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Abstract: Tripterygium glycosides (TG) is isolated from an extensively used traditional Chinese medicine herb tripterygium
roots and has been extensively used in the treatment of rheumatoid arthritis, nephrotic syndrome, hyperthyroidism and other
diseases due to its anti-inflammatory and immunosuppressive effects. Hearing toxicity has been recently associated with 7G use
in human patients. In this study, authors assessed hearing toxicity and possible molecular toxic mechanisms of 7G in a whole
animal model. The maximum non-lethal concentration (MNLC) of TG on the zebrafish was 21 mg/L. TG induced zebrafish hair
cell loss in a dose-dependent manner (p<0.001), and the saccular otolith size reduction when treated at MNLC (p<0.01). TG
treatment resulted in sound-stimulated zebrafish movement reduction (p<0.001); and the rollover zebrafish percentages were
elevated as 7G treatment concentrations moved up. Following 7G treatment, mRNA levels of the zebrafish hearing organ
development genes eyal and val were remarkably downregulated, and the expression of apoptosis-associated genes bax and
caspase3 was significantly enhanced (p<0.05). These findings confirm the hearing toxicity of 7G and suggest its toxic
mechanisms probably are through suppressing hearing cell development and promoting hearing cell apoptosis. Authors
recommend zebrafish assay as a quick and reliable screening test of hearing toxicity for drugs and health products.

Keywords: Tripterygium glycosides, Hearing Toxicity, Hair Cell, Zebrafish

screening in either the preclinical or clinical testing stages of
drug development, and there are no Good Clinical Practice
(GCP) guidelines in place for hearing toxicity identification

[1]. A variety of marketed drugs such as streptomycin, [5]. Similarly, ICH guidelines call for a core battery of

gentamycin and cisplatinum are known to cause hearing noncllnlcal. safety pharmgcology sFudles for human
toxicity in humans [2, 3]. The principal symptoms of hearing pharmaceuticals, but do not include audltory testing [6]. The
toxicity include the reduced hearing, tinnitus and absence of standard testing protocols to identify ototoxic
disequilibrium. Recently, hearing toxicity induced by Chinese ~ ¢ffects at the pre-clinical stage is a major reason for the
medicines, plants-derived drugs and health products has been 1nc1d§nce ofthese adV.erse effects in the clinic [7]. -

paid attention [4]. However, the Food and Drug Tripterygium roots is a well-known and patented traditional

Administration (FDA) does not require hearing toxicity Chinese medicine and also uses in East Asia and part of

1. Introduction

Hearing loss is one of the major health problems worldwide
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America. Its extract tripterygium glycosides (TG) are widely
used to treat a variety of clinical autoimmune and
inflammatory diseases such as rheumatoid arthritis [8-11] and
chronic glomerulonephritis [12-14]. Despite the potential
therapeutic benefits, multiple adverse reactions, including
digestive tract problems, kidney dysfunction, reproductive
system and blood circulatory systems disturbances and
hematotoxicity, have been reported in 7G-taking patients [9,
15, 16]. Not long ago, a Chinese pharmaceutical journal
summarized the clinical side effects of tripterygium roots and
surprisingly found that the hearing reduction could have been
associated with the use of this medicine herb or its extracts
[17], but this postulation has never been experimentally
confirmed and elucidated.

The zebrafish have a pair of typical vertebrate inner ears with
both hearing organs and vestibular organs [18] and have been
recognized as an excellent model system to study
developmental processes relating to hearing and deafness [19].
Zebrafish have lateral line organs, consisting of sensory hair
cells, mantle cells and supporting cells called neuromasts,
which are structurally and functionally similar to human inner
ear hair cells [20-22]. The otoliths are biomineralized ear stones
that contribute to both hearing and vestibular function in fish.
Zebrafish otoliths consist of a proteinaceous matrix
biomineralized by the crystalline growth of aragonitic calcium
carbonate and several glycoprotein components of zebrafish
otoliths have been identified [3]. The genes involved in hearing
functions and in apoptosis pathways are highly conserved
between the zebrafish and mammals, making zebrafish a
predictable animal model to identify ototoxic compounds and
facilitating drug screening and investigations of the
mechanisms associated with the hearing damage [3, 24].

In this study, authors found that 7G induced hair cell loss
and reduced saccular otolith area in =zebrafish in a
dose-dependent manner, and correspondingly,
sound-stimulated movement was declined in 7G-treated
zebrafish. Moreover, the hearing organ developmental genes
eyal and val were significantly downregulated, whereas
apoptosis-associated genes bax and caspase3 were
upregulated, in the zebrafish exposed to 7G treatment.

2. Materials and Methods
2.1. Zebrafish Breeding and Culture

Adult AB strain zebrafish were housed in an AAALAC (the
Association for Assessment and Accreditation of Laboratory
Animal Care) International, CNAS (the China National
Accreditation Service for Conformity Assessment), and CMA
(the China Inspection Body and Laboratory Mandatory
Approval) accredited zebrafish laboratory [25] and fed with
live brine shrimp twice daily and dry flake once a day.
Zebrafish were set up for nature mating and embryos were
maintained at 28°C in fish water consisting of 0.02% Instant
Ocean Salt in deionized water, pH 6.9 ~ 7.2, conductivity 480
~ 510 mS /cm and hardness 53.7 ~ 71.6 mg/ L CaCOs. The
zebrafish embryos were washed and staged at 6 and 24 hpf
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(hours post fertilization) under a dissecting stereomicroscope.
The animal care and use for this study was approved by the
Institutional Animal Care and Use Committee (IACUC) of
Hunter Biotechnology, Inc.

2.2. Chemicals and Reagents

Tripterygium glycosides tablets were acquired from the
Zhejiang De ende Pharmaceutical Co., Ltd (Zhejiang, China).
2-(4-(dimethylamino)styryl)  -N-ethylpyridinium iodide
(DASPEI) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Trizol reagent were from Invitrogen Life Technologies
(USA), reverse transcriptase kit from TIANGEN Biotech
(Beijing, China), and the SYBR Green system from Biorad
(USA).

2.3. TG-induced Zebrafish Lethality Analysis

TG was dissolved in dimethyl sulfoxide (DMSO, Sigma, St.
Louis, USA) and stock solutions were prepared in fish water
with a final DMSO concentration of 0.1% (v/v), Fifteen
zebrafish per group were exposed to 7G for 24 h from 5 dpf'to
6 dpf, and mortality and toxicity were recorded at the end of
treatment. In the initial tests, 5 testing concentrations at 5, 10,
25, 50 and 100 mg/L were used. Dead zebrafish was defined as
the absence of heartbeat under a dissecting stereomicroscope.
Total number of dead zebrafish were applied to generate a
lethality curve by plotting lethality (%) vs concentration.
Based on the lethality curve, the maximum non-lethal
concentration (MNLC) was estimated with the GraphPad
Prism 5.0 software (GraphPad, Inc., San Diego, CA, USA).

2.4. TG Treatment for Hearing Toxicity Assay

The zebrafish at 5 dpf were treated for 24 h with 7G in 3 mL
of fish water per well in a 6-well plate (Nest Biotech.,
Shanghai, China). Based on the lethality curve, 4
concentrations of 7G' maximum up to the MNLC (2.63 mg/L,
5.25 mg/L, 10.5 mg/L, and 21 mg/L) were selected and tested.
Zebrafish treated with fish water served as an untreated
control. 2-(4-(dimethylamino)styryl)-N-ethylpyridinium
iodide (DASPEI; Molecular Probes, Eugene, OR, USA), a
hair cells-specific fluorescent vital dyes [26], was used to
label the lateral neuromasts in zebrafish [24]. After treatment,
zebrafish at 6 dpf were washed with fish water for 3 times and
immersed in 1 mM DASPEI dissolved in fish water for 1 h.
After thoroughly washing, zebrafish were anaesthetized with
MESAB (0.5 mM 3-amino-benzoic acid ethyl ester, 2 mM
Na,HPO,) and 10 zebrafish from each group were randomly
selected for imaging under a stereo fluorescence microscope
(AZ100, Nikon, Japan). Image J software (NIH, USA) was
used to quantify the staining intensity (S) of hair cells in the
zebrafish lateral line neuromasts, and hearing toxicity was
calculated using the following formula: hair cells loss (%)=(1-
[Sr6/Scontrol]) * 100%.

2.5. Assessing Toxicity on the Zebrafish Statocyst

After TG treatment, 10 zebrafish from each group were
selected and images were taken under a dissecting microscope
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(Olympus SZX7, Japan). Nikon NIS-Elements D 3.10
Advanced image processing software was used to capture and
analyze the images. The saccular otolith area (A) was
measured and quantified. The reduction of otolith area (%) in
zebrafish treated with 7G was calculated based on the
following formula: reduction of statocyst (%)=(1-
[ATG/AControl]) x100%.

2.6. Sound-stimulated Zebrafish Movement Quantification

At the end of treatment, the rollover zebrafish numbers
were counted for each group under a dissecting microscope.
Meanwhile, sound-stimulated larval locomotor activity was
quantified with a Video-Track system and its supplied
software (Video-Track software, ViewPoint Life Science,
France). A frequency of 440 Hz was used as a universal
startle-stimulus [27]. Living zebrafish with no deformity were
selected and plated into a 96-well plate with a single zebrafish
in each well. Before monitoring, the larval zebrafish were
acclimated in the 96-wells at 28°C for 10 min. The total
distance moved (D) by continuous visible dark transition was

measured and the movement reduction (%) in zebrafish
treated with 7G was calculated following the formula below:
reduction of total distance (%)=(1- [D76/Dcontrol]) *100%.

2.7. Gene Expression Analysis

The hearing organ developmental genes eyal (eyes absent
gene) and va/ (valentino gene) and apoptosis-associated genes
bax and caspase3 were determined by Q-PCR, and the primer
sequences were designed following a published paper as
indicated in Table 1 [28]. As described in previous reports
[25], zebrafish RNA was extracted using Trizol reagent
(Invitrogen Life Technologies) and transcribed to cDNA with
the FastQuant RT Kit (With gDNase) (Tiangen). Q-PCR was
performed with a CFX Connect detection system (Biorad)
using the iTaq Universal SYBR Green Supermix (Biorad), in
which there were three technical or biological replicates: 95°C
for 2 min, followed by 40 cycles of 5 seconds 95°C, and 30
seconds at 60°C. Gene expression was normalized against the
expression of S-actin [29].

Table 1. Primer sequences used in the real-time quantitative PCR.

Gene Forward (5'-3") Reverse (5'-3")
B-actin TCGAGCAGGAGATGGGAACC CTCGTGGATACCGCAAGATTC
Caspase3 CCGCTGCCCATCACTA TCCGATCTGCTGCAAACACT
Bax GACTTGGGAGCTGCACTTCT AGTCAGGAGGTGGAGACG
Val CCGTGTCCTCCACTCCTA GCTGCGTCTTCTCGTTCT
Eyal CTTCAGCCCAAGACAAAC AGTCAGGAGGTGGAGACG
2.8. Statistical Analysis and Quality Control 150
One-way ANOVA followed by the Dunnett's test was used
to compare differences among groups. All statistical ~ 1004
analyses and figures were generated with GraphPad Prism s
5.0 Software (GraphPad, Inc., San Diego, CA, USA), and i_’ _
p<0.05 was considered statistically significant. All = 507
quantitative data were expressed as mean + standard error c
(SE), and results were statistically compared between = 0 —— : T !
sample-treated and control zebrafish groups. Successful 0.5 1.0 1.5 2.0 2.5
experiments must meet all the quality control milestones s0 Log concentration (mg/L)

below: (i) =zebrafish natural death in untreated and
vehicle-treated groups was < 10%; (ii) intraplate and
interplate CV (coefficient of variation) was < 25% [30].

3. Results
3.1. TG-induced Zebrafish Death

MNLCs were determined using a procedure as described in
materials and methods. 7G-induced death was observed in a
dose-dependent manner, and no survival could be seen with
TG above 50 mg/L and no death occurred with 7G below 10
mg/L. The best-fit concentration response curves were
generated and provided in Figure 1 and MNLC was calculated
from these curves. The MNLC was 21 mg/L for 7G, and
therefore, 4 concentrations at 2.63, 5.25, 10.5, and 21 mg/L
were selected for the hearing toxicity tests.

Figure 1. The concentration-death curve of zebrafish treated with TG.

3.2. TG-induced Zebrafish Hair Cell Loss

DASPETI stained zebrafish neuromast hair cells specifically
(Figure 2A). As indicated in Figure 2B, neuromasts were
shown as black dots derived from the inverted fluorescent
images. In the pilot studies, authors found that solvent
solution of 0.1% DMSO did not induce hair cell damage,
demonstrating this solvent had no adverse effect on the
zebrafish neuroblasts (data not shown). The zebrafish lateral
line neuromasts were damaged and significantly lost after
treatment with 7G in a dose-dependent manner. Almost
complete loss of hair cells in lateral line neuromasts were
found when the zebrafish were treated with 21 mg/L of 7G.
In zebrafish treated groups with 7G at concentration of 2.63
mg/L, 5.25 mg/L, 10.5 mg/L and 21 mg/L, the fluorescence
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intensity was 117796, 114892, 8504 and 1620, respectively,  student’s t-test confirmed that these decreases in hair cells at
(Figure 2C), and the percentage of hair cells loss was 6.3%, 10.5 and 21 mg/L were statistically significant (p<0.001) as
7.7%, 45.6% and 95.0%, respectively (Figure 2D). A  compared with the untreated control group.
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Figure 2. Visual assessment of hearing toxicity in zebrafish treated with TG. (4) The neuromasts of the lateral line were labeled with DASPEI; (B) Fluorescent
DASPEI images were inverted for particle analysis, Neuromasts stereotypically located on the body were stained as black dots; (C) The fluorescence intensity of
hair cells was quantified in lateral line neuromasts, Hair cells in lateral line neuromasts were decreased in TG-treated zebrafish; (D) Hair cells loss in
TG-exposed zebrafish. Data were expressed as mean + SE. Compared with control group, ***p<0.001. 1/8 MNLC=2.63 mg/L, 1/4 MNLC=5.25 mg/L,
MNLC=10.5 mg/L, MNLC=21 mg/L.

3.3. TG-induced Zebrafish Statocyst Damage

TG-treated zebrafish displayed abnormal otic capsules including small sacculus (Figure 3A) and the reduced the saccular
otoliths area at the highest tested concentration of 21 mg/L (Figure 3B), and the saccular otoliths were 11.5% smaller than
untreated control zebrafish (p<0.01, Figure 3C).
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Figure 3. The zebrafish ears. (4) Bright field images of the ear of a wild type zebrafish at 6 dpf. The otoliths and semicircular canals were observed. Otolith
change in zebrafish larvae exposed to TG, (B) The area of saccular otolith was quantified in zebrafish inner ear; (C) The reduction of statocyst (saccular otolith
area) (%) in TG-exposed zebrafish. Data were expressed as mean + SE. Compared with control group, **p<0.01. 1/8 MNLC=2.63 mg/L, 1/4 MNLC=5.25 mg/L,
MNLC=10.5 mg/L, MNLC=21 mg/L.
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3.4. TG-induced Sound-stimulated Zebrafish Motility
Disorders

Zebrafish hair cell damage after the 7G exposure
exhibited an aberrant swimming behavior: rollover and the
reduced motility in response to sound stimulation. There
were no rollover zebrafish in normal control group and in
the groups of zebrafish treated with 2.63 mg/L, 5.25 mg/L
and 10.5 mg/L of TG. The rollover percentage was 20% in
zebrafish treated with 7G at the highest tested
concentration of 21 mg/L. Zebrafish locomotion activities

(A)
Control

1/8 MNLC

1/4 MNLC

1/2 MNLC

MNLC
(B)

8000+
60004
4000+

20004

Total distance (mm)

under a sound stimulation after 7G treatment were
measured as displayed in Figure 4A. Zebrafish movement
distance decreased significantly after 7G treatment (Figure
4B). The reduction percentage of total distance was -2.8%,
9.2%, 9.9% and 42.4%, respectively, after zebrafish
exposed to TG at concentrations of 2.63 mg/L, 5.25 mg/L,
10.5 mg/L and 21 mg/L, respectively, and statistically
significant difference was observed when treated at 21
mg/L as compared with the control group (Figure 4C)
(p<0.001).
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Figure 4. Zebrafish movement assay. (4) Swimming tracks of zebrafish with TG-induced abnormal swimming behavior; (B) The total distance was quantified
in zebrafish; (C) The reduction% of total distance in TG-treated zebrafish. Data were expressed as mean = SE. Compared with control group, **p<0.01. 1/8

MNLC=2.63 mg/L, 1/4 MNLC=5.25 mg/L, MNLC=10.5 mg/L, MNLC=21 mg/L.

3.5. Molecular Mechanisms of TG-induced Hearing Toxicity

The mRNA levels of gene expression related to the hearing
organ development and apoptosis in zebrafish were
quantified after 7G exposure at 6 dpf. The results
demonstrated that the genes eyal and val transcriptions were
significantly downregulated by 0.73- and 0.60- folds in the

group of zebrafish treated with 7G at 21 mg/L (p<0.01).
Conversely, the gene bax was upregulated for 1.49- and
2.55-folds at 10.5 and 21 mg/L of treatment groups (p<0.001);
and the gene caspase3 was upregulated by 1.23, 1.21 and
1.18-folds at 5.25, 10.5 and 21 mg/L of treatment groups
(p<0.01), respectively (Figure 5).
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Figure 5. Expression levels of hearing organ developmental genes and apoptosis genes in the zebrafish treated with a variety of concentrations of TG at 6 dpf.
Eyal (A) and val (B) genes were markedly down-regulated; and Bax (C) and caspase3 (D) genes were significantly up-regulated after TG treatment. Data
were expressed as mean + SE. Compared with the control group, ** p<0.01; *** p<0.001. 1/8 MNLC=2.63 mg/L, 1/4 MNLC=5.25 mg/L, MNLC=10.5 mg/L,

MNLC=21 mg/L.

4. Discussion

In this study, using zebrafish as a model organism, authors
found that a clinically plant-derived medicine 7G induced hair
cell loss, and saccular otolith area and sound-stimulated
movement reduction, confirming that 7G is an ototoxic drug.
Authors also discovered that 7G treatment resulted in reduced
expression of the hearing organ developmental genes eyal and
val but elevated apoptosis genes bax and caspase3 levels,
implying that 7G induced hearing toxicity and hearing
toxicity-associated movement dysfunctions in zebrafish
probably through suppressing hearing developmental gene
expression and inducing apoptosis.

TG-induced common toxicity such as hepatic damage and
reproductive toxicity has been extensively reported and
characterized, but its possible toxicity to the hearings has just
been recently suspected [17]. Zebrafish are an inexpensive
and rapid alternative to rodents for evaluating chemical and
drug toxicity [31, 32], and previous studies have confirmed
that zebrafish are a highly predictive animal model for in vivo
screening of hearing toxicity [7].

In larval zebrafish, hair cells are present both within the
inner ear and the lateral-line system [19, 33-37]. Numerous
studies have demonstrated that human toxins can destroy or
damage hair cells in the lateral line of larval zebrafish [4, 38].
In the present study, authors used zebrafish to visualize the
inner ear toxicity induced by 7G. Hair cell survival was
assessed by the relative fluorescent intensity of staining with

the mitochondrial potential dye DASPEI. As demonstrated by
the results, within 24 h of treatment, 7G at 1/2 MNLC and
above concentrations could induce markedly hair cells loss.
The saccular otolith areas in 7G-treated zebrafish were
significantly smaller than untreated control zebrafish,
indicating the auditory was damaged. In addition, in all of the
experiments, no death of zebrafish was found in untreated
groups and no statistical differences in assessed endpoints
were found among the control groups.

The reduced otoliths in the zebrafish treated with 7G in this
study further support that 7G is toxic to hearing. Zebrafish are
so-called “hearing specialists” using a combination of their
acoustico-lateralis system, swim bladder and Weberian
ossicles to detect sound [39]. The inner ear of zebrafish
consists mainly of three semicircular canals and two statocyst
called utricle (utricular or anterior macula) and saccule
(saccular or posterior macula), each with an overlying otolith
[40]. Otoliths transmit acceleration forces and sound
vibrations to the ciliary bundles of macular hair cells, thereby
contributing to the vestibular function of the animal.

Hair cell death is the leading cause of hearing and balance
disorders in humans. It can be triggered by multiple insults,
including genetic mutations, noise, trauma, aging and
treatment with certain therapeutic drugs [41-45]. Behavioral
and morphological effects have also been produced by sound
deprivation during a critical period in the development of the
auditory system [46]. Consistently, in this study, aberrant
swimming behavior, such as the zebrafish rollover and
dysfunctional locomotion activity, were observed in the
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zebrafish following 7G treatment at concentrations 21 mg/L,
implying a dose-associated hearing toxicity of 7G.

Eya regulates organogenesis in both vertebrates and
invertebrates. The zebrafish eyal gene is expressed during
embryogenesis in multiple types of cells [47] and the loss of
eyal function in the zebrafish embryo leads to premature
apoptosis and small otolith [28]. Apoptosis was also reported
from loss of eya gene function in Drosophila and mouse [48,
49]. Val is involved in the early development of the zebrafish
otic vesicles and it is an indispensable transcription factor in
each process of otic vesicles development [50]. The decreased
expression of eyal and val could damage hearing organs
development after 7G treatment.

Bax is a pro-apoptotic Bcl-2 family proteins which promote
cell death [51], closely associated with caspase activation and
classical apoptosis [52, 53]. Caspase3 is a primary downstream
caspase that executes the apoptotic program by cleavage of
proteins necessary for cell survival, including Bc/-2, inhibitors
of deoxyribonucleases, and cytoskeletal proteins [54-57]. TG
treatment resulted in up-regulations of bax and caspase3 genes,
demonstrating that 7G treatment induces cell death including
hearing organ cells in the zebrafish.

5. Conclusion

The results of authors zebrafish based study confirmed that
TG could cause hearing toxicity. 7G induced hair cell damage,
saccular otolith atrophy and motility reduction, zebrafish
rollover. Besides, the apoptosis related genes (bax and
caspase3) were significantly upregulated and the hearing
developmental genes (Eyal and Val) were significantly
downregulated after exposed to TG. These findings indicate
that the potential risk of hearing toxicity of TG should be
considered when it is administered to patients.
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