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Summary increase in the multi-drug resistant tuberculosis. DOTS —
Directly Observed Treatment Short-course — has been used
in an attempt to decrease the discontinuation of the treatment,

With the objective of obtaining slow-acting isoniazid derivatives

of potential use as chemoprophylactics or chemotherapeutics ﬁwng henfcti the Qccure?cefciLdr\l/J\%:lrgstlskt)ant tlljbe.rcé%s]s
tuberculosis, the micelle-forming copolymer of poly(ethylene gly- ne or the main goals ot the uberculosis groug

col)-poly(aspartic acid) prodrug with isoniazid was synthesizedt® design slow-acting drugs that could be prescribed in treat-
The derivative obtained was found to be activeljcobacterium ~ ment schedules with a higher probability of being followed,
tuberculosisculture, with a minimal inhibitory concentration although long enough to assure that the disease is cured. This
(MIC) 5.6 times lower than that of the tuberculostatic drug. is also true for chemoprophylactic schedules, since they are
considered for people who are infected, but have not yet
developed the disease.

One of the approaches employed to obtain slow-acting
drugs is the so called “prodrug desidf”1%. The drug is
transformed into an inactive transport form, which in vivo,

Tuberculosis is presently a major world-wide health proghrough enzymatic or chemical processes, delivers the active
lem. About one third of the world population is infected witf0mpound, which interacts with its receptor. In this approach,
the bacilli, two million people are infected each year, an%aeromolecules have been extensively used as cdffiers
eight thousand die of the disease everydiay Brazil, 160 -
thousand people are infected with the bacilli yearly, and thelhe conjugation of a polymer with a drug is effective when
future outlook is alarming. It is a paradox that a disease frdhfesults in overcoming either pharmaceutical or pharmaco-
the 19" century still exists on such a scale in th& 2antury!  kinetic problems associated with some drugs. Natural, syn-

Changes in the tuberculosis epidemiology pattern are dileetic, biodegradable, and non-biodegradable macro-
to several factors, e.g., the emergence of multi-drug resistamelecules have been tested with the objective of decreasing
bacilli, infections by compleMycobacterium aviupndiffi-  the toxicity and prolonging the action of drud€l. Many
culties in the absorption ahemotherapeutic agents in pafolymers have been used as drug carriers of diverse therapeu-
tients co-infected with HIV, and lack of patient compliancetic classed?14-18.24]

These factors contribute to the difficulties in the selection ofThe products of these drug-polymer conjugations show
effective drugs, and lengthen the duration of treatrifént different pharmacokinetic features which depend, inter alia,
Therefore, more effective antimycobacterial agents are @m: polymer structure, charge and molecular weight distribu-
constant demand. tion, body fluid stability, the nature of drug-polymer associa-

Despite the resistance it elicits, isoniazid has been onetfn, and hydrosolubility of the complex formétf!.
the drugs of choice in standard tuberculosis treatéhin  Micelle-forming polymers have been introduced in order to
pulmonary and extra-pulmonary tuberculosis, the drug &lve the problem of low hydrosolubility of polymer-drug
used for a long period of time — at least six to twelve months;onjugategﬁ%] This approach has increased interest in
in association mainly with rifampin and pyrazinamide. Fogtudying these systems because the micelles formed enhance
chemoprophylactic purposes, specially in co-infections witihe drug stabiliéy, as well as its transport through the biologi-
AIDS P, isoniazid has been used alone for ca. six mdiths cal membran&8271 One of the main factors that affects drug
°l, The non-compliance of the patient with this long treatmegiansport through biological barriers is the micelle size; this
period has been considered one of the main causes for (8@ pe controlled by varying the polymer chain length. Ac-

cording to Yokoyama et apdl, aggregates whose diameter
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The objectiveof our work was tabtain micelle-forming

polymer prodrugs derived from isoniazid with controlled
Q @OH o delivery of the tuberculostatic, that can be used either as
HONoH D @\/O chemoprophylactics or as chemotherapeutics in tuberculosis.
O NH, ELOM,S0, NOH Isoniazid may undergo a significant first-pass effect: it is
1 2 0 NH, biotransformed byN-acetyl transferase intbl-acetyl-
cl . isoniazid in the liver. In adult fast acetylators its half-life is
L?:O/d"’xa”e 0.5t0 1.6 h and in slow acetylators it is 2 to 5 h; in children
1.5to 15 years old, the drug half-life is 2.3 to 4.9 h. Liver and
©\/o 0o kidney damage and Eeripheral neuritis are the main untoward
o effects of the drud¥. As already mentioned, designing
3 0 HNy( slow-acting tuberculostatics is one of the approaches that fits
0 WHO recommendatiofd in order to prevent the discontinu-

worth noting that the prolongation of action through prodrug

ngc O owr weo,  2lion of treatment, decreasing resistant strain emergence. Itis
p design leads to a parallel decrease of toxI&it).

The present paper reports the first step of the design of a
slow-acting isoniazid prodrug, i.e the synthesis and in vitro
o O~p© y culture tests witiM. tuberculosis
A Y NN’(\(AN/){ The synthesis was carried out by Cammas and Kataoka’'s
H il N (1] method, and is shown in Figure 1. L-Aspartic at)dias
o o protected with the benzyl group to gigdbenzyl-L-aspartate
4 (BLA) (2). This was converted int@-benzyl-L-aspartate
@ N-carboxyanhydride (NCA-BLA)3) by condensation with
phosgene. Reaction withmethyl-g-aminepolyoxyethylene,
lNaOH/HZO MW 5,000, gave the copolymer poly(ethylene glycol)-
poly(aspartic) acid (PEG-BLA)4j, from which g) was
HO. _.O obtained by alkaline hydrolysis of the protecting group. The
o 2 H H isoniazid conjugate-copolymer poly(ethylene glycol)-
Hct \/\m s NT7 poly(aspartic acid)g) was synthesised by condensation of
o 0 . the later with isoniazid using EDC.
5 OH
o H

N~\H. EDC.DMF/H,0 . .
5 2 Results and Discussion
X
j P The synthesis of BLA was carried out by the method of

N Benoiton?8]. We have found that the yield was higher, ca.
NS 50%, when the temperature was maintained between 13 and
_ 17 °C. Lower yields, ca. 40% were obtained at temperatures

above 17 °C. Pyridine must be slowly added, under continu-

07 Nk ous, efficient stirring, in order to prevent the formation of a
HN_ o pasty product. Stirring must be maintained until the solution
Q N ° h is milky. Thesolvent evaporation allows the product to pre-
Het O N)ijiﬁﬂ/)/ cipitate.
. o o NCA-BLA synthesis was first based on method B, reported
OH by Karlsonl2%l. Modifications of the original conditions lead

to the general method described herein. NCA-BLA formation
Figure 1. Synthetic pathwa){ of isoniazid conjugate-copolymer poly(ethylyas evidenced by solubilization of the BLA suspension, and
ene glycol)-poly(aspartic acid). had occurred much faster after phosgene introduction, i.e. in
3 minutes as compared with ca. 1 hour according to the
) o i i original procedure. Differences in crystallinity of BLA,
Being enclosed within the micellar domain the drug igng/or in phosgene flow rate may account for the much faster
prevented from precipitating and protected from the enzymgaction in our case. Unlike the oily reaction product reported
attack in the blood. Additionally, the micelles stabilise thgy Karlson[2®], we obtained a yellow solid whose isolation
macromolecular structure through inter and intra-moleculgfas easier than that originally described.
hydrophobic interaction®®]. The micellar hydrophilic do-  Compared to the IR spectrum BLA, that of NCA-BLA
main is responsible for the drug’s interaction with biocompahows bands at 1862 chi781-1800 cimt, 1722—-1723 cimt
nents, e.g. proteins, cells, leading to the pharmacokinetic draigd 1584—1464 cm. These are characteristic af-g of
profile, whereas the hydrophobic portion is involved in th#l-carboxyanhydride five-membered rings=o of ester car-
pharmacodynamic phase, that means drug-receptor interbaonyl groupsyc=c of aromatic rings, respectiveW]. The
tions 19, 13¢ NMR & C=0 chemical shift at ca. 151-152 ppm for the
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Figure 2. Schematic representation of the mechanism of action of micelle-forming drug polymers (adapted 'ﬁ"ﬂyn ref.

less electrophilic carbonyl is indicative that the cyclizatiosolvent, complete elimination of contaminants (i.e., PEG

has occurred. homopolymers) has not been achieved, as showed by the
PEG-PBLA synthesis occurs via GIPEG-NH as a po- peaks at 23 and 30 ppm.

lymerization initiator. Its terminal amine group promotes the PEG-PASP synthesis was carried out by removing the

nucleophilic addition to the more eletrophilic carboxy! grouprotecting benzyl group through alkaline hydroly$?s26] a

of NCA-BLA. This synthesis followed the method publishedstep whose completeness has been confirméd aynd3C

Yokoyama et af?®>3%and the'H-NMR and'3C-NMR agree  NMR spectroscopy. Thus the characteristic proton peaks of

with the expected structure. The chemical shift at ca. 165-16¢Hs-CH» (5.0-5.2 ppm) and gEls-CHo (7.7—7.4 ppm) and

ppm confirmed the formation of the amide linkage betweehe 13C peaks 51-53 pp Hare all absent in the spectra of

PEG derivative and PBLA. Identification of the copolymer i$EG-PASP

made difficult by the presence of PEG homopolymer impu-The conjugation of INH with PEG-PASP followed the

rity. Therefore, Yokoyamat all?®! used alcohols (methanol methodology described by Yokoyaregal [25-3011H NMR

to n-butanol) in order to precipitate PEG-PBLA from itsspectrum shows chemical shifts due to the aromatic protons

chloroform solution, whereas Cammas and Kat%kpre— of INH at 7.1-8.5 ppm. Although the amide protons have not

ferred isopropyl alcohol. Although we have used the lattbieen detected probably because of line broadening by the
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attached nitrogen, the corresponding carbonyl group wagree carboxyl groups were determined in PEG-PASP and PEG-PASP-INH
identified at 170-172 ppm in tH8C NMR spectrum. Free _aLLLiJCe:tL(J; solutions by titration with 0.1 M NaOH using phenolphthalein
Carboxyl groups .m PEG-I.DAS.P and PEG'PASP'_INH WeﬂgEIemental analyses were performed at the Institute of Chemistry, Univer-
determined by acid-base titration and the content in INH wag, of 550 Paulo with a Perkin-Eimer 24013 Elemental Analyzer. Melting
determined through comparison, which showed that the drp@nts were determined with a Biichi apparatus and were not corrected. IR
is conjugated to 64.87% of the polymer carboxyl groups. analyses were carried out with a Shimadzu model IR-470 spectrophotometer,
We have characterised the drug-polymer conjugate formesing KBr peIIets.13C-NMR andH-NMR were carried out with a Bruker
by dye (Sudan I11) solubilization, and quasi-elastic light scafidvance DPX300 spectrometer (operating at 300.13 MHZH9r and

. -5 samples were dissolved in DMSG@-at D20.
tering. The cmc was found to bel® > mol/L, and the mean Critical micelle concentration (cmc) of PEG-PASP-INH aqueous solution

Rn was 266 27 nm, much highg]r than the optimum (50 NM)concentrations from B0 to 5x10°° pg/mL) was determined with a
considered by Yokoyama et EP). The uncertainty ifRniS  Beckman DU 70 Uv-vis spectrophotometer, by measuring the absorbance,
due to the weak scattering intensity of the sample. We planat 519 nm of solubilized Sudan 11l dye. A plottotersus log [surfactant]
to investigate the effects of reaction conditions (temperatlﬁe'\\;le two S_tralilghrt] Iigesdintersgcting_ j;q the cmdc. b o
irri H i ean micelle hydrodynamic radiugp, was determine y quasi-elastic
ar_}_ist:jrrlng spleed) on p_artlctle Size. bmitted to biological light scattering with a Malvern 4700 MW apparatus, equipped with a 60 mW
_The drug-polymer conjugate was submitted to biological iff, /e jaser source, from the equa
vitro assay irM. tuberculosisulture. Isoniazid, PEG-BLA,
and PEG-PASP were included as control. MIC was, _ kT
0.8 pg/mL for PEG-PASP-INH and Oigy/mL for INH alone. ~ 6mDo
No activity was observed neither for PEG-BLA nor for PEG-
PASP. The drug-polymer conjugate contains O @l of wherek, T, n, Do refer to the Boltzmann constant, the absolute temperature,
INH (64.87% substitution), i.e., a 5.6 times improvement ifhe solvent viscosity (cP), and the micellar translational diffusion coefficient,
tuberculostatic action has been achieved with the polymeff&Pectivel-
drug.
At least three hzysﬁ)otheses (Figure 2) have been advancedipythesis
Yokoyamaet all®! to explain the mechanism of action of )
these micelle-forming polymers. In the first, the micelle§ Benzyi-L-aspartate (BLAY
interact directly with the target, in the second, the drug issyifuric acid (40 mL) was slowly added to a cold mixture of anhydrous
released prior to interacting with the receptor centre, whereasy ether (400 mL) and benzyl alcohol (400 mL). After removal of the ether

in the third, the activity is due to the drug-polymer conjugateder reduced pressure, aspartic acid (53.2 g; 0.4 mol) was added in small
itself. portions, under constant magnetic stirring, the mixture was maintained

The most probable mechanism in our case is the third”(;EFrnight at 13 to 17 °C. To the vigorously stirred mixture were added

. . . . L apsolute ethyl alcohol (800 mL), followed by anhydrous pyridine (200 mL),
which INH is released after the micelle internalisation a d stirring was continued until an opalescent solution was obtained. This

enzyme Cleav_a_ge. The possible increase ir_1 permeab_ility A maintained at —30 °C overnight and the precipitate was filtered off. The
to surface activity of the polymers can be discarded since tfreduct was lyophilized and stored under reduced pressure. Yield: 50%. Mp:

carrier polymers, PEG-BLA and PEG-PASP, did not sho@17-220 °C; Anal. GH10NOa.
activity. Besides, INH has a rigid structure-activity relation-

ship that limits its molecular modification, requiring the drug _gep,,yi.| -aspartate N-Carboxyanhydride (NCA-B2)
to be released prior interacting with the rece%loNotwith—

standing, further studies are needed to explain the mechanisfosgene was bubbled into a stirred suspension of BLA (20 g; 0.089 mol)
involved in dioxane (400 mL), at 50 °C, until complete dissolution. The solvent and

Those preliminary results in bioloaical assavs are indicati excess of phosgene were removed under nitrogen at 40 °C. An ethyl ace-
p Yy ) y Ygte:petroleum ether mixture (1:1) was then added and the product filtered

that the prodrug has permitted a higher level of drug penettg: then suspended in a 1:1 mixture of chloroform:2-butanol, and the
tion in the micro-organism. This is quite promising anduspension maintained overnight at—30 °C. The product was filtered off and
further work is being done in order to decrease the micelleed under reduced pressure. Yield: 44%. Mp: 126-129 °C; Anal.
size, allowing better penetration into pulmonary capillarie€i1H12NOs. IR (KBr, cni): v = 3310 (NH), 2940 (CH), 1862 (CO), 1801
and alveolus. (CO), 1723 (CO), 1506-1463 (C=C), 757-699 (CHYNMR (DMSO-d5,)
& = 8.29(sl, NH,1H), 7.45-7.36(m, ArH5H), 5.2-5.1 (s, ArCh 2H),
2.7-2.6, CHNH, 2H). *c-NMR (DMSO-a,) & = 171.08 (C1), 169.38
Acknowledgements (C11), 152.25 (C12), 135.57 (C3), 128.55 (C8), 128.31 (C4, C5), 128.19 (C6,
C7), 66.40 (C2), 53.68 (C10), 34.70 (C9).
The authors wish to thanks CAPES, for the scholarship for M. Silva,
FAPESP, for the scholarship for A. S. Lara and financial support (Proc.
98/6586-5), and Professor Omar A. M. A. El Seoud, for manuscript revieRoly(ethylene glycol)-pol¢benzyl-L-aspartate) (PEG-PBLAY"!

and suggestions.
A solution of a-methylw-aminepolyoxyethylene (MW 5,000, 3.00 g;

0.0006 mol) in 13 mL of bidistilled chloroform was added to a stirred solution
Experimental of NCA-BLA (7.25 g; 0.29 mol) in 11 mL of DMF and 100 mL of bidistilled
chloroform. The reaction was maintained under nitrogen for 70 hours, with
Isoniazid was obtained from FURP (Fundacdo do Remédio Populatirring. The product was then mixed with ethyl ether and the precipitate
Brasil). a-methylw-aminepolyoxyethylene (MW 5,000) was purchasediltered off, dried under reduced pressure, re-dissolved in chloroform and
from Shearwater, Inc., USA, and EDC, from Aldrich. Solvents and oth@dded to ethyl ether. The precipitate obtained was dried under reduced

common reagents are from different sources. pressure.l3C—NMR(D20): 6 = 170.56 (C7), 169.95 (C4), 136.74 (C9),
The polymers were submitted to lyophilization in Edwards equipmeri29.84 (C12), 127.75 (C10, C13), 127.75 (C11,C14), 72.67 (C2), 67.03 (C8),
model L4KR and MLW-LGAOS. 37.04 (C3).
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Copolymer Poly(ethylene glycol)-Poly(aspartic acid) (PEG-PA[§P”P] [7] World Health OrganizatiorBull. WHO1992 70, 17.

A solution of 34.5 mL of NaOH 0.43 M in water-methanol-isopropyl[8] H. Bundgaard, EdDesign of ProdrugsiIsevier; Amsterdant, 985
alcohol (1:2:2) was added to a solution of PEG-PBLA (2.7 g) in acetic a g , . . .
(27 mL) and the resultant was added to ethyl ether (40 mL). The precipii é G. J. Frus-, H. Bundgaard  Textbook of _E_)rug Design and Develop

- R . . o : ment (Ed.: P. Krogsgaard-Larsen, T. Liljefors, U. MadsePﬁ ed
was dissolved in distilled water and dialysed against distilled water in a Harwood Academic Press, Oxfof96 chapter 13
dialysis membrane (cut off 1,000) for 4 hours. The solution was then ! p '
lyophilised. TH-NMR (D20): & = 4.37(s, CH and p-amide), 3.43 (m, [10] C. G. Wermuth irThe practice of medicinal chemist(gd.: C. G.
CH2PEG), 3.19 (s, Ck), 2.77 (s, CH a-amide).'*C-NMR (D20): & = Wermuth) Academic Press, New Yotl996
172.26 (C7,C11), 163.32 (C4), 69.98 (C2), 51.13 (C10), 35.06 (C3). FIpAY} 5. cammas, K. Kataokilakromol. Chem. Phy4995 196 1899.
COOH: 0.595 mEg/g polymer.

[12] G. Giammona, G. Cavallaro, G. Pitarresi, C. Ventura, S. Palbtzo,

Isoniazid Conjugaztseégopolymer Poly(ethylene glycol)-Poly(aspartic acid) J. Pharm.1994 105 57.
(PEG-PASP-INH}*>*] [13] C. M. Samour inPolymeric drugs(Ed.: L.G. Donaruma, O. Vogl)

Isoniazid (0.18 g; 0.0013 mol) was dissolved in DMF (0.8 mL), then added ~ AAc@demic Press, New York978
to a solution of EDC (0.52 g; 0.0033 mol) and PEG-PASP (1.51 g) in distillgd4] M. Shikawa, A. Kamijo, T. Fujitat al., Pharm. Re4993 10, 1253.
water (48.3 mL), the mixture was stirred for 4 hours at 0 °C. EDC (0.52 g; . . .
0.0033 molwas then added and the stirred mixture maintained for 24 hodrs?] H- Sezaki, Y. Takakura, M. Hashidedv. Drug Delivery Rev.989 3,
at room temperature. The solution obtained was dialysed against acetate
buffer pH 5.0 (dialysis tubing cut off 1,000), for 4 hours, against Wategls] C. J. T. Hoes, W. Potman, W. A. Von Heeswgjkal, J. Control. Rel.
dialysed for an additional 4 hours (dialysis tubing cut off 12,000-14,000), 1985 2, 205.
then Iyophilised.lH-NMR (D20, d): 8.13 (sl, M polymer), 7.8-7.3 (dl, . .
CHinH), 4.84 (s, NH-NH), 4.62 (sl, Ottt andB-amide), 3.65 (m. CHPEG), [17] L.W Seymour, K. Ulbrich, J. Strohalret al, Biochem. Pharmacol.
3.36(s, OCH), 2.11 (sl, CHa-amide).*C-NMR (D0, ppm): 176.42 (C7), 1990 39, 1125.
172.26 (C12), 165.27 (C4,C8), 150.09(C16,C17), 122.36 (C14,C15), 68.88] Y. Takakura, M. Hashid&rit. Rev. Oncol. Hematol994 18, 207.
(C2), 58.79(C1), 39.51(C3), 34.89(C6). Free COOH: 0.209 mEq/g pOIymTi'Q] A. A.Sinkula inDesign of prodrugqEd.: H. Bundgaard) Elsevier,

Amsterdam 1985 chapter 4.

In Vitro Biological Assay [20] M. Yokoyama, M. Miyauchi, N. Yamadat al, Cancer Res199Q 50,

1693.
MIC determination was carried out in autoclaved (121 °C/15 min) Mid-

dlebrook 7H culture medium (4.7 g) mixed with sterile water (900 mL) and21] J. Cassidy, R. Duncan, G. J. Morrigtial, Biochem. Pharmacol989
glycerol (2 mL). After cooling, 20 mL of OADC (oleic acid, albumin, 38, 875.

dextros_e and catalas_e) was added for each 180 mL of cul_ture medi QQ] G. Pratesi, G. Savi, G. Pezzamial, Br. J. Cancer985 52, 841.
Isoniazid and a negative control were compared to the synthesised polymers,

PEG-BLA AND PEG-PASP, in 8 twofold-concentrations each, from 3.2 t{23] W. R. Sorenson, T. W. Campbefreparative methods of polymer,
0.025 mg/mL, using 8 mL of culture medium. Plates with 96 wells and  Interscience Publisherew York,1962

200 mL of culture medium/well were used fvIC determination. [24] A. Zaffaroni, P. Bonsen iRolymeric DruggEd.: L. G. Donaruma, O.
M. tuberculosiH37Rv strain was used in growth logarithm phase. Vogel) Academic Press, New York97§ chapter 1.

[25] M. Yokoyama, M. Miyauchi, N. Yamadat al. in Advances in drug
References delivery systems4. (Ed.: J. M. Anderson, S. W. Kim, K. Knutson)

- . Elsevier; Amsterdan1, 987
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