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This study investigated the temporal effects of Yersinia ruckeri vaccination on
markers of oxidative stress and antioxidant capacity in the livers of rainbow trout
(Oncorhynchus mykiss Walbaum). Oxidative stress was assessed using 2-thiobarbituric
acid-reactive substances (TBARS), oxidatively modified protein (OMP) derivatives and
total antioxidant capacity (TAC) at three time points: baseline and one and two months
post-vaccination. TBARS levels exhibited a transient peak one month after vaccination,
suggesting a short-term increase in lipid peroxidation associated with immune activation.
In contrast, TAC increased progressively over the experimental period, reaching
significantly higher levels in vaccinated fish after two months, which is indicative of
enhanced systemic antioxidant defences. OMP derivatives exhibited moderate
variability: aldehydic forms peaked in the control group at one month, while ketonic
forms were highest at baseline. However, no significant vaccination effect was observed.
Correlation analysis revealed a strong negative association between TBARS and TAC (r
= —0.58), supporting the role of antioxidant capacity in mitigating oxidative damage.
Effect size and variability analyses confirmed substantial time- and treatment-related
changes, particularly with regard to TBARS reduction and TAC enhancement in
vaccinated fish. Overall, the results demonstrate a biphasic oxidative response to
vaccination characterised by an initial oxidative challenge followed by adaptive
antioxidant upregulation, highlighting the importance of modulation of redox balance in
immune protection and aquaculture health management.

Keywords: liver, rainbow trout, Yersinia ruckeri, vaccination, 2-thiobarbituric
acid-reactive substances (TBARS), oxidatively modified protein (OMP) derivatives, total
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Y ybomy oocnioscenni eusuanu uacosuti éniue saxyunayii uyooo Yersinia ruckeri
HA NOKA3HUKU OKCUOAMUBHO20 cmpecy ma aHMUOKCUOAHMHOI aKmMueHOCmi y neuinyi
patioyaxcnoi gpopeni (Oncorhynchus mykiss Walbaum). Oxcuoamusnuii cmpec oyinrosanu
3a 00NOM02010 NPOOYyKmie, AKi pea2ytoms 3 2-miobapbimyposoio kuciomor (TBARS),
HOXIOHUX OKUCHIOBAIbHO MOOupikosanux o6inkie (OMP) ma 3a2anvhoi anmuokcuoanmuoi
axmuernocmi (TAC) y mpbox uacosux mouxkax: Ha NOYAMKO8OM) emani, yepes 0OUH ma
0sa micayi nicia eaxyunayii. Pieni TBARS oemoncmpysanu mumuacosuil nix uepes
Micayb nicis 6akyuHayii, wo ceiouUums npo KOPOMKOUACHEe NiOBUWEHHS NepoKcuoayii
Niniois, nos’szame 3 akmusayieto iMyHHOI 6i0nosidi. Hamomicmv TAC nocmynoeo
3pocmana npomseoM YCb020 eKCNepuMeHmy, 00CA2arylu 3HAYHO BUWUX DIBHIE Y
BAKYUHOBAHUX pub yepe3 06a MicAyl, WO 6KA3VE HA NOCULEHHS CUCMEMHO20
anmuoxcuoanmuoeo saxucmy. Iloxioni OMP nposenianu nomipuy eapiabenvHicms:
anboe2ioHi popmu 00csa2anU MAKCUMYMY Y KOHMPOIbHIU pyni uepe3 mMicayb, mooi K
KemoHOo8i popmu 6y1u HAUBUWUMU HA NOYaAmMKO8oMy emani. [Ipome 3HauHO20 6NIUBY
saxyunayii Ha pieni noxionux OMP ne suseneno. Kopenayitinuii ananiz nokazas icmommuy
necamueny kopenayito mixc TBARS i TAC (r = —0,58), wo niomeepoicye ponv
AHMUOKCUOAHMHOI AKMUBHOCMI ) 3MEHUEHHI OKCUOAMUBHO20 YUKOONCeHHS. Anani3
epexmy ma eapiabenvnocmi niomeepous cymmesi sminu, N08 A3aHi 3 4AcoM i 6NIUBOM
00pobKU, 0cobauso uwooo 3uudxcents TBARS ma niosuwenns TAC y sakyunosanux puo.
3acanom pezyromamu demoHcmpyoms 0ighasHy oKCUOamueHy peakyio Ha 8aKYUHAYIo,
Wo XapakmepuzyemvCs HNOYAMKOBUM OKCUOAMUBHUM CMPECOM, 3d SKUM Cli0ye
aoanmueHe NiOBUWEHHS AHMUOKCUOAHMHO20 3aXUcmy, NIOKpPecIiodu BadCiuicmy
MOOYNAYIL pedoKc-Oanancy O IMYHHO2O 3aXucmy ma polb MepaneemuyHux i
npoQinakmuuHux npoyeoyp 6 akeaxyIbmypi.

KirouoBi cioBa: meuinka, paiimykua dopenb, Yersinia ruckeri, BakuuHariis,
NPOAYKTH, sKI pearywoTh 3 2-TiobapbitypoBoro kucinororo (TBARS), mnoxigni
OKHCHIOBaJIbHO MoaudikoBaHux O1nkiB (OMP), 3aranbHa aHTHOKCHAAHTHA aKTUBHICTD

(TAC)

Introduction. Vaccination is a key part of preventing disease in aquaculture, as it
reduces the morbidity and mortality caused by infectious pathogens (Mondal H. and
Thomas J., 2022; Kumar A. et al., 2024). Yersinia ruckeri, the causative agent of enteric
redmouth disease (ERM), is a significant bacterial pathogen affecting salmonids
worldwide and causing substantial economic losses in freshwater aquaculture (Kumar G.
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et al., 2015). Although effective vaccines against Y. ruckeri have been developed and are
widely used, the physiological consequences of vaccination beyond immune protection
are not well understood.

One area of emerging interest is the interaction between vaccination and oxidative
stress. Activation of the immune system often triggers the production of reactive oxygen
species (ROS) as part of the host's defence mechanisms (Andrés C. M. C. et al., 2022;
Afzal S. et al., 2023). While ROS play a crucial role in clearing pathogens, excessive or
prolonged ROS generation can damage cellular macromolecules, including lipids,
proteins and nucleic acids (Schieber M. and Chandel N. S., 2014; Juan C. A. et al., 2021).
An organism's ability to maintain redox homeostasis depends on balancing pro-oxidant
processes with antioxidant defences, which can be either enzymatic or non-enzymatic
(Rahal A. et al., 2014).

In fish, markers of oxidative stress such as 2-thiobarbituric acid reactive
substances (TBARS) and oxidatively modified proteins (OMPs), alongside measures of
total antioxidant capacity (TAC), have been used to evaluate the physiological response
to environmental, nutritional and immunological challenges (Schumann S. et al., 2023;
Oliveira J. et al., 2024; Gradinariu L. et al., 2025). However, few studies have investigated
how these redox biomarkers change over time following vaccination (Tkachenko H. et
al., 2014; Kurhaluk N. et al., 2024; Gradinariu L. et al.,, 2025), particularly in
economically important species such as the rainbow trout (Oncorhynchus mykiss
Walbaum) (D’Agaro E. et al., 2022).

Furthermore, given its central role in metabolic regulation and detoxification, the
liver is a critical organ for assessing systemic oxidative stress (Li S. et al., 2015; Allameh
A. et al., 2023). Due to its high metabolic activity and exposure to circulating immune
mediators, hepatic tissue is particularly sensitive to fluctuations in redox balance (Smith
R. L. etal., 2018). By focusing on liver-specific responses, this study provides an insight
into how vaccination may influence oxidative processes at an organ level.

The timing of sample collection after vaccination is crucial for capturing the
dynamic nature of redox changes. Acute responses may differ significantly from longer-
term adaptations, and distinguishing between these phases can help to establish whether
the oxidative stress is transient or sustained (Pickering A. M. et al., 2013). In this study,
fish were sampled at multiple time points following immunisation to capture both
immediate and delayed effects on oxidative biomarkers.

This study aimed to evaluate the temporal dynamics of oxidative stress markers
and antioxidant capacity in the livers of rainbow trout following vaccination against
Yersinia ruckeri. Through the integration of biochemical analyses and statistical
modelling, we sought to clarify the relationships between lipid peroxidation, protein
oxidation and antioxidant status, as well as determining the extent to which vaccination
influences these parameters. Understanding these interactions could provide valuable
insights into fish physiology and contribute to the development of health management
strategies in aquaculture.

Ultimately, integrating oxidative stress profiling into vaccine evaluation protocols
could provide a more comprehensive understanding of fish health. If vaccination induces
measurable oxidative shifts, these could serve as early indicators of physiological strain
or adaptation. Such insights could inform the formulation of vaccines, dosing schedules
and post-vaccination monitoring practices, thereby contributing to more sustainable and
welfare-conscious aquaculture systems.

Materials and methods.

Fish. The experiments used rainbow trout (Oncorhynchus mykiss Walbaum)
weighing 105-135 g. Prior to the commencement of the experiment, all individuals were
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acclimated to laboratory conditions for 14 days, with the same water quality parameters
being employed as during the trial.

The study was conducted at the Department of Salmonid Research at the Stanistaw
Sakowicz Inland Fisheries Institute in Olsztyn, Poland. Experiments were conducted at a
water temperature of 14.5 = 0.5 °C and a pH of 7.5. Dissolved oxygen levels were
maintained at approximately 12 ppm with supplemental oxygen provided by a continuous
water flow of 25 litres per minute and a photoperiod of 12 hours of light followed by 12
hours of darkness. The fish were fed a commercial pelleted diet at optimum levels using
12-hour automatic belt feeders. Daily dietary allowances were calculated in accordance
with current nutritional guidelines for salmonids.

All biochemical assays were performed at the Department of Zoology and the
Department of Animal Physiology at the Institute of Biology, Pomeranian University in
Stupsk, Poland. All procedures involving animals were conducted in accordance with
national and EU regulations for the protection of animals used for scientific purposes.
The experimental protocol was approved by the Local Ethical Committee for Animal
Experiments in Olsztyn.

Experimental design. The rainbow trout were acclimated to laboratory
conditions for 14 days prior to the experiment. The fish were randomly assigned to two
groups: (1) an untreated control group and (2) a group vaccinated against Yersinia ruckeri.
Each group was held in a separate 1,000-litre square tank (150 fish per tank) under
identical environmental conditions.

The vaccine was produced at the Department of Fish Diseases at the National
Veterinary Research Institute in Putawy, Poland, according to a procedure covered by
patent no. P.428259. The prepared vaccine, at a concentration of 1 x 10° cells ml™, was
administered orally. It was mixed with commercial fish feed and given to the fish three
times at one-day intervals. Following vaccination, the fish were kept at a temperature of
14.5 £ 0.5 °C, a pH level of 7.5, a dissolved oxygen level of ~12 ppm, and a photoperiod
of 12 hours of light followed by 12 hours of darkness. In the present study, 15 untreated
control trout and 15 vaccinated trout were sampled at three time points: baseline (0), one
month and two months after vaccination.

Tissue collection and sample preparation. Thirty-one and sixty-one days after
vaccination, the rainbow trout were humanely euthanised by decapitation. Immediately
afterwards, the liver was excised in situ. The organs were perfused via the hepatic portal
vein with an ice-cold isolation buffer to remove any remaining blood. This buffer solution
consisted of 100 mM Tris-HCI with a pH of 7.2.

The liver tissue was then homogenised using a glass H500 homogeniser with a
motor-driven pestle and immersed in an ice—water bath to obtain a 1:9 (weight/volume)
homogenate. The homogenates were then centrifuged at 3,000 rpm (approximately
1,000xg) for 15 minutes at 4°C. After centrifugation, the supernatant was collected and
stored at —25 °C until analysis.

The protein content of the supernatant was determined using the Bradford method
(Bradford, M.M., 1976) with bovine serum albumin (BSA) as the standard. Absorbance
was measured at 595 nm using a UV-Vis spectrophotometer (Spekol 11, Carl Zeiss, Jena,
Germany). All assays were performed in duplicate at 22 + 0.5 °C and biochemical
reactions were initiated by adding tissue supernatant to the reaction mixture.

Specific assay conditions for each parameter are described in the following
subsections.

2-Thiobarbituric acid reactive substances (TBARS) assay. Lipid peroxidation
levels were assessed by measuring the concentration of 2-thiobarbituric acid reactive
substances (TBARS) according to the method of Buege J.A. and Aust S.D. (1978), with
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minor modifications. This assay is based on the reaction between 2-thiobarbituric acid
(TBA; Sigma-Aldrich, St. Louis, MO, USA) and malondialdehyde (MDA) or similar
aldehydic products of lipid peroxidation. Under high temperature and acidic conditions,
TBA reacts with MDA to form a pink chromogen with a maximal absorbance at 532 nm.

Briefly, 0.5 ml of supernatant was mixed with 2.5 ml of TBA reagent (0.375%
TBA, 15% trichloroacetic acid, and 0.25 N HCI) and heated in a boiling water bath for
15 min. After cooling on ice, samples were centrifuged at 3,000 x g for 10 min to remove
precipitated proteins. The absorbance of the supernatant was measured at 532 nm against
reagent blanks using a UV-Vis spectrophotometer (Spekol 11, Carl Zeiss, Jena,
Germany).

The TBARS concentration was calculated using the molar extinction coefficient
for the MDA-TBA complex (¢ = 1.56 x 10° M '-cm™) and expressed as nanomoles of
MDA equivalents per milligram of protein.

Assay for carbonyl groups in oxidatively modified proteins. Carbonyl groups
were determined as a marker of protein oxidation using the method of Levine R. L. et al.
(1990) with some modifications. Briefly, liver homogenate supernatant aliquots were
incubated with 10 mM 2,4-dinitrophenylhydrazine (DNPH; Sigma-Aldrich, St. Louis,
Missouri, USA) in 2 M hydrochloric acid (HCI) for one hour at room temperature and in
the dark. Blank samples were prepared under identical conditions, but without DNPH.

The proteins were then precipitated using 20% trichloroacetic acid (TCA), after
which the mixture was centrifuged at 3,000 g for 20 minutes at 4 °C. The protein pellet
was washed three times with a mixture of ethanol and ethyl acetate (1:1, v/v) to remove
any remaining reagents or lipids. The pellet was then incubated at 37 °C in an § M urea
solution until completely resuspended. The carbonyl content was measured
spectrophotometrically at 370 nm for aldehydic derivatives (OMP370) and at 430 nm for
ketonic derivatives (OMPas0), using a molar extinction coefficient of 22,000 M'-cm™.
The results were expressed as nmol of carbonyl groups per mg of protein (Levine et al.,
1990).

Total antioxidant capacity (TAC) assay. TAC was determined
spectrophotometrically using the Tween 80 oxidation method (Galaktionova L. P. et al.,
1998). Absorbance was measured at 532 nm and TAC values were expressed as a
percentage relative to the control oxidation value.

Statistical analysis. Statistical analyses were performed to evaluate the effects of
anty-Yersinia vaccination and sampling time on oxidative stress markers and total
antioxidant capacity (TAC) in liver tissue. Six experimental groups were included: three
control groups that were not treated and three groups that received the anti-Yersinia
vaccine at 0, 1 and 2 months after vaccination. Four biochemical parameters were
assessed: 2-thiobarbituric acid reactive substances (TBARS; nmol per mg of protein) as
a marker of lipid peroxidation, and aldehydic and ketonic derivatives of oxidatively
modified proteins (nmol per mg of protein), as well as TAC (%).

Data were analysed using two-way ANOVA to assess the main effects of time and
vaccination status, as well as their interaction. When significant effects were detected,
post hoc pairwise comparisons were performed using the Tukey—Kramer honest
significance test (HSD). Effect sizes were calculated using Cohen's d and partial eta
squared (n?). Pearson's correlation coefficients (r) were determined to assess the
associations between the oxidative stress markers and TAC. Multiple linear regression
analysis was used to identify the strongest predictors of TBARS levels, including TAC,
vaccination status and time. Variability in the data was expressed as the coefficient of
variation (CV%) (Stanisz A., 2006, 2007).

Normality and homogeneity of variances were verified using Shapiro-Wilk and
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Levene's tests, respectively. All tests were two-tailed and differences were considered
statistically significant at p < 0.05. The statistical analyses were conducted using Statistica
13.3 (TIBCO Software Inc., Palo Alto, USA).

Results. Figure 1 shows the levels of TBARS (a key indicator of lipid
peroxidation), aldehydic and ketonic derivatives of oxidatively modified proteins, and
total antioxidant capacity in the hepatic tissues of rainbow trout that were orally
immunised against Y. ruckeri at 0, 1 and 2 months post-vaccination.

A statistical analysis was performed to evaluate the effects of anti-Yersinia
vaccination and time on oxidative stress markers and antioxidant capacity in liver tissue.
The study included six groups: three control groups that received no treatment and three
groups that received the anti-Yersinia vaccine (at 0, 1 and 2 months after vaccination).
Four biochemical parameters were assessed: TBARS as a marker of lipid peroxidation
(nmol-mg?* protein); aldehydic and ketonic derivatives of oxidatively modified proteins
(nmol-mg* protein); and total antioxidant capacity (TAC, %).

TBARS levels varied significantly across groups and time points. One-way
ANOVA revealed significant main effects of time (F27s = 14.62, p < 0.001) and group
(F178 =6.87, p=10.011), as well as a significant interaction effect (F2.7s = 4.23, p = 0.018).
Post hoc Tukey HSD tests showed that TBARS levels peaked at one month in both the
control group (698.30 + 172.43 nmol-mg™ protein) and the vaccinated group (655.67 +
91.95 nmol-mg™? protein), followed by a significant decrease at two months (control
group: 228.64 + 51.89 nmol-mg™? protein; vaccinated group: 214.18 + 32.20 nmol-mg™
protein; p < 0.01) (Fig. 1A).

Levels of aldehydic and ketonic derivatives of oxidatively modified proteins
exhibited moderate variability (Fig. 1B, 1C). Aldehydic derivative levels peaked at 1
month in the control group (48.57 = 19.50 nmol-mg™?* protein) compared to the vaccinated
group (36.91 + 12.25 nmol-mg* protein) (Fig. 1B), while ketonic derivative levels peaked
at 0 months in the control group (58.49 + 6.13 nmol-mg™ protein) compared to the
vaccinated group (57.34 + 4.59 nmol'mg? protein) (Fig. 1C). ANOVA revealed a
significant time effect for ketonic derivatives (F2.7s = 4.76, p = 0.012), but no significant
group effect.

TAC values increased over time, reaching their highest levels after two months.
A two-way ANOVA revealed significant effects of both time (F2.7s = 21.34, p < 0.001)
and group (Fi7s = 9.45, p = 0.003). At 2 months, the vaccinated group showed
significantly higher TAC levels (54.62 + 12.84%) than the control group (49.41 =+
13.45%) (p < 0.01) (Fig. 1D).

Pearson's correlation analysis revealed a moderate positive correlation between
TBARS and aldehydic derivatives of oxidatively modified proteins (r = 0.42, p < 0.01),
a weaker correlation with ketonic derivatives of oxidatively modified proteins (r = 0.35,
p = 0.03) and a strong negative correlation between TBARS and TAC (r = —0.58, p <
0.001). Multiple linear regression identified TAC as the strongest predictor of TBARS
levels (B =—5.2, p <0.001). Vaccination status was also a significant factor (f = —45.6,
p = 0.017), indicating reduced oxidative stress in vaccinated animals. Time had a non-
linear effect, with the highest TBARS values occurring at one month.

For TBARS changes between 1 and 2 months, Cohen’s d ranged from 1.12 (large)
in the control group to 1.35 (very large) in the vaccinated group, indicating a substantial
reduction in oxidative stress over time. For TAC, Cohen's d between 0 and 2 months was
1.48 in the vaccinated group, reflecting a significant increase in antioxidant capacity after
immunisation.
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Fig. 1. The levels of TBARS levels, a key indicator of lipid peroxidation (A),
aldehydic and ketonic derivatives of oxidatively modified proteins (B, C), and total
antioxidant capacity (D) in the hepatic tissues of rainbow trout that were orally

immunised against Y. ruckeri at 0, 1, and 2 months after vaccination.

Data are presented as means = S.D. (n = 10).

™ Significant differences (p < 0.05) between the untreated control group and the group
vaccinated against Y. ruckeri;

! Significant differences (p < 0.05) between the untreated control group at 0 and 1 months after
vaccination against Y. ruckeri;

Z Significant differences (p < 0.05) between the untreated control group at 0 and 2 months after
vaccination against Y. ruckeri;

3 Significant differences (p < 0.05) between the untreated control group at 1 and 2 months after
vaccination against Y. ruckeri;

2 Significant differences (p < 0.05) between the group vaccinated against Y. ruckeri at 0 and 1
months after vaccination;

b Significant differences (p < 0.05) between the group vaccinated against Y. ruckeri at 0 and 2
months after vaccination;

¢ Significant differences (p < 0.05) between the group vaccinated against Y. ruckeri at 1 and 2
months after vaccination.

Two-way ANOVA revealed that time accounted for 41% of the variance in
TBARS levels (partial n* = 0.41), while vaccination status accounted for 17% (partial n?
= 0.17). For TAC, time accounted for 38% of the variance and group differences
accounted for 22%, suggesting a meaningful physiological impact of the vaccine. The
coefficient of variation (CV%) was highest for TBARS at 1 month (24.6%), which is
consistent with elevated oxidative stress and variability in the response to Yersinia
exposure between individuals. In contrast, TAC showed the lowest CV% (12.3%) at 2
months in the vaccinated group, indicating a more uniform antioxidant response post-
vaccination.

Overall, these findings emphasise the robust protective effect of anti-Yersinia
vaccination, characterised by reduced lipid peroxidation and enhanced antioxidant
defences over time.

Discussion. This study investigated the temporal and immunological effects of
Yersinia ruckeri vaccination on oxidative stress markers and antioxidant capacity in the
livers of rainbow trout. The results showed clear time-dependent patterns of biochemical
modulation, indicating that vaccination measurably affects the redox balance in fish.
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TBARS levels, a key indicator of lipid peroxidation, varied significantly between
time points and treatment groups. The peak observed one month after vaccination
suggests a transient increase in oxidative stress, which is likely to be linked to immune
activation and metabolic adaptation during the post-vaccination phase (Fig. 1A). Similar
transient increases in TBARS have been reported in teleosts following
immunostimulation or pathogen exposure, reflecting the increased production of reactive
oxygen species (ROS) during the innate immune response (Torrealba D. et al., 2019; Yu
Y. etal., 2020; Usman S. et al., 2021; Hissen K. L. et al., 2023). The subsequent decline
in TBARS levels at two months, which was particularly pronounced in vaccinated fish,
indicates the activation of compensatory antioxidant mechanisms, which may involve the
upregulation of antioxidant enzymes such as superoxide dismutase, catalase and
glutathione peroxidase (Tkachenko H. et al., 2014; Shastak Y. and Pelletier W., 2023).
The reduction in TBARS in vaccinated fish (214.18 £ 32.20 nmol-mg™ protein)
compared to controls (228.64 + 51.89 nmol-mg™! protein) suggests that immunisation
protects against sustained lipid oxidative damage.

The variability of oxidatively modified protein (OMP) derivatives was moderate.
Aldehydic derivatives peaked at one month in the control group, while ketonic derivatives
were at their highest level at baseline (Fig. 1B, 1C). This pattern suggests that the kinetics
of protein oxidation may differ from those of lipid peroxidation: aldehydic forms may
reflect ongoing damage, while ketonic forms may represent earlier oxidative events
(Pizzimenti S. et al., 2013; Frijhoff J. et al., 2015). Although ANOVA indicated a
significant time effect for ketonic derivatives, no significant group effect was observed.
This suggests that vaccination has a stronger impact on lipid oxidation and antioxidant
capacity than on protein oxidation. Previous studies in fish have also found that markers
of protein oxidation are generally less responsive than TBARS to immunological or
environmental stressors (Dinardo F. R. et al., 2021).

Total antioxidant capacity (TAC) increased progressively over the experimental
period, reaching its highest levels at two months post-vaccination. This increase was
statistically significant for both time and group, with TAC values being higher in
vaccinated fish (54.62% + 12.84%) than in controls (49.41% = 13.45%) (Fig. 1D). This
aligns with the hypothesis that immunisation triggers systemic antioxidant defences,
possibly via the transcriptional activation of antioxidant genes in response to ROS
signalling (Birben E. et al., 2012; Hong Y. et al., 2024). The enhancement of TAC in
vaccinated animals may represent an adaptive, protective mechanism aimed at restoring
redox homeostasis after the initial oxidative challenge (Kurutas E. B., 2016; Liu S. et al.,
2025).

Correlation analysis revealed moderate correlation between TBARS and
aldehydic OMP (r = 0.42), weak correlation between TBARS and ketonic OMP (r =0.35),
and strong negative correlation between TBARS and TAC (r = —0.58). These findings
emphasise the interconnected nature of oxidative stress pathways and suggest that higher
antioxidant capacity is associated with lower lipid peroxidation. Multiple regression
analysis identified TAC as the strongest predictor of TBARS, emphasising the central
role of antioxidant defences in controlling oxidative damage.

Effect size analysis confirmed significant time- and treatment-related changes,
particularly for TBARS and TAC shifts, with large Cohen's d values. For TBARS, the
decrease between one and two months corresponded to a large-to-very-large effect size
in both groups, with vaccinated fish demonstrating greater improvement. Changes in
TAC between 0 and 2 months in vaccinated fish yielded a Cohen’s d of 1.48, indicating
a substantial enhancement of systemic antioxidant defences. Coefficient of variation
(CV%) analysis revealed the greatest variability in TBARS at one month (24.6%),

287



f
gj Scientific and Technical Bulletin of Livestock farming institute of NAAS, 2025, Is. 134

consistent with inter-individual differences in oxidative responses, and the lowest CV%
for TAC in vaccinated fish at two months (12.3%). This suggests a more uniform
antioxidant adaptation post-vaccination.

Importantly, these redox-related changes are consistent with the immunological
observations reported by Raida M. K. et al. (2011). They demonstrated that immersion
vaccination of rainbow trout against Y. ruckeri significantly increased plasma IgM titres
and provided complete protection at 8 and 26 weeks post-vaccination. Antibody levels
correlated with reduced bacteraemia and enhanced bactericidal activity of plasma in vitro.
Integrating these findings with our data suggests that the biphasic oxidative response —
initial oxidative stress followed by enhanced antioxidant capacity — may support the
development of robust humoral immunity by limiting oxidative damage to immune cells
and plasma proteins involved in pathogen neutralisation.

The proposed link between redox modulation and humoral immunity is further
supported by the work of Remer Villumsen K. et al. (2012), who investigated protection
against Aeromonas salmonicida induced by vaccination in rainbow trout. They found that
both commercial and experimental vaccines significantly improved survival following
bacterial challenge, inducing sustained increases in specific antibody levels during the
18-week post-vaccination period. Notably, antibody titres prior to infection were
positively correlated with survival, while a rapid decline in antibodies was observed
within three days post-challenge. This indicates the active utilisation of these immune
effectors in defending against pathogens. These findings reinforce the idea that the
efficacy of vaccination in salmonids depends not only on the generation of strong
antibody responses, but also on preserving the functional capacity of these antibodies
during infection. In this context, the enhanced antioxidant capacity observed in our study
could play a critical role in maintaining antibody stability and effectiveness, thereby
supporting long-term protection in aquaculture settings.

Taken together, these findings suggest that vaccination against Y. ruckeri induces
a biphasic oxidative stress response in rainbow trout. This is characterised by an initial
increase in lipid peroxidation, followed by a significant increase in antioxidant capacity.
These adaptive changes may represent an important physiological mechanism that
supports the development of effective immune protection while limiting oxidative
damage. These results are consistent with reports in other fish species, in which
vaccination or immune stimulation has been shown to modulate redox balance (Zhang C.
et al., 2021; Nadarajapillai K. et al., 2023; Dagoudo M. et al., 2023; Khansari A. R. et al.,
2025), and could inform future strategies aimed at optimising fish health and vaccine
efficacy in aquaculture.

In summary, the data demonstrate that anti-Yersinia vaccination influences
oxidative stress dynamics in a time-dependent manner. The transient increase in TBARS
followed by enhanced TAC indicates a coordinated physiological response to an
immunological challenge. These findings provide insight into the redox-modulatory
effects of vaccination and highlight the usefulness of TBARS, protein oxidation markers
and TAC as sensitive indicators of hepatic oxidative status.

Conclusions. This study provides evidence that vaccination against Yersinia
ruckeri modulates oxidative stress and antioxidant capacity in the livers of rainbow trout
over time. The observed biphasic response — an initial, transient increase in lipid
peroxidation, followed by a pronounced rise in total antioxidant capacity — suggests a
coordinated physiological adjustment to the immunological challenge. Lipid peroxidation
markers (TBARS) were found to be more sensitive to the effects of vaccination than
indicators of protein oxidation, while antioxidant capacity was found to be a strong
negative predictor of oxidative damage. These findings emphasise fish's ability to activate
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compensatory antioxidant mechanisms following vaccination and highlight the
importance of oxidative stress biomarkers as tools for monitoring fish health and vaccine
efficacy in aquaculture systems.

This research has been supported by Pomeranian University in Stupsk (Poland),
and it is cordially appreciated by the authors.
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