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Abstract

Enrofloxacin (ENX) has been widely used in the prevention and control of bacterial diseases in sturgeon aquaculture due to its
characteristics of wide antibacterial spectrum, strong antibacterial activity, less toxicity and fewer side effects, rapid action,
extensive in vivo distribution, and little cross-resistance with other antibiotics. However, the spinal abnormality was found in
Acipenser baerii soon after ENX administration, which resulted an ““S’’-shaped curvature of the spine and retarded fish growth.
It was still not clear whether ENX could cause spinal abnormality in sturgeons by now. The aim of this work was to determine the
accumulation rule and toxicity of ENX to A. baerii when used at a high dose and/or unusually long durations. Here, ENX was orally
given to A. baerii for 3-5 d continuously at the dosage of 0, 20, 40, and 80 mg/kg once daily, respectively. The accumulation of ENX
in blood, liver, kidney, and cartilage was detected after withdrawal, and the tissues were made into sections for morphological
examination. The results showed that the levels of ENX increased in the four tissues with the increase of dose and duration, and the
ENX level in serum was far lower than that in other tissues. At 240 h, ENX levels in the four tissues decreased significantly. The
histology indicated that the liver, kidney, and cartilage began to show structural damages at 5 d after withdrawal of 40 mg/kg ENX.
The damage was aggravated at 3-5 d after withdrawal of 80 mg/kg ENX. At 240 h, the damaged tissues showed signs of recovery.
These results suggested that ENX should be no more than 40 mg/kg and that exposure time should not be greater than 5d to
prevent liver, kidney, and cartilage damage. More attention should be paid to the impact of ENX on the occurrence and devel-

opment of chondrocytes in juvenile A. baerii and the potential damage to the cartilage.
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Introduction

Enrofloxacin (ENX) is the third-generation fluoroquinolone
with the molecular formula of Ci9H»FN3O5. It was first
invented by Bayer Corporation and introduced to the
market in 1987. The Food and Drug Administration
approved ENX for use as a specialized antibacterial drug
in livestock and poultry in October 1996.' Possessing a wide
antibacterial spectrum, strong antibacterial activity, less tox-
icity and fewer side effects, rapid action, extensive in vivo
distribution, and little cross-resistance with other anti-
biotics,> ENX is gaining popularity in the control and treat-
ment of aquaculture diseases.””

Sturgeons (genus Acipenser) are one of the earliest verte-
brate communities to evolve and are now included in the
Appendix 1 of the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES).
Providing valuable materials for the study in the origin
and evolution of species,® sturgeons are a transitional spe-
cies between cartilaginous fish and bony fish,” and thus
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have a high ecological value. Acipenser baerii belongs to
family Acipenseridae, order Acipenseriformes, subclass
Chondrostei, and class Actinopterygii. After its first intro-
duction into China in 1996, A. baerii has become a leading
species of China’s sturgeon breeding industry due to its fast
growth, strong adaptability, easy domestication, and the
high quality of its caviar.® Aquatic bacteria are highly sen-
sitive to ENX,® which is commonly used in the control and
treatment of bacterial diseases in sturgeons. However, ENX
can cause spinal abnormality in some aquacultured fish,
and the resulting “S”-shaped curvature of the spine retards
growth. It is not yet certain whether ENX is teratogenic
when used at a high dose and/ or unusually long durations.
Moreover, there are few studies based on the cartilage sec-
tions of sturgeons' or reports on the cartilage damage and
repair mechanism.

We performed oral gavage of ENX at different doses and
for different durations in A. baerii and measured the drug’s
accumulation in liver, kidney, and cartilage tissues. The rule
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of accumulation and toxicity of ENX in A. baerii was stu-
died, thereby providing reference for the reasonable use of
ENX in the control and prevention of diseases in sturgeons.

Materials and methods
Experimental sturgeons and reagents

Healthy, non-immunized A. baerii (150 £8.47 g) were pur-
chased from Technological and Engineering Center of
Sturgeon’s Reproduction, Chinese Academy of Fishery
Sciences. The experiment was carried out in a fish tank
with automatic cycling, and the temperature was main-
tained at 22+0.5°C. Oxygen was continuously supplied
throughout the experiment.

ENX standard (content 99.5%, batch number C15648000)
was purchased from China Institute of Veterinary Drugs
Control; ENX powder (content 98%, batch number:
20080418) was purchased from Henan Huijie Kechuang
Animal Pharmacy Co., Ltd; acetonitrile and normal
hexane (Merck, Germany) were chromatographically
pure, and all other reagents were analytically pure (China).

Experimental design and sample collection

Eighty A. baerii were randomly divided into eight groups of
10 fish. According to the Updated Handbook of Fishery
Medicine,! control, low-dose, medium-dose, and high-
dose groups were set up, and continuous oral gavage was
performed at the dose of 0, 20, 40, and 80 mg/kg, respect-
ively. The groups treated for 3 d were designated as groups
A, B, C, and D, and those treated for 5d were designated as
group E, F, G, and H, respectively. Group A and Group E
were control groups. The blood was sampled using a syr-
inge from the tail vein, and the liver, kidney, and cartilage
tissues were simultaneously sampled at 24 h and 240 h after
discontinuation, respectively. The blood samples were sub-
jected to centrifugation at 4000 rpm for 10 min at 4°C, and
the supernatant was collected and analyzed.

Conditions of high performance liquid chromotography
and sample treatment

Agilent 1100 Series high performance liquid chromotogra-
phy (HPLC) System (Agilent, USA) was used. The contents
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of ENX in different tissues were determined based on the
method established by Si et al."

Tissue section preparation

Three individuals were selected randomly in each group,
and the liver, kidney, and cartilage tissues were harvested.
The tissues were fixed in Bouin's solution for 24 h and then
transferred to 70% alcohol. The specimens were subjected to
dehydration, clearing, paraffin embedding, and serial sec-
tioning to the thickness of 5 pm. After HE staining, the spe-
cimens were imaged with a CCD camera connected to a
Leica 4000B microscope.

Results and analysis
Behavioral changes

Groups A, B, C, E, and F showed no abnormal swimming,
feeding, or body color. However, the individuals in groups
D and H showed black body color, slow swimming, and
aggregation at the bottom of the fish tank 3 d after continu-
ous administration. No animals died during this
experiment.

Accumulation of ENX in the tissues

The serum, liver, kidney, and cartilage tissues were pre-
treated following Si's method'® and then analyzed with
HPLC. No ENX was detected in any of the four tissues in
the control group. The detection results of each group are
shown in the figure below.

As seen from Figure 1, at 24 h after discontinuation, ENX
level in the four tissues increased with the increase of dose
and duration. The accumulation in the liver, kidney, and
cartilage was obviously higher than that in the serum. In
groups B, C, D, and F, the drug level in the liver was higher
than that in the kidney, while in groups G and H, the drug
level in the kidney was higher than that in the liver. Under
the same dose and duration (B/F group, C/G group, and
D/H group), the ENX accumulation in the serum, liver, and
cartilage did not differ significantly. However, the accumu-
lation in the kidney was significantly higher after five con-
secutive administrations than that after three consecutive

administrations.
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Accumulation of ENX in different tissues at 24 h after drug discontinuation



dose (mg/L or mg/kg)
w

groups

Wang et al. Accumulation of enrofloxacin and tissue damage

B serum
Bliver
kidney

[ cartilage

T

N

7z

Figure 2 Accumulation of ENX in different tissues at 240 h after drug discontinuation

Two-factor (dose and duration) analysis of variance
showed that dose and duration had a significant impact
on ENX accumulation in the cartilage, with P value of
0.040 and 0.041, respectively. However, the effect of two
factors to ENX accumulation was apparently greater in
the kidney, with P value of 0.0029 and 0.0038 (P < 0.01),
respectively.

As seen from Figure 2, ENX level in all four tissues
showed a tendency of liver> kidney>cartilage>serum at
240h after discontinuation. Under the same dose and dur-
ation (B/F group, C/G group, and D/H group), the ENX
level in four tissues did not show significant differences at
240h after discontinuation. However, the differences in
ENX level were significant under different doses but the
same duration at 240 h after discontinuation.

Morphological observations

Liver. The liver tissue sections were prepared and observed
as shown in Figure 3. In the control group (Figure 3(a)
and (b)), the liver cells were compact and had a clear struc-
ture, intact hepatic cord and hepatic sinusoid. The liver cells
were arranged regularly, with nearly round nuclei and
abundant cytoplasm. At 24h after discontinuation, the
morphology of liver cells in groups B, C, F, and G was simi-
lar to that of the control group. In groups D and H, infiltra-
tion by blood cells was observed (Figure 3(c)). Some cells
were atrophic and apoptotic at high magnification
(Figure 3(d)). At 240h, the damaged liver cells in groups
D and H showed signs of recovery (Figure 3(e) and (f)). The
liver cells were uniformly distributed with abundant cyto-
plasm. Pyknosis and apoptosis were not seen, and the infil-
trating blood cells were dissolved and absorbed.

Kidney. The kidney tissue sections were prepared and
observed. As shown in Figure 4, the kidney cells had
intact structure in the control group (Figure 4(a)), with
clearly visualized renal tubules and compact cells of
tubule wall. At 24h after discontinuation, the morpho-
logical observation in groups B, C, F and G was similar to
that of the control; for group D, the cells of tubule wall
underwent pyknosis and deformation, showing sparse
arrangement and Iumens filled with particles
(Figure 4(b)); for group H, the renal tubuli were indistinct,

the cells of tubule wall underwent pyknosis, and the glo-
meruli were swollen. At 240 h, the damaged kidney cells in
groups D and H (Figure 4(d)) showed signs of recovery, and
the cells of tubule wall restored normal morphology.
However, some blood cells and pyknotic kidney cells
remained unabsorbed.

Cartilage. The cartilage tissue sections were prepared and
observed as shown in Figure 5. In the control group
(Figure 5(a)), intact spinal cord, notochordal sheath, and
cartilage were seen. The chondrocytes of the perichondrium
(Figure 5(b)) were mostly flat and in compact arrangement.
The chondrocytes of the inner layer were larger and ellip-
tical or falcate in shape (probably the result of lateral sec-
tioning). The chondrocytes were located in the recesses,
which were quite large. Each recess contained only one
chondrocyte, and the cartilage matrix was uniform and
abundant. At 24 h after discontinuation, the morphological
observation of groups B, C, F and G was similar to that of
the control; groups D and H had consistent morphological
changes of the cartilage (Figure 5(c) and (d)). The flat cells in
the inner layer of the perichondrium decreased, the cells
were swollen and existed in a monolayer; some chondro-
cytes attached to the perichondrium disappeared. At 2401,
the damaged cartilage in groups D and H showed recovery.
The flat cells in the inner layer of the perichondrium
increased, and the cell layer was thickened, but there
were still gaps left unfilled by cells.

Discussion

Influence of different medication schemes on the ENX
accumulation in different tissues of sturgeons

Types, dose, and route of drug administration, as well as
temperature, influence drug utilization."! Under low water
temperature 10°C, ENX can maintain a high biological util-
ization rate.'? Juvenile Salmo salar fed with 10mg/kg and
5mg/kg ENX by gavage did not show significant differ-
ences in drug accumulation in different tissues."
However, the biological utilization rate of 53% in
Oncorhynchus mykiss after oral gavage of 5mg/kg ENX at
15°C was far higher than that (9%) in O. mykiss after oral
gavage of 50 mg/ kg ENX at 10°C."* Intraperitoneal injection
of ENX usually resulted in a fast absorption, shorter time
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Figure 3 Morphological observation of liver tissue sections H: Liver cells; PL: Liver cell plate; Si: Sinusoid. (a) Control group (x400), (b) Control group (x1000),
(c) Groups D and H at 24 h after discontinuation (x400), (d) Groups D and H at 24 h after discontinuation (x1000), (e) Groups D and H at 240 h after discontinuation
(x400); and (f) Groups D and H at 240 h after discontinuation (x1000). (A color version of this figure is available in the online journal.)

interval to peak concentration and a higher concentration
compared with oral gavage."” The safe dose of ENX for
sturgeons (159mg/kg)'® is similar to that for Cyprinus
carpio var. specularis (155 mg/ L)' and Carassius auratus gibe-
lio (194.98 mg/kg)'® but is far higher than that for Poecilia
reticulata (25mg/L)."” These results may be explained by
the difference in water temperature.

Taking 20 mg/kg as low dose according to the manual of
fish medicine,’ the medium and high doses were set at 40
and 80 mg/kg, respectively. Different medication schemes

of ENX were adopted with different combinations of dose
(0, 20, 40, 80 mg/kg) and duration (3d, 5d). The ENX accu-
mulation in serum, liver, kidney, and cartilage of A. baerii
at 24h and 240h after oral gavage was detected.
Liver>kidney>cartilage>serum in terms of ENX concen-
tration in all other groups, except that the highest drug con-
centration was achieved in the kidney tissues in groups G
and H at 24 h after discontinuation. The ENX concentrations
in tissues were higher than that in the serum, consistent with
the detection in hybrid sturgeons after oral gavage of ENX.*
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Figure 4 Morphological observation of kidney tissue sections PT: Proximal convoluted tubules; DT: Distal convoluted tubules; LT: Lymphoid tissues; G: Glomeruli.
(a) Control group (x400), (b) Group D at 24 h after discontinuation (x1000), (c) Group H at 24 h after discontinuation (x1000); and (d) Groups D and H at 240 h after
discontinuation (x1000). (A color version of this figure is available in the online journal.)

ENX administered orally enters the blood via intestinal
absorption and then goes to various tissues. ENX is
mainly metabolized in liver”" and excreted after passing
through the kidney. At 24h after discontinuation, groups
G and H had a higher drug concentration in the kidney
than in the liver. This was probably because continuous
administration at medium and high dose overburdened
the kidney, leading to tissue damage and dysfunction.
Drug discharge was affected, and the accumulation in
the tissues subsequently increased.

ENX accumulation in serum, liver, kidney, and cartilage
of A. baerii increased with the increasing dose and greater
duration, but significant dose proportionality was not
observed.??> However, we found that there was significant
difference of the drug level in the kidney between Group G
and Group C, Groups H and D at 24 h after discontinuation.
Wang et al.> also reported that florfenicol accumulation
increased with the increase of dosage at the same time in
blood while the increase amplitude decreased, which indi-
cated the decreased utilization of drug to the increasing
dosage in Tilapia. Two-factor analysis of variance indicated
that dose and duration had a significant impact and
highly significant effect on cartilage and kidney tissues.
Combining with morphological observation, administra-
tions for three times at high dose or for five times at

medium and high dose both damaged the kidney and car-
tilage tissues.

Drug-induced damage and recovery in three tissues
of A. baerii

With the increase of dose and duration, damages occurred
to liver, kidney, and cartilage of A. baerii in groups treated
with medium and high dose. The damaged tissues began to
recover at 240 h after continuation.

Zhao et al.'® pointed out that ENX given at conventional
dosages (20mg/kg) would not cause liver damage in allo-
genetic Carassius auratus gibelio, which agreed with the
observation of the present study in the low-dose group.
Zhu et al. monitored two sensitive indicators of liver cell
damage, glutamic-pyruvic transaminase and glutamic oxa-
loacetic transaminase activity. They found that at twice the
conventional dose, ENX greatly affected the contents of
these two enzymes in carp (Triploid crucian), causing liver
damage.** Zhou et al.*® also found that ENX injection at
150 mg/kg inhibited activity of phase I drug-metabolizing
enzymes in the liver tissues of Pelodiscus sinensis. The pre-
sent study also indicated that repeated administrations at
medium and high dose caused certain damage to the liver
tissues of A. baerii.
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Figure 5 Morphological observation of cartilage tissue sections NS: Notochordal sheath; SC: Spinal cord; HS: Cartilage; PC: Perichondrium; C: Chondrocytes.
(a) Control group (x100), (b) Control group (x200), (c) Groups D and H at 24 h after discontinuation (x200), (d) Groups D and H at 24 h after discontinuation (x 1000),
(e) Groups D and H at 240 h after discontinuation (x400); and (f) Groups D and H at 240 h after discontinuation (x 1000). (A color version of this figure is available in the

online journal.)

Continuous administrations at medium dose and high
dose both caused damage to the kidney tissues at 24h
after discontinuation, which was probably related to the
high ENX level in the kidney. As ENX was excreted, the
ENX level in the tissues decreased dramatically, and
the damaged tissues were recovered.

According to some reports, fluoroquinolone residues are
mainly found in the skin and bones of fish®® causing con-
siderable damage to articular cartilage and bones of young

animals.”” The mechanism of damage induced by fluoro-
quinolones to cartilage is unclear. ENX may chelate Ca**
and Mg”", which would inhibit the synthesis and increases
the decomposition of cartilage matrix components such as
proteoglycans and collagen. This will result in damage to
DNA structure, chondrocyte apoptosis, and active oxygen
production.”® Wu et al. believed that the toxicity of fluoro-
quinolones to cartilage was related to the pharmacokinetic
features of fish belonging to a specific species and age.



The drug content in the target organ needs to be considered
as well, and the drug content in cartilage should be detected
as an important indicator of cartilage toxicity.”’ We found
that the ENX accumulation in the cartilage of A. baerii was
always higher than the plasma concentration. Repeated
administrations at medium dose (group H) and administra-
tion at high dose (groups D and G) all affected the occur-
rence and development of cartilage. As the drug
accumulation decreased at 240 h after discontinuation, the
tissues began to recover with more chondrocytes in the
inner layer of perichondrium and thickening of the cell
layer. Juvenile A. baerii weighing 150 g was studied in the
present paper, and cartilage toxicity in various growth
stages of A. baerii needs to be further investigated.

ENX undergoes de-ethylation in the liver, giving rise to
ciprofloxacin. Ciprofloxacin acts in synergy with the
unchanged drug ENX.** However, ciprofloxacin causes
damage to fetal articular cartilage®® and cartilage of young
animals.”® Whether the toxicity of ciprofloxacin should be
taken into account in the evaluation of cartilage toxicity of
ENX remains to be discussed.

Suggestions about the use of ENX in sturgeon breeding

Continuous administrations of ENX at conventional dose
(20mg/kg) through oral gavage in A. baerii for three to
five times did not cause significant damage to the tissues.
However, administrations at medium and high dose (40
and 80mg/kg) led to liver damage, which was recovered
to a certain extent after drug discontinuation. Therefore,
ENX should be given at conventional doses and not con-
tinuously in sturgeon breeding, according to the instruc-
tions. Long-term accumulation of drug residues can lead
to retarded development or even malformation of the car-
tilage tissues. In order to avoid adverse impact on the car-
tilage development of juveniles, withdrawal should be
strictly implemented.

Animal cartilage is increasingly used in healthcare prod-
ucts due to its anti-cancer component chondroitin sulfate.
Although livestock and sharks are the main sources of car-
tilage, cartilage production from livestock is low,*® and the
capture of sharks is restricted by natural availability and
seasonal reasons.** Sturgeons are the preferred choice for
the production of cartilage because of the high yield, its rich
nutrients, and the ease of artificial breeding. A strict control
of drug residues in the cartilage and an exact understanding
of the metabolic and residue parameters in sturgeons are
important for the healthy development of the sturgeon car-
tilage production industry. Some reports suggest that flow-
ing water can accelerate the clearing of ENX residues in the
sturgeon.®® Kidney-tonifying traditional Chinese medicine
has the effect of improving the robustness and growth of
bones and cartilage.*® Therefore, ENX application can be
combined with the stimulus from flowing water and trad-
itional Chinese medicine to accelerate drug metabolism,
alleviate damage, promote chondrocyte differentiation
and repair, and guarantee food safety.
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