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Abstract—Aminoglycoside antibiotic derivatives such as neamine, methyl neobiosaminide B, 2-deoxystreptamine, tetra-azidone-
amine, tetra-N-acetylneamine, tetra-N-carboxy-benzylneamine, tetra-N-carboxy-methylneamine and tetra-p-methoxy-benzylimi-
noneamine were prepared and evaluated as to their cochlear and vestibular toxicity. Methyl neobiosaminide B, the most
promising derivative in the series showed selective, cochlea-dissociated vestibulotoxic activity and was considered to be a potential
lead compound for the treatment of Méniere’s disease. Antimicrobial properties of the compounds, qualitatively evaluated against a
group of pathogenic bacteria, indicated that neomycin B sulfate, neamine as a free base and methyl-neobiosaminide B dihydrochlo-
ride show a broader range of activity when compared to the other derivatives.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Most aminoglycoside antibiotics are produced by Strep-
tomyces and Actinomyces strains but synthetic ap-
proaches also produced several valuable semi-synthetic
compounds. They are involved in the treatment of many
severe bacterial infections as the ones caused by Pseudo-
monas aeruginosa (gentamicins 1-4, arbekacin 5) and
Mpycobacterium tuberculosis (streptomycin 6).! Never-
theless, the most effective inhibitor, neomycin (7), is used
topically in association with bacitracin and polymixin
owing to the poor oral bioavailability, cell penetration,
and instability.?

Some of the aminoglycosides have been also explored as
antiviral agents due to their binding affinity to RRE-
and TAR-HIV RNA, and disruption of HIV virus rep-
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lication in cell cultures by competitive inhibition of the
natural ligands Rev and Tat proteins.?

There are studies suggesting that aminoglycosides induce
conformational structure changes of the A-site, in helix
44, 16S subunit of 30S rRNA, which alter two conforma-
tionally flexible adenine residues involved in the selection
of cognate aminoacyl-tRNA templates to be added to the
mRNA.# The induced RNA structural rearrangements
may be critical for new interactions leading to base pairing
disruption that prevents normal translation, and death of
the microorganisms. The aminoglycoside pharmaco-
phore group responsible for translation errors is the
aminocyclitol unit present in neamine (8), 2-deoxystrepta-
mine (9), streptidine (10), and spectinamine (11). For in-
stance, tests determining minimum inhibitory
concentrations (MIC) against Escherichia coli indicated
values of 1.6 and 50 uM, respectively, for compounds 7
and 8 while compound 9 was inactive.’

Different approaches have been used to mimic the phar-
macophore amino sugars and aminocyclitol moieties of
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aminoglycoside antibiotics. Recent and relevant results
include glycoside dimers and trimers, intercalator conju-
gates, guanidino and other N-substituted derivatives,
peptide and heterocyclic aminoglycosides, along with
hybrid  heteroconjugates and non-carbohydrate
compounds.®’

Aminoglycoside toxicity and resistance development
are of great concern despite its selective mechanism
of action. Nephro® and ototoxicity’ are most fre-
quently encountered while neuromuscular blockade is
not so common. Toxicity mechanisms are not well
understood although it is known that the antibiotics
accumulate in renal cortical cells, causing structural
and functional changes of the plasma membrane,
mitochondria and lysosomes ultimately leading to
damage of proximal tubules.'® However, nephrotoxi-
city is dose-dependent and can be reverted by stop-
ping the treatment. Of more concern is ototoxicity,
which according to patient phenotype or extensive
use (30 days or more), can induce chronic intoxication
in patients, who show irreversible increased deafness
and vertigo with equilibrium disturbances due to co-

chlear dysfunction and vestibular impairments,
respectively.'!

All aminoglycosides have deleterious effects on the co-
chlear and vestibular functions, although they vary in
selectivity. Ototoxic effects of these compounds have
been tested in cochlear cell cultures. Neomycin (7)
produced the highest damage to the cells followed by
gentamicins (1-4), dihydrostreptomycin (12) (hydroge-
nated streptomycin (1) derivative), amikacin (13), nea-
mine (8), and spectinomicin (14).!2

More recently, toxic effects of some aminoglycosides on
the cochlea were compared by systemic or transtympan-
ic administration to guinea pigs. Gentamicins (1-4) were
the most toxic followed by amikacin (13), streptomycin
(6) and netilmicin (15).' A similar study on vestibular
damage was conducted using aminoglycosides most
commonly employed in clinical practice. In both, sys-
temic and transtympanic administrations in guinea pigs,
vestibular histopathological alterations were detected in
decreasing order for streptomycin (6), gentamicins (1-4),
amikacin (13), and netilmicin (15).'4
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The three units of kanamycin A (I, II, and III, 16) were
evaluated by Owada'> as to their cochlear toxicity. The
author indicated that unit ITI, related to the 3-aminogly-
coside group, was the most toxic producing guinea pig
deafness in a period three times shorter than the parent
compound. The ototoxic importance of unit III was fur-
ther emphasized in the study by showing the decreased
toxicity of O-methylated and N-acetylated derivatives
in relation to their non-protected counterparts.'>

The ototoxic action mechanisms of aminoglycoside anti-
biotics were described by Lesniak et al.!® as a generation
of free radicals due the formation of a complex between
the compound and iron. In fact, the use of substances
able to chelate iron or scavenge free radicals, attenuate
ototoxic symptoms.

Another ototoxicity mechanism may be related to in-
creased activity of the enzyme nitric oxide synthetase
(NOS) in the vestibular epithelium, thus locally increas-
ing levels of nitric oxide (NO). Therefore, NOS inhibit-
ing substances would be able to protect auditory cells
against apoptosis.'” An excitotoxic process, modulated
by activation of cochlea N-methyl-D-aspartate receptors
(NMDA) by aminoglycosides, may also be involved in
the mechanism responsible for ototoxicity. Recent stud-
ies show that NMDA receptor antagonists attenuate
aminoglycoside damage to cochlear cells. The positive
modulating actions could be due to the presence of sev-
eral amino groups in the aminosugar and of the amino-
cyclitol moiety in these antibiotics.!$1?

Genetic factors have also been described as important
determinants of ototoxicity in aminoglycosides therapy,
since mutation in position 1555 of the 12S gene in mito-
chondrial rRNA causes symptoms of hypersensibility.
Apparently, an aminoglycoside-induced translation fail-
ure of the gene codifying mitochondrial complex I leads
to an increased production of mitochondrial superoxide
radicals followed by oxidative damage and cell death.
More than one third of patients showing aminoglyco-
side ototoxicity have this mutation.?’

Meéniere disease, an inner ear pathology, is characterized
by typical paroxystic dizziness, fluctuating neurosensory
hypoacousia, tinnitus and pressure sensation in the ears.
Dizziness is usually the most debilitating symptom asso-
ciated to this disease.>!">* Vestibulotoxic antibiotics
such as gentamicins (1-4) and streptomycin (6) have
been used as a chemical labyrinthectomy agents in the
sick ear. With the vestibule chemical lesion, dizziness
could be controlled improving patient quality of
life.?*2¢ This technique should be preferable to intracra-
nial surgery, being more secure and having satisfactory
results. Ideally, transtympanic application of aminogly-
cosides should not have adverse effects on hearing qual-
ity. However, the compounds are toxic to both vestibule
and cochlea although there is some selectivity. As a rule,
90-100% of the patients show dizziness control but 30%
suffer hearing losses.!>2* The impaired hearing function
observed during chemical labyrinthectomy, led us to
investigate the preparation of simplified bioactive ana-
logues having mostly a neamine core scaffold with selec-

tive vestibular activity and devoid of cochlear toxicity to
be used in the therapy of Méniere’s disease. Since nea-
mine is the smallest structural motif of the highly active
neomycin-type antibiotics for selectively binding to the
rRNA A-site, we envisaged that chemical modifications
on the neamine would produce new lead compounds
able to preserve the antibacterial properties. These stud-
ies intend to improve the knowledge on structure-activ-
ity relationships associated to the hearing function, not
forgetting the long-term goal to achieve antimicrobial
activity.

2. Results and discussion

Neomycin B (7) antibiotic fragments, such as neamine
(8), 2-deoxystreptamine (9) and methyl neobiosaminide
B (17), were prepared and evaluated on cochlear and
vestibular tissues. Although many studies in aminosugar
mimetics are based on neamine analogues, we also inves-
tigated the methyl neobiosaminide B (17) fragment since
its contribution to RNA binding affinity could also be
significant to hearing impairment. In fact, Kp values
for neomycin B (7) and neamine (8) were 0.019 and
7.8 uM, respectively, suggesting the importance of the
17 unit to the binding.?’

In addition neamine derivatives obtained by attaching
acetyl (18), carboxymethyl (19), carboxybenzyl (20),
and p-methoxy-benzylimino (21) groups to the amino
functions were also prepared. The amino groups were
further replaced by azido to produce tetra-azidoneamine
(22).

Preparation of neamine (8) and methyl neobiosaminide
B (17) proceeded according to classical fragmentation
protocols by heating neomycin B sulfate (7) (commer-
cially available) in strong acid conditions, as reported
earlier and outlined in Scheme 1.2® Compound 8 was
easily separated using the Botto and Coxon?® procedure
involving dropwise addition of ethyl ether to the meth-
anolic solution-containing products in order to precipi-
tate compound 8. Compound 17 was obtained from
the remaining solution after several repeated treatments
with ethyl ether. Selective cleavage of the furanose ano-
meric bond was achieved in methanolysis conditions due
to its greater liability as compared to the other stable
anomeric positions, hydrogen-bonded to the neighbor-
ing nitrogen group. The mechanism proposed for this
reaction considers a rearrangement in which a furanose
ring is converted into a pyranose unit accompanied by
anomeric bond epimerization.?%-3°

Compound 17 was carefully characterized through anal-
ysis of the 'H, '*C, '"H-'H COSY, and '*C-'H COSY
NMR spectra, since only >N NMR data are reported
and no detailed '"H and '>*C NMR data was found in
the literature.? The '"H NMR spectrum showed a
1:4.5 o/ mixture at C-1 based on the integral values
of the methoxyl signals at ¢ 3.33 and 3.35. Furthermore,
the anomeric hydrogens H-1" and H-1 were observed at
0 527 (1H, d, J=1.7) and ¢ 4.63 (1H, d, J=4.5),
respectively, while the methylene group of C-5 shifted
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Scheme 1. Chemical fragmentation of neomycin B sulfate (7), giving neamine (8) and methyl neobiosaminide B (17).

at 8 3.62 and 3.75, and C-6' at 6 3.20 and 3.28 due to the
presence of the amino group.

According to Busscher et al.,3! 2-deoxystreptamine (9)
may be synthesized by different procedures but its clas-
sical preparation by neamine fragmentation is more reli-
able, easily done and produces higher yields. Treatment
of compound 8 with 48% hydrobromic acid and con-
trolled heating at 130 °C, a stronger acidic condition
than the one used for the cleavage of 7, gave the dihy-
drobromic salt of 9 in 98% yield.>> The reaction was
monitored by TLC plates using n-propanol/triethyl-
amine/H,O (8:1:4) as eluent.>? As expected, prolonged
heating of the reaction mixture resulted in decomposi-
tion of the products.

Regioselective acetylation of 8 with acetic anhydride and
catalytic sodium methoxyde produced tetra-N-acetylne-
amine (18) as a precipitated pure product in 77%
yield.3#3% Shifting of the hydrogens H-1, H-3, H-2’
and H-6’, bound to C-N groups, from ¢ 2.66-2.98 to
low field (6 3.09-3.51) and the relative integrals of the
methyl groups confirmed the acetylation of all four ami-
no groups (Scheme 2).

Various strategies to introduce the carbamate group
were examined to produce different neamine derivatives.
For instance, tetra-N-carboxy-methylneamine (19) was
successfully prepared by treating 8 with methyl chloro-
formate and lead carbonate.3® The remaining lead salt
was removed by Dowex® (OH) resin filtration followed
by treatment with hot dioxane, and the product re-
moved by filtration (46% yield). Analysis of the product
by 'H NMR revealed the presence of methoxyl groups
at 0 3.34, 3.36, 3.37, and 3.39, with the expected integra-
tion as previously described.3” On the other hand,
tetra-N-carboxy-benzylneamine (20) was conveniently
prepared by using benzyl chloroformate in the presence
of sodium bicarbonate. However, extraction with diox-
ane lowered the yield of compound 20 to 36%.% 'H
NMR signals related to aromatic hydrogens (6 7.17—
7.39) and the methylene benzyl groups (6 4.80-5.11)
were characteristic and showed full nitrogen group
protection.

Condensation of neamine (8) with anisaldehyde in the
presence of sodium hydroxide by an adapted procedure
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Scheme 2. Chemical transformation of neamine (8), giving ester (18),
carbamates (19 and 20), imino (21), and azido (22) derivatives.

of Myszka et al.*°, produced tetra-p-methoxy-benzylim-
inoneamine (21) in 85% yield. Performing the reaction in
an aqueous medium allowed the precipitation of the
pure product (Scheme 2).

Following the procedure described by Alper et al.*!, the
amino groups of 8 were converted into the correspond-
ing azides using triflic azide and a catalytic amount of
CuSO4 to give the tetra-azidoneamine (22) in 71% yield.
The proposed mechanism may involve a [3 + 2] dlpolar
reaction resulting in a diazo transfer reaction by Cu',

with retention of the configuration.*># The initial
purification was carried out by silica gel filtration and
subsequent partitioning in ethyl acetate and 10% EDTA
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to remove residual metal and obtain the pure product
for biological evaluation.

Cochlear and vestibular activities of compounds 7-9
and 17-22 were evaluated by brainstem evoked auditory
potential (BEAP), distortion product otoacoustic emis-
sions (DPOAE) analysis. To assess the relative damage
caused by morphofunctional and histopathological
alterations in the cochlear and vestibular tissues, trans-
tympanic administration of the compounds was per-
formed in the right ear of albino guinea pig and
keeping the left one as a control. This procedure proved
to be more convenient than systemic application since it
resembles the treatment protocol, circumvents kidney
impairment and local infection. Furthermore, ototoxic-
ity effects were also assessed by scanning electron
microscopy (SEM) based on the damage caused in the
cochlea hair cells (Corti organ), and vestibule compris-
ing the semicircular channels, utriculus and sacculus.

Samples of compounds tetra- N-carboxy-methylneamine
(19), tetra-N-carboxy-benzylneamine (20) and tetra-p-
methoxy-benzyliminoneamine (21), were prepared in
DMSO due to the poor water solubility. When neces-
sary, sterilization was performed under controlled dry
heat, because the traditional sterile membrane filtration
is not resistant to DMSO.

The values shown in Table 1 are percentages of dis-
rupted cochlea and vestibule due to the compounds
tested. The functional measurements of BEAP con-
firmed the highest hearing losses at 60 dB thresholds
using samples 7, 8, 20, and 21. In contrast, samples 9,
17, and 18 showed normal thresholds (5 dB), while sam-
ple 19 showed a light hearing loss threshold (30 dB).

Treatment of guinea pigs with neomycin B sulfate (7) or
neamine (8) as a free base resulted in similar cochlear
outer hair cells damage (100%) causing impairment or
loss of hearing (Fig. 1).'> On the other hand, neomy-
cin-treated animals showed only moderate damage to
sensitive cells of the otolitic organs and semicircular
channels of the vestibule (50%) in contrast to 8 which
demonstrated evidence of severe cochlear and vestibular
toxicity (100%) (Fig. 2).44

Among the hydrolysis products of 7, neamine (8)
showed the greatest ototoxicity, while 2-deoxystrepta-
mine (9) was non-toxic for both cochlear and vestibular
tissues with normal BEAP and DPOAE patterns
(Fig. 3). Using in vivo assays, Owada'® obtained similar
results for compound 9. In this study a more interesting
result was obtained with methyl neobiosaminide B dihy-
drochloride (17), which was non-toxic to the cochlea,
maintaining a normal functional status on the brainstem
evoked auditory potential (5 dB) and normal otoacou-
stic emission (present) in all the right inner ear at a con-
centration of 88 mg/mL (0.22 mmol/mL). Its relevant
vestibular activity, however, led to utriculus and saccu-
lus damages as outlined in Figure 4. Furthermore, an
abundant globular substance present in the semicircular
channels could be related to this initial damage. The re-
sults suggest that methyl neobiosaminide B (17) could be
used as a drug for selective chemical labyrinthectomy in
patients with Méniere disease, since a selective vestibule
chemical lesion could lead to normal auditory function,
improving patient quality of life without disrupting the
cochlear tissues.*>*

Although the low lethal acute toxicity of the N-acetyl
derivative 18 was described, !’ there is no information con-
cerning its ototoxicity. It was expected that the
N-acetyl groups would reduce ototoxicity since the posi-
tive modulation on NMDA receptors of the cochlea
may depend on the free ionizable amino groups. Indeed,
compound 18 showed no toxicity according the functional
BEAP and DPOAE and morphology SEM analysis. '8

The animals treated with N-carboxy-methylneamine
(19) displayed normal cochlear and vestibular tissues
but altered DPOAE and BEAP patterns owing to the
presence of dense secretion in the middle ear. The results
observed for tetra-p-methoxy-benzyliminoneamina (21)
pointed out that cochlear outer cells were maintained in-
tact although great damage occurred in the cochlear in-
ner cells. Compound tetra-N-carboxy-benzylneamina,
(20), had the opposite effect damaging the outer hair
cells and preserving the normal inner hair cells. As
DPOAE does not depend on the inner cells, it was ex-
pected that the otoacustic emissions would not be dis-
turbed. However, the hearing loss of animals treated

Table 1. Damage of the cochlear and vestibular tissues induced by neomycin B sulfate and its derivates evaluated by functional and histopathological

analysis

Compound”  Cochlear inner cells damage (%)™

Cochlear outer cells damage (%)~ Vestibular damage (%)~ BEAP™" DPOAE

sk

7 0 100(6)
8 0 100(6)
9 0 0

17 0 0

18 0 0

19 0 0

20 0 100(6)

21 100(6) 0

50(3) 60 dB Absent
100(6) 60 dB Absent
0 5dB Present
100(6) 5dB Present
0 5dB Present

0 30 dB Absent

0 60 dB Absent

0 60 dB Absent

* Compounds: neomycin B sulfate (7), neamine (8), 2-deoxystreptamine (9), methyl-neobiosaminide B (17), tetra-N-acetylneamine (18), tetra-N-
carboxy-methylneamine (19), tetra- N-carboxy-benzylneamine (20) and tetra-N-p-methoxy-benzyliminoneamine (21).

"% of cochlear and/or vestibular damaged in six animals (100%).

*** Thresholds values in dB to induce BEAP responses up to 5, 30 or 60 dB in concentrations of 0.22 mmol/mL.

" Response to DPOAE.
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Figure 1. (a) Scanning electron micrograph of the basal cochlear turn of guinea pig treated with neamine (8). Note the changes in the outer hair cells,
three rows of cilia with destruction of all cilia and ciliary distortion in the inner hair cells (basal turn), 500x magnification. (b) Note the brainstem
evoked auditory potential with 60 dB threshold on right ear. Control left ear showed a normal threshold (5 dB).

Figure 2. Scanning electron micrograph of the utricular maculae
vestibular organ of guinea pig treated with neamine (8). Changes in the
cilia and disarrangement of the remaining cilia are in evidence, 3500x
magnification.

with 21 can be related to the presence of a mucous white
substance, probably derived from the precipitation of 21
in the middle ear. Both compounds were not vestibulo-
toxic at the concentration used in the experiments.

The last compound 22 showed a high degree of systemic
toxicity characterized by animal weight losses and mor-
tality during the experiments. Although the isolated
intratympanic application of DMSO showed no sys-
temic or ototoxicity the solvent may have contributed
to increased absorption of the azido compound and
the consequent acute effects.

To investigate a possible correlation between the co-
chlear and vestibular activities with antibiotic activity
of the fragmentation and semi-synthetic products, we
carried out a qualitative antibacterial evaluation.

The antimicrobial activity of the compounds was evalu-
ated using micro dilution procedures*® and standard
strains such as Micrococcus luteus 9341, Staphylococcus
aureus 6538, Staphylococcus epidermidis 12228, E. coli
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Figure 3. (a) Scanning electron micrograph of the basal cochlear turn of a guinea pig treated with 2-deoxystreptamine (9). Outer hair cells are present
in all rows, 1500x magnification. (b) Note the response to the normal otoacoustic emission (DPOAE) on guinea pig right ear.

Figure 4. (a) Scanning electron micrograph of the basal cochlear turn of a guinea pig treated with methyl neobiosaminide B hydrochloride (17). Note
the outer hair cells are present in all rows, 750x magnification. (b) Scanning electron micrograph of the utricular maculae vestibular organ of the
guinea pig treated with methyl neobiosaminide B (17). Note the changes in the cilia, disarrangement and fusion of the remaining cilia and the

presence of globular substances are in evidence. Magnification (3500x).

Table 2. Susceptibility assays using the micro dilution test to assess the qualitative antimicrobial activity of compounds 7-9, 17, 18, 22

Bacterial strain Compound

7 8 17 9 18 22 C+ C—
M. luteus 9341 — — _ + _
S. aureus 6538 — — + — + _
S. epidermidis 12228 - — + _ + _
E. coli 25922 - — - + _ + + _
P. aeruginosa 27853 - — — + + _ + _

Compounds were evaluated in duplicates; C(+), positive control (inoculated culture medium); C(—), negative control (culture medium); +, bacterial
growth; —, absence of bacterial growth or inhibition. The compounds were used at concentration of 15 mg/mL.

25922 and P. aeruginosa 27853. Neomycin sulfate (7)
and its fragmentation products, neamine as a free base
(8) and methyl-neobiosaminide B dihydrochloride (17)
showed a better pattern of inhibition than compounds
9, 18, and 22 against some of the strains as depicted in
Table 2. Although compounds 18 and 22 had also dis-
played antibacterial properties, they were not active
against P. aeruginosa and E. coli, respectively, and the
evaluation of 22 against M. luteus was not conclusive
due its sensitivity to the solvent (DMSO/H,0).

The hydrophobic derivatives, tetra- N-carboxy-benzylne-
amina (20) and tetra-p-methoxy-benzyliminoneamina
(21), precipitated in the culture medium and could not
be evaluated even in the presence of 10% DMSO. Sol-
vent interference also prevented the evaluation of com-
pound 19, soluble only in pure DMSO.

The importance of the aminoglycoside unit for antibac-
terial activity was evident since the simplest fragment,
2-deoxystreptamine (9), showed no activity against the
main bacterial strains, although it is fundamental for
interaction at the rRNA A-site.*® Furthermore, the low-
er activity of compounds 18 and 22, compared to 7, 8,
and 17, suggests the importance of free amino groups
and/or a low methodological sensitivity detection.

3. Concluding remarks

Fragmentation of aminoglycoside antibotics and chem-
ical transformations of amino groups were used to pre-
pare amide, carbamate, imine and azido derivatives.
It was then demonstrated that starting from a high
vestibular and cochlear active aminoglycoside antibiotic



J. G. da Silva et al. | Bioorg. Med. Chem. 15 (2007) 3624-3634 3631

as neomycin sulfate (7), it was possible to obtain a frag-
mentation product, methyl neobiosaminide B (17), with
the desired vestibular selectivity and lacking cochleotox-
icity. Preliminary results showed different patterns of co-
chlear and vestibular in vivo activities indicating that
this may be an interesting approach to develop new
drugs. Furthermore, previous studies in this area per-
formed by Owada'> only explored monomers of neomy-
cin units and did not give information about cochlear
and vestibular toxicity of compounds 8 and 17. In this
report we showed the high activity of neamine (8)
against cochlear and vestibular tissue, the later being
higher than neomycin (7).

A comparative investigation between the cochlear and
vestibular activities and a qualitative antibacterial anal-
ysis pointed out that neomycin sulfate (7) and its frag-
mentation products, neamine as a free base (8) and
methyl-neobiosaminide B dihydrochloride (17) showed
a broader range of inhibition than compounds 9, 18,
and 22. The hydrophobic properties of compounds 19—
21 prevented their use in microbiological assays due to
the low water solubility and the use of DMSO was det-
rimental since the solvent has displayed some influence
on all tested strains.

4. Experimental

'H, 1*C, '"TH-'"H COSY, and *C-'"H COSY NMR spec-
tra were measured on a Bruker DPX-400 (400 and
100 MHz) using CDCl; (Aldrich) as solvent and TMS
as internal standard. Chemical shifts were reported in
0 units (ppm) and coupling constants (J) in Hz. IR spec-
tra were recorded on a Nicolete Protege FT460 spectro-
photometer. ESI-EM spectra data were obtained from
ULTROTOFq Bruker Daltonics, Billerica. TLC was
performed on silica gel (E. Merck) SIL G-25UV254
and detection of the separated compounds was either
by viewing with a UV lamp (254 nm), or by spraying
with a 10% sulfuric acid, 1.5% molybdic acid, 1% ceric
sulfate spray followed by heating to 150 °C. Column
chromatography was performed on a Kieselgel 60 (70—
230 mm mesh, E. Merck) column. Neomycin sulfate
was purchased from GIBCO™. Neamine tetrahydro-
chloride (8),°%! 2-deoxyestreptamine (9),>> tetra-N-
acetylneamine  (18),°>  tetra-azidoneamine  (22),"!
tetra- N-carboxy-methylneamine (19)*®37 and tetra-N-
carboxy-benzylneamine (20)%® were prepared in the
same manner as previously described.

4.1. Methyl neobisamidine B dihydrochloride (17)*!

The compound was prepared from neomycin sulfate (7)
(2 g) as previously described by Ford®® and Botto,?
with minor modifications. The remaining mother liquor
from the acid methanolysis of neomycin sulfate (7)
(240 mL) was concentrated in a rotatory evaporator to
approximately 50 mL and treated with anhydrous ethyl
ether (150 mL). The flocculent white precipitate started
to form immediately but the process was completed after
refrigeration for 12 h. Filtration under nitrogen pressure
through a medium-porosity sintered glass-funnel was

used to separate the solid product which was further
dried under high vacuum (715 mg). The solution of the
solid material in the smallest amount of methanol was
titrated with ethyl ether until it became turbid. The
insoluble fraction was separated by the same filtration
system. The process was repeated until TLC (MeOH/
acetone) showed complete removal of impurities in the
remaining solution. Thus, the solution was concentrated
to dryness in a rotatory evaporator in high vacuum giv-
ing compound 17 as a highly hygroscopic white powder
(335 mg, 1.03 mmol, 42%) composed of a mixture of
1:4.5 of/p mixture at C-1. The melting point was higher
than 300 °C. R; 0.61 (MeOH/acetone 2:1, v/v), while
the main impurity neamine hydrochloride was much
slower (R, 0.40). Data for the NMR 'H (400 MHz/
Dzo) WlCleV isomer: 6 3.19 (lH, dd, JS',G'a 33, Jeacb
13.4, H-6'a); 3.29 (1H, dd, Jy g, 6.3, Jg.ep 13.4, H-
6’b); 3.33 (3H, s, OCH3); 3.48-3.51 (1H, m, H-2');
3.62 (1H, dd, J4s, 6.0, Js, 5 12.1, H-5a); 3.67-3.70
(1H, m, H-4"); 3.72 (1H, t, J>5 3.8, H-2); 3.75 (1H, dd,
Jasp 3.3, Jsasp 12.1, H-5b); 3.91 (1H, ddd, Js4 3.0,
Jasp 3.3, Jasa 6.0, H-4); 411 (1H, dd, Jy g 3.3, Jyy
2.5, H-3'), 4.14-4.20 (2H, m, H-5', H-3); 4.63 (1H, d,
J 4.5, H-1); 527 (1H, d, J=1.7, H-1'). NMR 3C
(100 MHz/D,0): 6 40.74 (C-6'), S1.1 (C-2'), 56.24
(OCHs3), 63.46 (C-5), 67.59 (C-4"), 67.70 (C-4), 68.05
(C-3%), 68.95 (C-2), 70.66 (C-5'), 74.84 (C-3), 95.41 (C-
1), 101.55 (C-1), ESIMS found m/z 325.1725 [M+H"].
Calcd for C12H24N208 324.1533.

4.2. Tetra-p-methoxy-benzyliminoneamine (21)

Neamine tetrahydrochloride (8) (93 mg, 0.2 mmol) was
sequentially treated with a 1 M NaOH (1 mL) and
p-anisaldehyde (0.15 mL). The mixture was stirred until
the spontaneous precipitation of product 21. After
remaining at 4 °C for 2 h, it was filtered through a med-
ium-porosity sintered glass-funnel. The white solid was
washed several times with cold water and portions of
ethyl ether/ethanol (1:1, v/v) and then dried under high
vacuum to give compound 21 as a pure product
(127 mg, 0.17 mmol, 85%). Mp 255°C; NMR 'H
(400 MHz/DMSO-dy): 6 1.47-1.57 (1H, m, H-2'a), 1.97
(1H, q, J =13.6, H-2'b), 2.82 (1H, dd, J = 12.6, H-6a),
3.02 (1H, dd, J=2.5, 9.5, H-3), 3.16-3.25 (1H, m, H-
1’ or H-3'), 3.32-3.49 (4H, m, H-1’ or H-3', H-2’, H-
4’, H-4), 3.53-3.67 (4H, m, H-2, H-6b, H-5', H-6'),
3.70-3.89 (13H, m, H-5, 4xOCH3), 4.74 (1H, d,
J=5.0, OH), 4.85-4.90 (2H, m, H-1, OH), 5.05 (1H,
d, J=5.0, OH), 6.34 (1H, s, OH), 7.00 (4H, d, J=8.8
ArH), 7.05 (4H, d, J=28.8, ArH), 7.47 (1H, s, =CH),
7.63 (2H, d, J =8.8, H), 7.68 (2H, d, J 8.6, ArH), 7.73
(2H, d, J=8.6, ArH), 7.77 (2H, d, J = 8.6, ArH), 8.22
(1H, s, =CH), 8.24 (1H, s, =CH), 8.33 (1H, s, =CH);
NMR '3C (100 MHz/DMSO-dg) & 38.44 (C-2'), 55.65
(OCH3), 60.1 (C-6), 70.18, 70.55, 70.89, 71.00, 72.11,
75.03, 76.86, 88.46 (C-1’, C-3’, C-4', C-5, C-6', C-2,
C-3, C4, C-5), 101.79 (C-1), 114.45, 114.32, 114.28,
114.24, 114.87, 129.62, 129.95, 130.25, 130.79 (ArC),
132.18 (ArCq), 160.28 (C=N), 160.42 (C=N), 161.12
(C=N), 164.88 (C=N); IR max: 3360 (OH), 1641
(C=N).



3632 J. G. da Silva et al. | Bioorg. Med. Chem. 15 (2007) 3624-3634

4.3. Cochlear and vestibular activity

Albino guinea pigs are easily manageable experimental
animals for cochlear dissection and manipulation. They
have accessible routes of infusion of anesthetics and
experimental drugs for transtympanic application in
the middle ear, allowing the drug to cross the round win-
dow to the inner ear and producing significant cochlear
changes. Guinea pigs were kept in the animal facilities of
the Experimental Surgery Unit, Department of Surgery,
Faculty of Medicine of Ribeirdo Preto, USP as recom-
mended by the guidelines for the care and use of labora-
tory animals of the Institute of Laboratory Animal
Resources, Commission on Life Sciences, of the US Na-
tional Research Council and was approved by the Insti-
tutional Ethical Committee (protocol No. 070/2005).

The animals weighing between 400 and 600 g were se-
lected at the central animal house, based on the determi-
nation of the Preyer reflex. Animals of this size are
adequate to tympanic membrane manipulations.

After a hearing rest of 24 h, the animals were re-evalu-
ated by manual otoscopy. Animals presenting signs of
outer acute or median otitis were discarded. Only ani-
mals presenting a wax plug easily removed were in-
cluded in the study. The ones showing inflammatory
changes of the outer auditory meatus, or an auditory
meatus too narrow to accommodate the tube of the
otoacoustic emission equipment were discarded. Ani-
mals anesthetized with 65 mg/kg ketamine hydrochlo-
ride were then submitted to auditory screening using
DPOAE and the brainstem evoked auditory potential
(BEAP) in an acoustically isolated cabin. The animals
selected to be used in the experiments showed a pattern
of DPOAE and BEAP up to 5 dB thresholds on both
ears. Since this was an experiment using topical drugs,
the animal left ear was maintained intact as a control
and treated with 0.9% isotonic sodium chloride solution
or DMSO. The experiments were performed by trans-
tympanic application of individual samples (0.08—
0.10 mL, 0.22 mmol/mL) in 06 albino guinea pigs.

Experimental samples were prepared according to the
following protocol: (i) the water soluble ones were
heated at 180 °C for about 2 h. The plastic cover and
Teflon were treated in 70% ethyl ethanol for 2 h. Using
a laminar flow chamber, samples 7-9, 17, 18 were dis-
solved in sterile water (Equiplex®), while sample 22
was dissolved in 10% sterile DMSO/water, followed by
filtration through 0.22 ym pore MILLEX-GS MILLI-
PORE®; (ii) samples poorly soluble in water (19-21)
were dissolved in DMSO (1.0 mL) and stored in sterile
vials at 180 °C for about 2 h with omission of the filtra-
tion step The heating was repeated for 90 min at 90 °C
and kept 24 h at room temperature.

4.3.1. Functional measurements. The function of outer
cochlear hair cells was determined by DPOAE using
an ILO 92 CAE apparatus (system Otodynamics Ltd,
United Kingdom). The animals were anesthetized with
ketamine hydrochloride and the test performed before
treatment and immediately before sacrifice (Ist and

31th days for group 1, 1st and 4th days for group 2
and 1st , 31th and 34th days for group 3), according
to the frequency relation 2F1-F2 with the ratio
F1:F2 =1.22, and a resolution of two points per octave.

Otoacoustic emissions were considered from 1.5 kHz,
since the dimensions of the guinea pig external audi-
tory meatus make it difficult to detect otoacoustic emis-
sions below this frequency, with the occurrence of
responses that coincide with noise responses. Thus,
by analyzing the 2 kHz frequency, a pure tone a little,
above and a little below was offered, in such a way that
the ratio between them was 1.22. Thus, a resultant fre-
quency response was obtained automatically according
to the 2F1-F2 relation (below the frequency evaluated)
and the 2F2-F1 relation (above the resultant fre-
quency). It should also be taken into consideration that
the intensities of F2 and F1 can be equal or different.
In the present study we used equal intensities of
70 dB spl and frequency range of 1500-8000 Hz. The
intensity of the triggering stimulus can vary within
the range of 0-70 dB spl and can be measured in the
range of 500-8000 Hz. Based on these values, we ob-
served the so-called DPGRAM, that is, the audi-
ocochleogram, in which there is a sound stimulus and
a response, which is also a sound that corresponds to
the function of the cochlear outer hair cells responsible
for the frequencies analyzed.

In this study, the otoacoustic emissions at higher fre-
quencies were considered more important to evaluate
the functional state of the outer hair cells of the basal co-
chlear turn. This evaluation, however, is qualitative.
DPOAE were considered to be present or absent.

For functional measurements of BEAP, Compass
Meridian 2000 program, Nicolet, LTD was performed
using the parameters below:

Tone Burst stimulus, 2000-4000 Hz, 60, 40, 20, 10 and
5 dB thresholds on tip phones; rate, 11 stimulus/seg,
5 uV (200 nV) amplification; 150 and 3.000 Hz low and
high pass filters. Wave I was identified and the latency
was measured. The wave 1 was evaluated on different
thresholds to detect the hearing loss.

4.3.2. Anatomical evaluation. The anatomy of the organ
of Corti and the presence of outer hair cells and their
alterations were determined by scanning electron
microscopy. After ether anesthesia, the guinea pigs
were sacrificed at predetermined times after ip adminis-
tration of the drugs. The animals were then decapitated
and their cochleae were removed from the bullae. After
microscopic dissection, the cochlea was perfused with
3% glutaraldehyde at 4 °C for 24 h for fixation. The
subsequent steps were carried out in the Electron
Microscopy Laboratory of the Department of Cell
and Molecular Biology and Pathogenic Bioagents, Fac-
ulty of Medicine of Ribeirdo Preto, USP. A 3% glutar-
aldehyde solution in 0.1 M phosphate buffer, pH 7.4,
was injected through the round window for fixation
over a period of 4h at 4°C. The preparations were
washed three times for 5 min with the same buffer,



J. G. da Silva et al. | Bioorg. Med. Chem. 15 (2007) 3624-3634 3633

fixed with 1% osmium tetroxide for 2 h at 4 °C, and
then dehydrated at room temperature with an increasing
ethanol series (50%, 70%, 90%, and 95%) for 10 min at
each concentration, and three times with absolute alcohol
for 15 min. After dehydration, the material was dried to
the critical point in the presence of CO»,, attached to an
appropriate sample holder, sputtered with gold vapor in
a vacuum chamber, and examined with a JEOL JSM
5200 scanning electron microscope.

4.4. Antimicrobial activity

The compounds were tested against M. luteus (ATCC
9341), S. aureus (ATCC 6538), S. epidermidis (ATCC
12228), E. coli (ATCC 25922), P. aeruginosa (ATCC
27853). Compounds 7-9 and 18 were dissolved in sterile
water (15 mg/mL), while compounds 19 and 20-22 and
were dissolved in DMSO and 10% DMSO/H,0,
respectively.

Micro dilution experiments were carried out with com-
pounds 7-9, 17, 18, and 22 wusing approximately
5x 10* CFU/mL in each well receiving the sample appli-
cation. The incubation for 24 h at 35 °C allowed the
qualitative observation of medium turbidity which was
compared to the inoculated medium as a positive con-
trol and to the medium alone as a negative control.*®
For all procedures, the compounds were evaluated in
duplicate at concentration of 15 mg/mL.
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