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Background: Drug-induced ototoxicity is still a main clinical problem in otolaryngology. It is widely
known that aminoglycoside antibiotics combined with loop diuretics significantly contribute to
permanent ototoxicity. The aim of this study was to find out whether ascorbic acid (vitamin C) is able to
reverse or alleviate ototoxicity evoked by systemic (ip) administration of combination of amikacin and
furosemide in experimental male albino Swiss mice.

Methods: Ototoxic combination of amikacin and furosemide was isobolographically evaluated based on

Keywor_d‘s: the hearing threshold decreasing doses by 20% and 50% (TDD,o and TDDsq), respectively. Linear
Ototoxicity . . . . . . . .
Amikacin regression analysis was used to determine the TDD,q and TDDsq values for amikacin, furosemide, vitamin
Furosemide C administered alone and in combination (at the fixed-ratio of 1:1).
Isobolography Results: Vitamin C (in a dose of 500 mg/kg, ip) alleviated the impairment in hearing threshold evoked by
Vitamin C combined ip administration of amikacin and furosemide (at the fixed-ratio of 1:1) in mice by reducing
TDDsg values from 49.82 to 21.56 (p < 0.01). In contrast, vitamin C (500 mg/kg, ip) had no significant
effect on TDD,q values for the combination of amikacin and furosemide at the fixed-ratio of 1:1.
Conclusions: Vitamin C administered together with ototoxic drug combination of amikacin and
furosemide reduced ototoxicity evoked by this two-drug combination in the experimental mice.
© 2019 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.
Introduction acid (vitamin C) reduced the ototoxic effects produced by some

Ototoxic effects after exposure to aminoglycoside antibiotics
and loop diuretics are extensively examined by researchers.
Generally, aminoglycoside antibiotics produce vestibular dysfunc-
tion due to hair cell loss (i.e., gentamicin) or evoke cochleotoxic
effects (i.e., kanamycin) contributing to the permanent loss of
hearing [ 1-4]. Aminoglycoside ototoxicity requires the interaction
of the drug with metal ions [5], resulting in the formation of free
radicals and highly reactive oxygen species [6], which has been
previously investigated and confirmed by many authors [7-11].

To reduce and/or minimize ototoxic effects evoked by amino-
glycoside antibiotics in the inner ear of experimental animals,
some pharmacological treatments with antioxidants and other
compounds that counteract the damage produced by reactive
oxygen species, are recommended [6,12-17]. For instance, some
antioxidants, including resveratrol, N-acetylcysteine and ascorbic
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aminoglycoside antibiotics (kanamycin, neomycin, gentamycin) in
various preclinical studies [18-20]. Moreover, it was observed that
amikacin (another aminoglycoside antibiotic) considerably low-
ered the activity of various cochlear antioxidant enzymes
including, superoxide dismutase, catalase, glutathione peroxidase,
glutathione-S-transferase, glutathione reductase in guinea-pigs
[21].

On the other hand, loop diuretics (including, etacrynic acid and
furosemide) evoke edema of the stria vascularis and decrease of
the endocochlear potential, contributing to hearing deficits [22].
Experimental evidence indicates that a single intravenous injec-
tion of furosemide produced significant changes in auditory
brainstem responses (ABRs) in rats [23]. The ototoxic effect of loop
diuretics is related to inhibition of Na+, K+-ATP-ase, adenylate
cyclase and succinate dehydrogenase in the stria vascularis [24].

Experimentally, it has been proved that kanamycin adminis-
tered together with furosemide produced irreversible changes in
cochlear function [25]. Repeated treatments of kanamycin with
furosemide exerted near total loss of outer hair cells and negatively
affected the stria vascularis and spiral limbus, resulting finally in
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hearing loss in animals [26]. Moreover, kanamycin combined with
furosemide exerted permanent cochlear damage in guinea pigs
[27]. These data confirm that ototoxic effects of aminoglycoside
antibiotics may be potentiated by loop diuretics.

The explanation of this severe ototoxic interaction between the
loop diuretic (furosemide) and aminoglycoside antibiotics (kana-
mycin, streptomycin and gentamicin) has been presented by some
authors, who reported damage not only in the inner ear, but also in
the kidney of experimental animals. For instance, it has been found
that kanamycin concentrations after co-administration of furose-
mide significantly increased not only in the perilymph, but also in
the cerebrospinal fluid and serum of experimental rabbits [28].

However, up-to-date there is no data showing protection from
both, amikacin and furosemide evoked ototoxicity. This was the
main reason to investigate protection from this drug combination.
Therefore, we intend in this study to examine ascorbic acid
(vitamin C - a widely known antioxidant) as a protective drug
against ototoxicity evoked by the combination of amikacin (an
aminoglycoside antibiotic) and furosemide (a loop diuretic) in
naive male albino Swiss mice.

Materials and methods
Animals and experimental conditions

Male Albino Swiss outbred mice, at the age of 14-21 days were
used in this study, as recommended earlier [29,30]. The animals
were kept under laboratory conditions (natural light-dark cycle,
temperature of 234+1°C, relative humidity of 55+5%). All
experiments were conducted on animals between 8 a.m. and 3
p.m. All efforts were made to minimize animal suffering and to use
only the number of animals necessary to produce reliable scientific
data. The experimental protocols and procedures described herein
were approved by the First Local Ethics Committee.

Drugs

Amikacin (Biodacyna, Polpharma, Poland), furosemide (Furo-
semidum, Polpharma, Poland), and vitamin C (Acidum ascorbicum,
Pliva, Poland) were given intraperitoneally (ip) as follows: vitamin
C at 30 min. before amikacin and furosemide administration, while
amikacin and furosemide were administered ip either 15, or
30 min. before hearing measurement. During the evaluation of
hearing threshold all the mice were anesthetized with combina-
tion of xylazine (Xylazinum, Biowet Pulawy, Poland) in a dose of
20 mg/kg (ip) and ketamine (Ketamini hydrochloridi, Vetoquinol
Biowet, Poland) in a dose of 100 mg/kg (ip). More specifically, the
animals were anaesthetized and a pre-treatment hearing thresh-
old was measured in each mouse. This baseline hearing threshold
in each animal was considered as a control value. Next, the animals
were randomly divided into two groups, the first group of animals
received vitamin C (in a constant dose of 500 mg/kg) and the
second group was injected with vehicle. After next 15 or 30 min.
furosemide, amikacin, or mixture of both drugs were administered
ip to the respective groups of animals, and finally, re-evaluation of
the hearing threshold (post-treatment) was performed. To
evaluate dose-response relationships for amikacin, furosemide
and their mixture at the fixed-ratio of 1:1 (with respect to
impairment in hearing threshold), the drugs were administered ip
at increasing doses and their corresponding hearing thresholds
were determined for each dose and each drug separately. However,
at least 3 groups of animals were required to determine the shift in
hearing threshold for increasing doses of each drug. Therefore, in
this study, 6 groups of animals received furosemide alone, 6 -
amikacin alone and 6 - the combination of amikacin and
furosemide at the fixed-ratio of 1:1. Thus, 18 groups of animals

received vehicle and 18 - vitamin C. Total number of animals used
in this study amounted to 288 mice (36 groups with 6-10 animals
per experimental group).

Auditory brainstem responses (ABR)

Every anesthetized mouse has had hearing threshold evaluated
before application of drugs or their combination (the pre-
treatment hearing threshold). ABR data collection was obtained
with computerized Interacoustics Eclipse EP15 evoked potential
unit (Middelfart, Denmark). Alternating click stimuli were
presented to the left ear of the animal. The click has substantial
energy in the 2-8 Hz range, as suggested elsewhere [30]. ABR
responses were recorded via subcutaneous electrodes placed near
the ipsilateral pinna, vertex and contralateral pinna with the
ground electrode placed along the trunk. The responses were
amplified, filtered, averaged by a computer and displayed on the
computer screen. The sound level of the stimuli decreased from
90 dB sound pressure level (SPL) to 20dB SPL in 10dB steps and
finally in 5 dB steps to identify the lowest intensity at which an ABR
wave V was detectable (see: Supplementary Figs. 1-3). At each
sound level up to 1000 responses were averaged and analyzed. If
the repeatability of the recorded wave exceeds 95%, the system
automatically starts the stimulation with the next programmed
volume level. Stimuli were presented at the rate of 39Hz and
recorded for 10 ms duration. Hearing threshold was determined by
a single observer, who noted the lowest sound level at which a
recognizable waveform was seen on a screen from the highest to
the lowest sound levels. Waveforms were confirmed as auditory
evoked responses by their decreasing amplitude and increasing
latency with decreasing sound intensity of the stimulus and
repeatability at least 95%. Rectal temperature in animals was
monitored throughout recordings with animal temperature
maintained by a warming pad. All animals were fully anesthetized
throughout all ABR procedures.

Calculations and isobolographic analysis

The impairments in the hearing threshold (in %) were
calculated by comparing the pretreatment hearing threshold with
that determined after the drug administration. The percentage of
hearing threshold impairment, corresponding to the respective
dose of a drug (amikacin or furosemide) was plotted into the
Cartesian system of coordinates and assessed with linear regres-
sion analysis, from which the threshold decreasing doses by 20%
and 50% (TDD,q and TDDsg) were calculated for amikacin and
furosemide, separately. Of note, the pretreatment hearing thresh-
old was accepted as 100% and any changes in animals (receiving
amikacin or furosemide) were expressed as % of impairment in the
hearing threshold. In other words, the same animals were both, the
control and experimental groups by themselves. Subsequently, the
two-drug mixture of amikacin and furosemide at the fixed-ratio
combination of 1:1 was determined isobolographically and the
mixture was administered to the animals. Any changes in the
hearing threshold were calculated using linear regression analysis.
Experiments allowing for the determination of TDD,y and TDDs,
after ip administration of amikacin, furosemide and their
combination at the fixed-ratio of 1:1, were performed separately.
The TDD,o and TDD5q values were determined independently from
two separate sets of experiments on animals. The isobolographic
analysis of interaction is a golden standard for an exact
classification of interaction between drugs. Generally, type I
isobolographic analysis is applied if all the tested drugs produced
the same definite effect, which in this study was defined as the
shift in hearing threshold in experimental animals. Doses of the
studied drugs that impaired the hearing threshold by 20% and 50%,
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as compared to the pre-treatment hearing threshold, were linearly
related and analyzed, as described earlier [31-33]. The TDD5q
values were calculated from the animals' groups that received
drugs at 15 min. prior to the evaluation of the hearing threshold,
whereas the TDDsq values were determined from the animals
injected ip with the studied drugs at 30min. before the
measurement of the hearing threshold. Subsequently, after
computing the TDDsy and TDD,o values for amikacin and
furosemide alone, the doses of each drug used in the mixture
(at the fixed-ratio of 1:1) were calculated. Next, the doses of both
drugs were administered to animals and the TDD,o and TDDsq
values for the mixture were determined. To evaluate the influence
of vitamin C on the hearing threshold in experimental animals, a
constant dose of vitamin C (500 mg/kg, ip) was added to the
mixture of amikacin and furosemide that experimentally impairs
the hearing threshold by 20% and 50% (TDD,y and TDDsg),
respectively, as recommended elsewhere [29]. In animals receiving
the mixture of amikacin, furosemide and vitamin C the threshold
hearing was determined and statistically compared to that denoted
for the mixture of amikacin and furosemide alone at the fixed-ratio
of 1:1. Statistical analysis of data was performed with one-way
ANOVA followed by the post-hoc Sidak’s multiple comparisons test.

Results

Evaluation of hearing threshold in mice received amikacin and
furosemide either alone or in combination with vitamin C

Amikacin and furosemide, when administered (ip) alone at
15 min. before the hearing threshold evaluation, produced in a
dose-dependent manner the impairment in the hearing threshold
in experimental animals. Doses of amikacin and furosemide were
linearly related to their impairment in hearing thresholds in mice.
The experimentally denoted doses of drugs that impaired the
hearing threshold by 20% (TDD,g) in mice were 0.797 mg/kg for
amikacin and 56.25 mg/kg for furosemide (Fig. 1A-B). Similarly,
amikacin combined with vitamin C (500 mg/kg) and furosemide
combined with vitamin C (500 mg/kg), impaired dose-dependent-
ly the hearing threshold in experimental animals. Doses of
amikacin and furosemide were also linearly related to their
impairments in hearing thresholds in mice. The experimentally
denoted TDD,, values for the combination of amikacin with
vitamin C and furosemide with vitamin C were 0.932 mg/kg and
60.27 mg/kg, respectively (Fig. 1A-B).

Amikacin and furosemide, when administered systemically (ip)
and separately at 30 min. prior to the hearing threshold evaluation,
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impaired (dose-dependently) the hearing threshold in mice. Doses
of amikacin and furosemide were linearly related to their decreases
in the hearing thresholds in mice and the experimentally-derived
doses of amikacin and furosemide that reduced the hearing
threshold by 50% (TDDsg) in mice were 1.006 mg/kg and 63.24 mg/
kg, respectively (Fig. 2A-B). Similarly, amikacin combined with
vitamin C (500 mg/kg) and furosemide combined with vitamin C
(500 mg/kg), reduced dose-dependently the hearing threshold in
experimental animals. In this case, doses of amikacin and
furosemide were also linearly related to their decreases in the
hearing thresholds in mice and the experimentally denoted TDDsq
values for the combination of amikacin with vitamin C and
furosemide with vitamin C were 1.189 mg/kg and 66.22 mg/kg,
respectively (Fig. 2A-B).

Evaluation of hearing threshold in mice received the combination of
amikacin with furosemide at the fixed-ratio of 1:1 either alone or in
combination with vitamin C

The experimental animals that received a mixture of amikacin
and furosemide (at doses corresponding to the isobolographically-
derived fixed-ratio of 1:1 for TDDyo and at 15 min. prior to the
hearing threshold evaluation) had the hearing threshold reduced
by 20.32% (Fig. 3A). Vitamin C administered alone ip at a dose of
500 mg/kg exerted no significant effect on the hearing threshold in
the animals, although the threshold was impaired in 0.41%
(Fig. 3A). However, the combined application of vitamin C
(500 mg/kg) to animals receiving a mixture of amikacin and
furosemide reduced only the hearing threshold in experimental
animals by 13.65% (Fig. 3A). Comparison of TDD,, values for
mixtures of amikacin with furosemide alone or with vitamin C
revealed no statistical significance with one-way ANOVA followed
by the post-hoc Sidak’s multiple comparisons test (Fig. 3A).

In contrast, the mice receiving the mixture of amikacin and
furosemide (at doses corresponding to the isobolographically-
derived fixed-ratio of 1:1 for TDDsg and at 30 min. before the
hearing threshold evaluation) had reduced the hearing thresh-
old by 49.82% (Fig. 3B). Vitamin C administered singly ip at a
dose of 500 mg/kg exerted no significant effect on the hearing
threshold in the animals and the impairment in hearing threshold
amounted to 1.05% (Fig. 3B). However, the co-application of
vitamin C (500mg/kg) with the mixture of amikacin and
furosemide reduced the hearing threshold in experimental
animals by 21.56% (Fig. 3B), which was statistically significant
at p < 0.01 (one-way ANOVA followed by the post-hoc Sidak’s
multiple comparisons test; Fig. 3B).
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Fig.1. A-B. Linear regression analysis of doses of amikacin, furosemide alone and in combination with vitamin C along with their impairments in hearing threshold by 20% in
experimental animals. Linear regression equations for amikacin and furosemide alone and in combination with vitamin C are presented on the graph; where y - is the
impairment in hearing threshold (in %) as compared to the control animals; x - is the dose of the tested drug; R? - is the coefficient of determination. TDD, - is the hearing

threshold decreasing dose by 20%. Each point consists of 6-10 animals.
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Fig. 2. A-B.Linear regression analysis of doses of amikacin, furosemide alone and in combination with vitamin C along with their impairments in hearing threshold by 50% in
experimental animals. Linear regression equations for amikacin and furosemide alone and in combination with vitamin C are displayed on the graph; where y - is the
impairment hearing threshold (in %) as compared to the control animals; x - is the dose of the tested drug; R? - is the coefficient of determination. TDDs - is the hearing

threshold decreasing dose by 50%. Each point consists of 6-10 animals.
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Fig. 3. A-B.Influence of vitamin C on the impairment in hearing threshold in animals receiving the combination of amikacin (A) and furosemide (F) at doses corresponding to
the threshold decreasing doses by 20% and 50% (TDD, and TDDs values). Results are presented as % of impairment in hearing threshold (+ S.E.M.) in mice receiving the
combination of amikacin (A) and furosemide (F) at doses corresponding to the threshold decreasing doses by 20% (TDD,g). TDDo (A+F) and TDDsq (A +F) - threshold
decreasing doses of mixtures of amikacin and furosemide at the fixed-ratio of 1:1 that reduced hearing threshold by 20% and 50%, respectively. TDD, (A + F+C) and TDDsq
(A+F+C) - threshold decreasing doses of mixtures of amikacin, furosemide at the fixed-ratio of 1:1 and vitamin C that experimentally reduced hearing threshold in the
mice by 20% and 50%, respectively. Impairment in hearing threshold was calculated by comparing the hearing threshold values denoted experimentally for the combination
of amikacin and furosemide with those determined in the same animals before administration of the drugs (pretreatment hearing threshold). Subsequently, vitamin C
(500mg/kg) was co-administered with the combination of doses of amikacin and furosemide. The impairment in hearing threshold value for the combination of
amikacin + furosemide with vitamin C was statistically compared to that determined for the combination of amikacin + furosemide by using one-way ANOVA followed by the
Sidak’s multiple comparisons test. *p < 0.05 and **p < 0.01 vs. the respective group. NS - not significant. Doses of particular drugs (in mg/kg) are presented in parentheses.

Discussion

Our experiments clearly demonstrate a potent protective action
of vitamin C against the ototoxic effects exerted by the combina-
tion of amikacin and furosemide.

To the best of our knowledge, we used in this study for the first
time the isobolographic analysis to determine the experimental
mixture of amikacin and furosemide that produced a fixed
impairment in hearing threshold in animals. Generally, the
isobolographic analysis is based on presumptions that the final
effects are evoked by a mixture of 2 drugs that are equi-effective in
terms of impairment of hearing threshold in animals. The
isobolographic analysis was designed to denote doses of amikacin
and furosemide that shift the hearing threshold by 20% and 50%,
respectively, as compared to the control. Results presented herein
indicate that the combination of amikacin and furosemide
produced synergistic interaction in terms of ototoxicity. However,
in this study two independent evaluations of data were performed.
The first one was associated with dose-response analysis for the
combination of amikacin and furosemide, while the second
evaluation allowed for comparison of the results obtained from
the combination of amikacin, furosemide and vitamin C.

It is important to note that in this study we evaluated the TDD;o
and TDDsg values in two various treatment times. The TDD,o was
determined in animals receiving the treatment at 15 min before

the testing of hearing, whereas the TDDsq was evaluated in animals
that received the respective treatment at 30 min before the hearing
threshold determination. Although both values were determined
experimentally, the TDDsq value seems to be superior to the TDD5q
value in experimental animals.

In this study, the mixture of amikacin and furosemide produced
ototoxic effects that manifested as the impairment in hearing
threshold in experimental animals. In another set of experiments,
the influence of vitamin C on the hearing threshold in mice
receiving the respective treatments (amikacin with furosemide),
was determined. It should be stressed that doses of amikacin and
furosemide were isobolographically selected allowing for the
evaluation of hearing threshold in experimental animals. There is
no doubt that amikacin and furosemide exert synergistic interac-
tion in terms of ototoxicity and hearing loss. Thus, based on this
interaction, the influence of vitamin C was determined experi-
mentally and it has been proved that vitamin C alleviated the
impairment in hearing threshold evoked by the combination of
furosemide and amikacin. Another fact deserves more attention
while explaining the observed effects in experimental animals. It
was found that vitamin C significantly alleviated the effects exerted
by the two-drug mixture administered ip at 30 min after vitamin C
application. The pretreatment time for vitamin C in this experi-
ment was set up at 30 min. In contrast, a shorter pretreatment time
(i.e.,, 15min.) for vitamin C did not significantly affected the
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impairment in hearing threshold. It was evidently observed that
only vitamin C injected ip at 30 min. before the application of
furosemide and amikacin produced the best protective effects in
animals, as compared to the effect observed after ip injection at
15 min. prior to the ototoxic drugs application.

It should be stressed that vitamin C administered ip at a dose of
500 mg/kg did not significantly change the hearing threshold in
mice. A slight shift in hearing threshold ranged from 0.41% to 1.05%
was observed for TDD,o and TDDsq, respectively. This demon-
strates that the hearing threshold did not considerably change in
the animals in the absence of ototoxic treatment. On the other
hand, one could confirm that both, amikacin and furosemide
produced ototoxicity in Albino Swiss mice. It should be also
mentioned that both amikacin and furosemide when combined
together exerted synergistic effects in terms of ototoxicity in
experimental animals. However, owing to isobolographic analysis
we have calculated doses of both drugs that shifted the hearing
threshold exactly by 20% and 50%, respectively. Application of
isobolographic analysis in this study was a new approach in this
type of experimental research and an innovative strategy allowing
for evaluation of the strength of impairment in hearing threshold
in animals without manipulating the intensities of ABR signals. In
other words, due to isobolographic analysis we selected doses of
amikacin and furosemide that synergistically interacted together
in terms of ototoxicity and simultaneously precisely impaired
hearing threshold by 20% and 50%. This new methodological
approach allow researchers to exactly determine the strength of
interaction by programming the received results. In other words,
despite synergistic interaction of both drugs, doses of amikacin and
furosemide were precisely chosen to clearly reach and determine
endpoints, which were TDD,o and TDDsg in this study. The classical
application of isobolography is related with determination of the
type of interactions occurring between drugs [34]. However, this
method (due to mathematical transformation of isobolographic
equations) allowed to calculate doses of drugs that exert a specific
pre-defined effect that was based on the evaluation of TDD,o and
TDDsg values in this study.

From a practical viewpoint, the impairment in hearing
threshold by 20% should be evaluated by an experimenter who
has experience in this type of evaluation in animals because the
changes in hearing threshold and ABRs were subtle (20%). On the
other hand, when considering doses of particular drugs evoking
impairment in hearing threshold by 20% and 50%, one can observe
a slight difference between TDD,q and TDD5q values in animals. As
documented herein, the TDD,q for amikacin was 0.852 mg/kg and
the TDDs, for this drug was 1.006 mg/kg. Similarly the TDD,q value
for furosemide was 56.25 and TDDso was 66.22 mg/kg.

Of note, in this study the animals aged 14-21-days were used
because only young mice were sensitive to the induction of ABR
[29]. Generally, the onset of hearing in mice is around postnatal
day 12, so the hearing evaluation should be performed on mouse
older than 12 days [29]. On the other hand, some strains of the mice
exhibit a severe hearing loss before 8 weeks of age (i.e., in 56-day
old) [30]. Therefore, to avoid a genetically-programmed hearing
loss in mice we used Albino Swiss strain of outbred mice at the age
of 14-21-days, as recommended elsewhere [29]. In our opinion,
the Albino Swiss mice at the age of 14-21-days were sensitive
enough for the investigation of deficits in hearing threshold.

Another fact needs short explanation while interpreting the
results from this study, especially, those for the combination of
amikacin, furosemide and vitamin C. In our experiments, all three
drugs were administered as three independent injections.
Vitamin C was administered 30 min. prior to the application of
amikacin and furosemide, which were injected at 15 and 30 min.
before the hearing threshold evaluation. This mode of separate ip
administration eliminated any potential pharmaceutical

interactions of vitamin C with amikacin and/or furosemide. There
was no doubt that vitamin C could chemically interact with
amikacin and/or furosemide if the drugs would be mixed in one
syringe during their administration. Because of separate ip
administration of the drugs, no pharmaceutical inactivation
occurred in this study.

Conclusions

Despite the severity of the ototoxic effects evoked by the
combined administration of aminoglycosides and loop diuretics,
no therapeutic strategy has been proposed to prevent this effect. In
our experiments we found that ascorbic acid (vitamin C) was very
effective in reducing ototoxic effects of aminoglycosides and loop
diuretics used simultaneously. Vitamin C as non-toxic agent gives
hope for its possible use in clinical practice as a preventive drug.
Application of isobolographic analysis in the evaluation of
protective properties of ascorbic acid and against ototoxicity
caused by co-administration of amikacin and furosemide is a novel
approach that allows to precisely estimate the interaction between
these drugs.
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