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Simple Summary

Oxytetracycline is an antibiotic commonly used to treat bacterial diseases in farmed fish,
but its use may also cause unwanted effects on fish health. Curcumin, a natural compound
obtained from turmeric, has antioxidant and immune-supporting properties and may
help reduce these adverse effects. This study investigated whether adding curcumin to
the diet could protect rainbow trout against physiological disturbances caused by oxyte-
tracycline. Fish were fed diets containing different levels of curcumin for eight weeks
and were subsequently exposed to different concentrations of oxytetracycline. Oxyte-
tracycline adversely affected blood characteristics, immune responses, and the balance
between oxidative damage and antioxidant defenses. Dietary curcumin generally reduced
these changes, and higher dietary levels tended to provide greater protection, although
the degree of improvement varied among the parameters and tissues examined. The
highest tested curcumin level generally produced the most favorable overall response.
These findings suggest that dietary curcumin may be a useful natural feed additive for
supporting fish health during antibiotic-associated stress. Further studies are needed to
determine its long-term effectiveness, safety, and practical application under commercial
aquaculture conditions.

Abstract

Oxytetracycline (OTC) is a broad-spectrum antibiotic widely used in aquaculture for the
treatment of bacterial diseases caused by important fish pathogens, including Aeromonas,
Pseudomonas, Vibrio, and Lactococcus spp. Although OTC remains an important ther-
apeutic agent in fish farming, its use may also induce undesirable physiological effects,
including hematological disturbances, immunosuppression, and oxidative stress. This
study investigated the protective effects of dietary curcumin against OTC-induced physio-
logical alterations in rainbow trout (Oncorhynchus mykiss). Fish were fed diets supplemented
with 0, 10, 50, or 100 mg kg’1 curcumin for eight weeks, followed by exposure to 0, 50, and
75 mg L~! OTC for 48 h. Hematological variables, innate immune responses, and oxidative
stress biomarkers were comprehensively evaluated. OTC exposure significantly disrupted
physiological homeostasis by reducing red blood cell (RBC) count, hemoglobin (Hb), hema-
tocrit (Ht), mean corpuscular volume (MCV), and mean corpuscular hemoglobin (MCH).
Furthermore, white blood cell (WBC) count, nitroblue tetrazolium (NBT) activity, phago-
cytic activity (PA), phagocytic index (PI), total protein (TP), immunoglobulin M (IgM),
bactericidal activity (BA), lysozyme activity (LYZ), and myeloperoxidase (MPO) activity
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were significantly decreased, indicating marked suppression of both cellular and humoral
innate immune responses. Oxidative stress was characterized by increased malondialde-
hyde (MDA) concentrations together with reduced superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), and reduced glutathione (GSH) levels, whereas
glutathione S-transferase (GST) activity increased following OTC exposure. Dietary cur-
cumin supplementation generally improved hematological and immune indices and was
associated with reduced lipid peroxidation and improved antioxidant status. However, the
magnitude and statistical pattern of these responses varied among parameters and tissues,
and significant CUR x OTC interactions were not observed for all endpoints. Overall,
dietary curcumin supplementation progressively attenuated these alterations, although
the response pattern varied among parameters. Increasing dietary curcumin supplemen-
tation generally led to greater physiological improvement, although the response varied
among endpoints. Notably, at 75 mg/L OTC, supplementation with 100 mg/kg curcumin,
compared with 0 mg/kg curcumin, increased RBC count by approximately 14.5%, Ht by
47.8%, WBC count by 32.2%, and NBT activity by 38.9%. In the liver, the same treatment
reduced MDA by approximately 14.6% and increased SOD activity and GSH levels by 48.7%
and 47.2%, respectively (p < 0.001 for all). The highest dietary curcumin level generally
produced the greatest physiological improvement. In conclusion, dietary curcumin effec-
tively mitigated OTC-induced hematological, immunological, and oxidative disturbances
in rainbow trout, highlighting its considerable potential as a functional feed additive to
improve fish health, enhance physiological resilience under antibiotic-associated stress,
and support more sustainable aquaculture practices.

Keywords: curcumin; fish; hematology; immunity; oxidative stress; oxytetracycline

1. Introduction

The rapid expansion of aquaculture has been accompanied by an increase in infectious
and stress-related diseases, especially under intensive production conditions. To maintain
fish health and productivity, a wide range of veterinary drugs and chemicals are routinely
used in aquaculture systems. These include disinfectants, antiparasitic agents, anesthetics,
and therapeutic compounds designed to prevent and control disease outbreaks [1]. The
use of these substances has become an essential part of modern aquaculture; however, their
extensive and sometimes improper application has raised concerns about environmental
contamination, residue buildup, and potential effects on aquatic ecosystems [2]. Among
these agents, antibiotics are the most commonly used therapeutic group, primarily target-
ing bacterial infections that often occur in intensive farming systems. They are usually
administered via medicated feed or immersion, depending on the disease type and farming
conditions [1,3]. Despite their effectiveness, antibiotic use in aquaculture is often influenced
by prophylactic practices, limited regulatory oversight, and inconsistent management
strategies, which can lead to overuse or misuse [4]. The widespread use of antibiotics has
raised concerns about antimicrobial resistance, environmental persistence, and unintended
physiological effects in fish. In addition to contributing to the development of resistance,
some antibiotics can induce stress responses, including changes in hematological profiles,
modulation of immune function, and disruption of oxidative balance. These effects can
compromise fish health and reduce their ability to handle additional stressors [5].

Following the widespread use of antibiotics in aquaculture, oxytetracycline (OTC) has
become one of the most commonly used broad-spectrum antimicrobial agents, especially
in intensive farming systems. It is widely applied against bacterial pathogens such as
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Aeromonas, Pseudomonas, Vibrio, and Lactococcus spp., and is administered in many econom-
ically important fish species, usually through medicated feed at doses of approximately
75-80 mg/kg of body weight for 7-10 days [6,7]. Despite its effectiveness, OTC has been
linked to several adverse effects in fish. Extended or high-dose exposure can result in hepa-
totoxicity and tissue damage, while even short-term treatments may alter hematological
parameters, induce oxidative stress, and disturb gut microbiota balance [8,9]. Additionally,
OTC is primarily excreted unchanged and can persist in aquatic environments, leading to
sediment buildup and the spread of antibiotic resistance [6,10].

Given the widespread and often intensive use of antibiotics in aquaculture, growing
evidence indicates that these agents can cause oxidative stress, disrupt immune balance,
and damage fish tissues. These unintended physiological effects not only harm fish health
but may also decrease treatment effectiveness in farming conditions. As a result, there is a
rising demand for effective strategies to reduce antibiotic-induced toxicity while maintain-
ing their therapeutic benefits. In this context, natural bioactive compounds have emerged as
promising functional feed additives because they can boost antioxidant defenses, modulate
immune responses, and enhance overall physiological resilience in aquaculture species.
Curcumin, the main bioactive compound from Curcuma longa, has been extensively studied
for its wide range of biological activities, including antioxidant, anti-inflammatory, antimi-
crobial, and immunomodulatory effects [11]. At the molecular level, curcumin protects by
regulating key signaling pathways involved in oxidative stress and inflammation, such
as activating antioxidant defenses and suppressing pro-inflammatory mediators [12]. Its
ability to neutralize reactive oxygen species and boost natural antioxidant enzymes has
been well documented, demonstrating its potential to combat oxidative damage from
environmental and chemical stressors [13]. Beyond its antioxidant effects, curcumin also
shows significant immunomodulatory and antimicrobial activity, helping improve host
defenses and disease resistance. Although it has bioavailability limitations, recent studies
highlight its safety and therapeutic potential across many biological systems [14]. Overall,
these features suggest that curcumin could be a valuable dietary supplement for reducing
drug-induced physiological issues and improving fish health.

Although the antioxidant and immunomodulatory properties of curcumin have been
extensively documented under a wide range of environmental and chemical stress condi-
tions, considerably less attention has been paid to its potential to alleviate the physiological
disturbances associated with antibiotic exposure in fish. OTC remains one of the most
widely used antibiotics in aquaculture; however, information on effective nutritional strate-
gies to mitigate its unintended adverse effects is still limited. Since OTC-induced oxidative
stress and immune dysfunction may compromise fish health and reduce the overall ef-
fectiveness of therapeutic treatments, identifying natural dietary compounds that can
minimize these undesirable side effects has become increasingly important. To the best of
our knowledge, studies specifically evaluating the protective effects of dietary curcumin
against OTC-induced hematological, immunological, and oxidative stress responses in
rainbow trout (Oncorhynchus mykiss) remain scarce. Accordingly, investigating curcumin’s
potential to counteract OTC-induced physiological disturbances may provide valuable
insights into its practical use as a functional feed additive to improve fish health and
resilience during antibiotic therapy in aquaculture.

Therefore, the present study aimed to investigate whether dietary curcumin sup-
plementation could mitigate OTC-induced physiological disturbances in rainbow trout.
To achieve this aim, hematological, immunological, and oxidative stress responses were
evaluated across multiple tissues, allowing assessment of the dose-dependent effects of
curcumin and its interaction with OTC exposure. It was hypothesized that curcumin would
attenuate OTC-induced alterations by enhancing antioxidant defenses and preserving
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immune homeostasis. The integrated evaluation of these responses across graded curcumin
and OTC levels constitutes the principal novelty of the study.

2. Materials and Methods
2.1. Ethics Statement

All experimental procedures were conducted in accordance with national and insti-
tutional guidelines for the care and use of experimental animals and were approved by
the Local Animal Ethics Committee of Firat University (FUHADYEK, Elazig, Turkiye;
2026/03-02, Date: 3 February 2026). The study protocol was reviewed and authorized prior
to the initiation of the experiment.

During the preparation of this manuscript, a generative artificial intelligence tool was
used solely for English-language editing to improve the clarity and readability of the text.
The tools were not used for research design, experimental procedures, data generation,
statistical analysis, or scientific interpretation of the results. The authors reviewed and
edited all Al-assisted text.

2.2. Chemicals

Curcumin derived from Curcuma longa (>65% purity by HPLC) was obtained from
Sigma-Aldrich (catalog No. C1386, St. Louis, MO, USA). OTC (OKSIFISH 75%; containing
oxytetracycline hydrochloride equivalent to 750 mg oxytetracycline base per g) was pur-
chased from Medicavet (Istanbul, Tiirkiye). All other chemicals and reagents used in the
biochemical analyses were of analytical grade.

2.3. Diet Preparation

The basal diet consisted of a commercial trout grower pellet (Ecobio; Cagatay Oil
and Feed Products Inc., Izmir, Tiirkiye) containing 45% crude protein, 20% crude fat, 11%
ash, 3% crude fiber, 8.5% moisture, 12.5% nitrogen-free extract, and 5124 kcal/kg gross
energy. As the basal formulation contained no Curcuma longa or other curcumin-containing
ingredients, its curcumin level was considered 0 mg/kg. Experimental diets were prepared
by thoroughly mixing the finely ground basal feed with curcumin at 0, 10, 50, or 100 mg/kg,
followed by pelleting to a diameter of 1 mm using a mechanical pellet machine, as described
by Komal et al. [15]. The pellets were air-dried at room temperature, stored at 4-5 °C,
and used throughout the 8-week feeding period. The curcumin concentrations in the
finished pelleted diets were not analytically verified after feed preparation; therefore, the
reported dietary curcumin concentrations represent nominal inclusion levels based on the
formulated amounts.

During this period, fish were fed three times daily (09:00, 13:00, and 17:00) to apparent
satiation. After each feeding, any uneaten feed was carefully removed from the tanks
to preserve water quality. Feed consumption was monitored qualitatively throughout
the experimental period; however, quantitative feed intake data were not recorded, and
therefore the exact daily curcumin intake per fish could not be calculated.

2.4. Experimental Fish and Rearing Conditions

Rainbow trout (Oncorhynchus mykiss) with an average body weight of approximately
40 g were obtained from a commercial fish farm and transferred to the Fisheries Research
Center of Firat University. Fish were acclimated for 15 days in 540 L fiberglass tanks under
controlled conditions. During acclimation, fish were fed a commercial diet and maintained
under standard aquaculture conditions.

Water quality parameters were monitored regularly throughout the experimental
period. Partial water exchange was performed daily at approximately 40-50% of the tank
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volume, while complete water renewal was carried out once per week. Water tempera-
ture was maintained at 15 £ 1 °C, dissolved oxygen levels were kept at approximately
7.2 £ 04 mg L~ !, and pH was maintained within the range of 7.4 & 0.3.

2.5. Experimental Design

The experimental design followed a completely randomized, factorial arrangement
to investigate the individual and combined effects of dietary curcumin and OTC-induced
stress in rainbow trout. After a 15-day acclimation period, a total of 360 fish (average body
weight: approximately 40 g) were randomly allocated to 36 experimental tanks (10 fish
per tank), and the tanks were subsequently randomly assigned to 12 treatment combina-
tions (n = 30). Tank positions remained fixed throughout the study, while standardized
environmental and husbandry conditions were maintained across all tanks to minimize
potential positional effects. The experiment followed a 4 x 3 factorial design consisting
of four dietary curcumin levels (0, 10, 50, and 100 mg/kg feed) and three OTC exposure
levels (0, 50, and 75 mg/L), resulting in 12 treatment combinations (Figure 1). Fish were
fed the assigned curcumin-supplemented diets for 8 weeks, after which they were exposed
to the designated OTC concentration by immersion for the final 48 h of the experiment.
Immersion exposure was selected to ensure a rapid and relatively uniform OTC challenge
while minimizing variability arising from individual feed intake. During the 48 h OTC
immersion period, no water renewal was performed, and fish were maintained continu-
ously in the same exposure water. Water temperature, dissolved oxygen, and pH were
maintained at approximately 15 £ 1 °C, 7.2 & 0.4 mg/L, and 7.4 & 0.3, respectively. The
OTC concentrations of 50 and 75 mg/L were nominal exposure concentrations based on the
amounts added to the water and were not analytically verified during the 48 h exposure
period. Ammonia concentrations were not specifically quantified during the static exposure
period. The concentrations of 50 and 75 mg/L were chosen to provide graded sublethal
exposure levels based on previously reported experimental immersion protocols in fish [16].
No mortality was observed in any experimental group throughout the study period.

Dietary Curcumin Levels OTC Exposure Levels

(mglkg feed) (mg/L)

12 Treatment Combinations (4 x 3)
oTC 0 OTC 50 OTC 75
Curcumin 0 C0 + OTCO CO0 + OTC50 CO0 + OTC75
Curcumin 10 C10 + OTCO C10 + OTC50 C10 + OTC75
Curcumin 50 C50 + OTCO C50 + OTC50 C50 + OTC75
Curcumin 100 C100 + OTCO C100 + OTC50 C100 + OTC75
v
o= Total treatments: Total tanks: ,’)?‘ Total fish:
o= 12 E 36 < 360

Figure 1. Schematic representation of the experimental design. The study followed a 4 x 3 factorial
arrangement comprising four dietary curcumin levels (0, 10, 50, and 100 mg/kg feed) and three
oxytetracycline (OTC) exposure levels (0, 50, and 75 mg/L), resulting in 12 treatment combinations
(n =30).
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This design enabled the evaluation of the main effects of curcumin supplementation
and OTC exposure, as well as their interaction effects on physiological parameters. Addi-
tionally, the graded inclusion levels of curcumin allowed assessment of linear and nonlinear
dose-related responses.

2.6. Sample Collection and Preparation

All fish were anesthetized using benzocaine solution, and blood samples were col-
lected from the caudal vein using sterile syringes. A portion of the blood was transferred
into tubes containing K3EDTA for hematological and immunological analyses. Hemato-
logical parameters included red blood cell (RBC) count, hemoglobin (Hb) concentration,
hematocrit (Ht), and erythrocyte indices: mean corpuscular volume (MCV), mean cor-
puscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC).
Immunological parameters included white blood cell (WBC) count, respiratory burst ac-
tivity of neutrophils determined by the nitroblue tetrazolium (NBT) assay, as well as
phagocytic activity (PA) and phagocytic index (PI).

The remaining blood samples were transferred into serum tubes and allowed to clot at
room temperature for approximately 30 min. Serum was then separated by centrifugation
at 5000x g for 10 min and stored at —20 °C until further analysis. Serum samples were
used to determine total protein (TP), immunoglobulin M (IgM), bactericidal activity (BA),
lysozyme activity (LYZ), and myeloperoxidase (MPO) activity.

Following blood collection, tissue samples from the liver, kidney, spleen, and gill were
carefully excised, rinsed with physiological saline (0.9% NaCl), and stored at —40 °C until
biochemical analyses were conducted within 1 month. Tissues were homogenized in ice-
cold 1.15% KCl solution at a 1:10 (w/v) ratio using a homogenizer. The homogenates were
centrifuged at 18,000x g for 30 min at 4 °C, and the resulting supernatants were used for
the determination of malondialdehyde (MDA) levels as an indicator of lipid peroxidation
and antioxidant enzyme activities, including superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-Px), and glutathione S-transferase (GST). In addition, reduced
glutathione (GSH) levels were measured as a marker of non-enzymatic antioxidant status.

2.7. Analysis of Hematological Parameters

Red blood cell (RBC) counts were determined with a hemocytometer after appro-
priate dilution with Natt and Herrick solution. Hemoglobin (Hb) concentration was
measured spectrophotometrically using Drabkin’s reagent at 540 nm by the cyanmethe-
moglobin method. Hematocrit (Ht) was determined by the microhematocrit centrifugation
method. Erythrocyte indices, including mean corpuscular volume (MCV), mean corpuscu-
lar hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC), were
calculated from the measured RBC, Hb, and Ht values using the following equations [17,18]:

MCV (um?) = (Hematocrit x 10)/RBC count

MCH (pg) = (Hemoglobin x 10)/RBC count
MCHC (%) = (Hemoglobin x 100)/Hematocrit

All hematological measurements were conducted under standardized laboratory
conditions to ensure analytical consistency and reliability.

2.8. Analysis of Immunological Parameters
2.8.1. White Blood Cell Count

WBC counts were determined simultaneously with red blood cell counts using a
hemocytometer following appropriate dilution procedures.

https://doi.org/10.3390/vetscil3090904
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2.8.2. Oxidative Radical Production

The production of reactive oxygen species by phagocytes was assessed using the NBT
reduction assay. Briefly, 0.1 mL of whole blood was mixed with an equal volume of 0.2%
NBT solution in microplate wells and incubated at room temperature for 30 min. After
incubation, 0.05 mL of the mixture was transferred into tubes containing 1.0 mL of N,
N-dimethylformamide. Following centrifugation, the absorbance of the supernatant was
measured at 620 nm [19,20].

2.8.3. Phagocytic Activity and Phagocytic Index

PA and PI were determined using heparinized blood samples. Briefly, 0.1 mL of blood
was mixed with 0.1 mL of a bacterial suspension containing approximately 1 x 10 cells
of Yersinia ruckeri in phosphate-buffered saline (PBS) and incubated for 30 min. After
incubation, a small aliquot was smeared onto glass slides, air-dried, fixed in ethanol, and
stained with Giemsa solution. A total of 100 phagocytes per slide were examined under a
microscope. PA and PI were calculated using the following equations [21]:

PA (%) = (Number of phagocytic cells containing bacteria/Total number of phagocytes) x 100

PI = (Total number of engulfed bacteria/Number of phagocytic cells)

2.8.4. Total Protein Level

Serum TP levels were determined using a modified Biuret method. Serum samples
were diluted with distilled water, followed by the addition of Biuret reagent. After incuba-
tion at room temperature in the dark, absorbance was measured at 540 nm [19].

2.8.5. Total Immunoglobulin Level

Total IgM levels were estimated based on polyethylene glycol precipitation. Total
protein concentrations were measured before and after precipitation, and the difference
between these values was considered as the IgM content [19].

2.8.6. Serum Bactericidal Activity

BA was evaluated by mixing equal volumes of serum and bacterial suspension, fol-
lowed by incubation at 25 °C for 1 h. The mixture was then diluted with sterile phosphate-
buffered saline and plated onto tryptic soy agar (TSA). After incubation, the number of
viable bacterial colonies was counted [22].

2.8.7. Lysozyme Activity

LYZ activity was determined using a turbidimetric assay based on the lysis of Mi-
crococcus lysodeikticus. Serum samples were added to a bacterial suspension prepared in
sodium phosphate buffer, and the decrease in absorbance was monitored at 450 nm. One
unit of lysozyme activity was defined as a decrease in absorbance of 0.001 per minute [23].

2.8.8. Myeloperoxidase Activity

MPO activity was measured using a colorimetric method. Serum samples were diluted
with Hank’s balanced salt solution, followed by the addition of tetramethylbenzidine
(TMB) and hydrogen peroxide. The reaction was stopped by adding sulphuric acid, and
absorbance was read at 450 nm [24,25].

https://doi.org/10.3390/vetscil3090904


https://doi.org/10.3390/vetsci13090904

Vet. Sci. 2026, 13, 904

8 of 28

2.9. Analyses of Oxidative Stress and Antioxidant Capacity
2.9.1. Tissue Malondialdehyde Level

Lipid peroxidation in tissue samples was evaluated by determining MDA levels using
the thiobarbituric acid reactive substances (TBARS) method [26]. Tissue homogenates were
reacted with thiobarbituric acid under acidic conditions and high temperature to form a
colored complex. The absorbance of this complex was measured spectrophotometrically,
and MDA concentrations were calculated using a standard curve prepared with 1,1,3,3-
tetramethoxypropane.

2.9.2. Tissue Superoxide Dismutase Activity

SOD activity was determined based on its ability to inhibit the reduction of NBT
by superoxide radicals generated in a xanthine—xanthine oxidase system. The reaction
mixture containing xanthine, EDTA, bovine serum albumin, and NBT was combined with
the sample, and the reaction was initiated by adding xanthine oxidase. After incubation at
25 °C, the reaction was terminated, and absorbance was measured at 560 nm [27].

2.9.3. Tissue Catalase Activity

CAT activity was measured by monitoring the decomposition rate of hydrogen per-
oxide (H2O;). The reaction mixture consisted of phosphate buffer and H,O;, to which
the tissue sample was added. The decrease in absorbance at 240 nm was recorded over
time, and enzyme activity was expressed as the rate constant of H,O, degradation per mg
protein [28].

2.9.4. Tissue Glutathione Peroxidase Activity

GSH-Px activity was determined by measuring the rate of NADPH oxidation at
340 nm [29]. The assay system included phosphate buffer, EDTA, sodium azide, GSH,
NADPH, glutathione reductase, and hydrogen peroxide. The decrease in absorbance was
monitored spectrophotometrically, and enzyme activity was expressed in terms of NADPH
consumption per unit time.

2.9.5. Tissue Glutathione S-Transferase Activity

GST activity was measured spectrophotometrically based on the conjugation of re-
duced glutathione with a suitable substrate such as 1-chloro-2,4-dinitrobenzene. The
increase in absorbance was recorded at 340 nm, and enzyme activity was expressed per mg
protein [30].

2.9.6. Reduced Glutathione Level

GSH levels in tissue samples were determined using a colorimetric method based on
its reaction with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB). The resulting yellow-colored
product was measured spectrophotometrically, and GSH concentrations were calculated
using a standard curve [31].

2.9.7. Tissue Protein Content

Total protein levels in tissue homogenates were determined using the Lowry method,
with bovine serum albumin used as the standard for calibration [32].

2.10. Statistical Analysis

The experiment was designed as a completely randomized factorial arrangement
including four dietary levels of curcumin (0, 10, 50, and 100 mg/kg feed) and three levels
of OTC exposure (0, 50, and 75 mg/L).
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All data were expressed as mean and standard deviation. Normality of the data distri-
bution and homogeneity of variances were assessed using the Shapiro-Wilk and Levene’s
tests, respectively, and both assumptions were confirmed for the analyzed endpoints.

To determine the main effects of dietary curcumin and OTC exposure, as well as their
interaction, a two-way analysis of variance (Two-way ANOVA) was performed using the
General Linear Model (GLM) procedure. When significant effects were detected, Tukey’s
multiple-comparison test was used for pairwise comparisons, thereby controlling the
family-wise error rate within each endpoint. No additional global FDR correction was
applied across the predefined biologically distinct endpoints.

Polynomial contrast analysis was performed to evaluate linear, quadratic, and cubic
trends in response to increasing dietary curcumin supplementation at each OTC treat-
ment level.

The statistical model was as follows:

Yijk =U+ CURZ + OTC] + (CUR X OTC)Z] + Eijks

where Y is the observed response variable, y is the overall mean, CUR is the fixed ef-
fect of dietary curcumin supplementation, OTC is the fixed effect of OTC treatment,
(CUR x OTC) is the interaction between the two fixed factors, and ¢ is the residual error.

All statistical analyses were performed using IBM SPSS Statistics for Windows, Version
22.0 (IBM Corp., Armonk, NY, USA), and graphs were generated using GraphPad Prism
version 11.0 (GraphPad Software, San Diego, CA, USA). Differences were considered
statistically significant at p < 0.05.

3. Results
3.1. Hematological Responses

OTC treatment markedly altered all hematological variables evaluated in the present
study (Table 1). RBC count, Hb concentration, Ht, MCV, and MCH declined progressively
with increasing OTC concentration, and the lowest mean values for these variables were
consistently recorded in fish exposed to 75 mg/L OTC (main effect, p < 0.001). MCHC also
differed significantly among OTC treatments, although the magnitude of change was less
pronounced than for the other erythrocyte indices.

Among fish receiving no OTC, dietary curcumin supplementation produced a clear
dose-related response in erythrocyte profiles (Table 1). RBC, Ht, MCV, and MCH increased
progressively with increasing dietary curcumin levels, with the highest values generally
observed in fish fed 100 mg/kg curcumin. RBC count plateaued at 50 and 100 mg/kg,
whereas MCHC showed only slight fluctuations despite statistically significant differences
among dietary treatments. Hb concentration also increased with dietary curcumin sup-
plementation, although differences among the four dietary groups were less distinct than
those observed for the remaining erythrocyte-related variables.

When all experimental groups were considered collectively, dietary curcumin supple-
mentation exerted a significant main effect on all hematological variables (Table 1). Overall,
increasing dietary curcumin inclusion levels were associated with higher RBC, Hb, Ht,
MCV, and MCH values (p < 0.001), whereas the response of MCHC was comparatively
less pronounced.
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Table 1. Effects of dietary curcumin supplementation against oxytetracycline-induced hematological
alterations in rainbow trout.

RBC Hb Ht MCV MCH MCHC
OTC 0 mg/L 1.67 4 0.08 ¥ 7.80 £ 0.63 % 36.83 +3.01* 219.73 4+ 7.47 % 46.56 & 1.65 > 21.19 4 0.46
OTC 50 mg/L 1.50 + 0.09 Y 5.96 + 0.57Y 27.234+2.80Y 180.55 + 8.87Y 39.55 + 1.67Y 21.92 40417
OTC 75 mg/L 1.40 + 0.08 5.15 + 0.59 # 25.00 4 3.97 177.68 & 19.02 36.65 4 2.30 20.74 +1.19%
CUR 0 mg/kg 1414+0.10P 551 £1.12P 25.28 £5.25P 177.75 4 23.43 P 38.78 +-4.96 P 21.83 049 4
CUR 10 mg/kg 1514+ 0.13¢ 6.11+1.13€ 28.39 + 6.06 € 186.13 +23.64 € 40.14 £3.99 € 21.64 +0.74 4
CUR 50 mg/kg 1.57 £0.13 B 6.61+£120° 31.60 4+ 4.96 B 200.20 + 16.62 B 4178 +-4.248 20.86 +0.85B
CUR 100 mg/kg 1.61 £0.114 6.98 +1.154 3348 +4.854 206.54 + 16.55 4 42,99 +4.13 4 20.81 +1.01B
CUR 0 1.55 +0.02 ¢ 6.98 +0.21 3232+ 04549 209.23 +1.18 ¢ 4515+ 0.82° 21.58 + 0.38 9
CUR 10 1.67 £ 0.03° 7.56 £ 0.25 36.43 £0.70 218.03 + 1.91°¢ 45254 091° 20.75 4+ 0.30 f
OTC0 CUR 50 1.72 £0.022 8.19 +£0.21 38.38 + 0.68° 222,62 +£191° 47.52 +£0.702 21.34 +0.319¢
CUR 100 1.75 +0.02 2 8.48 +0.29 40.18 +0.622 229.05 4 1.33 2 48.35 4 1.082 21.11 4 0.40 &f
CURO 1.38 +0.02 8 5.18 +0.18 23.26 + 0.56 1 169.02 + 1.63 1 37.65+ 0.77 f 2228 40302
CUR 10 1.49 +0.02 ¢ 5.84 +0.21 2638 +0.62 1 176.58 = 1.93 1 39.06 + 0.84 d¢ 2212 4+ 0.32 20
OTC 50 CUR 50 1.56 +0.02 °d 6.22 +£0.19 28.93 4+ 0.74f 184.92 + 2.66 & 39.73 4+ 0.68 4 21.49 4 0.24 de
CUR 100 1.58 +0.02 6.62 + 0.20 30.36 + 0.61° 191.67 £ 1.81f 41.76 +0.80 ¢ 21.79 4+ 0.26 2bed
CUR 0 1.31+0.02" 438 +£0.20 20.25 4 0.617 155.01 +2.18 ¥ 3353 4+ 1.06 M 21.63 + 0.46 Ped
CUR 10 1.36 +£0.028 493 +0.23 223440611 163.77 £ 2.471 36.10 + 1.16 8 22.04 + 0.50 &P<
OTC75 CUR 50 1.42 40.02f 5.43 £ 0.20 27.49 4 0.64 8 193.06 +2.12 f 38.11 4 0.90 o 19.74 +£0.308
CUR 100 1.50 +0.02 ¢ 5.85 + 0.21 29.92 £ 0.65 ¢ 198.89 & 1.93 ¢ 38.86 + 0.86 def 19.54 +0.33 8
p values
OTC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CUR <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC x CUR <0.001 0.609 <0.001 <0.001 <0.001 <0.001
effiglzor Contrast:
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
O?ng;L Quadratic <0.001 0.059 <0.001 0.026 0.203 0.011
Cubic 0.950 0.264 0.028 0.012 0.007 <0.001
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
SO?E};L Quadratic <0.001 0.046 <0.001 0.591 0.214 0.014
Cubic 0.144 0.283 0.567 0.420 0.063 0.001
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
75(3nTgC/L Quadratic 0.126 0.350 0.413 0.410 0.007 0.023
Cubic 0.570 0.892 <0.001 <0.001 0.629 <0.001

RBC: Red blood cell (x10°); Hb: Hemoglobin (g/dL); Ht: Hematocrit (%); MCV: Mean corpuscular
volume (um?); MCH: Mean corpuscular hemoglobin (pg); MCHC: Mean corpuscular hemoglobin
concentration (%). Data are presented as mean and standard deviation (1 = 30 fish per treatment
combination). *¥* Differences between means indicated by different letters in the same column
are statistically significant for the OTC main effect (p < 0.05). ~BCP Differences between means
indicated by different capital letters in the same column are statistically significant for CUR main effect
(p < 0.05). ¥bedefghiik Differences between means indicated by different letters in the same column
are statistically significant for OTC x CUR interactions (p < 0.05).

Interaction analysis identified significant CUR x OTC effects for RBC, Ht, MCV, MCH,
and MCHC, whereas no interaction effect was detected for Hb (p = 0.609) (Table 1). Within
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both OTC-treated groups, increasing dietary curcumin levels were generally associated
with higher RBC, Hb, Ht, MCV, and MCH values. However, the CUR x OTC interaction
was significant for RBC, Ht, MCV, MCH, and MCHC, but not for Hb. Fish receiving
100 mg/kg dietary curcumin generally exhibited the highest hematological values under
OTC exposure, whereas the lowest values were consistently observed in fish exposed to
75 mg/L OTC without dietary curcumin supplementation. Polynomial contrast analysis
further demonstrated predominantly linear dose-related responses to dietary curcumin
across OTC treatments, whereas significant quadratic and cubic trends were restricted to
selected hematological variables (Table 1).

3.2. Immune Responses

OTC treatment significantly affected all evaluated immune parameters (Tables 2 and 3).
WBC count, NBT activity, PA, PI, and TP decreased progressively as OTC concentration
increased. The lowest mean values for WBC, NBT, PA, and TP were consistently observed
in fish exposed to 75 mg/L OTC, whereas PI remained similarly reduced across both
OTC-treated groups (main effect: p < 0.001 for all variables).

Table 2. Effects of dietary curcumin supplementation against oxytetracycline-induced alterations on
white blood cell counts, nitroblue tetrazolium assay, phagocytic activity, phagocytic index, and total
protein level of rainbow trout.

WBC NBT PA PI TP
OTC 0 mg/L 40.94 £3.44%  1.384+0.14% 137 +0.18%  3.734+034% 3098 £5.13%

OTC 50 mg/L 3213 4+271Y  0974+0.08Y  1.00+£0.17Y  3.174+033Y 2253 +£4.54Y
OTC 75 mg/L 294143107 085+0.11% 089+0.17?  3.044+028Y 20.01+3.547
CUR 0 mg/kg 29.99 £+480° 092+020° 089+025P 3.094+044¢ 19.76 £ 4.63P
CUR 10 mg/kg 3285 +4.76¢ 1.04+023¢ 1.03+021¢ 3264+037BC 2252+486C
CUR 50 mg/kg 35.88 +£5.408 1.12+026%  1.17+024B 344 +0394F 2691 +641°
CUR 100 mg/kg 3793 £5.164 1.19+0244 127 +0234 34740454 2884 +5684

CUR 0 3636 £ 0464 1.19+0.02 4 121 £0.13 3.56 + 0.34 25.78 £+ 1.92

CUR 10 39.22 £041°¢  1.344+0.02°¢ 1.28 £0.12 3.60 4+ 0.37 28.19 + 3.40

OTC0 CUR 50 43234+ 046" 148 +0.02° 1.45 +0.15 3.85 + 0.24 34.62 4+ 3.52
CUR 100 4496 +£0412  1.5340.022 1.56 + 0.09 3.93 +£0.29 35.31 + 3.50

CURO 28.444+045"  0.86+0.02" 0.78 4 0.06 2.87 +0.27 17.06 + 1.54

CUR 10 31154+ 0468 0.974+0.028  0.97 £ 0.08 3.12 +£0.23 20.77 4 2.25

OTC 50 CUR 50 3339 +047F  1.02+0.02f 1.12 £0.11 3.30 +0.28 25.21 + 241

CUR 100 35.54 +0.39¢  1.06 +0.02 ¢ 1.15 £ 0.1 3.39 +0.30 27.09 + 2.89

CUR 0 2517 £ 0451 0.72 4 0.021 0.69 £ 0.07 2.83 +0.28 16.43 4 1.49

CUR 10 28.18 4+ 033" 0.81+£0.021 0.84 4 0.09 3.05 £ 0.25 18.61 + 1.80

OTC7S CUR 50 31.03+0468 0.874+0.02"  0.95=+0.09 3.18 +0.27 20.90 +2.17

CUR 100 33274+034f 1.00+£0.02%8  1.09+0.10 3.08 £ 0.25 24.10 + 2.89
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Table 2. Cont.
WBC NBT PA P1 TP
p values
OTC <0.001 <0.001 <0.001 <0.001 <0.001
CUR <0.001 <0.001 <0.001 <0.001 <0.001
OTC x CUR <0.001 <0.001 0.262 0.591 0.109
CUR effect for Contrast
Linear <0.001 <0.001 <0.001 0.004 <0.001
ogéC/L Quadratic <0.001 <0.001 0.576 0.873 0.394
Cubic <0.001 0.013 0.365 0.380 0.035
Linear <0.001 <0.001 <0.001 <0.001 <0.001
OTC Quadratic 0.056 <0.001 0.006 0374 0223
50 mg/L
Cubic 0.541 0.129 0.613 0.949 0.325
Linear <0.001 <0.001 <0.001 0.023 <0.001
OTC Quadratic 0.005 0.008 0.971 0.061 0.454
75mg/L
Cubic 0.437 0.004 0.491 0.685 0.796
WBC: White blood cell counts (x103); NBT: Nitroblue tetrazolium assay (mg/mL); PA: Phagocytic
activity (%); PI: Phagocytic index; TP: Total protein level (mg/mL). Data are presented as mean
and standard deviation (n = 30 fish per treatment combination). *¥?* Differences between means
indicated by different letters in the same column are statistically significant for the OTC main effect
(p < 0.05). ABLED Differences between means indicated by different capital letters in the same
column are statistically significant for CUR main effect (p < 0.05). 2#Pcdefghij Differences between
means indicated by different letters in the same column are statistically significant for OTC x CUR
interactions (p < 0.05).
Table 3. Effects of dietary curcumin supplementation against oxytetracycline-induced alterations on
total immunoglobulin M level, serum bactericidal activity, lysozyme activity, and myeloperoxidase
activity of rainbow trout.
IgM BA LYZ MPO
OTCO0mg/L 18.32 £ 3.29 % 58.39 £ 8.45* 1571 £ 19.74% 097 £0.16
OTC 50 mg/L 1228 £1.927 40.62 £5.327Y 109.27 £ 15.377Y 0.63 £0.127Y
OTC75mg/L 11.34 £1.78% 3758 £5217 94.72 +13.93 % 0.57 £0.12~
CUR 0 mg/kg 11.16 +2.27P 3852 +7.61° 10003 4+24.01 P 0.57 +0.18 P
CUR 10 mg/kg 13.39 +£3.23€ 4344 4+938C 11641 +29.35€ 0.67 +£0.17 ¢
CUR 50 mg/kg 14.63 +£3.66 B 4799 411458 129.08 +-30.58 B 0.80 £0.20B
CUR 100 mg/kg 16.75 + 4.17 A 5217 +11.62 4 135.93 +29.92 4 0.85 +0.20 4
CURO 14.09 +1.144 4792 £3.73¢ 130.29 £9.27 ¢ 0.80 = 0.10
CUR 10 1756 £1.29 ¢ 55.87 +3.20 P 156.06 + 7.02 P 0.89 = 0.08
OTCO0
CUR 50 19.40 4+ 1.44 " 62.76 £4.612 167.87 4+ 11.17 &P 1.06 = 0.09
CUR 100 2226 £1.652 67.02 £5.612 17418 £13.28 2 112 £0.10
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Table 3. Cont.
IgM BA LYZ MPO
CURO 9.89 + 0.80 8" 35.73 & 3.42 &t 93.95 + 6.02 f 0.48 & 0.05
CUR 10 12.02 4+ 1.17 f 38.31 +2.99 de 98.92 + 8.77 &t 0.59 + 0.07
OTC30 CUR 50 13.06 = 1.049¢ 4236 +4.34%9  120.17 £ 8.42 4 0.70 4 0.06
CUR 100 14.16 £1.394 46.08 +3.80 © 124.03 +9.25 ¢ 0.75 + 0.06
CURO 9.49 4+ 0461 31.92 + 2431 75.85 + 5.20 8 0.42 + 0.04
CUR 10 10.59 + 0.72 80 36.14 + 2.08 &t 94.26 + 4.09 f 0.54 + 0.05
OTC7 CUR 50 1144 £ 08678  38.85+3.489¢  99.20 4 8.08 & 0.64 + 0.06
CUR 100 13.854+0.914 4343 +421°4  109.58 4 8.22 de 0.70 4 0.06
p values
OTC <0.001 <0.001 <0.001 <0.001
CUR <0.001 <0.001 <0.001 <0.001
OTC x CUR <0.001 0.003 0.002 0.610
CUR effect for Contrast
Linear <0.001 <0.001 <0.001 <0.001
o?nTgC/L Quadratic 0.493 0.190 0.006 0.534
Cubic 0.186 0.802 0.570 0.129
Linear <0.001 <0.001 <0.001 <0.001
5 OCI):; L Quadratic 0.154 0.629 0.831 0.088
Cubic 0.483 0.730 0.006 0.586
Linear <0.001 <0.001 <0.001 <0.001
752{; L Quadratic 0.010 0.858 0.064 0.104
Cubic 0.100 0.456 0.052 0.736

IgM: Total immunoglobulin M level (mg/mL); BA: Serum bactericidal activity (% cfu/control); LYZ:
Lysozyme activity (U/mL); MPO: Myeloperoxidase activity (Optical density). Data are presented
as mean and standard deviation (1 = 30 fish per treatment combination). *¥* Differences between
means indicated by different letters in the same column are statistically significant for OTC main
effect (p < 0.05). ABCD Differences between means indicated by different capital letters in the same
column are statistically significant for CUR main effect (p < 0.05). *P<de£8h Differences between
means indicated by different letters in the same column are statistically significant for OTC x CUR
interactions (p < 0.05).

Among fish receiving no OTC treatment, dietary curcumin supplementation produced
a distinct graded response in immune parameters (Tables 2 and 3). WBC count, NBT activity,
PA, P1, and TP increased progressively with increasing dietary curcumin levels, with the
highest values generally observed in fish fed 100 mg/kg curcumin. The response was more
pronounced for WBC count, NBT activity, and TP, whereas PI exhibited comparatively
smaller changes among dietary treatments.

When all experimental groups were evaluated collectively, dietary curcumin supple-
mentation exerted a significant main effect on all immune parameters (Tables 2 and 3).
Overall, increasing dietary curcumin inclusion levels were associated with higher WBC
count, NBT activity, PA, PI, and TP values (p < 0.001 for all variables).

Interaction analysis identified significant CUR x OTC effects for WBC count and NBT
activity, whereas no interaction was detected for PA, PI, or TP (Tables 2 and 3). Within
both OTC-treated groups, increasing dietary curcumin levels were generally associated
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with higher immune parameter values. However, significant CUR x OTC interactions
were detected only for selected endpoints, including WBC and NBT, whereas PA, PI, and
TP showed significant curcumin main effects without significant interaction. Polynomial
contrast analysis further demonstrated predominantly linear dose-related responses to
dietary curcumin across OTC treatments, while significant quadratic and cubic trends were
observed only for selected immune parameters.

3.3. Oxidative Stress and Antioxidant Capacity
3.3.1. Tissue MDA Levels

OTC treatment significantly influenced MDA concentrations in all examined tissues,
including the liver, kidney, spleen, and gills (Tables 4-7). A progressive increase in tissue
MDA levels was observed with increasing OTC concentration, and the highest values
were consistently detected in fish exposed to 75 mg/L OTC (main effect, p < 0.001 for
all tissues).

Table 4. Effects of dietary curcumin supplementation against oxytetracycline-induced oxidative stress
and antioxidant alterations in the liver of rainbow trout.

Liver MDA SOD CAT GSH-Px GST GSH
OTC 0 mg/L 4.33 +0.517 357 £040%  4.02+£052% 337 +043% 143994+ 11.26%  61.71 £ 7.67%
OTC 50 mg/L 5594+ 0.69Y  270+£042Y  277+040Y 256+032Y 16408 +17.74Y  40.33 +7.06Y
OTC 75 mg/L 6.42 + 0.61% 242+045%  269+039Y 22540327 17895+21.37% 3843 +6.16Y
CUR 0 mg/kg 6.05+0954  244+059¢ 273+067P 233+046C 17576 £28474 3873 +10.79P
CUR 10 mg/kg 552 +1.08 B 281 +065%  306+059¢ 271+0598  166.51+22778 4593 +13.10C
CUR 50 mg/kg 523+1018¢ 308+0524 331+075B 29240614 15717 +1456¢ 49.60 +11.10B
CUR 100 mg/kg 500£091€¢  325+0524 35440764 29440524 14993+ 11.18P  53.04 4+ 11414
CURO 491 +0.50 319+031b¢ 3584035 2.85+0.33 140.32 +9.48¢ 53.02 + 3.78
CUR 10 4.27 +0.26 3.60 £0342> 377 +0.28 342 +£025  139.97 £11.23°¢ 62.93 + 7.30
OTC0 ™ Ur 50 4.14 + 045 3.67 £ 0.262 4.27 +0.39 3.68 £ 031  146.11 +£10.58°¢ 63.72 + 5.25
CUR100  4.00 4+ 0.26 3.80 +0.432 4.47 +0.47 354+033 14957 +1221°¢ 67.19 + 6.02
CUR 0 6.36 + 0.51 215+0.188 2.30 +0.26 2214024 185554+ 11702 32,67 +3.61
CUR 10 5.66 + 0.46 2.644+0209¢ 279 +£0.29 2.58 +0.28 171.10 £ 9.22° 36.75 £ 2.76
OTE20 CUR 50 522+048 298+ 0.28%de 288 +0.25 2.70 £ 0.25 154.33 £ 6.07 44.88 £ 3.59
CUR100 5134053 30240294 310+ 0.32 2.74 +0.25 145.35 + 6.52 47.01 4 5.49
CUR 0 6.87 +0.29 1.97 +0.188 2.31+0.25 1944021 20141 +12292 30.51 £ 2.27
CUR 10 6.63 + 0.62 218402218 2614029 2154025  188.47 +10.882 38.12 £ 3.15
OTC75 CUR 50 6.33 + 0.42 259 +026%F  2.80+0.31 2394019 17107 +£13.23P  40.20 £3.52
CUR100  587+£059 293+032%¢  303+0.31 253 £026  154.87 £1267°¢ 44.91 +4.15
p values
OTC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CUR <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC x CUR 0.324 0.033 0.394 0.160 <0.001 0.181
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Table 4. Cont.
Liver MDA SOD CAT GSH-Px GST GSH
CUR ef-
fect for Contrast
Linear <0.001 <0.001 <0.001 <0.001 0.035 <0.001
oTC Quadratic 0.048 0.180 0.947 <0.001 0.586 0.084
0Omg/L
Cubic 0.324 0.411 0.271 0.834 0.556 0.155
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC :
. . . 0.049 0.326 0.445
50 mg/L Quadratic 0.060 0.005 0.146
Cubic 0.881 0.681 0.168 0.629 0.416 0.083
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC .
75 mg/LL Quadratic 0.506 0.395 0.724 0.691 0.678 0.177
Cubic 0.881 0.445 0.699 0.686 0.747 0.093
MDA: Malondialdehyde (nmol/mg protein); SOD: Superoxide dismutase (U/mg protein); CAT:
Catalase (k/mg protein); GSH-Px: Glutathione peroxidase (U/mg protein); GST: Glutathione S-
transferase (U/mg protein); GSH: Reduced glutathione (umol/mg protein). Data are presented as
mean and standard deviation (n = 30 fish per treatment combination). *¥* Differences between means
indicated by different letters in the same column are statistically significant for the OTC main effect
(p < 0.05). ABED Differences between means indicated by different capital letters in the same
column are statistically significant for CUR main effect (p < 0.05). abedets Differences between
means indicated by different letters in the same column are statistically significant for OTC x CUR
interactions (p < 0.05).
Table 5. Effects of dietary curcumin supplementation against oxytetracycline-induced oxidative stress
and antioxidant alterations in the kidney of rainbow trout.
Kidney MDA SOD CAT GSH-Px GST GSH
OTC 0 mg/L 3.12 £ 0.68 * 332+£0.51% 323+£0.40% 3.42 +0.59 % 123.10 £ 11.38 * 55.33 +7.88 %
OTC 50 mg/L 5.09 £ 0.65Y 250 £0.40Y 244 £0.30Y 229 £0.327Y 162.59 + 16.53 Y 37.04 £5.63Y
OTC 75 mg/L 5.67 £0.83 % 218 +0.37% 216 +0.34% 2.09 +£0.31% 176.81 £ 22.67 % 33.27 £ 6.07 %
CUR 0 mg/kg 5454+ 1174 216+046€ 221+050C 220+054P 17350433504 35464 10.32P
CUR 10 mg/kg 484+1288 25340488  260+044B  241+046C 15858 £26.18B  38.90 £ 9.86 ¢
CUR 50 mg/kg 432+112¢ 29340654 27740544  277+079B 14323 +1957C 4381 +10.75B
CUR 100 mg/kg 389+117P 304+0574 28640594  3.03+£0774 14136 4+21.88C 49344 11284
CURO 4.08 £0.26 2.74 +0.22 2.81 £0.22 2904 0.21° 132.50 £ 9.65 € 48.98 +4.61
CUR 10 3.21 £0.31 3.09 £0.21 3.14 £0.26 296 +£0.30° 125.82 + 10.97 ¢f 51.47 £4.95
OTCO
CUR 50 2.83 £0.26 3.72 £ 0.38 3.42 +0.26 3.82+0372 120.06 + 9.07 &f 57.24 + 6.00
CUR 100 237 £0.24 3.72 £ 0.34 3.57 £ 0.36 4.03+0.352 114.03 + 7.58 63.63 + 6.71
CURO 5.65 £+ 0.49 2.00 £0.15 215+ 0.21 1.95 4+ 0.18 & 180.63 + 13.84 P 30.52 £ 2.60
CUR 10 539 +0.42 2.45+0.20 2.40 £0.19 22440.189¢  167.89 +10.04 b< 34.73 + 3.08
OTC 50
CUR 50 496 £ 0.42 2.68 £0.29 263+023  2314019%% 150,04 +10.00 4 39.77 £ 3.24
CUR 100 4.36 £ 0.40 2.87 £ 0.25 2.59 £0.30 2.65 4 0.24 be 151.82 +9.77 4 43.13 £2.82
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Table 5. Cont.
Kidney MDA SOD CAT GSH-Px GST GSH
CURO 6.63 £ 0.61 1.76 £ 0.20 1.69 £0.15 1.74 40171 207.36 £11.542 26.87 £ 1.76
CUR 10 5.91 + 0.69 2.04+0.18 2.26 £0.15 2.03 +0.21 & 182.04 +£9.30° 30.52 +2.49
OTC75
CUR 50 5.18 + 0.31 2.394+0.24 227 4+0.21 2204 0.189¢  159.6 +10.32 4 34.42 £+ 3.05
CUR 100 495+ 0.37 253 +£0.21 243 +0.27 241+023°4 15824 +11.03 4 41.27 +3.84
p values
OTC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CUR <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC x CUR 0.096 0.144 0.130 <0.001 <0.001 0.764
CUR
effect for Contrast
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC Quadratic 0.022 0.063 0.303 0.458 0.914 0.280
0mg/L
Cubic 0.160 0.037 0.855 0.002 0.929 0.739
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC .
50 mg/LL Quadratic 0.221 0.081 0.057 0.659 0.045 0.648
Cubic 0.966 0.536 0.448 0.091 0.122 0.551
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC .
75 mg/L Quadratic 0.139 0.289 0.002 0.546 0.001 0.088
Cubic 0.496 0.404 0.017 0.572 0.232 0.516
MDA: Malondialdehyde (nmol/mg protein); SOD: Superoxide dismutase (U/mg protein); CAT:
Catalase (k/mg protein); GSH-Px: Glutathione peroxidase (U/mg protein); GST: Glutathione S-
transferase (U/mg protein); GSH: Reduced glutathione (umol/mg protein). Data are presented as
mean and standard deviation (n = 30 fish per treatment combination). *¥* Differences between means
indicated by different letters in the same column are statistically significant for the OTC main effect
(p < 0.05). ABCD Differences between means indicated by different capital letters in the same column
are statistically significant for CUR main effect (p < 0.05). *P<4ef Differences between means indicated
by different letters in the same column are statistically significant for OTC x CUR interactions (p < 0.05).
Table 6. Effects of dietary curcumin supplementation against oxytetracycline-induced oxidative stress
and antioxidant alterations in the spleen of rainbow trout.

Spleen MDA SOD CAT GSH-Px GST GSH
OTCOmg/L 247 +035% 289+£033* 2914+031% 2.78 £0.30 % 120.08 £12.14*  47.49 £5.65%
OTC 50 mg/L 3.074+£023Y 239+£026Y  2354+029Y 2.37+023Y 15092 £15.93Y 3294 £4.787Y
OTC75mg/L 324+037* 225+£0.267 218+0.26 7 222+024% 167.58 £ 18.55*  27.44 £5.85%
CUR 0 mg/kg 32140404 2284034C¢ 2224038¢ 228+036C  164.74+26514  30.96 +9.69 P

CUR 10 mg/kg 300+0418 245+0348  2424039F 244+034BC 14742423058  3341+883C
CUR 50 mg/kg 279 +044C  255+0428 266+ 0424 248 +032AB 13888 +1890C 37.45+10.18B
CUR 100 mg/kg 2714+044C 27540344 26240384 26240304 133.74 £20.99C  42.00 £ 8254
CURO 2.85+0.33 2.62 +0.32 2.66 +0.16 2.66 + 0.27 132.09 4 9.64 43.25 +4.29
CUR 10 2.524+0.19 2.81+0.26 2.88 +0.29 2.79+0.31 121.70 + 8.58 4446 +294
T
o1co CUR 50 2.33+0.22 3.00 £+ 0.26 3.14 +0.27 2.81 +£0.32 116.59 + 8.84 50.02 £ 5.18
CUR 100 2.18 £ 0.22 3.114+0.28 2.96 +0.33 2.85 4+ 0.30 109.92 £ 10.15 52.24 £ 4.68
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Table 6. Cont.
Spleen MDA SOD CAT GSH-Px GST GSH
CURO 3.25+0.21 218 +£0.14 214 +£0.24 221 £0.18 171.73 £ 9.83 27.87 £2.81
CUR 10 3.16 + 0.16 2.31 £0.26 2.20 + 0.15 2.32+0.18 149.65 £ 9.95 31.21 £2.97
OTC 50 CUR 50 2.87 £0.19 2.46 £ 0.26 2.50 +0.26 235+ 0.18 144.86 £ 6.77 34.57 + 3.08
CUR 100 2.98 £0.18 2.60 £ 0.18 2.55+0.27 2.60 £ 0.21 137.44 + 11.55 38.10 £2.91
CURO 3.54 +0.31 2.03 +0.21 1.86 +0.15 199 £0.21 190.39 + 10.27 21.77 £1.95
CUR 10 3.30 £ 0.30 223+0.17 218 +0.17 221+£0.19 170.90 £+ 13.62 24.56 +2.29
ore7 CUR 50 3.17 £0.35 219+£0.21 233+£0.14 229 £0.15 155.19 + 11.82 27.77 £2.88
CUR 100 2.96 £0.30 2.53 £0.20 2.33 +0.22 241 +£0.22 153.84 +9.44 35.66 + 3.28
p values
OTC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CUR <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC x CUR 0.234 0.605 0.336 0.546 0.066 0.131
CUR
effect for Contrast
Linear <0.001 <0.001 0.004 0.180 <0.001 <0.001
oTC Quadratic 0.259 0.634 0.024 0.633 0.531 0.717
0Omg/L
Cubic 0.797 0.812 0.199 0.820 0.608 0.220
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC .
. . 0.957 0.262 0.022 0.919
50 mg/L Quadratic 0.106 0.925
Cubic 0.030 0.951 0.143 0.233 0.154 0.970
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC .
75 mg/LL Quadratic 0.890 0.259 0.006 0.363 0.016 0.004
Cubic 0.697 0.027 0.906 0.540 0.515 0.264
MDA: Malondialdehyde (nmol/mg protein); SOD: Superoxide dismutase (U/mg protein); CAT:
Catalase (k/mg protein); GSH-Px: Glutathione peroxidase (U/mg protein); GST: Glutathione S-
transferase (U/mg protein); GSH: Reduced glutathione (umol/mg protein). Data are presented as
mean and standard deviation (1 = 30 fish per treatment combination). *¥ Differences between means
indicated by different letters in the same column are statistically significant for the OTC main effect
(p < 0.05). ABLCD Differences between means indicated by different capital letters in the same column
are statistically significant for CUR main effect (p < 0.05).
Table 7. Effects of dietary curcumin supplementation against oxytetracycline-induced oxidative stress
and antioxidant alterations in the gill of rainbow trout.
Gill MDA SOD CAT GSH-Px GST GSH
OTC 0 mg/L 252+0.26% 278 £0.36 % 2.03+0.23* 263+034* 111.30£745% 2391 +4.61%
OTC 50 mg/L 311+£041Y 221 £0.25Y 153 +021Y 2.04+£027Y 14619 +£17.327Y 14.44 +2437Y
OTC 75 mg/L 334 +046% 210 £0.30Y 1.39+0.18% 1.87+025% 157.24 +23.82*% 1217 +£2.39%
CUR 0 mg/kg 337 +£0.614 2.16 +0.36 ¢ 147 +030¢ 19240338 15555 +31.944  13.20 +4.38P
CUR 10 mg/kg 3.05+0.46 8 226+028¢  159+032% 20440388 13553+21.038 1542 +4.75C
CUR 50 mg/kg 2.80 +£0.39¢ 24340518  175+0354 23240424 139.09+24618  18.60+5958
CUR 100 mg/kg 2.73+0.33C 2600394 17940314 24440414 122794+1392C 2013 +6.63 4
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Table 7. Cont.
Gill MDA SOD CAT GSH-Px GST GSH
CURO  265+022%%e 2554 027b 1.854+0.15 228+021 11571 +8178f  18844191°¢
CUR10 2574029¢%%  254+0.15P 198 +021 2514020 110.61 +5.67f  21.60 £1.93P
orco CURS50 24540249 3.04 £0.332 2164022  2.80+0.28 11205+ 6.60f 2637 £2.652
CUR100  2.40+022¢ 2.97 £0.352 2134020 2924028 106.81 £ 7.29f  28.84 +3.122
CURO 3.63+0382  207+017%f  133+£007 1.804+019 16387 +11.71P  11.60 + 0.95%8
CUR 10 3.09+023b  223+021Pcde 1414013  1.87+0.14 153.85+12.88P¢ 1332+ 1.28°f
OTC20 CUR50  2.88+028bc 217+0.19%def 1604+019 219+019 13825+10709  16.09 +1.199
CUR100 284+017bed 2394 031bcd 1764012 228+£019 12877 +7.889c 1674+ 1514
CURO 3.84 +0.352 1.84+0.15f 1214012 1684021  187.05+11.862  9.15+0.838
CUR 10 3.51 £ 0.242 2.02 4 0.21 ¢f 138+0.15 1724013 14213 +10.77%9 1134+1.19f8
o1C7 CUR 50 3.08+035°  208+024%ef 1494015 1974018 16697 +10.82P  13.36 4 1.05f
CUR100 295+027b¢ 24540200 148 £0.14 2124019 13280 +8639  14.82+1.139¢
p values
OTC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CUR <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OTC x CUR 0.002 0.005 0.229 0.646 <0.001 <0.001
o ffceglior Contrast
Linear 0.015 <0.001 <0.001 <0.001 0.015 <0.001
o?nESL Quadratic 0.802 0.783 0.214 0.492 0.976 0.857
Cubic 0.759 0.012 0.322 0.515 0.190 0.221
Linear <0.001 0.009 <0.001 <0.001 <0.001 <0.001
50?:gc/L Quadratic 0.006 0.697 0.318 0.945 0.937 0.188
Cubic 0.707 0.137 0.524 0.068 0.455 0.081
Linear <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
75?:gC/L Quadratic 0.326 0.129 0.060 0.360 0.117 0.287
Cubic 0.377 0.136 0.846 0.245 <0.001 0.796

MDA: Malondialdehyde (nmol/mg protein); SOD: Superoxide dismutase (U/mg protein); CAT:
Catalase (k/mg protein); GSH-Px: Glutathione peroxidase (U/mg protein); GST: Glutathione S-
transferase (U/mg protein); GSH: Reduced glutathione (mol/mg protein). Data are presented as
mean and standard deviation (1 = 30 fish per treatment combination). *¥? Differences between means
indicated by different letters in the same column are statistically significant for the OTC main effect
(p < 0.05). ABCD Differences between means indicated by different capital letters in the same
column are statistically significant for CUR main effect (p < 0.05). abcdefg Differences between
means indicated by different letters in the same column are statistically significant for OTC x CUR
interactions (p < 0.05).

Among fish receiving no OTC treatment, dietary curcumin supplementation pro-
duced a clear dose-dependent reduction in MDA concentrations across all examined
tissues (Tables 4-7).
100 mg/kg curcumin.

When all experimental groups were evaluated collectively, dietary curcumin supple-

The lowest MDA levels were generally observed in fish fed

mentation exerted a significant main effect on tissue MDA concentrations in all organs
examined (Tables 4-7). Overall, increasing dietary curcumin inclusion levels were associ-
ated with progressively lower MDA values in the liver, kidney, spleen, and gills (p < 0.001
for all tissues).
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Interaction analysis indicated that the CUR x OTC interaction did not significantly
affect hepatic, renal, or splenic MDA concentrations, whereas a significant interaction was
observed in gill tissue (Tables 4-7). Thus, the reduction in MDA should be interpreted
primarily as a general curcumin-associated effect in liver, kidney, and spleen, whereas
a specific CUR x OTC interaction was evident only in gill tissue. Polynomial contrast
analysis revealed predominantly linear reductions in MDA concentrations with increasing
dietary curcumin supplementation, whereas significant quadratic and cubic responses were
observed in selected tissues.

3.3.2. Tissue SOD Activities

OTC treatment significantly influenced SOD activity in all examined tissues (Tables 4-7).
Increasing OTC concentration was accompanied by a progressive decline in SOD activity
in the liver, kidney, spleen, and gills, with the lowest activities consistently observed in fish
exposed to 75 mg/L OTC (main effect, p < 0.001 for all tissues).

Under normal rearing conditions, dietary curcumin supplementation resulted in
progressively higher SOD activities in all examined tissues (Tables 4-7). The highest SOD
activities were generally recorded in fish receiving 100 mg/kg dietary curcumin.

Overall, dietary curcumin supplementation significantly increased SOD activity in
all tissues examined (p < 0.001). Significant CUR x OTC interactions were observed in
the liver and gills, whereas no significant interaction was detected in the kidney or spleen.
Thus, the increase in SOD activity in the kidney and spleen appears to reflect the main
effect of dietary curcumin primarily, while the significant interactions in the liver and gills
indicate tissue-specific modulation of the response to OTC exposure. Polynomial contrast
analysis further revealed predominantly linear increases in SOD activity with increasing
dietary curcumin supplementation, although significant quadratic and cubic dose-response
patterns were also detected in selected tissues.

3.3.3. Tissue CAT Activities

CAT activity was significantly influenced by OTC treatment in all examined tissues
(Tables 4-7). OTC exposure resulted in a marked reduction in CAT activity, with the lowest
activities generally observed in fish exposed to 75 mg/L OTC (main effect, p < 0.001). In
the absence of OTC treatment, CAT activity increased with increasing dietary curcumin
supplementation in all tissues, with the greatest activities generally recorded in fish fed
100 mg/kg curcumin. When all experimental groups were considered together, dietary
curcumin supplementation significantly affected CAT activity in every tissue examined
(p < 0.001). Significant CUR x OTC interactions were not detected in any tissue. Poly-
nomial contrast analysis revealed predominantly linear responses to increasing dietary
curcumin levels, whereas significant quadratic and cubic components were observed only
in selected tissues.

3.3.4. Tissue GSH-Px Activities

GSH-Px activity differed significantly among OTC treatments in all tissues examined
(Tables 4-7). Increasing OTC concentration was associated with progressively lower GSH-
Px activity in the liver, kidney, spleen, and gills, with minimum activities consistently
observed following exposure to 75 mg/L OTC (main effect, p < 0.001). Dietary curcumin
supplementation produced a progressive increase in GSH-Px activity with increasing
supplementation levels under both normal and OTC-treated conditions. Significant main
effects of dietary curcumin were detected in all tissues (p < 0.001), whereas a significant
CUR x OTC interaction was observed only in kidney tissue. Polynomial contrast analysis
indicated predominantly linear responses to increasing dietary curcumin, with additional
quadratic or cubic trends detected only in selected tissues.
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3.3.5. Tissue GST Activities

Unlike the remaining antioxidant parameters, GST activity increased significantly
following OTC treatment in all tissues examined (Tables 4-7). The highest GST activities
were consistently recorded in fish exposed to 75 mg/L OTC (main effect, p < 0.001).

Dietary curcumin supplementation was associated with progressively lower GST
activity in all tissues, and significant main effects of dietary curcumin were detected
throughout the experiment (p < 0.001).

Significant CUR x OTC interactions were observed in the liver, kidney, and gills,
whereas no interaction was detected in the spleen. Polynomial contrast analysis revealed
predominantly linear responses to increasing dietary curcumin supplementation, while
nonlinear responses were confined to selected tissues.

3.3.6. Tissue GSH Levels

OTC treatment significantly reduced GSH concentrations in the liver, kidney, spleen,
and gills (Tables 4-7). Progressive declines in tissue GSH levels accompanied increasing
OTC concentration, with the lowest concentrations consistently observed in fish receiving
75 mg/L OTC (main effect, p < 0.001 for all tissues).

Dietary curcumin supplementation significantly increased GSH concentrations in all
examined tissues, both under normal conditions and following OTC treatment. Significant
main effects of dietary curcumin were detected in every tissue (p < 0.001).

Interaction analysis revealed a significant CUR x OTC interaction only in gill tissue,
whereas no interaction was detected in the liver, kidney, or spleen. Polynomial contrast
analysis demonstrated predominantly linear responses to increasing dietary curcumin
supplementation across all tissues.

4. Discussion

Hematological parameters are widely recognized as sensitive biomarkers for eval-
uating the physiological status and overall health of fish, particularly under chemical
or environmental stress. In the present study, OTC exposure significantly reduced RBC
count, Hb concentration, Ht, MCV, and MCH, indicating impaired erythrocyte homeostasis
and oxygen-carrying capacity in rainbow trout. Similar hematological alterations have
been reported in rainbow trout [33], Nile tilapia [34], common carp [35], and pangasius
(Pangasianodon hypophthalmus) [36], suggesting that hematological impairment is a com-
mon response to OTC exposure across teleost species. These changes may be largely
attributed to OTC-induced oxidative stress, as excessive ROS generation can promote
lipid peroxidation of erythrocyte membranes, increase erythrocyte fragility, and impair
hematopoietic activity. Such effects may ultimately contribute to the observed reductions
in erythrocyte-related indices and compromise blood oxygen transport. Moreover, the
progressively greater hematological alterations observed at higher OTC concentrations are
consistent with previous evidence showing that increasing OTC exposure can intensify
physiological disturbances, histopathological damage, and systemic toxicity in cultured
fish [34]. Unlike the other erythrocyte indices, MCHC exhibited a non-monotonic response
to OTC exposure, with a slight increase at 50 mg/L followed by a decrease at 75 mg/L.
This pattern suggests that MCHC may be less sensitive to graded OTC exposure than
RBC, Hb, Ht, MCV, and MCH and may reflect a distinct hematological response to OTC
exposure, consistent with previously reported alterations in erythrocyte-related indices in
fish exposed to OTC [35,37].

Dietary curcumin supplementation alone significantly improved the hematological
profile of rainbow trout in the present study, as evidenced by progressive increases in RBC
count, Hb concentration, Ht, MCV, and MCH. Similar improvements in erythrocyte-related
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parameters have been reported in rainbow trout fed curcumin-supplemented diets, where
increases in RBC, Hb, and Ht were accompanied by enhanced physiological performance
and disease resistance [38]. Comparable hematological improvements have also been
reported in common carp [39], Nile tilapia [40], and European seabass [41], indicating
that the beneficial effects of dietary curcumin on hematological function are consistently
observed across cultured fish species.

The beneficial hematological effects of curcumin are likely related to its antioxidant,
membrane-protective, and hematopoietic properties. Curcumin can reduce ROS-mediated
lipid peroxidation and preserve erythrocyte membrane integrity, thereby limiting ery-
throcyte fragility [42], while maintenance of intracellular antioxidant defenses and redox
homeostasis may further support hematopoietic function [43]. In the present study, dietary
curcumin alleviated OTC-induced hematological disturbances, with the greatest overall
recovery generally observed at the highest inclusion level. Although direct evidence on
curcumin against OTC-induced hematological toxicity remains limited, similar protective
effects of antioxidant supplementation against antibiotic-related hematological impairment
have been reported in fish [33,34]. The present findings are also supported by evidence that
curcumin can ameliorate hematological alterations induced by oxidative toxicants such
as lead and carbofuran through attenuation of oxidative damage and reinforcement of
endogenous antioxidant defenses [39,44]. Collectively, these observations suggest that the
recovery of erythrocyte-related indices in OTC-exposed rainbow trout is associated with
the antioxidant and cytoprotective actions of dietary curcumin.

The innate immune system constitutes the primary defense mechanism in fish, pro-
viding rapid protection against invading pathogens through coordinated cellular and
humoral immune responses. Accordingly, the present study demonstrated that OTC
exposure markedly suppressed innate immune function. These findings indicate that
OTC compromises both cellular and humoral branches of the innate immune system in
rainbow trout.

The immunosuppressive effects observed in the present study closely align with nu-
merous previous investigations. Early studies in common carp demonstrated that OTC
suppresses both cellular and humoral immune responses, resulting in impaired immune
competence [45]. Similar reductions in innate immune activity have subsequently been re-
ported in rainbow trout [33], gilthead seabream [46], Nile tilapia [47], European seabass [48],
and Atlantic salmon immune cells [49]. Collectively, these studies demonstrate that suppres-
sion of innate immunity represents one of the most consistent physiological consequences
of excessive OTC exposure in teleost fish. The observed immunosuppression is primarily
attributed to OTC-induced oxidative stress, which disrupts leukocyte integrity, impairs
phagocytic activity and respiratory burst capacity, alters the expression of immune-related
genes, and suppresses both cellular and humoral immune responses, thereby increasing
susceptibility to opportunistic pathogens [46,48]. Therefore, the dose-dependent decline in
immune parameters observed in the present study most likely reflects progressive impair-
ment of leukocyte function and antimicrobial defense during prolonged OTC exposure.

Dietary curcumin supplementation enhanced both cellular and humoral innate im-
mune responses in rainbow trout, consistent with previous reports of its immunostimula-
tory effects in rainbow trout [38], Nile tilapia [40,50-52], common carp [53], grass carp [54],
snakehead fish [55], and European seabass [41]. Collectively, these findings support the
broad immunomodulatory potential of dietary curcumin across cultured fish species.

The immunostimulatory effects of curcumin are likely related to its combined an-
tioxidant, anti-inflammatory, and immune-modulatory activities. Curcumin can en-
hance leukocyte function, phagocytic activity, respiratory burst, and humoral immune
responses [38,40,50]. These effects may also involve activation of Nrf2-dependent antiox-
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idant signaling and suppression of NF-kB-mediated inflammation, thereby supporting
immune-related gene expression and limiting pro-inflammatory responses [51,54-56]. Ad-
ditional regulation of miR-155 and Th17-cell differentiation may help maintain immune
homeostasis [57,58], while preserving intracellular redox balance helps sustain leukocyte
integrity and antimicrobial function under stress [59]. In the present study, dietary cur-
cumin progressively alleviated OTC-induced suppression of cellular and humoral immune
responses. Although direct evidence for its protective effect against OTC-induced im-
munosuppression is limited, similar immunoprotective effects have been reported under
heavy-metal, pesticide, bacterial, and other oxidative stress-related challenges in fish [39,52].
Collectively, these findings suggest that curcumin may contribute to improved immune
status under OTC exposure, although the response was not statistically uniform across all
immune endpoints.

Oxidative stress is one of the principal mechanisms underlying antibiotic-induced
toxicity in fish and reflects an imbalance between reactive oxygen species (ROS) genera-
tion and endogenous antioxidant capacity. In the present study, OTC exposure induced a
marked disturbance of redox homeostasis in rainbow trout, as demonstrated by increased
MDA concentrations accompanied by reductions in SOD, CAT, GSH-Px, and GSH in the
liver, kidney, spleen, and gills. By contrast, GST activity increased with OTC concentra-
tion, indicating the induction of a compensatory detoxification response under elevated
oxidative pressure. Collectively, these findings show that OTC promotes lipid peroxidation
while weakening major enzymatic and non-enzymatic antioxidant defenses in multiple
tissues. The oxidative alterations recorded in this study are consistent with previous evi-
dence demonstrating that OTC induces redox imbalance in a range of aquatic organisms.
Increased lipid peroxidation together with altered or depleted antioxidant defenses has
been reported in rainbow trout [60], common carp [61], Nile tilapia [34], grass carp [62],
freshwater stinging catfish [63], and Atlantic salmon liver and gill cell cultures [64,65].
Moreover, antioxidant supplementation in silver catfish further supports the central role
of oxidative stress in OTC toxicity by attenuating OTC-induced oxidative damage [66].
Together, these observations indicate that disruption of redox regulation is a recurring
physiological consequence of OTC exposure in aquatic organisms.

OTC-induced oxidative stress appears to involve excessive ROS generation, mito-
chondrial dysfunction, and weakening of antioxidant defenses. Impaired mitochondrial
dynamics and electron transport can increase ROS production and promote oxidative dam-
age to lipids, proteins, and DNA [62,67]. Accordingly, the increased MDA levels observed
in the present study likely reflect enhanced lipid peroxidation, whereas the reductions in
SOD, CAT, GSH-Px, and GSH may result from progressive utilization, inactivation, or de-
pletion during sustained oxidative challenge [60,61,63]. The increase in GST may represent
a compensatory phase II detoxification response, although this adaptation was insufficient
to restore overall redox balance. In addition, tetracycline antibiotics may interfere with
Nrf2-regulated signaling and further compromise cellular antioxidant regulation [64,68].

In contrast, dietary curcumin improved antioxidant status in rainbow trout, as reflected
by lower MDA and higher SOD, CAT, GSH-Px, and GSH levels, while GST showed a
tissue-dependent response. Similar antioxidant effects of curcumin have been reported
in Nile tilapia [40,51], common carp [69], largemouth bass [70], gibel carp [71], and grass
carp [72]. Comparable protective effects have also been observed under exposure to fipronil,
chromium, ammonia, and other oxidative stressors [52,73]. Collectively, these findings
support the antioxidant and redox-modulating role of dietary curcumin in fish.

The antioxidant activity of curcumin involves both direct and signaling-mediated
mechanisms. Curcumin can neutralize reactive species directly while enhancing endoge-
nous defenses by activating Nrf2-dependent transcription, thereby promoting cytopro-
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tective systems associated with SOD, CAT, GSH-Px, GST, HO-1, NQO1, and glutathione
metabolism [74,75]. Curcumin may also reduce intracellular ROS accumulation, preserve
mitochondrial function, alleviate endoplasmic reticulum stress, and limit apoptosis and
ferroptosis under oxidative challenge [70,71]. Through these complementary actions,
curcumin can restrict membrane lipid peroxidation, preserve intracellular glutathione
availability, and maintain the functional capacity of enzymatic antioxidant defenses. This
mechanistic framework plausibly explains the lower MDA concentrations and improved
SOD, CAT, GSH-Px, and GSH responses observed in healthy rainbow trout receiving
curcumin-supplemented diets.

More importantly, dietary curcumin substantially mitigated OTC-induced oxidative
disturbances by reducing tissue MDA concentrations, improving SOD, CAT, GSH-Px,
and GSH responses, and attenuating the OTC-associated increase in GST activity. These
effects likely reflect both direct antioxidant activity and modulation of redox-sensitive
signaling pathways [75,76]. In particular, curcumin may enhance Nrf2/ARE signaling by
promoting Nrf2 activity and reducing Keapl-mediated inhibition, thereby strengthening
endogenous antioxidant and glutathione-dependent defenses [67,77,78]. Curcumin may
also preserve mitochondrial integrity, reduce endoplasmic reticulum stress, and limit
oxidative stress-related apoptosis and ferroptosis [67,75]. In parallel, suppressing NF-«B-
mediated inflammatory signaling and activating Nrf2 /HO-1-dependent cytoprotection
may further reduce the interaction between inflammation and oxidative stress [79,80].
Collectively, these mechanisms provide a plausible explanation for the improved redox
balance observed in OTC-exposed rainbow trout.

Several limitations of the present study should be acknowledged. Biomarker assess-
ments were performed at the individual-fish level, and the statistical model did not account
for potential tank-level variability. In addition, OTC concentrations in the exposure water
and its accumulation in fish tissues were not directly measured, limiting interpretation
of exposure dynamics and preventing determination of whether the observed protective
effects of curcumin were related to altered OTC bioaccumulation or primarily to modu-
lation of OTC-induced physiological and oxidative disturbances. Consequently, possible
changes in OTC concentration during the 48-h exposure period due to degradation were
not quantified, and the potential influence of water temperature and pH on OTC stability
was not specifically assessed. The relatively low oral bioavailability of curcumin may also
have influenced its absorption and biological efficacy. Furthermore, the curcumin concen-
trations in the finished pelleted diets were not analytically verified after feed preparation;
therefore, the dietary curcumin levels reported in this study represent nominal inclusion
levels based on the amounts added during diet formulation. Possible losses or alterations
in curcumin concentration during pelleting, drying, and storage could not be quantified.
Although no overt adverse effects were observed during the 8-week feeding period, the
long-term safety of prolonged curcumin supplementation was not specifically evaluated.
Furthermore, because the study was conducted in healthy fish, the potential influence of
curcumin on the antibacterial efficacy of OTC during infection was not assessed. Future
studies should therefore incorporate tank-level statistical effects, quantify OTC in water and
tissues, evaluate curcumin pharmacokinetics and long-term safety, and investigate possible
curcumin-OTC interactions under clinically relevant bacterial challenge conditions.

5. Conclusions

This study demonstrated that dietary curcumin alleviated OTC-induced physiological
disturbances in rainbow trout by improving hematological, immune, and antioxidant re-
sponses. OTC exposure impaired erythrocyte homeostasis, suppressed innate immunity,
and disrupted redox balance, whereas curcumin supplementation improved these param-
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eters under both normal and OTC-challenged conditions. Increasing dietary curcumin
generally enhanced recovery of erythrocyte-related indices, innate immune responses, and
antioxidant status, while reducing lipid peroxidation. These protective effects are likely
associated with the antioxidant, anti-inflammatory, and immunomodulatory properties of
curcumin and its ability to support redox homeostasis.

Overall, dietary curcumin was associated with improvements in hematological, im-
mune, and antioxidant parameters in OTC-exposed rainbow trout, with the 100 mg/kg
feed level producing the most favorable overall response among the tested inclusion levels.
These findings support further evaluation of dietary curcumin as a functional feed additive;
however, additional studies are needed to determine its long-term safety, bioavailability,
effects on disease resistance and survival, and potential interactions with OTC efficacy
under aquaculture conditions.
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