene skeleton, is
fundamental to the good results presented by these molecules. It is interesting to note better MIC
against MTB in aza-stilbene derivatives shown here than natural stilbene against Mycobacterium
species[23,24,25]. It is noteworthy that the presence of three methoxy groups in compound 6
slightly decreased the activity. The only observation that can be made about this structure is the
volume of the methoxy groups, since the presence of this group, compound 5, does not affect the
activity.

TABLE 2
In vitro Antiproliferative Activity
of the Compounds 1-8 against
MTB Hs,Rv ATCC 27294

Compound  MIC (pg/mL)

15.6
15.6
15.6
15.6
15.6
31.25
15.6
15.6
yrazinamide 50-100

0 IN o o I JwIN |-

3
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CONCLUSION

This is the first report of activity against in vitro MTB infection in aza-stilbene derivatives. The results
show that these compounds can be considered as promising anti-MTB agents, with anti-MTB activity
comparable to pyrazinamide and better than natural stilbene tested with other Mycobacterium species.
Further biological studies are required to show the efficacy and safety of these compounds in vivo, and to
shed further light on the mechanism of the pharmacological action.

ACKNOWLEDGMENTS

This study was supported by CNPq, FAPEMIG, Capes and Fundacdo de Amparo a Pesquisa do Estado de
Séo Paulo (FAPESP), ref. Processes: 2008/10390-2 and 2009/06499-1.

REFERENCES

1. (2009) Scientific Blueprint for TB Drug Development. Global Alliance for TB Drug Development, New York. pp.
26-28.

2. (2009) The Global Plan to Stop TB 2006-2015: Progress Report 2006—-2008. World Health Organization, Geneva. p.
8.

3. Gandhi, N.R., Nunn, P., Dheda, K., Schaaf, H.S., Zignol, M., Soolingen, D.V., Jensen P., and Bayona, J. (2010)
Multidrug-resistant and extensively drug-resistant tuberculosis: a threat to global control of tuberculosis. Lancet 375,
1830-1843.

4, MEDICINS SANS FRONTIERES: http://www.msf.ch/fileadmin/user_upload/uploads/rapports/2006_10 30 _th/
TBPipeline.pdf, acessed September 13, 2010.

5. Chong, J., Poutaraud, A., and Hugueney, P. (2009) Metabolism and roles of stilbenes in plants. Plant Sci. 177, 143—
155.

6. Robert, M., Pizzirani, D., Recanatini, M., Simoni, D., Grimaudo, S., Cristina, A.D., Abbadessa, V., Gebbia, N., and

Tolomeo, M. (2006) Identification of a terphenyl derivative that blocks the cell cycle in the GO-G1 phase and induces
differentiation in leukemia cells. J. Med. Chem. 49, 3012—-3018.

7. Breinbauer, R., Vetter, I.R., and Waldmann, H. (2002) From protein domains to drug candidates -- natural products as
guiding principles in compound library design and synthesis. Angew. Chem. Int. Ed. Engl. 41, 2878-2890.

8. Baur, J.A. and Sinclair, D.A. (2006) Therapeutic potential of resveratrol: the in vivo evidence. Nat. Rev. Drug Discov.
5, 493-506.

9. Renaud, S. and De Lorgeril, M. (1992) Wine, alcohol, platelets, and the French paradox for coronary heart disease.
Lancet 339, 1523-1526.

10. Baur, J.A., Pearson, K.J., Price, N.L., Jamieson, H.A., Lerin, C., Kalra, A., Prabhu, V.V, Allard, J.S., Lopez-Lluch,

G., Lewis, K., Pistell, P.J., Poosala, S., Becker, K.G., Boss, O., Gwinn, D., Wang, M., Ramaswamy, S., Fishbein,
K.W., Spencer, R.G., Lakatta, E.G., Couter, D.L., Shaw, R.J., Navas, P., Puigserver, P., Ingram, D.K., de Cabo, R.,
and Sinclair, D.A. (2006) Resveratrol improves health and survival of mice on a high-calorie diet. Nature 444, 337—

342.

11. Kimura, Y., Okuda, H., and Arichi, S. (1985) Effects of stilbenes on arachidonate metabolism in leukocytes. Biochim.
Biophys. Acta 834, 275-278.

12. Park, E.J., Min, H.Y., Ahn, Y.H., Bae, C.M., Pyee, J.H., and Lee, S.K. (2004) Synthesis and inhibitory effects of

pinosylvin derivatives on prostaglandin E2 production in lipopolysaccharide-induced mouse macrophage cells.
Bioorg. Med. Chem. Lett. 14, 5895-5898.

13. Heynekamp, J.J., Webwe, W.M., Hunsker, L.A., Gonzales, A.M., and Orlando, R.A. (2006) Substituted trans-
stilbenes, including analogs of the natural product resveratrol, Inhibit the tumor necrosis factor-alpha-induced
activation of nuclear factor-kappaB. J. Med. Chem. 49, 7182-7189.

14. Lion, C.J.,, Matthews, C.S., Stevens, M.F.G., and Westwell, A.D. (2005) Synthesis, antitumor evaluation, and
apoptosis-inducing activity of hydroxylated (E)-stilbenes. J. Med. Chem. 48, 1292-1295.

15. Botella, L. and Néjara, C. (2004) Synthesis of methylated resveratrol and analogues by Heck reactions in organic and
aqueous solvents. Tetrahedron 60, 5563-5570.

16. Velder, J., Ritter, S., Lex, J., and Schmalz, H.G. (2006) A simple access to biologically important trans-stilbenes via
Ru-catalyzed cross metathesis. Synthesis 2, 273-278.

17. Jang, D.S., Kang, B.S., Ryu, S.Y., Chang, .M., Min, K.E., and Kim, Y. (1999) Inhibitory effects of resveratrol

analogs on unopsonized zymosan-induced oxygen radical production. Biochem. Pharmacol. 57, 705-712.

1117


http://www.msf.ch/fileadmin/user_upload/uploads/rapports/2006_10_30_tb/%0bTBPipeline.pdf
http://www.msf.ch/fileadmin/user_upload/uploads/rapports/2006_10_30_tb/%0bTBPipeline.pdf

Pavan et al.: Anti-MTB Evaluation of Aza-Stilbene TheScientificWorldJOURNAL (2011) 11, 1113-1119

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

Gupta, Y.K., Chaudhary, G., and Srivastava, A.K. (2002) Protective effect of resveratrol against pentylenetetrazole-
induced seizures and its modulation by an adenosinergic system. Pharmacology 65, 170-174.

Docherty, J.J., Fu, M.M.H., Stifler, B.S., Limporos, R.J., Pokabla, C.M., and Delucia, A.L. (1999) Resveratrol
inhibition of herpes simplex virus replication. Antiviral Res. 43, 135-145.

Chen, G., Shan, W., Wu, Y., Ren, L., Dong, J., and Ji, Z. (2005) Synthesis and anti-inflammatory activity of
resveratrol analogs. Chem. Pharm. Bull. 53, 1587-1590.

Sundar, I. and Chang, F.N. (1992) The role of guanosine-3',5'-bis-pyrophosphate in mediating antimicrobial activity
of the antibiotic 3,5-dihydroxy-4-ethyl-trans-stilbene. Antimicrob. Agents Chemother. 36, 2645-2651.

Subramanian, M., Shadakshari, U., and Chattopadhyay, S. (2004) A mechanistic study on the nuclease activities of
some hydroxystilbenes. Bioorg. Med. Chem. 12, 1231-1237.

Kabir, M.S., Engelbrecht, K., Polanowski, R., Krueger, S.M., Ignasiak, R., Rott, M., Schwan, W.R., Stemper, M.E.,
Reed, K.D., Sherman, D., Cook, J.M., and Monte, A. (2008) New classes of Gram-positive selective antibacterials:
inhibitors of MRSA and surrogates of the causative agents of anthrax and tuberculosis. Bioorg. Med. Chem. Lett. 18,
5745-5749.

Skretas, G., Meligova, A.K., Villalonga-Barber, C., Mitsiou, D.J., Alexis, M.N., Micha-Screttas, M., Steele, B.R,
Screttas, C.G., and Wood, D.W. (2007) Engineered chimeric enzymes as tools for drug discovery: generating reliable
bacterial screens for the detection, discovery, and assessment of estrogen receptor modulators. J. Am. Chem. Soc. 129,
8443-8457.

Lechner, D., Gibbons, S., and Bucar, F. (2008) Plant phenolic compounds as ethidium bromide efflux inhibitors in
Mycobacterium smegmatis. J. Antimicrob. Chemother. 62, 345-348

Guiso, M., Marra, C., and Farina, A. (2002) A new efficient resveratrol synthesis. Tetrahedron Lett. 43, 597-598.
Kim, S., Ko, H., Park, J.E., Jung, S., Lee, S.K., and Chun, Y.J. (2002) Design, synthesis, and discovery of novel trans-
stilbene analogues as potent and selective human cytochrome P450 1B1 inhibitors. J. Med. Chem. 45, 160-164
Patani, G.A. and Lavoie, E.J. (1996) Bioisosterism: a rational approach in drug design. Chem. Rev. 96, 3147-3176.
Pavan, F.R., Poelhsitz, G.V., do Nascimento, F.B., Leite, S.R.A., Batista, A.A., Deflon, V.M., Sato, D.N., Franzblau,
S.G., and Leite, C.Q.F. (2010) Ruthenium (I1) phosphine/picolinate complexes as antimycobacterial agents. Eur. J.
Med. Chem. 45, 598-601.

Pavan, F.R., Maia, P.1.S,, Leite, S.R.A., Deflon, V.M., Batista, A.A., Sato, D.N., Franzblau, S.G., and Leite, C.Q.F.
(2010) Thiosemicarbazones, semicarbazones, dithiocarbazates and hydrazide/hydrazones: anti—-Mycobacterium
tuberculosis activity and cytotoxicity. Eur. J. Med. Chem. 45, 1898-1905.

Honda, N.K., Pavan, F.R., Coelho, R.G., Leite, S.R.A., Micheletti, A.C., Lopes, T.I.B., Misutsy, M.Y., Beatriz, A.,
Brum, R.L., and Leite, C.Q.F. (2010) Antimycobacterial activity of lichen substances. Phytomedicine (Stuttgart) 17,
328-332.

Maia, P.1.S., Graminha, A., Pavan, F.R., Leite, C.Q.F., Batista, A.A., Lang, E.S., Ellena, J., Lemos, S.S., Salistre-de-
Araujo, H.S., and Deflon, V.M. (2010) Palladium(Il) complexes with thiosemicarbazones. Syntheses, characterization
and cytotoxicity against breast cancer cells and anti-Mycobacterium tuberculosis activity. J. Braz. Chem. Soc. 21,
1117-1186.

Tarallo, M.B., Urquiola, C., Monge, A., Costa, B.P., Ribeiro, R.R., Costa-Filho, A.J., Mercarder, R.C., Pavan, F.R.,
Leite, C.Q.F., and Torre, M.H. (2010) Design of novel iron compounds as potential therapeutic agents against
tuberculosis. J. Inorg. Biochem. 104, 1164-1170.

de Souza, R.A., Stevanato, A., Treu-Filho, O., Netto, A.V.G., Mauro, A.E., Castellano, E.E., Carlos, I.Z., Pavan, F.R.,
and Leite, C.Q.F. (2010) Antimycobacterial and antitumor activities of Palladium(ll) complexes containing
isonicotinamide (isn): X-ray structure of trans-[Pd(N3)2(isn)2]. Eur. J. Med. Chem. 45, 4863-4868.

Moro, A.C., Mauro, A.E., Netto, A.V.G., Ananias, S.R., Quilles, M.B., Carlos, I.Z., Pavan, F.R., Leite, C.Q.F., and
Horner, M. (2009) Antitumor and antimycobacterial activities of cyclopalladated complexes: X-ray structure
of[Pd(C2,N-dmba)(Br)(tu)] (dmba = N,N-dimethylbenzylamine, tu = thiourea). Eur. J. Med. Chem. 44, 4611-4615.
Pavan, F.R., Leite, C.Q.F., Coelho, R.G., Coutinho, 1.D., Honda, N.K., Cardoso, C.A.L., Vilegas, W., Leite, S.R.A,,
and Sato, D.N. (2009) Evaluation of anti-Mycobacterium tuberculosis activity of Campomanesia adamantium
(Myrtaceae). Quim. Nova 32, 1222-1226.

Palomino, J.C., Martin, A., Camacho, M., Guerra, H., Swings, J., and Portaels, F. (2002) Simple and inexpensive
method for detection of drug resistance in Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 46, 2720—
2722.

Collins, L.A. and Franzblau, S.G. (1997) Microplate alamar blue assay versus BACTEC 460 system for high-
throughput screening of compounds against Mycobacterium tuberculosis and Mycobacterium avium. Antimicrob.
Agents Chemother. 2, 1004-1009.

Cheng, L—X., Tang, J.-J., Luo, H., Jin, X.—-L., Dai, F., Yang, J., Qian, Y.-P., Li, X.—Z., and Zhou, B. (2010)
Antioxidant and antiproliferative activities of hydroxyl-substituted Schiff bases. Bioorg. Med. Chem. Lett. 20, 2417—
2420.

Manchot, W. (1912) Uber Phenol- und Chinonisomerie bei den Schiffschen Basen aromatischer Oxyaldehyde. Justus
Liebigs Ann. Chem. 388, 103-135.

Ritter, D.M. (1947) Oxidation potentials of some compounds related to vanillin. J. Am. Chem. Soc. 69, 46-50.

Senier, A. and Forster, R.B. (1915) Studies in phototropy and thermotropy. Part VII. Polymorphic

1118



Pavan et al.: Anti-MTB Evaluation of Aza-Stilbene TheScientificWorldJOURNAL (2011) 11, 1113-1119

anisylidenearylamines produced by trituration and by the influence of actinic light. J. Chem. Soc. Perkin Trans. | 107,

1168-1173.

43. Manrao, M.R., Kanta, C., Sharma, R.C., Kalsi, P.S., and Kaul, V.K. (1995) Synthesis and biological studied of 3,4,5-
trimethoxy benzalanilines. Asian J. Chem. 7, 27-32.

44, (2008) Handhook for Antituberculosis Agents. Global Alliance for TB Drug Development, New York. pp. 141-144.

This article should be cited as follows:

Pavan, F.R., de Carvalho, G.S.G., da Silva, A.D., and Leite, C.Q.F. (2011) Synthesis and anti—-Mycobacterium tuberculosis
evaluation of aza-stilbene derivatives. TheScientificWorldJOURNAL 11, 1113-1119. DOI 10.1100/tsw.2011.110.

1119



MEDIATORS

INFLAMMATION

The SCientiﬁc Gastroentero\ogy & . Journal of )
World Journal Research and Practice Diabetes Research Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal "’f
Obesity

Evidence-Based

Journal of Stem CGHS Complementary and L o' ‘ Journal of
Ophthalmology International Alternative Medicine & Oncology

Parkinson’s
Disease

Computational and . z
Mathematical Methods Behavioural AI DS Oxidative Medicine and
in Medicine Neurology Research and Treatment Cellular Longevity



