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N-Chlorotaurine, a Novel Endogenous

Antimicrobial Agent

Tolerability Testing in a Mouse Model

Andreas Neher, MD; Markus Nagl, MD; Anneliese Schrot-Fischer, PhD; Hiroto Ichiki, MD;
Waldemar Gottardi, PhDD; Andreas R Gunkeel, MD; Kurt Stephan, PhD

Objective: To investigate the tolerability of N-
chlorotaurine, a new antimicrobial agent, by applica-
tion to the middle ear in a mouse model.

Methods: FFive BALR/C mice were each injected through
the tympanic membrane with 5 pL ol 0.1%, 1.0%, and 10%
N-chlorotaurine and compared with animals in which 0.9%
isotonic sodium chloride solution, 0.2% gentamicin sul-
fate, and 0.25% wimethylin chloride were instilled. Au-
ditory brainstem responses 1o clicks were evaluated re-
peatedly between 4 and 75 days after injection, and
histologic investigations of the inner ear were performed
subsequently, Three additional groups of mice were in-
jected with isotonic sedium chloride solution, 1.0% N-
chlorotaurine, and 0.25% trimethyltin, and brainstem re-
sponses Lo tone bursts of 8, 16, and 32 kHz were tested.
In addition, the middle car was examined histologically.

Resvlts: Mice treated with isotonic sodium chloride

sullate did not show changes in response threshold. Treat-
ment with 1.0% and 10% N-chlorotaurine caused a re-
versible increase inauditory brainstem response thresh-
old by 200 dB 4 days alter application because of local
irritation around the perforation of the tympanic mem-
brane. In conirasi, 0.25% trimethyltin showed a perma-
nent elevation ol auditory brainstem response thresh-
old of 1010 15 dB and a scattered loss of outer hair cells
predominantly in the apical turn, No alterations of the
inner ear were observed in the other treatment Broups.
The mucous membrane of the middle ear remained un-
affected in all west groups,

Conclusion: Application of N-chlorotaurine to the middle
ear is well tolerated without adverse effects and may he
a useful new endogenous antimicrobial agent for local
treatment of otologic infections.
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CHLOROTAURINE (NCT)
(Cl-HN-CH-CH-5047), the
N-chloroderivative of the
amino acid taurine. is an
oxidant produced by stimu-

lated human granulocytes and mono-
cytes. It is the main representative of
R-NHC] compounds (chloramines), which
are created by the reaction of hypochlo-
rite with amino compounds during oxida-
tive burst of these cells.* N-chlorotaurine
has been shown 1o be a long-lived oxidam
with immune modulatory properties such
as down-regulation of tumor necrosis fac-
tor, nitric oxide, and prostaglandins

On the other hand, NCT has demon-
strated bactericidal (staphylococed, strepto-
coccl, Escherichia coli, Proteus mirabilis, and
Pseudomonas aeruginosa), lungicidal (Can-
dida albicans), virucidal® (herpesvirus and
adenovirus), and vermicidal {Schistosoma
mansoni bactivity,” so thatitmay be assumed
Lo participate in destruction of pathogens in
vive." Despite this activity, the cytotoxicity
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of NCT against human cells proved to be
very low." For a few years NCT has been
available as a pure crystalline sodium salt
with long-term stahility of lower than 10%
loss of oxidative activity within | vear at re-
frigerator temperature { 2°C-5°C), whichis
trie also lor its aqueous solution,"
Because ol these properties (broad-
spectrum microbicidal activity, low cvio-
toxicity against human cells, and sulfi-
cient stahility), NCT has been thought 1o
be suitable for application in humans lor
local treatment ol infections. Indeed. with
application to rabbit and human eyes a 1%
solution of MCT was tolerated withouwt ad-
verse elfects!" and a phase 2 pilot study
showed signs of rapid cure of bacterial con-
junctivitis and possible mitigation of vi-
ral conjunctivitis," In addition, NCT was
well tolerated and demonstrated high bac-
tericidal activity with applicanon to the hu
man bladder in a urinary tract infection
caused hy an omniresistant P aerugi-
nosa," In otology, NCT may also be con-
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MATERIALS AND METHODS
REAGENTS

Pure NCT as a crystalline sodium salt (molecular weight,
181,52 g/mol)” was dissolved in sterile distilled water (pHl
8.1} 1 concentrations of (0 1%, L0%, and 109%. Gentami-
cin sullate (B0-mg/m L aqueous solution; Tyrol Pharma, Vi-
enna, Austria) was diluted w 2 mg/mL (0.2%) in distilled
water. Trimethylin chloride (TMT) (Sigma-Aldrich Corp,
Vienna} was dissolved in isotonic sodivm chloride solu-
ton 1o a concentration of 0.25%. For anesthesia, ket-
amine hydrochloride (10-mg/mL agqueous solution;
Parke-Davis, Berlin, Germany) and svlazine hvdrochlo-
ride {20-mg/mL aqueous solution: Graeub Inc, Bern,
Switzerland) were used. Xylazine was 10-fold diluted in
distilled water 1o 2 mg/mlL.

ANIMALS AND TOLERABILITY TESTS

Male G- to H-week-old BALBC mice (22-29 g1 with olo-
scopically normal findings, particularly unaffected 1ym-
panic memhbranes, were used, Animal tests were per
formed according 1o the principles of animal care and
approved by the Ausirian Federal Government ol Science
and Research. Mice were anesthetized by intraperitoneal
injection of ketamine hydrochloride { 1O mg/ 100 g of body
weight=1 mLA1O0 g of the 10-mg/mL stock) and xylazine
hydrochloride (1 mg/100 g of body weight=0.3 mL/100 g
of the 2-mg/ml stock)

Subsequemly, auditory brainstem responses {(ADRs) were
measured in an electrically shielded sound-atenuwating cham-
ber. Potentials were derived from subcutaneouns needle elec-
trowdes placed at the vertex {positive) and below the hulla
tnegative) of the animals: the ground electrode was placed
al the ipsilateral leg, The signals were amplified by a physi-
ologic amplifier and filered (handwidth, 100-300 Hz), and
responses o 2000 stimuli were averaged by means of com-
puterized data acquisition synchronized o stimulus onser,
Clicks and tone bursts of 8, 16, and 32 kHz {rise-fall time, 1
millisecord; plateau, 3 milliseconds) were used as sumuli and
were delivered Iy 2 different sound transcducers. The stimuli
tsound pressure level, 20-100 dB) were presented in

jection of 0.9% isotonic sodium chloride solution, 1.0%

decreasing steps of 10 dB and finally 5 dii close o thresh-
old, The ABR threshold was determined as the minimum
stimulation level s which the potential could be clearly
recognized. During the test, body emperature of the ani-
mals was maintained constant at 37°C 1o 38°C,

Immediately alier these measurements, mice were di-
vided into & groups with different treatment; group 1 {con-
trol animals) was treated with 0.9% isotonic sodium chlo-
ride solution; groups 2 to 4 (test groups) with 0.1%, 1.0%,
and 10% NCT, respectively; and groups 3 and & (positive
control groups) with the ototoxicants 0.2% gentamicin
sulfate and 0.25% TMT, respectively (n=5 per group). Five
microliters of each solution was injected through the
posterainferior quadrant of the tympanic membrane with
a special syringe (Hamilton Bonaduz AG, Bonaduz,
Switzerland ), This procedure was performed on both ears,
leacding 1o a saturation of the middle ear bullae.'” Re-
peated measurements of ABR with click stimuli and visual
inspection of the tympanic membrane were performed be-
rween 4 and 75 days alter the treatment. The ABR thresh-
olds of different test groups were compared by 1-way analy-
sis ol variance and Dunnett multiple comparison test
i Graphpad Soltware Ine, San Diegao, Calil). P <05 was con-
sidered significani.

In a smaller sample of animals {n=3 per group), lre-
quency-specilic ABRs were tested 7 and 14 days after in-

NCT, and 0.25% TMT, respectively.
HISTOLOGIC EVALUATION

The animals were killed and the inner ears were lixed in
Ireshly prepared Karnovsky formaldehyde-glutaralde-
hyde solution, embedded in a low-viscosity epoxy resin
(Spurr; PU]}'M'I(‘IH'P Ine, Wa rrinHImL, Pa), and pn‘p:irnl ac-
cording 1o the block surface wechnigue, " The inner and outer
hair cells were evaluated in all cochlear turns on surface
preparations by means of Nomarski interference contrast
micrascopy. For detailed structural analysis of areas of par-
ticular imerest, radial or angential semithin sections were
made lor light microscopy, and semigquantitative analysis
was performed on the surface preparations. The mucosa
of the middle ear was dissected, fixed in Karnovsky solu-
tion, and prepared for histologic evaluation.

sidered suitable [or treamment of infections of the outer and
middle ear. For instance, otitis externa caused by P aeru-
ginosa may induce serious problems and frequently re-
guires long-term topical application ol antibiotics, " so that
the availability of new effective anti-infective agents may
be advantageous, The aim of the present study was to
investigate the wolerability of NCT instilled into the middle
car in an animal model. The est design used matches the
planned clinical application of the substance.

AUDITORY BRAINSTEM RESPOMNSES

In unselected BALB/c mice exposed 1o clicks, the ABR
threshold ranged between 30- and 50-dB sound pressure
level before treatment (starting point, 0 Jdi; Figere 1),

The control group treated with isotonic sodium chlo-
ride solution showed no change in ABR threshold (within
5 dB) 4 1o 75 days later. The groups treated with NCT
showed no elevation of ABR threshold at the 0.1% con-
centration, whereas injection of 1% and 10% NCT caused
an elevation of ABR threshold of about 20 dB after 4 days.
This increase of ABR threshold returned to the starting
point at day 14 for 1% NCT and at day 21 for 10% NCT.
Mice treated with 0.2% gentamicin and 2 additional mice
treated with 8.0% gentamicin maintained normal thresh-
olds, whereas injection of 0.25% TMT led to a signifi-
cant permanent elevation of ABR threshold of 1010 15
dB. Additional ABR tests performed with tone bursts of
Hand 16 kHz evoked auditory potentials at minimum
sound pressure levels berween 40 and 50 dB, while thresh-
olds for ABRs at 32-kHz bursts were markedly elevated
(70-80 dB) in BALB/c mice. Subsequent to challenge with
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Flgure 1. Kinatics of the ralative auditany brainstem responss (ABR)
threshold for click stimull measured before and after infechion of 5 ul of the
test sofutions to the midadle ear. Mean valies + SEM of 5 mice (3 mice in the
trimethyitin chloride [TMT] group) are shown. Increase of threshold was
significant with 10% N-chiorolauring (NCT) {4-14 days, P=_05), 1.0% NCT
(4 days, P=—05), ang TMT (4-75 days, P07} compared with the control
group treated with isatonte sodium chionde solution (Nall)
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Flgure 2. A, Samithin section of the organ of Corti in & control mowuse
(folwiding blua). B, Samithin saction of the organ of Corll in a mouss in
which 10% N-chiprotauring was applied. Normal inngr and ouler hair calls
were observed, OHC indicates outer hair cells, IHG, inner hair celis; and TM
tectorial membrame (tolwding bilwe)

isotonic sodium chloride solution or 1% NCT, thresh-
ald at all frequencies was slightly higher on day 7 and
almost completely normal again on day 14, Treatment
with 0.25% TMT, however, caused a marked and pro-
longed increase of the threshold of 10 10 20 dB for all
[requencies tested.

VISIBLE MORPHOLOGIC CHANGES

Wisual inspection of the external auditory canal and the
tympanic membrane disclosed incrustation of the arti-
ficial perforation connected with tumefaction of the sur-
rounding tympanic membrane in all mice, being more
pronounced in animals treated with 1% and 10% NCT
in a dose-dependent manner, Perforations healed and tu-
mefaction disappeared | to 2 weeks after exposure in ani-
mals treated with isotonic sodium chloride solution. The
respective time was 2 weeks for 1% NCT and 3 weeks
for 10% NCT. Treatment with 0.1% NCT, 0,2% and B.0%
gentamicin, and 0.25% TMT did not cause any visible
changes dillerent from those with isotonic sodium chlo
ride solution or delaved healing.

There was no clinical evidence ol vestibular hypo-
lunction, since the behavior ol the animals did not change.
In particular, no head tily, dizziness, or circling was ob
served when the animals awakened [rom anesthesia.

Figure 3. A, Surface view of the basal lurm of 2 normal control mowse. Ouler
and innar Rair ceils have a normal appearance (orginal magification = 20),
B, Surface view of the basal turn of @ mouse in which 0.25% trimethyitin
chilgrige was applied, Sorme ouler halr calls (OHE) are missing [arrows)
fonginal magnification = 201 IHC indicates inner hair cells,

|
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Figure 4, A Semitfin section of the organ of Corti in the apical furn of a
mause in which 0.25% trimathypftin chionide was applied. Outer hair cells
{OME) are misging {fofuiding blue). 8, Sernithin saction of the organ of Corti
i the basal furn of @ mouse in which 0.25% trimetiyllin chioride was
appiied. The first outer halr call row Is migsing. The innar hair cells (THC)
appear marmal, T indicates tectonal membrane (tolwiding blue).

HISTOLOGIC FINDINGS

Mo alterations ol the inner ear were observed in mice ex-
posed to isotonic sodium chloride solution and in mice
treated with 0.1%, 1%, and 10% NCT (Figere 2 and
Figure 34). The inner ears of these mice showed nor-
mal inner and outer hair cells and no reduction in hair
cells. By contrast, in animals treated with TMT, we found
a scattered loss of outer hair cells of 30% in the apical
turn, 30% in the middle turn, and 25% in the basal turn
(Figure 3B and Figure &). AL the level of the spiral
ganglion, no alteration was observed. In the mouse model,
where we applied gentamicin, we could not identify vis-
ible histologic changes at the light microscopic level.
Concerning effects on the middle ear mucosa, no alter-
ations were detected on histologic evaluation. The epi-
thelium appeared unaffected; there was no edema or
[ibrosis of the submucosa and no ossification,

In accord with previous investigations in the rabbit and
human eye, as well as in the human urinary tract,'" " NCT
was tolerated without long-term adverse effects by ap-
plication o the middle ear in our model. A concentra-
tion of 0.1% proved o be free of woxic ellects, while 1%
and, 1o a greater extent, 10% caused some local irrita-
tion around the anificial perforation of the yympanic mem-
brane. This alteration, which probably allects the vibra-
tion ol the membrane, may explain the temporary increase
in ABR threshold. Since 19% NCT has been well wler-
ated and proved 1o be sufficiently active against bacteria
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both in vitro and in vivo,'""" this concentration will be
preferred for further clinical trials. Slight irritative ef-
tects were masked by inflammatory symptoms when NCT
was applied in patients with infectious conjunctivitis,"

The present study also confirmed the therapeutic
safety of 1% NCT application, because even 10% NCT
did not cause severe or permanent changes of ABR thresh-
old for click stimulation, This linding was further sub-
stantiated by the samples tested with lrequency-specilic
ABR. The efficiency of the 1est design was verilied by the
fact that the positive control group treated with TMT
showed a permanent increase ol ABR threshold as well
as scattered loss of outer hair cells along all turns of the
cochlea, In contrast, NCT did not produce any alter-
ation in dillerent turns. The absence of oxic ellects in
the inner ear may be explained by the hydrophilic char-
acter of NCT. " It cannot penetrate membranes by simple
diffusion, but only by active transport mechanisms,'” so
that high concentrations are unlikely to occur within the
cochlea after application to the middle ear.

Trimethyliin, a substance known to induce a rapid in-
crease of ABR thresholds after intraperitoneal injection in
guinea pigs,"™ " led 1o extensive destruction of hair cells al-
ter a single application to the middle ear of BALB/c mice.
Both methods of exposure result in a hearing loss ata wide
range of frequencies, when the same absolute dose of 0.5
mg/kg is used, indicating significant penetration of TMT
into the cochlea. Therefore, TMT serves as a sulficient posi-
tive control in our experimental design. By contrast, single
application of gentamicin did not cause an elevation of the
ABR threshold, even when a concentration of 80 mg/ml
was used. This linding conlirms the observation by Nor-
demar and Anniko™ that only repeated exposure 1o
aminoglycosides leads 1o a permanent destruction of hair
cells, although Janas et al'' found damage 10 cochlear hair
cells in the chicken alier a single high dose of gentamicin,
[ollowed by regeneration within 5 weeks,

According to our experience with transtympanic ap-
plication of dilferent substances, daily challenge with this
method is not feasible because of the artificial damage
ol the tympanic membrane causing conductive hearing
loss. On the other hand, a single instillation of certain
disinfectants {alcohol, chlorhexidine, quaternary amma-
nium compounds) to the middle ear was sufficient 1o
demonstrate cochlear damage beyond all douby
Moreover, in these studies, the agent was washed out again
with isotonic sodium chloride solution after 10 to 60
minutes, which was not the case in the present study,
N-chlorotaurine has been shown to retain oxidative
capacity within human body fluids and inflamma-
tion samples for several hours," so thart it also can be as-
sumed 1o be active in the middle ear lor such a period,
Because ol these facis, a considerable incubation time ol
the test agents can be assumed in our mouse model, which
closely matches the condition of clinical application
planned, Although NCT is primarily considered 1o he used
lor application to the external auditory canal, it is im-
portant to note that the middle ear mucosa remained
completely unalfected by the substance.

Concerning clinical application, treatment of bac-
terial otitis externa appears io be an interesting possibil-
ity. The generally established therapy with instillation ol

a local antibiotic in the outer ear is not always suffi-
cient, particularly when resistant strains of bacteria are
causing the infection. For such cases, application of NCT
could be a promising alternative that can be used even
when a perforation of the tympanic membrane cannot
be ruled out.
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