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Abstract

Enrofloxacin (ENR) is an antibiotic that is widely used in aquaculture, but residual ENR per-
sistence in popular farmed fish such as largemouth bass (Micropterus salmoides) poses signif-
icant risks to food safety and the environment. We investigated the accumulation–excretion 
characteristics and environmental fate of ENR in largemouth bass fed diets containing 20 
or 100 mg/kg body weight for 5 consecutive days. Our results reveal differences in ENR 
accumulation between the two dosage groups, with tissue-specific distribution patterns. 
Pharmacokinetic analysis revealed a disproportionately high increase in tissue AUC (area 
under the concentration–time curve) values (9.4- to 13.7-fold) relative to the fivefold dose 
increase from the lower to the higher dosage. Skin tissue exhibited the highest and most per-
sistent residues, with peak concentrations 12.5-fold higher in the high-dose group, exceeding 
the maximum residue limit for up to 28 days. The withdrawal time calculated for skin in the 
high-dose group was 930 degree-days. The dose of 20 mg/kg suppressed overall growth 
and triggered oxidative stress and time-dependent histopathological damage. Our results 
underscore the necessity of mandating stricter residue surveillance in intensive aquaculture 
systems and highlight a need for further investigations into the mechanisms underlying 
dose-dependent nonlinear ENR excretion and their long-term ecological consequences.

Keywords: largemouth bass; enrofloxacin; dose-dependent residue distribution; with-
drawal time

1. Introduction
Largemouth bass (Micropterus salmoides) is one of the most important commercial 

farmed fish species in China; the species exhibits rapid growth, strong environmental 
adaptability, and high nutritional value [1–3]. According to the China Fisheries Statistical 
Yearbook, production exceeded 930,000 tons in 2024, with an average annual growth rate of 
more than 5% [4]. Enrofloxacin (ENR) is widely used to treat common bacterial infections 
in largemouth bass, such as Aeromonas salmonicida, Aeromonas hydrophila, and Edwardsiella 
ictaluri [5]. To mitigate the risk of residual, China has set a maximum residue limit (MRL) 
of 0.10 mg/kg for the sum of ENR and its active metabolite ciprofloxacin (CIP) residues 
in muscle with attached skin [6] and a uniform withdrawal time of 500 degree-days [7]. 
However, recent surveys have revealed increasingly prevalent problems with ENR residues 
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in largemouth bass. In a survey of 260 cultured fish samples, ENR was the most prevalent 
compound among the 11 quinolones tested, reaching concentrations up to 246.0 μg/kg [8]. 
A nationwide survey covering 19 Chinese provinces revealed a high detection frequency for 
antibiotics in cultured largemouth bass (41.2%) [9]. ENR is listed among the high-frequency 
noncompliant drugs for largemouth bass [7]. These findings highlight an urgent need for 
pharmacokinetic investigations across fish species to optimize therapeutic protocols and 
safeguard the long-term viability of aquaculture [10].

ENR pharmacokinetics has been extensively studied [2,11,12], but its depuration varies 
markedly among fish species. For example, ENR excretion following oral administration 
is more rapid in red tilapia than in GIFT tilapia [2]. In largemouth bass, several studies 
have characterized ENR tissue distribution and depletion, yet the reported pharmacoki-
netic parameters remain highly variable. Xu et al. [13] used a nonlinear mixed-effects 
model to characterize the population pharmacokinetics of ENR in largemouth bass and 
suggested that a dose of 20 mg/kg is highly effective against aquatic pathogens. How-
ever, a withdrawal time (WT) of 24 days (672 degree-days) was reported following a 
single oral dose of 20 mg/kg [13], whereas repeated oral administration (20 mg/kg for 
5 days) resulted in a longer withdrawal time of 46 days at approximately 30 °C [14]. Water 
temperature has also been identified as a critical modulating factor for ENR depuration. 
Fan et al. [15] demonstrated that an increase in water temperature from 17 °C to 27 °C 
shortened the WT calculated for ENR from 29.57 days to 23.90 days, both of which still 
exceeded the recommended 500 degree-days. Field evidence further indicates that ENR 
residues can persist for extended periods; for instance, 45 days after treatment, the com-
bined ENR + CIP level in fish muscle was 30.8 ± 4.1 μg/kg [16]. Moreover, prolonged ENR 
retention leads to continuous ENR exposure, which can induce oxidative stress, intestinal 
damage, and growth suppression [17–19], ultimately reducing the economic output of 
largemouth bass aquaculture.

The risk of antibiotic contamination of aquatic environments due to freshwater aqua-
culture has become increasingly severe in recent years [20]. Antibiotics are typically ad-
ministered via feed, with 30–90% of the dose excreted largely unchanged in feces and 
urine [21]; such excretion represents an important route for residue entry into sediments 
and aquatic biota [22]. Fluoroquinolones are among the most frequently detected antibiotics 
in freshwater systems [23], with ENR showing the highest detected concentrations, up to 
1315 ng/L [20]. After release, ENR tends to bind to sediments, which then become a sec-
ondary source of ENR pollution [24]. Recirculating aquaculture systems have been widely 
adopted as an environmentally friendly option for largemouth bass farming because of the 
benefits of a controllable rearing environment [1,25]. Therefore, dose-dependent studies 
on ENR pharmacokinetics, residue distribution, and environmental fate in recirculating 
aquaculture systems are urgently needed to support reduced ENR usage.

We conducted a study in which two clinically relevant ENR doses were administered 
to largemouth bass in a recirculating aquaculture system. We investigated the pharma-
cokinetics and tissue and environmental distribution of ENR at two dosage levels. Growth 
performance, oxidative stress parameters, and histopathological changes were addition-
ally evaluated in the control and low-dose groups. The findings could help in providing 
scientifically based guidance for ENR administration strategies and residue management 
in aquaculture.

2. Materials and Methods
2.1. Experimental Materials

Analytical-grade ENR (CAS 93106-60-6; purity ≥ 99.0%), CIP hydrochloride (CAS 
85721-33-1; purity ≥ 98.0%), and corresponding internal standards (enrofloxacin-d5  and 
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ciprofloxacin-d8 ) were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). 
Reference standard solutions were prepared by precisely weighing (the mass of the CIP hy-
drochloride salt was corrected to the equivalent free base) and dissolving them in methanol 
(MeOH) to yield a concentration of 100 μg/mL. All stock solutions were stored at −20 °C un-
til use for preparation of quality control samples and calibration standards. The veterinary 
drug (active ingredient 10%) was purchased from Chongqing Xinbao Animal Pharmaceuti-
cals (Chongqing, China). The experimental diet consisted of an extruded compound feed 
formulated for largemouth bass (model 5.0; Special Feed Branch, Tongwei Biotechnology, 
Wuxi, China). Additional information on the reagents and materials used in this study is 
provided in Supplementary Text S1.

2.2. Experimental Methods
2.2.1. ENR Exposure and Sampling Protocol

A total of 180 healthy, 12-month-old hybrid-sex largemouth bass (body weight 
300.2 ± 53.1 g) were obtained from a commercial recirculating aquaculture facility in Rizhao, 
Shandong Province, China. Before the experiment, random subsamples were collected 
and analyzed to confirm that ENR and CIP residues were below the limit of detection 
(LOD). The animal study protocol was approved by the Institutional Animal Care and Use 
Committee of the Yellow Sea Fisheries Research Institute (protocol code YSFRI-2026089), 
and all experiments were conducted following the principles of randomization and blinding 
(Text S2).

The experimental fish were randomly divided into nine groups of 20 individuals each 
and placed in circular tanks with a volume of approximately 300 L (height 1.5 m; outer 
diameter 1.3 m; conical bottom). The tanks were supplied with freshwater that had been 
continuously aerated for 24 h before use. The fish were maintained in a static-renewal 
water system without recirculating filtration. Approximately one-third of the water in each 
tank was replaced daily throughout the experimental period. Throughout the acclimation 
and experimental periods, the water temperature was maintained at 15.0 ± 1.0 °C, pH at 
8.0–8.3, dissolved oxygen concentration at ≥5.0 mg/L, ammonia nitrogen concentration at 
<0.5 mg/L, and under a natural photoperiod. All water quality parameters were monitored 
and recorded daily (Table S1). After a 7-day acclimation period in the tanks, the fish were 
fasted for 24 h before drug administration.

The experiment comprised two ENR dosage groups and an ENR-free control group. In 
the low-dose (LD) group, ENR was administered at a dose of 20 mg/kg, based on previously 
reported therapeutic regimens for aquaculture species [7]. In the high-dose (HD) group, 
ENR was administered at a dose of 100 mg/kg, in accordance with veterinary guidelines 
on pharmaceutical use in fish. The control group was fed the same basal diet without 
any drug supplementation throughout the experimental period. Each group consisted of 
three replicate tanks. Fish mortality was monitored daily throughout the experimental 
period, and the number of deaths in each treatment group is provided in the Supplementary 
Materials (Table S2).

The veterinary drug was accurately weighed and incorporated into the basal diet 
by serial geometric dilution. The mixture was then homogenized using the coning and 
quartering method, followed by a final thorough mixing. The resulting diet was equally 
divided into 30 portions, each sealed in an aluminum foil bag and stored in the dark at 4 °C. 
Before feeding, each portion was removed from the freezer and allowed to stand at room 
temperature for 30 min to equilibrate before being offered to the fish, with a daily feeding 
ration of 1% of the fish’s body weight (feed/fish weight, w/w) fully consumed within 
30 min. Feed containing ENR was administered twice daily (08:00 a.m. and 20:00 p.m. at a 
morning-to-evening feeding ratio of 1:2) for 5 days.
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The sampling procedure was as follows: fish were first stunned physically, and complete 
loss of consciousness was verified. Body weight and length were recorded, then tail severing 
was then performed to collect approximately 4 mL of blood, after which the fish were killed 
by decapitation. Blood samples were collected at 0.5, 2, 6, 8, 12, and 24 h, and 3, 5, 6, 7, 10,14, 
21, 28, 40, and 80 days after the first feeding (n = 3) of each group. The collected blood was 
immediately transferred to anticoagulant tubes, and centrifuged at 3000× g for 10 min to 
obtain plasma, which was stored at −20 °C until analysis. Following blood collection, the 
fish were dissected to obtain three categories of tissue samples according to their physio-
logical functions: (1) edible tissues, including dorsal epaxial muscle (hereafter referred to 
as dorsal muscle), caudal peduncle muscle (hereafter referred to as caudal muscle), and 
skin; (2) absorption-related organs (gill, stomach, and intestine); and (3) excretion-related 
organs (liver, kidney, and spleen) (n = 3). All samples were immediately rinsed in physio-
logical saline, finely minced and homogenized, placed into separate sample tubes and stored 
at −20 °C. The liver, kidney, and spleen tissues used for antioxidant assays were collected 
on days 6 and 28 and stored at −80 °C. For histopathological assessments, two fish of each 
tank (n = 3 tanks per group per time point) from the control group and the LD group were 
sampled on days 6, 28 and 40. Liver, kidney, and spleen tissues were collected from each fish 
and fixed in general-purpose tissue fixative (pH 7.0–7.5, Wuhan Servicebio Technology Co., 
Ltd., Wuhan, China). The experimental aquaculture water and fecal samples were collected 
on days 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 16, 19, and 22 after ENR administration (n = 3). At each 
sampling time point, 500 mL of aquaculture water was collected in a sampling bottle and fil-
tered under vacuum through a nylon sieve (aperture 0.15 mm, Tianjin Jinteng Experimental 
Equipment Co., Ltd., Tianjin, China). The filtrate was then collected in a centrifuge tube and 
stored frozen until analysis. For fecal samples, the samples were centrifuged at 3000× g for 
10 min, and the solid fraction was collected and stored frozen until analysis. Three technical 
replicates were performed for each sample.

2.2.2. Determination of ENR and CIP
(1) Extraction from plasma and tissue samples

A 0.5-mL aliquot of plasma was transferred to a centrifuge tube and 1 mL of ACN 
containing 1% FA was added. The mixture was vortex-mixed for 5 min to ensure thorough 
homogenization and then centrifuged at 8000× g for 12 min at 4 °C. This extraction step was 
repeated, and the combined organic phases were evaporated to dryness under a nitrogen 
stream at 55 °C (N-EVAP 112, Organomation Associates, Inc., Berlin, MA, USA). The dried 
residue was reconstituted in 1 mL of 20% MeOH in water by vortex-mixing, and the resulting 
solution was centrifuged at 6000× g for 10 min. The supernatant was filtered through a 
0.22-μm nylon membrane filter (Bonna-Agela Technologies Inc., Tianjin, China) for liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

Tissue samples were processed following Zhu et al. [2]. A sample of 2.00 g (±0.01 g) 
of tissue was accurately weighed into a 50-mL centrifuge tube, and 50 μL of mixed internal 
standard working solution was added and thoroughly mixed. After addition of 2 g of 
anhydrous sodium sulfate, extraction was performed with 5 mL of ACN containing 1% FA. 
The mixture was vortexed and ultrasonicated for 5 min each, then centrifuged at 3000× g 
for 10 min. The supernatant was collected, and the extraction procedure was repeated once. 
The combined ACN extracts were evaporated to near dryness under a nitrogen stream at 
40 °C. The residue was reconstituted in 1 mL of 20% MeOH–water via vortex mixing, and 
the resulting solution was centrifuged at 6000× g for 10 min. The supernatant was then 
filtered through a 0.22-μm nylon membrane filter for LC-MS/MS analysis.
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(2) Extraction process for water and fecal samples

A 40 mL aliquot of the water sample was transferred to a 50 mL centrifuge tube, and 
20 μL of the mixed internal standard working solution (1 μg/mL) was added, followed by 
thorough homogenization. Cleanup was performed using an HLB Pro SPE (6 mL, 500 mg, 
ANPEL Laboratory Technologies Inc., Shanghai, China). The cartridge was sequentially 
conditioned with 5 mL of MeOH and 5 mL of water. The spiked water sample was then 
processed on the cartridge. After the entire sample had passed through, the cartridge was 
rinsed with 1 mL of ultrapure water. Elution was carried out twice with 1 mL of 0.1% FA in 
MeOH each time, and the combined eluates were thoroughly mixed. An aliquot of 200 μL 
of the eluate was accurately transferred and diluted with 800 μL of a diluent (95:5, v/v) 
composed of acetic acid water (1:81, v/v) and 0.1% FA in MeOH. The resulting solution 
was then filtered through a 0.22-μm nylon membrane filter for LC-MS/MS analysis.

A sample of 2 g (± 0.20 g) was accurately weighed and transferred to a 15 mL centrifuge 
tube, and 20 μL of mixed internal standard working solution (10 μg/mL) was added, 
followed by vortex-mixing for 30 s. Subsequently, 8 mL of 0.1% FA in MeOH solution was 
added, and the mixture was vortexed for 15 min. The extract was centrifuged at 6000× g for 
5 min, and the supernatant was collected. The residual pellet was re-extracted with another 
4 mL of 0.1% FA in MeOH solution, following the same procedure. The two supernatants 
were combined and evaporated to approximately 1 mL under a nitrogen stream at 40 °C. The 
concentrated extract was purified using an HLB Pro SPE (6 mL, 500 mg, ANPEL Laboratory 
Technologies Inc., Shanghai, China). The cartridge was sequentially conditioned with 5 mL 
of MeOH and 5 mL of water. The concentrated sample was then processed on the cartridge, 
which was subsequently rinsed with 1 mL of ultrapure water. Elution was performed 
sequentially with 3 mL and 1 mL of 0.1% FA in MeOH (v/v), and the combined eluates 
were collected and thoroughly mixed. An aliquot of 200 μL of the eluate was then mixed 
with 800 μL of a diluent (95:5, v/v) composed of acetic acid-water (1:81, v/v) and 0.1% 
FA in MeOH. The resulting solution was then filtered through a 0.22-μm nylon membrane 
filter for LC-MS/MS analysis. All fecal concentrations in this study are expressed on a wet 
weight (ww) basis.

(3) LC-MS/MS analysis

Separation was performed on a Shimadzu XD20 ultra-high-performance LC system 
(Shimadzu Corp., Kyoto, Japan) with a Kinetex XB-C18 column (100 mm × 2.1 mm, 2.6 μm; 
Phenomenex, Torrance, CA, USA) maintained at 35 °C. The mobile phases were (A) 0.1% FA 
in water containing 5 mM ammonium acetate and (B) MeOH. MS analysis was conducted 
using a SCIEX 5500 QTRAP mass spectrometer (SCIEX, Marlborough, MA, USA) in posi-
tive electrospray ionization mode with multiple reaction monitoring. The optimized MS 
parameters were as follows: ion spray voltage, 4500 V; ion source temperature, 350 °C. The 
following transitions were used: ENR, m/z 360 > 245 and 360 > 316*; CIP, m/z 332 > 245 
and 332 > 288*; ENR-D5, m/z 365 > 321; and CIP-D5, m/z 340 > 322; asterisks (*) denote 
the quantifier ion. Data below the LOD were treated as not detected; values between the 
LOD and LOQ were used only for trend comparison of two groups and were not included 
in statistical analyses. Details of gradient program, method validation, including blank 
sample, reagent sample and recovery test are provided in the Supplementary Material 
(Texts S3 and S4, and Table S3).

2.2.3. Calculation of Growth Performance Parameters
The body weight and length of the fish in each aquarium were measured after ENR 

treatment on days 0, 6, 28, and 80, and the average value for each treatment group was 
used for the growth index statistics (n = 3). The weight gain (WG %) and specific growth 
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rate (SGR) and Fulton’s condition factor (K) for largemouth bass were calculated using the 
following formulas [26].

WG (%) = [(Wt − W0 )/W0 ] × 100%, (1)

SGR (%/day) = [(ln Wt − ln W0 )/t] × 100%, (2)

K = W/L3 × 100, (3)

where Wt  is final body weight (g), W0  is initial body weight (g), and t is the duration of the 
experiment (days), W is body weight (g), and L is body length (cm).

2.2.4. Histopathological Analysis
Liver, kidney, and spleen tissues were collected from the ENR-free control group 

and the LD group on days 6, 28, and 40 after administration and fixed in 30 mL general-
purpose tissue fixative (contain 4% paraformaldehyde dissolved in PBS, pH 7.0–7.5, Wuhan 
Servicebio Technology Co., Ltd., Wuhan, China) for 48 h at room temperature. After fixation, 
tissue samples were dehydrated using a tissue dehydrator (JJ-12J, Wuhan Junjie Electronic 
Co., Ltd., Wuhan, China). Dehydration was performed through a graded ethanol series, 
followed by clearing in xylene, paraffin infiltration, and embedding. The samples were 
then sectioned at 4 μm. After deparaffinization and rehydration, sections were sequentially 
stained with hematoxylin and eosin. Following staining, the sections were dehydrated, 
cleared, and mounted. Finally, the sections were examined under a light microscope (Nikon 
Eclipse CI, Nikon Corp., Tokyo, Japan), and images were captured using a Nikon DS-U3 
imaging system (Nikon Corp., Tokyo, Japan). Detailed histopathological procedures are 
provided in the Supplementary Materials (Text S5). All histopathological procedures were 
performed by Jiangsu Meimian Industrial Co., Ltd. (Yancheng, China).

Representative histological images were selected to illustrate the characteristic histo-
logical features observed in the corresponding experimental groups and sampling time 
points, rather than to represent the most severe lesions. A semi-quantitative scoring method 
was used to assess histopathological lesions in the liver, kidney, and spleen [27,28]. The 
severity of histological alterations was evaluated in six fish per group per time point. For 
statistical analysis, the two fish from each tank were averaged to obtain a single tank-level 
value, and the three tank-level values (n = 3 tanks per group per time point) were used 
as experimental units. The histopathological index (Ih ) for each organ was calculated as 
the sum of weighted scores for individual lesions, with weights assigned according to the 
reaction pattern (regressive changes, inflammation, circulatory disturbance) [29,30]. The 
specific scoring criteria (0–4) were established based on the percentage of the microscopic 
field affected by each histopathological lesion (0 = no alterations; 1 = 1–25%; 2 = 26–50%;
3 = 51–75%; and 4 = 76–100%) [31]. And the detailed weights, scoring criteria, and calcu-
lation formula are provided in the Supplementary Material (Tables S4 and S5, and Text S6). 
For each organ, differences among the 6 d, 28 d, and 40 d groups were assessed using 
one-way ANOVA followed by Tukey’s multiple comparisons test. Statistical significance 
was set at p < 0.05.

2.2.5. Antioxidant-Related Parameters
Frozen liver, kidney, and spleen tissues were homogenized in ice-cold physiological 

saline at a ratio of 1:9 (w/v) using a tissue homogenizer to prepare 10% (w/v) tissue ho-
mogenates. The homogenates were centrifuged at 3000× g at 4 °C for 15 min, with the 
supernatants collected for subsequent biochemical analyses. All oxidative stress parame-
ters were analyzed based on three biological replicates (n = 3). The activities of catalase 
(CAT), superoxide dismutase (SOD), and total antioxidant capacity (T-AOC), as well as the 
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malondialdehyde (MDA) content, were determined using commercial assay kits (Jiangsu 
Meimian Industrial Co., Ltd., Yancheng, China) according to the manufacturer’s instruc-
tions. The kit information was as follows: CAT assay kit (cat. no. ADS-W-KY002), SOD 
assay kit (WST-8 method; cat. no. ADS-W-KY011), T-AOC assay kit (FRAP method; cat. 
no. ADS-W-KY005), and MDA assay kit (cat. no. ADS-W-YH002). The detailed detection 
ranges of these kits are provided in the Supplementary Materials (Text S7).

2.3. Data Processing and Statistical Analysis
All experimental data were expressed as the mean ± standard deviation. The phar-

macokinetic parameters of ENR and CIP, including the excretion half-life (T1/2β ), time to 
peak concentration (Tmax ), peak concentration (Cmax ), area under the concentration–time 
curve from time zero to infinity (AUC0-∞ ), mean residence time (MRT), apparent clearance 
(CL/F), apparent distribution volume (Vd /F), and terminal excretion rate constant (λz ), 
were analyzed using a noncompartmental model in WinNonlin 8.3 (Certara, Princeton, 
NJ, USA). Graphs illustrating the effects of ENR on oxidative stress parameters in tissues 
sampled from largemouth bass and the semi-quantitative analysis of histopathological 
indices in the liver, kidney, and spleen were plotted using GraphPad Prism 11.0 (GraphPad 
Software, LLC, Boston, MA, USA); other graphs were generated using Origin 2026 (Origin-
Lab Corp., Northampton, MA, USA). Software developed by the European Medicines 
Agency (WT 1.4) was used to calculate WT values for edible tissues, which were converted 
to degree-days using a baseline temperature of 15 °C according to the following formula: 
degree-days = WT (in days) × temperature (in °C). Statistical analyses were performed 
using SPSS Statistics version 22.0 (IBM Corp., Armonk, NY, USA) and differences were 
considered statistically significant at p < 0.05.

3. Results and Analysis
3.1. Absorption and Distribution of ENR and CIP in Largemouth Bass

Figure 1 shows concentration–time curves for ENR and CIP in tissues; results for 
plasma are shown in Figure S1. No enrofloxacin or ciprofloxacin was detected in any sample 
from the ENR-free control group. In the treatment groups, ENR levels in all tissues reached 
a maximum concentration during the 3–5-day accumulation period. In the LD group, 
peak levels were ranked as follows: plasma > intestine > liver > kidney > spleen, with 
all of the edible tissues showing relatively low levels. In the HD group, the ranking was 
stomach > spleen > kidney > intestine > gill > plasma, with a significant difference in 
ranking between the two groups. In comparison to the LD group, the HD group exhibited 
a relatively longer time to peak levels in plasma and certain tissues, and the accumulation 
patterns differed markedly between the two doses. Notably, levels in all edible tissues in the 
HD group exceeded 0.10 mg/kg at 0.5 h after ENR administration, while this level was not 
reached in any edible tissues in the LD group until 12 h. The maximum skin concentration 
was 10.9 mg/kg in the HD group and 0.875 mg/kg in the LD group.

The peak ENR level in plasma was approximately fivefold higher in the HD group than 
in the LD group (Figure S1) and approximately sevenfold to 12-fold higher in edible tissues 
(Figure 1A,B). In the gill and stomach, which are the primary uptake organs, differences 
between the LD and HD groups exceeded a factor of 20 (Figure 1C,D), which indicates 
that the gill and stomach are the main sites of ENR absorption. Residue levels in the two 
muscle tissues exceeded the MRL and remained above the limit up to day 28 in the HD 
group versus only day 7 in the LD group. The highest residue levels were observed in skin, 
which exceeded those in muscle by factors of 1.6 to 1.8 in the HD group, and by factors of 
1.3 to 2.3 in the LD group. The peak ENR concentration in skin was 12.5-fold greater in the 

https://doi.org/10.3390/toxics14110963

https://doi.org/10.3390/toxics14110963


Toxics 2026, 14, 963 8 of 18

HD group than in the LD group. These results highlight the markedly higher food-safety 
risk for fillet tissues after HD ENR administration.

Figure 1. Tissue distribution and time–concentration profiles for enrofloxacin (ENR) and ciprofloxacin 
(CIP) in various tissues from largemouth bass (Micropterus salmoides) (n = 3). (A,B) Edible tissues: 
dorsal epaxial muscle, caudal peduncle muscle, and skin. (C,D) Absorption-related organs: gill, 
stomach, and intestine. (E,F) Excretion-related organs: liver, kidney, and spleen.

During the excretion phase, distribution patterns and residual ENR levels were gen-
erally consistent in the LD group. However, in the HD group, residual ENR levels were 
significantly lower in liver than in the kidney and spleen, with an approximately twofold 
difference (Figure 1E,F). In the LD group, the time required for ENR residues to decline 
below the MRL was 10 days for dorsal muscle, 6 days for caudal muscle, and 40 days for 
skin. In the HD group, a period of at least 40 days was needed for ENR levels in skin to 
reach the MRL, and even at the end of the 80-day experimental period, ENR residues were 
still detectable in all of the tissues examined. For completeness, the relative proportions 
of CIP in the combined ENR and CIP residues in the three edible tissues, as well as in 
subsequent feces and water samples, are presented in Table S6.

3.2. Pharmacokinetic and Excretion Profiles of ENR and CIP in Largemouth Bass
Table 1 shows the pharmacokinetic profile of ENR and CIP in largemouth bass following 

oral ENR administration at two dosages. For caudal muscle, Tmax  was 72 h in the LD group 
versus 120 h in the HD group, which indicates delayed absorption at the higher dosage. 
AUC values ranged from 1215.68 to 2300.38 h·mg/kg in the HD group (p < 0.05), which 
were 9.4- to 13.7-fold higher than in the LD group (94.07–245.60 h·mg/kg), even though 
the dose administered was only fivefold higher. According to the AUC0–∞  method, the 
tissue distribution sequence was kidney > plasma > skin > liver in the LD group, and 
shifted to kidney > stomach > spleen > skin in the HD group. The highest residual levels 
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were consistently observed in the kidney in both groups. Notably, the most pronounced 
inter-tissue differences were between the stomach and plasma in the two dosage groups.

Table 1. Pharmacokinetic parameters of enrofloxacin (ENR) and ciprofloxacin (CIP) in edible tissues 
from largemouth bass (Micropterus salmoides) following oral ENR administration at two dosage levels.

Parameter

HD Group LD Group

Dorsal 
Epaxial 
Muscle

Caudal
Peduncle 
Muscle

Skin
Dorsal 
Epaxial 
Muscle

Caudal
Peduncle 
Muscle

Skin

T1/2β  (h) 279.81 308.95 248.02 95.75 185.67 299.79
Tmax  (h) 72 120 120 72 72 120

Cmax  (mg/kg) 7.14 7.68 10.93 0.58 1.06 0.88
AUC0–∞  (h·mg/kg) 1433.99 1215.68 2300.38 104.42 94.07 245.60

MRT (h) 219.05 249.24 262.44 178.50 199.10 473.12
CL/F (kg/h/kg) 0.07 0.08 0.04 0.19 0.21 0.08

Vd /F (kg/kg) 28.15 36.66 15.55 26.46 56.95 35.22
λz  (1/h) 0.0025 0.0022 0.0028 0.0072 0.0037 0.0023

Withdrawal time at 
15 ± 2 °C (days) 56 58 62 27 23 54

Withdrawal time 
(degree-days) 840 870 930 405 345 810

T1/2β  values varied considerably among the three edible tissues, but no consistent 
dose-dependent trend was observed: for dorsal muscle and caudal muscle, T1/2β  was longer 
in the HD group than in the LD group, whereas T1/2β  for skin was slightly higher in the 
LD group (248.02 vs. 299.79 h). The disproportionate increase in AUC from the low to the 
high dose, together with the dose-dependent changes in CL/F described below, suggests 
nonlinear pharmacokinetic behavior. In terms of WT risk, all three edible tissues exceeded 
the recommended minimum threshold of 500 degree-days in the HD group, with skin 
posing the greatest food-safety concern (930 degree-days). By contrast, only skin in the LD 
group exceeded the limit of 810 degree-days. WTs for the two muscle tissues were more 
than twice as long in the HD group in comparison to the LD group. The withdrawal period 
models for ENR and CIP in the three edible tissues are presented in Figure S2.

Results for plasma and the remaining tissues are summarized in Table S7. For plasma, 
Tmax  was 144 h in the HD group and 72 h in the LD group, which confirms delayed systemic 
absorption at the higher dosage. Among the absorption-related organs, the highest Cmax 
values were observed for the stomach (22.58 mg/kg, HD group) and intestine (1.8 mg/kg, 
LD group), which reflect rapid and extensive ENR uptake following oral administration. 
Among the excretion-related organs, the spleen had the highest AUC values (3717.77 and 
382.61 h·mg/kg in the HD and LD groups, respectively) and the longest MRT (228.05 and 
471.86 h, respectively). The kidney showed moderate AUC values (2765.01·h·mg/kg in 
the HD group and 164.10 h·mg/kg in the LD group) (p < 0.05). CL/F was consistently 
lower in the HD group (0.03–0.08 kg/h/kg) than in the LD group (0.05–0.21 kg/h/kg), in 
accordance with dose-dependent or saturable excretion.

3.3. Environmental Distribution of ENR and CIP in the Aquaculture System
To evaluate the excretion and distribution of ENR and its metabolite CIP in the aqua-

culture system, dynamic distributions in feces and tank water were analyzed over the 
experimental period. No ENR or CIP was detected in any sample from the ENR-free control 
group. As shown in Figure 2, in the HD group, ENR and CIP concentrations in tank water 
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peaked on day 3 (0.94 μg/L) and then gradually declined from days 5 to 8, becoming 
undetectable thereafter. In contrast, in the LD group, ENR and CIP were detected only on 
days 2 and 4, with concentrations between the LOD and LOQ and a peak of 0.22 μg/L on day 
2. Feces result for the HD group revealed peak concentrations on day 3 (152.79 μg/kg ww) 
and day 4 (152.52 μg/kg ww); the levels in both groups decreased to <10 μg/kg ww by 
day 13. By contrast, ENR and CIP concentrations in feces remained consistently low in the 
LD group throughout the experiment, with a maximum value of only 5.89 μg/kg ww on 
day 3. The marked difference in residue levels between the two dosage groups suggests 
that the environmental distribution of ENR and CIP is dose-dependent.

Figure 2. Dynamic distribution of enrofloxacin (ENR) and ciprofloxacin (CIP) in the aquacul-
ture system after oral ENR administration at two dosage levels. Data are presented as mean ± SD 
(water samples: n = 3, three technical replicates per sample were averaged; fecal samples: n = 3
biological replicates).

3.4. Growth Performance and Pathological Changes in Largemouth Bass After Low-Dose 
(20 mg/kg) ENR Exposure
3.4.1. Growth Performance

The effects of ENR exposure on the growth of largemouth bass are presented in Table 2. 
During the 80-day experimental period, body weight in the control group increased from 
an initial value of 300.2 ± 53.1 g to a final weight of 396.2 ± 43.4 g (p < 0.05), with an WG of 
32.0%. By contrast, fish exposed to LD ENR treatment showed markedly suppressed growth 
and reached a final body weight of only 370.3 ± 31.8 g, with an SGR of 0.26%/day, which 
was notably lower than for the control group (0.35%/day). Using Equation (3), Fulton’s 
condition factor (K) was calculated from the measurements of largemouth bass. The initial 
K value of largemouth bass was 1.34 ± 0.11. Over the 80-day experimental period, K showed 
a trend of first increasing and then decreasing, reaching a peak on day 28 and declining 
somewhat by day 80. The control group exhibited a similar temporal trend. Although the 
K values in the low-dose enrofloxacin (LD) group were slightly lower than those in the 
control group at all measured time points, the difference between the two groups was not 
significant (p > 0.05), and both groups showed similar temporal patterns. These results 
suggest that ENR administration at dose of 20 mg/kg reduced weight gain in the LD group, 
together with unchanged K values, suggests that LD treatment suppressed overall growth 
rather than altering body shape or condition.
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Table 2. Growth parameters for largemouth bass (Micropterus salmoides) exposed to low-dose ENR 
over 80 days. Data are presented as mean ± SD (n = 3).

Growth Parameter
6 Days 28 Days 80 Days

Control LD Group Control LD Group Control LD Group

Final body weight (g) 327.4 ± 24.3 310.6 ± 29.9 352.7 ± 57.1 328.6 ± 41.4 396.2 ± 43.4 370.3 ± 31.8
Weight gain (%) 9.07 3.46 17.50 9.45 32.00 23.34

Specific growth rate (%/day) 1.45 0.57 0.58 0.32 0.35 0.26
Fulton’s condition factor (K) 1.37 ± 0.14 1.34 ± 0.11 1.71 ± 0.17 1.70 ± 0.17 1.63 ± 0.11 1.61 ± 0.12

3.4.2. Oxidative Stress Parameters in Excretion-Related Organs
We measured CAT and SOD enzyme activity and T-AOC and MDA levels to evaluate 

the effects of ENR metabolism on oxidative stress (Figure 3). ENR treatment resulted in 
marked tissue-specific patterns for these oxidative stress parameters in excretion-related 
organs. The liver, as the primary metabolic organ, showed compensatory elevation of 
T-AOC (Figure 3C) in comparison to the control group (p < 0.05) by day 28; however, CAT 
activity had decreased significantly by this time point. In the kidney, CAT activity levels 
at 28 days and SOD activity levels at 6 days were significantly higher than those in the 
control group, whereas MDA levels were significantly lower (p < 0.05) than in the control 
group at both time points (Figure 3A,B,D); these results indicate that the kidney effectively 
maintained redox homeostasis under ENR stress. Notably, we observed a biphasic pattern 
for MDA levels in the spleen, with a significant initial decrease followed by a sharp increase 
(p < 0.05); the highest value of 1.9610 nmol/mg was observed at 28 days (Figure 3D). This 
pattern indicates that the spleen is highly susceptible to delayed oxidative damage under 
prolonged ENR exposure.

Figure 3. Effects of enrofloxacin (ENR) on oxidative stress parameters in the liver, kidney, and 
spleen of largemouth bass (Micropterus salmoides) in the LD group and the control (CON) group. 
(A) CAT activity; (B) SOD activity; (C) T-AOC activity; and (D) MDA content. Data are presented 
as mean ± SD (n = 3 fish per group). The experimental unit was the individual fish, with liver, 
kidney, and spleen sampled from the same fish. Statistical significance was determined using two-way 
ANOVA with treatment group (CON, LD-6d, and LD-28d) and organ (liver, kidney, spleen) as factors, 
followed by Dunnett’s multiple comparisons test to compare the LD-6d and LD-28d groups with the 
CON group within each organ. * p < 0.05, ** p < 0.01, *** p < 0.001, versus CON; ns, not significant 
(p ≥ 0.05).
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3.4.3. Pathological Changes in Excretion-Related Organs
Histopathological changes in the liver, kidney, and spleen are shown in Figure 4A, and 

the corresponding semi-quantitative histopathological indices are presented in Figure 4B–D. 
The control group had normal hepatic architecture. In the LD group, progressive hepato-
cellular damage was observed after ENR exposure, including cellular swelling, vacuolar 
degeneration, neutrophil and lymphocyte infiltration (at 6 days, score 2), hemocyte infiltra-
tion into the central vein (at 6 and 28 days, score 2), and extensive necrosis with pyknosis 
and hepatic cord disruption (at 28 and 40 days, score 3), which together indicate time-
dependent aggravation of hepatic injury. Consistent with these histopathological changes, 
the hepatic histopathological index was significantly lower on day 6 than on days 28 and 40 
(p < 0.05) (Figure 4B).

Figure 4. (A) Histopathological changes in the liver, kidney, and spleen of largemouth bass (Mi-
cropterus salmoides) following low-dose enrofloxacin (ENR) exposure at different time intervals (6, 28, 
and 40 days). Hematoxylin and eosin staining. Scale bars = 100 μm. Abbreviations: NEU, neutrophils; 
LY, lymphocytes; P, pyknosis; n, necrosis. Black boxes indicate hemocyte infiltration into the central 
vein; yellow arrows indicate hepatic cord disruption; black circles indicate neutrophil infiltration into 
the glomeruli; red arrows indicate interstitial fibrosis and tubular atrophy; black arrows indicate necro-
sis and sloughing of renal tubular epithelial cells; blue arrows indicate the presence of cellular debris 
within the tubular lumen; red circles indicate splenic necrosis. (B–D) Semi-quantitative analysis of 
histopathological indices in the liver (B), kidney (C), and spleen (D). Data are presented as mean 
± SD of tank-level values (n = 3 tanks per group per time point). Individual fish values (two fish 
per tank) are shown as separate points with different colors and symbols denoting. Individual fish 
values are shown as separate points, with the same color and symbol indicating fish from the same 
replicate tank. For each organ, differences among the 6 d, 28 d, and 40 d groups were assessed using 
one-way ANOVA followed by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001 
between indicated groups; ns, not significant (p ≥ 0.05).

In the kidney, ENR exposure induced glomerular neutrophil infiltration, interstitial 
fibrosis, tubular atrophy, and acute tubular necrosis with cellular debris in the lumina. 
At 28 days, glomerular cell proliferation and basement membrane thickening were observed, 
and by 40 days, extensive cytoplasmic rarefaction was evident. The renal histopathological 
index was significantly higher (p < 0.05) on day 40 than on day 6 (Figure 4C). In the spleen, 
no obvious lesions were observed at 6 days. However, at 28 and 40 days, splenic parenchymal 
cell disintegration and necrosis were evident, indicating a pattern of delayed-onset injury. 
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The splenic histopathological index showed a significant upward trend (p < 0.05) with 
prolonged exposure time in the LD group (Figure 4D).

4. Discussion
ENR is a lipophilic antibiotic with significant species-specific accumulation in fish [24]. 

We found that at both experimental dosages, ENR showed rapid distribution and slow 
excretion in largemouth bass, with greater peak accumulation and distribution levels, along 
with a much slower excretion rate in the HD group.

The ENR tissue distribution in largemouth bass exhibited a clear dose-dependent 
pattern. According to AUC0–∞  values, plasma was the major distribution site in the LD 
group, whereas in the H group, its role in ENR distribution ranked below kidney, stomach, 
spleen, and muscle with skin. This dose-dependent shift in plasma distribution is consistent 
with the negative correlation between ENR concentrations and the protein binding rate 
in plasma, as reported by Xu et al. [32] observed a decline from 39.1% to 7.77% as the 
ENR concentration was increased from 1 to 10 μg/mL. The lower plasma level at the 
higher ENR dosage was accompanied by markedly higher accumulation in visceral organs, 
which can be mechanistically attributed to the well-recognized affinity of ENR for lipid-
rich tissues [33]. By contrast, edible tissues had relatively lower ENR levels, presumably 
because of distribution via systemic circulation after the drug enters the bloodstream [34]. 
Nevertheless, muscle with skin consistently showed a higher accumulation risk across 
different administration routes. This finding is corroborated by previous studies: bath 
exposure resulted in highest ENR levels in plasma, followed by the kidney, liver, and 
muscle with skin [5], whereas oral administration yielded a ranking of liver > muscle with 
skin > plasma [35]. These observations collectively support the tissue distribution pattern 
observed in our study.

A finding of particular concern for food safety is that although there was only a fivefold 
difference in ENR dose between the HD and LD regimens, the resulting tissue residues 
increased disproportionately: the difference was approximately fivefold in plasma and, 
more strikingly, sevenfold to 12-fold in edible tissues. Notably, residues in muscle tissues 
exceeded the MRL of 0.10 mg/kg in both groups, but with marked differences in persistence: 
ENR was detectable up to day 28 in the HD group versus only day 7 in the LD group. 
According to the WT values calculated, the dose escalation resulted in approximately 
twofold prolongation, which supports the occurrence of nonlinear excretion kinetics and 
is consistent with a previous report. Runlin et al. [36] found that ENR doses of 20 and 
50 mg/kg in rainbow trout (Oncorhynchus mykiss) resulted in WTs of 32 days and 42 days 
(15 ± 2 °C), respectively; their results also indicate that WT did not increase in proportion 
to the ENR dose. A critical finding from our study is the exceptionally slow ENR excretion 
from skin tissue. This is similar to a report by Shan et al. [35] on largemouth bass in which 
muscle with skin had the second longest T1/2β  value of 115.14 h, with 24 days required 
to reach the ENR MRL [35]. In the present study, WT for the HD group was 930 degree-
days, which closely approximates the 925 degree-days recommended for bath-exposed 
largemouth bass by Shan et al. [5]. However, yellow catfish (Pelteobagrus fulvidraco) exposed 
to ENR for 3 days at 20 mg/kg exhibited an even longer WT of 1080 degree-days under 
similar conditions [32]. These findings underscore the need to strictly determine WT values 
on the basis of the edible tissue with the slowest depuration (i.e., skin) rather than on 
muscle alone for management of potential human health risks.

And previous studies have demonstrated that antibiotics exhibit tissue-specific distri-
bution and accumulation patterns in fish. In crucian carp, repeated oral administration of 
enrofloxacin (ENR) by gavage at 20 mg/kg for 5 days resulted in maximum concentrations 
of 74.5 μg/g in the kidney and 26.8 μg/g in muscle–skin tissue [37]. Similarly, in northern 
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snakehead, repeated oral administration of ENR by gavage at 10 mg/kg for 5 days resulted 
in a longer elimination half-life in the kidney (126.07 h) than in muscle with adhering skin 
(83.24 h) [38]. In the present study, ENR concentrations in the kidney and skin peaked 
on day 3 (1.54 mg/kg) and day 5 (0.876 mg/kg) in the 20 mg/kg dosage group, respec-
tively, also indicating stronger accumulation in the kidney. Compared with accumulation 
characteristics of other antibiotics, for instance, following a single oral dose of oxolinic acid 
(30 mg/kg) via medicated feed, the highest tissue concentration was observed in the kidney 
(Cmax  17.99 mg/L), whereas the muscle reached 4.54 mg/L [39]. These findings indicate 
that ENR displays a relatively moderate but tissue-specific bioaccumulation profile.

Previous studies have revealed dose-related growth inhibition in fish and an increase 
in metabolic burden following long-term ENR exposure [40]. We observed consistent 
reduction in weight gain in the LD group, whereas K remained stable, indicating that 
the reduced growth was not accompanied by obvious changes in body shape or condition. 
Nevertheless, oxidative stress [41] and histopathological changes in excretion-related organs 
may contribute to the reduction in weight gain. In our study, the excretion-related organs 
showed primary injury as early as day 6, and severe toxicity by day 28 at lower doses. The 
liver, as the primary metabolic organ, can develop hepatosteatosis even at environmentally 
relevant ENR concentrations [42]. The spleen and kidney represent important target organs 
for assessing immune responses and environmental stress in fish [43]. These findings are 
consistent with a previous study in large yellow croaker (Larimichthys crocea) in which 
exposure to ENR and atrazine at environmental levels induced oxidative stress and elevated 
liver injury, both indicating hepatotoxicity [44].

The tissue damage observed, particularly in the kidney and liver, is consistent with the 
hypothesis that ENR excretion is prolonged. This aligns with the lipid-rich nature of these 
organs and their tendency for accumulation of higher residue levels with longer excretion 
half-lives [45,46]. Moreover, given that ENR is primarily eliminated renally and that its 
metabolite CIP is eliminated via both renal and hepatic routes [18,38], the renal impairment 
observed would logically impede excretion. Notably, while an ENR dose of 20 mg/kg is 
widely regarded as highly effective against aquatic pathogens [13]. Our results indicate 
that the nominal dose of 20 mg/kg was associated with changes in growth performance, 
oxidative stress responses, and histopathological features in the LD group. Further studies 
are needed to clarify the potential relationships between these physiological responses and 
ENR residue accumulation and elimination.

A limitation of our study should be acknowledged: the sampling design did not include 
frequent time points immediately following final ENR administration. Since enrofloxacin is 
water-soluble, the amount of feed offered cannot be equated with the actual dose ingested 
by the fish. According to a previous report, a secondary ENR concentration peak may 
occur at 1–6 h on day 5 after administration of the last dose [37]. Studies with more 
intensive sampling schedules would help in better characterization of the full ENR depletion 
profile and refinement of WT estimates. Although medicated-feed administration reflects a 
commonly used drug delivery route in aquaculture, the nominal dose does not necessarily 
correspond to the amount of ENR ingested or absorbed by individual fish. The experimental 
conditions differed from industrial-scale recirculating aquaculture system (RAS) conditions 
in terms of water exchange, exercise intensity, and feed wastage. These factors may alter the 
actual ingested dose. Therefore, semi-commercial validation is needed before the results 
can be applied to practical aquaculture.

5. Conclusions
Our study provides a systematic assessment of the impact of ENR on largemouth 

bass aquaculture, from individual physiology to environmental safety. A fivefold increase 
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in the ENR dose administered led to disproportionately higher ENR accumulation (7- to 
12-fold) in edible tissues and a significantly prolonged excretion phase, which confirms 
the nonlinear pharmacokinetics of the antibiotic. Among edible tissues, skin was identified 
as the primary ENR accumulation site with the slowest excretion rate and thus poses the 
greatest risk to food safety. The WT for skin (930 degree-days in the HD group) exceeded 
the recommended threshold. At the recommended low dose (20 mg/kg), ENR exposure 
impaired growth performance (e.g., reduced weight gain and specific growth rate) and 
induced oxidative stress, while time-dependent histopathological damage to the excretory 
organs led to delayed excretion. Overall, these findings demonstrate that the high-dose 
regimen is untenable for food safety because of the excessively long WT. This study provides 
a scientific rationale for ENR dose optimization and highlights the need for strict regulation 
of drug use to ensure food safety and mitigate the environmental risks associated with 
ENR treatment.
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