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Abstract

, Arzu Tatar1

, Büşra Dincer2

Objective: This study aimed to explore whether carvacrol (CV) had a protective effect on paclitaxel-induced ototoxicity from biochemical, functional, and
histopathological perspectives.

Methods: Forty Wistar albino male rats were randomly separated into five groups of eight rats. Group
1 was the control group, so Paclitaxel or CV was not
administered. Group 2 was administered i.p. CV at 25
mg/kg once a week; Group 3, was administered i.p.
paclitaxel at 5 mg/kg once a week; Group 4 was administered i.p. paclitaxel at 5 mg/kg followed (30 min
later) by CV at 25 mg/kg once a week; and Group 5
was administered i.p. CV at 25 mg/kg followed (1 day
later) by paclitaxel at 5 mg/kg. once a week. The drugs
were administered intraperitoneally once a week for
four consecutive weeks, and distortion product otoacoustic emissions (DPOAE) tests were performed
at the beginning of the study before the first drug
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Introduction

Ototoxicity refers to cellular degeneration and
functional impairment of the cochlear and/or vestibular tissues and can lead to transient or permanent hearing loss (1, 2). Presently, drug-induced
hearing loss is more frequently reported in clinical findings, especially in patients who have been
treated with chemotherapeutic drugs (3). Today,
there are no routine procedures or agents recommended for the treatment of chemotherapeutic
agent-induced ototoxicity (2).
Paclitaxel, a taxane plant product isolated from
Taxus brevifolia, is a broad-spectrum antineoplastic agent (4, 5). The damages the agent inflicts
on the sensory neurons in the dorsal root ganglia

administration and at the end of the study after the
last drug administration. All rats were sacrificed, and
cochleae were removed for biochemical and histopathological analysis.
Results: Biochemical data indicated that paclitaxel
caused oxidative stress in the cochlea. Histopathological findings revealed the loss of outer hair cells in
the organ of Corti (CO) and moderate degenerative
changes in the stria vascularis (SV). It was observed
that DPOAE measurements were significantly reduced at high frequencies. In groups which CV was
administered together with paclitaxel, these biochemical, histopathological, and functional changes were
favorably reversed.
Conclusion: CV may have a protective effect against
paclitaxel-induced ototoxicity when given.
Keywords: Carvacrol, ototoxicity, oxidative stress, paclitaxel, animal experimentation

raises questions regarding its effects on peripheral
auditory neurons. A few clinical studies were reported on the sensorineural hearing loss effects
of paclitaxel (6). Although some researchers have
observed the ototoxic effects of some anti-cancer
agents such as cisplatin, which is especially well
documented, research on the direct ototoxic effects
of paclitaxel on the hair cells in the cochlea are
limited (2, 4). The reason for the difficulty in understanding the ototoxic effect of paclitaxel may be
due to its use in combination with other antineoplastic drugs, such as cisplatin, for which ototoxic
effects were documented (7).
Evidence suggests that chemotherapeutic agents
cause ototoxicity as a result of the accumulation of
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reactive oxygen species (ROSs) such as superoxide and hydroxyl
radicals, and the depletion of glutathione (GSH) and antioxidant enzymes (8, 9). Therefore, the use of various antioxidant
agents has been the strategy of numerous studies to prevent and
restore the ototoxic effects of chemotherapeutic drugs (10, 11).
One of the agents with antioxidant properties is carvacrol (CV),
which is a monoterpenic phenol. It is found in the essential oils
of many aromatic plants, including, among others, oregano, and
thyme. CV is responsible for a wide range of pharmacologic activities, including antimicrobial, antioxidant, and anti-cancer activities (12). Remarkably, CV has high antioxidant activity, and
numerous studies have investigated its antioxidant properties
(13). Although CV is known to be a primary antioxidant, its role
in paclitaxel-induced ototoxicity is unknown, and to the best of
our knowledge, no previous studies were reported on this subject.
This study investigated whether CV had protective efficacy
against the ototoxicity induced by paclitaxel, from biochemical,
functional, and histopathological perspectives.

Methods
Animals
Forty Wistar albino male rats (weighing 250-280 g) were obtained from the Atatürk University Experimental Animal
Laboratory of Medicinal and Experimental Application and
Research Center. The care and handling of animals were in
line with the principles of the Animal Ethical Committee of
Atatürk University (Approval Date: August 22, 2016; Approval
Number: 42190979-000-E. 1600192974). The rats were kept
in standard plastic cages with ad libitum access to standard rat
chow and tap water. Until the end of the study, the cages were
kept in a room equipped with an air-conditioner set at 22±1°C
and a fully automated lighting system (12 h light/12 h dark).
Chemicals
The CV used in this study was obtained from Sigma-Aldrich
(W224511; Sigma-Aldrich Chemical Company; Taufkirchen,
Germany). The selected dose of CV was 25 mg/kg (14) and administered intraperitoneally (i.p.) as calculated per weight for
each rat.
Main Points
•
•
•

•

Ototoxicity is the functional disorder of the cochlear and / or
vestibular structures, which is frequently reported in clinical
findings, due to the use of chemotherapeutic drugs.
Carvacrol (CV) is a monoterpene phenol known for its powerful antioxidant properties.
Based on the data from the rat cochleae, this study showed
that CV might have a protective effect on paclitaxel-induced
ototoxicity from biochemical, functional, and histopathological perspectives.
The study suggests that CV may be useful as a preventive option in patients receiving paclitaxel against possible ototoxicity.
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Paclitaxel was purchased from Actavis Pharma (Sindaxel; Actavis Drug Co., İstanbul, Turkey) and administered i.p. at 5 mg/
kg, as calculated per weight for each rat.
Finally, ketamine hydrochloride was obtained from Pfizer (Ketalar; Pfizer Drug Co., İstanbul, Turkey), and xylazine from
Bioveta (Xylazinbio; Bioveta, Ankara, Turkey). An anesthetic mixture was prepared with 10 mg/kg xylazine, and 40 mg/
kg ketamine hydrochloride, administered i.p. as calculated per
weight to each rat for anesthesia.
Experimental Design
At the beginning of the study, all rats were anesthetized intraperitoneally with an anesthetic mixture (50 mg/kg ketamine
hydrochloride-10 mg/kg xylazine) to perform otoscopic examination and measure distortion product otoacoustic emissions
(DPOAE). Rats with a pathology detected in the outer ear canal
and tympanic membrane, and whose hearing was not normal
were excluded from the study. The study consisted of five groups,
namely the control group and four experimental groups. Each
group contained eight randomly selected rats. The sample size of
the study was determined according to similar studies previously
conducted (5, 15, 16).
Group 1 - Control group: 1 mL serum physiologic was administered i.p. once a week for four consecutive weeks.
Group 2 - CV group: CV was administered i.p. at 25 mg/kg
once a week for four consecutive weeks.
Group 3 - Paclitaxel group: Paclitaxel was administered i.p. at 5
mg/kg once a week for four consecutive weeks.
Group 4 - Paclitaxel + CV group (pre-treatment carvacrol): first
a 5-mg/kg dose of paclitaxel was given and 30 min later 25-mg/
kg of CV was administered i.p. once a week for four consecutive
weeks.
Group 5 - CV + Paclitaxel group (post-treatment carvacrol):
first 25 mg/kg CV was given and 1 day later 5 mg/kg paclitaxel
was administered i.p. once a week for four consecutive weeks.
The second DPOAE measurements were taken under general anesthesia one day later after the last drug application. The
rats were sacrificed to perform the experiments; their temporal
bones were dissected, and cochleae were removed. Right cochleae were used for histopathological studies and the left cochleae
for biochemical analysis.
Otoacoustic Emissions Measurements
The DPOAE measurements were performed with an Otometrics MADSEN Capella device (Otometrics MADSEN Capella
Otoacoustic emissions testing; Natus Medical Denmark ApS)
using a suitable probe. The first DPOAE measurements were
performed under general anesthesia, after otoscopic examination, and before drug administration in a silent room (in the first
week). The second DPOAE measurements were performed af-
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ter the last drug application (in the fourth week). Measurements
were recorded in the distortion product gram (DPgram) form.
In the DPgram measurement, primary stimulus intensities were
equalized at 65 dB (L1=L2). The two separate frequencies (f1
and f2) were arranged as f2/f1=1.22 to receive the strongest responses. Furthermore, the DPgram measurements were taken
at 996; 1191; 1416; 1679; 2001; 2382; 2832; 3359; 4003; 4755;
5654; 6728; and 7998 Hz. In the DPOAE measurements, values
equal to 3 dB and higher for the signal-to-noise ratio (SNR)
were evaluated as positive.
Biochemical Investigation of Cochleae
After the left cochleae were removed, cochlear tissues were stored
at -80ºC until analysis. These tissues were set in liquid nitrogen
with a Tissue Lyser II (Qiagen; Hilden, Germany) grinding jars
set. All cochlear specimens (about 100 mg of tissue) were homogenized in 1 mL of phosphate-buffered saline (PBS) homogenate
buffer. Then, to obtain the supernatant, homogenized tissues were
centrifuged, and superoxide dismutase (SOD) activity was measured as described in the literature (17). Values were expressed as
units per milligram of protein. GSH levels were determined using
the methods described by Sedlak and Lindsay (18) and expressed
as nanomoles per milligram of protein. Malondialdehyde (MDA)
levels were also measured using a technique described in the literature (19). Concentrations were expressed as nanomoles per milligram of protein, and SOD activity, as well as GSH and MDA
levels were measured at room temperature with an enzyme-linked
immunosorbent assay (ELISA) reader.
Histopathological Evaluation of Cochleae
After the right cochleae were harvested for histopathological
analysis, they were fixed for 24h in 10% buffered formaldehyde.
Then, decalcification was done in these tissues with 6% nitric
acid. After decalcification was completed, the decalcification
solution was washed out under running water for approximately
30 minutes. After routine processes, tissues were embedded in
paraffin blocks. These were then sectioned at 5 μm thickness.
Sections were transferred onto glass slides and stained with hematoxylin and eosin (H&E). The sections of the cochlear tissues
were evaluated under a light microscope by pathologists who
were blind to the grouping of samples. Presence of Corti organ (CO) damage was evaluated based on grading system of de
Freitas et al. (20), and the grading of CO damage was assessed
based on the number of external ciliated cells (ECCs) following
de Freitas et al.’s (20) 4-point scoring system:
0: presence of three ECCs with intact nuclei;
1: presence of two ECCs with intact nuclei;
2: presence of one ECC with intact nuclei;
3: loss of CO.
The status of the stria vascularis (SV) was evaluated based on
Yazici et al.’s (21) staging system. Staging was assessed based on
the degree of cell shrinkage.
According to the staging scoring system, tissues were categorized as follows:
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0 = no damage;
1 = slight damage;
2 = moderate damage;
3 = serious damage.
Statistical Analysis
Statistical analysis was performed using the IBM Statistical Package for the Social Sciences v20.0 (IBM SPSS Corp.;
Armonk, NY, USA) software. While evaluating the DPOAE
results, compatibility with normal distribution was evaluated
with the Kolmogorov-Smirnov test. The paired t-test was used
to compare the groups before and after the administration in
terms of normally distributed data. Data were presented as
mean±standard deviation, and p<0.05 was considered statistically significant. Histopathological findings were analyzed
with the Kruskal-Wallis test and significance was accepted at
p<0.001. Analyses between two groups were performed with
the Mann-Whitney U test with Bonferroni correction. When
evaluating the results of the biochemical analysis, comparisons
between the groups were made with the one-way ANOVA and
Tukey’s tests; significance was accepted at p<0.05.

Results
Results of DPOAE Measurements
The DPOAE measurements were taken before and after drug
administration at 3000, 4000, 6000 and 8000 Hz. Amplitude
changes in groups were compared for both the right ear and the
left ear (Figure 1). There were no statistically significant differences in pre- and post-treatment DPOAE measurements at any
frequency (3000-8000 Hz) in Groups 1, 2, 4 and 5 (p>0.05).
Also in Group 3, no statistically significant differences were observed in the pre- and post-treatment DPOAE measurements
at frequencies of 3000 and 4000 Hz (p>0.05), but statistically
significant decrease were detected in the post-treatment measurements at 6000- and 8000-Hz frequencies (p<0.05).
Results of Biochemical Parameters
The results of the GSH and MDA levels and SOD activity of rat cochleae are shown in Figure 2. In Group 3 MDA
levels (p=0.000) were significantly increased, while SOD activity (p=0.000) and GSH levels (p=0.000) were significantly
decreased compared to Group 1. Compared to Group 3, statistically significant increases were found in the SOD activity
(p=0.005, p=0.007, p=0.006 respectively) of Groups 2, 4, and 5.
Compared to Group 3, statistically significant increases were
found in the GSH levels (0.002, 0.009, 0.020 respectively) of
Groups 2, 4, and 5, whereas statistically significant decreases
were found in the MDA levels of Groups of 2 (p=0.005), 4
(p=0.006), and 5 (p=0.002) compared to Group 3. In other
words, the level of GSH and the SOD activity in cochlear tissue had significantly decreased in the paclitaxel group, whereas
in the CV groups, high GSH levels and SOD activity values
were found. Moreover, MDA levels, which are lipid peroxidation indicators, were increased by paclitaxel, while CV prevented this increase with an antioxidative effect and remained
close to the control group.
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Table 1. Histopathological scoring results of CO and SV damage
CO damage
SV damage

Group 1

Group 2

Group 3

Group 4

Group 5

0 (0-0)

0 (0-1)

2 (2-2)*

0 (0-0)

1 (1-1)

0 (0-0)

0 (0-0)

3 (3-3)*

0 (0-0)

0 (0-0)

p

<0.001
<0.001

The Kruskal-Wallis test was used for statistical comparisons and p<0.001 was considered significant. The paclitaxel group (Group 3) was compared with the other groups, *p<0.001 marks
were used.
CO: corti organ; SV: stria vascularis

a

b

c

d

e

f

g

h

Figure 1. a-h. Average DPOAE amplitudes pre and post drug treatment for each group. (a) at 3000 Hz frequency (right ear); (b) at 3000 Hz
frequency (left ear); (c) at 4000 Hz frequency (right ear); (d) at 4000 Hz frequency (left ear); (e) at 6000 Hz frequency (right ear); (f) at 6000
Hz frequency (left ear); (g) at 8000 Hz frequency (right ear); (h) at 8000 Hz frequency (left ear)
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Figure 2. a-c. (a) SOD activity, (b) GSH and (c) MDA levels of the groups subjected to paclitaxel-induced ototoxicity

Statistical comparisons were made using one-way ANOVA followed by Tukey’s test. The paclitaxel group was compared with the other groups, *p<0.05,
**p<0.01, and ***p<0.001 marks were used. Values are represented as mean±SD

a

b

d

c

e

Figure 3. a-e. Stria vascularis sections of all groups. (a) Group 1, (b) Group 2, (c) Group 3, (d) Group 4, (e) Group 5. Dye: H&E Magnification:
x400

Results of Histopathological Evaluation
Histopathological scoring results were evaluated for CO according to the grading system described by de Freitas et al. (20)
and for SV damage according to the staging system described by
Yazici et al. (21). These are presented in Table 1. In the groups
2, 4, 5, CO and SV damage scoring was lower than in Group
3, which was the paclitaxel group (p<0.001). Histopathological
examination of sections taken from cochleae were obtained using H&E staining under a light microscope (Figures 3, 4). The
histopathological appearance of the cochleae exhibited normal
architecture in Groups 1, 2, and 4. Examination of the cochleae
in Group 3, however, found significant degeneration character-

ized by moderate degenerative changes in the SV (Figure 3) and
loss of outer hair cells in CO (Figure 4). Finally, in Group 5, outer hair cells were close to a normal histopathologic appearance;
however, mild degeneration in SV were observed.

Discussion

This is the first study that investigated the protective effect of
CV in a paclitaxel-induced ototoxicity model. The role of CV in
ototoxicity was observed by investigating its effect on oxidative
stress parameters. The data were also supported with findings
from histopathologic changes. Although paclitaxel is a widely
used chemotherapeutic agent in the treatment of various cancers
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Figure 4. a-e. Corti organ sections of all groups. (a) Group 1, (b) Group 2, (c) Group 3, (d) Group 4, (e) Group 5. Dye: H&E Magnification: x400

(22, 23), there is not much research yet on whether paclitaxel has
an ototoxic effect, because paclitaxel is used with other chemotherapeutic agents known to have ototoxic effects (7). This situation conceals the possible ototoxic effects of paclitaxel. Also,
whether CV has protective effect on ototoxicity has not been
studied to date. Therefore, our study is deemed to contribute
to the literature by investigating both the effect of paclitaxel––
which is used in the treatment of many cancers––and the effect
of CV––which may be a new candidate for the treatment of
ototoxicity. The fact that a recent study has already shed light
on paclitaxel’s ototoxic effects, demonstrates that more studies
should be conducted on this subject (5).
Today, there is no routine treatment method and agent used to
prevent ototoxicity. The molecular mechanism of chemotherapeutic-drug-related ototoxicity has not been fully elucidated.
However, numerous studies exist on the prevention and repair of
ototoxicity (2). The basis of these studies is that chemotherapeutic drugs cause ototoxicity due to the uncontrolled increase in
ROSs (9). Excessive production of ROSs results in the depletion
of GSH and the accumulation of superoxide ions, leading to the
inhibition of antioxidant enzymes in the cochlea. Depletion of
the antioxidant defense system then causes an increase in lipid
peroxidation. The generation of ROSs consequently activates
apoptosis and causes cell damage (24). Therefore, antioxidant
agents that both prevent the uncontrolled production of ROSs
and strengthen the antioxidant defense system are widely used
to counteract the ototoxic effect of chemotherapeutics. Several
studies report to have used antioxidants such as pomegranate,
gallic acid, vitamin E, and curcumin to prevent ototoxicity (5,
10, 11, 21). The presented study aimed to investigate whether
CV’s known antioxidant properties would have a protective effect on paclitaxel-induced ototoxicity.

CV is a monoterpenic phenol found in the essential oils of many
aromatic plants such as, Thymus vulgaris, Origanum vulgare, Origanum majorana, and Citrus uranium bergama. It offers a wide
range of biological effects that are useful in clinical practice, such
as antibacterial, antioxidant, anti-cancer, antifungal, and antiviral
properties. It is also worth noting that CV is well known for its
strong antioxidant properties compared to other essential volatile
oils. The strong radical-scavenging activity of CV was proven in
both in vitro and in vivo studies (12). It demonstrated a hepatoprotective effect in a hepatotoxicity study by increasing the activity of enzymatic (superoxide dismutase, catalase, and GSH peroxidase) and non-enzymatic (vitamin C and E) antioxidants (25).
Further, CV was observed to prevent lipid peroxidation and increase the endogenous antioxidant defense mechanism in a study
on hepatocellular carcinogenesis (26). It was also demonstrated to
improve acute pancreatitis with its strong antioxidant effect (13).
Whereas the strong antioxidant effects of CV have been shown
in some studies, there are no reports in the literature on the use of
CV for ototoxicity. To the best of our knowledge, our study is the
first to examine the effects of CV on ototoxicity.
In the presented study, an increase in MDA levels, a decrease in
GSH levels, and SOD activity were observed in paclitaxel-induced ototoxicity (Group 3). CV exhibited an otoprotective effect by preventing ROS formation and repairing oxidative stress
damage (Groups 4 and 5). Histological findings were observed
as CO and SV damage in the paclitaxel-treated group (Group
3). In CV-treated groups (Groups 4 and 5), the degeneration
caused by paclitaxel improved, and the cochleae had a normal
histological appearance.
DPOAE measurements were performed in the first and fourth
weeks to support our biochemical and histopathologic findings.
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The DPOAE test is a fast, inexpensive, non-invasive, and objective method that is frequently used in experimental studies
to determine any damage in the cochlea (27). Based on the
DPOAE measurements, significant decrease was observed in
the fourth week at 6000 and 8000 Hz in the paclitaxel-administered group (Group 3) compared to the control group (Group 1).
However, the decrease observed in the paclitaxel-administered
group (Group 3) increased with the effect of CV (Groups 4 and
5) in DPOAE measurements and contributed to results comparable to that of the control group, hence was no significant
difference between the before and after measurements. These
results suggest that CV has an otoprotective role against paclitaxel-induced ototoxicity. The biochemical, histopathologic, and
DPOAE results of the only CV- administered group (Group
2) were not statistically different from the control group. These
results indicate the safety of CV in terms of ototoxicity.
This study has clear limitations that warrant consideration. Ototoxicity mainly affects high frequencies, which cannot be completely examined using the DPOAE measurements. Nevertheless, in this study, we observed the DPOAE results up to 8000
Hz. Another limitation is that we could not identify whether the
protective effect of CV on a cochlear function to paclitaxel-induced ototoxicity is dose-dependent.

Conclusion

Considering the results which we obtained in rat cochleae,
we can say that CV could play a protective role against paclitaxel-induced ototoxicity by lowering elevated ROSs and raising antioxidant enzyme levels. Our results are also supported by
DPOAE measurements and histopathological findings, which
suggest that CV may be useful as a preventive option in patients
receiving paclitaxel against possible ototoxicity. Nevertheless,
further studies are needed to determine the most appropriate
doses and the indications of CV in clinical use.
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