
1 
 

JAST (Journal of Animal Science and Technology) TITLE PAGE  1 
Upload this completed form to website with submission 2 

 3 
ARTICLE INFORMATION Fill in information in each box below 

Article Type Research article 

Article Title (within 20 words without abbreviations) Integrated transcriptomic and redox–immune responses reveal age-
dependent regulation following surgical castration in calves 

Running Title (within 10 words) Age-dependent immune–redox responses to castration in calves 

Author Benjawan Saechue1, Piyarat Srinontong1,2,3, Thanyakorn 
Chalalai1, Watcharapon Promsut1, Worapol Aengwanicha1,3, 
Bhuripit Saraphol1, Wilasinee Srisanyong4 

Affiliation 1 Faculty of Veterinary Sciences, Mahasarakham University, 
Mahasarakham, 44000, Thailand 
2 Bioveterinary Research Unit, Faculty of Veterinary Sciences, 
Mahasarakham University, Mahasarakham, 44000, Thailand 
3 Stress and Oxidative Stress in Animal Research Unit, Faculty of 
Veterinary Sciences, Mahasarakham University, Mahasarakham, 
44000, Thailand 
4 Department of Veterinary Technology, Faculty of Agriculture 
Technology, Kalasin University, Kalasin 46000, Thailand.  

ORCID (for more information, please visit 
https://orcid.org) 

Benjawan Saechue (https://orcid.org/0000-0001-9843-7793) 
Piyarat Srinontong (https://orcid.org/0000-0001-6391-4203) 
Thanyakorn Chalalai (https://orcid.org/0009-0009-9777-8524) 
Watcharapon Promsut (https://orcid.org/0000-0003-2116-7806) 
Worapol Aengwanich (https://orcid.org/0000-0002-7547-0213) 
Bhuripit Saraphol (https://orcid.org/0000-0001-6887-4757) 
Wilasinee Srisanyong (https://orcid.org/0009-0006-3049-3055) 

Competing interests No potential conflict of interest relevant to this article was reported. 

Funding sources 
State funding sources (grants, funding sources, 
equipment, and supplies). Include name and number of 
grant if available. 
 

This research project was financially supported by Mahasarakham 
University.  

Acknowledgements This research project was financially supported by Mahasarakham 
University. We thank Miss Monticha Chinnakot for her secretarial 
assistance. We gratefully acknowledge the Faculty of Veterinary 
Sciences, Mahasarakham University, for supporting the research 
facilities.   

Availability of data and material Upon reasonable request, the datasets of this study can be available 
from the corresponding author. 

Authors' contributions 
Please specify the authors’ role using this form. 

Conceptualization: Srinontong P, Aengwanich W 
Data curation: Saechue B, Chalalai T, Promsut W. 
Formal analysis: Srinontong P, Aengwanich W  
Methodology: Srinontong P, Saechue B, Chalalai T, Promsut W.  
Validation: Srinontong P. 
Investigation: Srinontong P, Saechue B, Chalalai T, Promsut W, 
Sarapho B, Srisanyong W 
Writing - original draft: Srinontong P, Saechue B. 
Writing - review & editing: Srinontong P, Saechue B, Chalalai T, 
Promsut W, Aengwanich W, Sarapho B, Srisanyong W 

Ethics approval and consent to participate Ethical approval for all experimental procedures was granted by the 
Institutional Animal Care and Use Committee of Mahasarakham 
University (IACUC-MSU-090-082/2025). 

Declaration of generative AI During the preparation of this work, ChatGPT was used for the 
purpose of improving readability and language. After using this tool, 
the authors reviewed and edited the content as needed and take full 



2 
 

responsibility for the content of the publication. 

 4 
CORRESPONDING AUTHOR CONTACT INFORMATION  5 

For the corresponding author (responsible for 
correspondence, proofreading, and reprints) 

Fill in information in each box below 

First name, middle initial, last name Piyarat Srinontong 

Email address – this is where your proofs will be sent piyarat@msu.ac.th 

Secondary Email address  Yajog-pi@hotmail.com 

Address Faculty of Veterinary Sciences, Mahasarakham University, Mueang 
District, Mahasarakham, 44000, Thailand 

Cell phone number +66936419168    

Office phone number  +66043712832    

Fax number +66043712832    

 6 
7 



3 
 
Abstract 8 
 The objective of this study was to examine the influence of age on redox, immune, and transcriptional 9 

responses following surgical castration in calves. Twelve Wagyu calves were allocated to two age groups: 2 months 10 

(n = 6) and 4 months (n = 6). Blood was collected before castration and at 6, 24, and 72 hours after castration. Nitric 11 

oxide and total antioxidant capacity were measured. Gene expression (IFN-γ, TNF-α, and IL-10) was quantified 12 

using quantitative real-time PCR. T-lymphocyte subsets (CD4⁺, CD8⁺, and γδ T cells) were determined by flow 13 

cytometry. RNA sequencing of peripheral blood mononuclear cells collected at 6 hours after castration was 14 

performed, followed by differential gene expression and pathway enrichment analyses. Nitric oxide concentrations 15 

were higher in 4-month-old calves than in 2-month-old calves (p < 0.05), whereas total antioxidant capacity 16 

decreased progressively after castration regardless of age (p < 0.05). IFN-γ and TNF-α expression increased 17 

significantly at 6 hours after castration, regardless of age. IL-10 expression exhibited an age × time interaction, with 18 

2-month-old calves showing an enhanced anti-inflammatory response at 24-72 hours after castration (p < 0.05). 19 

Percentages of CD4⁺, CD8⁺, and γδ T cells changed significantly over time following castration (p < 0.05), and 20 

CD8⁺ T-cell percentages were additionally influenced by age (p < 0.05), with 2-month-old calves showing a greater 21 

overall magnitude of response. Transcriptomic analysis identified 266 differentially expressed genes between age 22 

groups (164 upregulated, 102 downregulated in 4-month calves), with enrichment of immune- and inflammation-23 

related pathways, including NF-κB, MAPK, TNF, IL-17, Toll-like receptor, and NOD-like receptor signaling 24 

pathways. Upregulated genes in 4-month calves included CCL14, CSF3, PTX3, ALOX15, and IL17REL, which are 25 

associated with inflammatory signaling and leukocyte activation. These findings demonstrate that castration induces 26 

coordinated immune and redox responses in calves, with both age and time influencing the magnitude and dynamics 27 

of these changes. Older calves exhibited stronger inflammatory and redox-associated responses, whereas younger 28 

calves demonstrated distinct regulatory cytokine responses and differences in CD8⁺ T-cell proportions. Integration 29 

of physiological, cellular, and transcriptomic analyses suggests age-associated differences in postoperative 30 

inflammatory and redox regulation following castration. 31 

 32 
 33 
Keywords (3 to 6): calves; castration; immune response; redox response; RNA sequencing; transcriptomics  34 
 35 
 36 
 37 
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Introduction 38 

 39 
Meat is an important source of protein for human health, providing all essential amino acids. It is also rich 40 

in various fatty acids and micronutrients that contribute to nutritional balance [1]. In many regions of the world, 41 

particularly in developing countries, the demand for meat remains high [2]. In recent years, global meat 42 

consumption has increased significantly, largely driven by population growth and rising per capita income [1]. 43 

Therefore, improving beef production efficiency while ensuring optimal animal welfare through evidence-based 44 

management practices has become a key objective in modern livestock production systems [3]. 45 

Castration is a widely used practice in beef production systems to improve meat quality, reduce aggressive 46 

behavior, and facilitate herd management [4]. However, castration constitutes a major physiological stressor that 47 

triggers a cascade of molecular and cellular responses [5]. At the tissue level, surgical trauma activates damage-48 

associated molecular patterns (DAMPs) that bind to pattern recognition receptors on innate immune cells, initiating 49 

transcription factor activation (particularly nuclear factor kappa B (NF-κB) and activator protein-1 (AP-1)) and 50 

subsequent pro-inflammatory cytokine gene expression [6]. Meanwhile, the acute stress response activates the 51 

hypothalamic-pituitary-adrenal axis, leading to cortisol release that modulates immune cell function and metabolic 52 

processes [7]. These neuroendocrine and immune responses are accompanied by oxidative stress, characterized by 53 

increased production of reactive oxygen species (ROS) through NADPH oxidase activation in recruited neutrophils 54 

and macrophages, alongside superoxide generation via mitochondrial electron transport chain disruption, and nitric 55 

oxide via inducible nitric oxide synthase (iNOS) in inflammatory cells [8]. 56 

Previous studies have established several key aspects of castration-induced stress responses. At the 57 

endocrine level, cortisol elevation following castration has been well-documented, with peak concentrations 58 

occurring within 30 minutes to 9 hours post-procedure, though the magnitude varies with age and castration method 59 

[9,10]. At the cellular level, acute-phase protein responses, particularly haptoglobin elevation, have been 60 

characterized, indicating hepatic acute-phase response activation [11,12]. At the behavioral level, pain-associated 61 

behaviors and altered activity patterns have been quantified using a visual behavioral ethogram and 62 

electroencephalography [10,13]. At the immune level, leukocyte trafficking patterns have been described, showing 63 

initial neutrophilia followed by lymphocyte mobilization [14]. Additionally, recent work has demonstrated that 64 

surgical castration induces expression of pro-inflammatory cytokine genes, including interleukin-1-alpha (IL-1α), 65 
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IL-1-beta (IL-1β), IL-1 receptor antagonist (IL-1RN), and IL-6 in leukocytes, with peak mRNA expression 66 

occurring within the first 6-24 hours [15]. 67 

Despite these advances, critical mechanistic gaps prevent translation of phenotypic observations into 68 

optimized management strategies. First, while age-dependent differences in cortisol responses have been 69 

documented [10,14], the molecular mechanisms underlying differential immune-redox regulation between younger 70 

and older calves remain unexplored. Specifically, it is unknown whether age-related differences in inflammatory 71 

cytokine production reflect transcriptional regulation (differential gene expression) or feedback regulatory 72 

mechanisms. Second, the relationship between oxidative stress markers and inflammatory gene expression has not 73 

been mechanistically characterized. Third, the temporal coordination between redox signaling and immune 74 

activation is poorly understood. The existing literature provides snapshots of individual biomarkers at isolated time 75 

points but lacks an integrated analysis of how oxidative stress, antioxidant depletion, and inflammatory gene 76 

expression are temporally coordinated during the acute stress response [16,17]. Furthermore, the potential for 77 

transcriptional compensation mechanisms has not been explored. Recent work in other species suggests that immune 78 

system maturation involves not only increased inflammatory capacity but also enhanced regulatory mechanisms 79 

[18,19], including induction of negative feedback regulators (suppressor of cytokine signaling (SOCS) proteins, 80 

A20/tumor necrosis factor alpha-induced protein 3 (TNFAIP3), IκBα) [20-22] and anti-inflammatory pathways (IL-81 

10, transforming growth factor-beta (TGF-β) signaling) [23]. Whether such developmental differences in regulatory 82 

gene expression contribute to age-dependent castration responses in cattle remains unknown.  83 

To address these knowledge gaps, the present study employed an integrated approach combining targeted 84 

biochemical measurements with whole-transcriptome sequencing. Our objectives were: (1) to quantify temporal 85 

changes in redox biomarkers (nitric oxide, total antioxidant capacity), inflammatory cytokines [Interferon-gamma 86 

(IFN-γ), tumor necrosis factor-alpha (TNF-α), IL-10), and adaptive immune cell populations (CD4⁺, CD8⁺, γδ T 87 

cells) over 72 hours following surgical castration in 2- versus 4-month-old calves; (2) to perform RNA-sequencing 88 

on peripheral blood mononuclear cells (PBMCs) to identify age-associated transcriptional signatures and 89 

differentially expressed genes; (3) to conduct pathway enrichment analysis to determine which biological processes 90 

and signaling networks are differentially activated between age groups; and (4) to integrate transcriptomic findings 91 

with biochemical measurements to elucidate the molecular mechanisms underlying observed age-dependent 92 

physiological differences. Understanding these mechanisms is essential, as age at castration remains a modifiable 93 

management factor, yet current recommendations lack molecular evidence to support optimal timing decisions. 94 
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To our knowledge, this represents the first study to integrate whole-transcriptome profiling with temporal 95 

physiological measurements to elucidate molecular mechanisms of age-dependent castration responses. This 96 

integrative strategy moves beyond descriptive phenotyping toward mechanistic understanding, directly addressing 97 

the need for evidence-based optimization of castration timing to minimize physiological burden while maintaining 98 

production efficiency. 99 

 100 

Materials and Methods 101 

 102 

Ethical approval for all experimental procedures was granted by the Institutional Animal Care and Use 103 

Committee of Mahasarakham University (IACUC-MSU-090-082/2025). 104 

1. Animal management and experimental procedure 105 

Twelve male Wagyu calves were enrolled in the study. Animals were assigned to two age groups: 2 months 106 

old (2M; 57 ± 7 kg; n = 6) and 4 months old (4M; 130 ± 15 kg; n = 6). All calves originated from the same 107 

commercial herd located in Kalasin Province, northeastern Thailand, and were maintained under identical 108 

management conditions throughout the experiment. 109 

Animals were housed on concrete flooring with straw bedding and had ad libitum access to drinking water. 110 

The feeding regimen differed according to age. Calves in the 2M group received milk replacer (4 L per calf per day), 111 

concentrate feed (CP 973®, CPF Thailand Public Company Limited, Saraburi Province, Thailand), and pangola 112 

grass. Calves in the 4M group were provided concentrate feed (CP 972®, CPF Thailand) together with pangola grass. 113 

All calves were clinically healthy as determined by rectal temperature (<39.5°C), absence of respiratory signs, and 114 

normal appetite during a 7-day acclimation period before castration. Surgical castration was performed on day 0 115 

between 10:30 and 12:30 h using a standardized surgical technique [5]. Briefly, the scrotum was cleaned with an 116 

antiseptic solution; a vertical incision was made through the scrotal skin and tunica vaginalis; the testicles were 117 

exteriorized; the spermatic cord was ligated and transected; and the wound was left to heal by second intention. The 118 

procedure duration was approximately 10-15 minutes per calf. During the procedure, calves were gently restrained 119 

using a halter to minimize unnecessary stress. 120 

2. Experiment 1: physiological, biochemical, and immune responses 121 

2.1 Experimental design and sampling procedure 122 
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The experiment employed a two-factor repeated-measures design to evaluate the effects of age at castration 123 

and time after surgery. The fixed factors were age at castration (2 and 4 months) and sampling time after castration 124 

(0, 6, 24, and 72 hours), with repeated measurements collected from the same calf across all time points. Sample 125 

size determination for each age group followed the method described by Ilyas et al. [24], resulting in six animals per 126 

group. This design enabled evaluation of age-related effects, temporal responses after castration, and their 127 

interaction. 128 

2.2 Blood sample collection 129 

Blood samples were collected from the jugular vein at 0, 6, 24, and 72 hours after castration. 130 

Approximately 8 mL of whole blood was collected into K3-EDTA tubes (ethylenediaminetetraacetic acid) to isolate 131 

peripheral blood mononuclear cells (PBMCs). Additional blood samples (2 mL) were collected in serum clot 132 

activator tubes for the determination of biochemical markers, including nitric oxide and total antioxidant capacity. 133 

Samples were centrifuged at 3000 × g for 15 min to obtain the serum supernatant, which was then stored at −20 °C 134 

until analysis. 135 

2.3 Peripheral blood mononuclear cell isolation 136 

PBMCs were isolated from whole blood as previously described [5]. Briefly, blood samples were diluted 137 

with two volumes of phosphate-buffered saline (PBS). Ficoll-Paque Plus (Cytiva, MA, USA) was placed at the 138 

bottom of centrifuge tubes, followed by careful layering of diluted blood. Samples were centrifuged at 800 × g for 139 

30 min. The supernatant was removed, and the interphase containing PBMCs was collected and resuspended in 10 140 

mL PBS, followed by centrifugation at 1400 × g for 10 min. The resulting cell pellet was treated with 3 mL red 141 

blood cell lysis buffer (Thermo Fisher Scientific Inc., USA) and incubated for 5 min at room temperature with 142 

gentle mixing. PBS was then added to stop the reaction, and samples were centrifuged again at 1400 × g for 10 min. 143 

Cell pellets were washed twice with 10 mL PBS and subsequently resuspended in 1 mL RNAlater solution 144 

(Invitrogen, USA) for downstream molecular analysis. 145 

2.4 Measurement of biochemical markers 146 

Nitric oxide  147 

Nitric oxide concentration was determined using the Griess colorimetric method [25]. Briefly, 100 μL of 148 

serum was incubated with 100 μL Griess reagent consisting of 1% sulfanilamide (DC Fine Chemicals, Terrassa, 149 

Spain) and 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride (PanReac AppliChem, Darmstadt, Germany) in 150 



8 
 
2.5% phosphoric acid (QRëC™, Auckland, New Zealand) at room temperature for 15 min. Absorbance was 151 

measured at 540 nm, and nitric oxide concentrations were calculated using a sodium nitrite (NaNO₂) (KemAus, 152 

Australia) standard curve. 153 

Total antioxidant capacity analysis 154 

The total antioxidant capacity of serum samples was evaluated using the ferric reducing antioxidant power 155 

(FRAP) assay. Fresh FRAP reagent was prepared by mixing 10 mL of 300 mM sodium acetate buffer (Ajax 156 

Finechem Pty. Ltd.), 1 mL of 10 mM tris(2-pyridyl)-s-triazine (Sigma-Aldrich, USA) in 40 mM HCl, and 1 mL of 157 

20 mM ferric chloride (PanReac AppliChem, Darmstadt, Germany). For analysis, 20 µL of serum was mixed with 158 

180 µL of FRAP reagent in microplate wells and incubated for 5 min at room temperature. Absorbance was 159 

measured at 595 nm using a Tecan Infinite® 200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland). 160 

Antioxidant capacity was calculated using FeSO₄·7H₂O standards ranging from 100 to 1000 μM. 161 

2.5 cDNA synthesis and reverse transcription quantitative real-time PCR  162 

Complementary DNA (cDNA) was synthesized from purified RNA using ReverTra Ace qPCR RT Master 163 

Mix (TOYOBO, Japan) according to the manufacturer’s instructions. Gene expression levels were quantified using 164 

Maxima SYBR Green qPCR Mastermix (Thermo Fisher Scientific, USA) on a QuantStudio 3 Real-Time PCR 165 

system (Applied Biosystems). Relative gene expression was calculated using the 2−ΔΔCT method, with GAPDH used 166 

as the internal reference gene. Primer sequences used for amplification are listed in Table 1. 167 

2.6 T-lymphocyte subset analysis by flow cytometry 168 

Whole blood samples were treated with red blood cell lysis buffer (Thermo Fisher Scientific Inc., USA) 169 

and incubated at room temperature. After 10 min, PBS was added to stop the reaction, followed by centrifugation at 170 

500 × g for 5 min. The supernatant was removed, and the remaining cell pellet was resuspended in 100 µL PBS 171 

containing 2% fetal bovine serum. To prevent non-specific binding, polyclonal rat IgG (Sigma-Aldrich, USA) was 172 

added to all tubes and incubated at 4 °C for 15 min. Cells were then stained with fluorescently labeled antibodies, 173 

including CD3-Alexa Fluor 647, WC1-FITC, CD4-Pacific Blue, and CD8-RPE (Bio-Rad Laboratories Inc., UK). 174 

Samples were incubated at 4 °C for 30 min in the dark. 175 

After staining, cells were washed with 1 mL PBS containing 2% fetal bovine serum and centrifuged at 400 176 

× g for 5 min. The cells were suspended in PBS containing 2% fetal bovine serum. Samples were stored at 4 °C in 177 

the dark until flow cytometric analysis. Data acquisition was performed using a FACSCelesta flow cytometer (BD 178 

Biosciences, USA), and results were analyzed using FlowJo software (BD Life Sciences). Peripheral blood 179 
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lymphocytes were initially identified based on forward- and side-scatter characteristics (FSC-A vs. SSC-A), 180 

followed by singlet gating before analysis of T-cell subsets. No viability dye was included in the staining panel. 181 

Single-stained compensation controls were used to establish fluorescence compensation for each fluorochrome. 182 

Unstained cells were used to assess the negative fluorescence distribution. Fluorescence-minus-one (FMO) controls 183 

were not included in the original experimental staining panel. CD3⁺CD4⁺, CD3⁺CD8⁺, and CD3⁺WC1⁺ populations 184 

were identified using the established fluorescence distributions and the same gating hierarchy across all samples. 185 

The percentages of CD4⁺, CD8⁺, and WC1⁺ cells were calculated within the CD3⁺ T-cell population. The same 186 

photomultiplier tube voltage settings and fluorescence compensation matrix were applied consistently to all samples. 187 

A total of 100,000 events were acquired for each sample.  The flow cytometric gating strategy is illustrated in Figure 188 

1.  189 

2.7 Statistical analysis for experiment 1 190 

All statistical analyses were performed using R software (R Core Team, Vienna, Austria). Data were 191 

analyzed using linear mixed-effects models fitted with the lme4 package, with age at castration (2 and 4 months), 192 

time after castration (0, 6, 24, and 72 hours), and their interaction included as fixed effects. An individual calf was 193 

included as a random effect to account for repeated measurements over time. The significance of fixed effects was 194 

evaluated using Type III analysis of variance with Satterthwaite’s approximation. 195 

Model assumptions were assessed using a combination of graphical and statistical approaches. Residual 196 

normality was evaluated using the Shapiro–Wilk test and diagnostic plots generated from the DHARMa and 197 

performance packages. Variables that did not satisfy model assumptions were log-transformed before analysis. For 198 

CD8⁺ and γδ T-cell percentages, statistical analyses were performed on log-transformed data. Estimated marginal 199 

means were subsequently back-transformed to the original percentage scale for presentation. In contrast, CD4+ T-cell 200 

percentages, nitric oxide, FRAP, and cytokine ΔCt values were analyzed using raw data. 201 

For cytokine gene expression analyses (IFN-γ, TNF-α, and IL-10), statistical analyses were performed 202 

using ΔCt values. Fold change relative to baseline (Time 0 before castration) was subsequently calculated using the 203 

2-ΔΔCt method and used only for graphical and tabular presentation to facilitate biological interpretation. 204 

Post hoc comparisons were performed using estimated marginal means with Tukey’s adjustment for 205 

multiple comparisons. For variables analyzed after log transformation, results are presented as back-transformed 206 

geometric means with 95% confidence intervals. Statistical significance was declared at p < 0.05. 207 

3. Experiment 2: Transcriptomic analysis 208 
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3.1 Sample selection, RNA extraction, and quality assessment 209 

For transcriptomic analysis, PBMC samples collected 6 h after castration were selected because this time point 210 

represented the early phase of the inflammatory response, characterized by the initial upregulation of pro-211 

inflammatory mediators. This time point was chosen to capture early transcriptional changes that may precede 212 

subsequent alterations in immune cell populations and redox-related parameters observed at later time points. Four 213 

calves were randomly selected from the six animals in each age group for RNA-seq analysis. No samples were 214 

excluded because of RNA quality or technical considerations. Total RNA was extracted using the NucleoSpin RNA 215 

kit (Macherey-Nagel, Germany). RNA concentration was measured using a NanoDrop 2000 spectrophotometer 216 

(Thermo Fisher Scientific, USA). RNA purity was assessed by evaluating the 260/280 and 260/230 absorbance 217 

ratios using the same instrument. RNA quality was further examined using 1% agarose gel electrophoresis to 218 

confirm the presence of clear 18S and 28S ribosomal RNA bands. RNA integrity number (RIN) was determined 219 

using the LabChip GX system (PerkinElmer LabChip GX Touch HT). Purified RNA samples were immediately 220 

frozen and stored at −20 °C until further processing for cDNA synthesis and RNA sequencing. 221 

3.2 RNA sequencing 222 

Libraries were prepared using the Hieff NGS Ultima Dual-mode mRNA Library Prep Kit for Illumina 223 

(Yeasen) following the manufacturer’s protocol. Sequencing was performed on the Illumina NovaSeq X Plus 224 

platform using the NovaSeq™ X Series 25B reagent kit with 150 bp paired-end reads. Sequencing generated an 225 

average of 46.2 million raw reads per sample (range: 43.2-53.5 million). Clean reads were mapped to the bovine 226 

reference genome (ARS-UCD1.2) using STAR aligner, achieving uniquely mapped read rates ranging from 88.43% 227 

to 92.58% (mean = 91.31%), indicating high-quality RNA sequencing data. 228 

3.3 Differential expression and functional enrichment analysis 229 

Differential gene expression analysis between 2- and 4-month-old calves was performed using the DESeq2 230 

package. Differentially expressed genes (DEGs) were defined using the criteria false discovery rate (FDR) < 0.01 231 

and |log₂ (fold change)| ≥ 2. Multiple testing correction was performed using the Benjamini–Hochberg method. 232 

Principal component analysis (PCA) was conducted to evaluate clustering among samples. Functional 233 

enrichment analyses included Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 234 

pathway analyses. GO enrichment of DEGs was performed using the GOseq R package based on the Wallenius non-235 

central hypergeometric distribution, and enrichment significance was defined as q-value < 0.05. 236 

 237 
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 238 

Results 239 

1. Biochemical parameters 240 

Nitric oxide concentrations were significantly lower in 2-month-old calves than in 4-month-old calves (p = 241 

0.01). Across sampling times, nitric oxide concentrations decreased at 6 hours post-castration compared with pre-242 

castration (p = 0.01). In contrast, concentrations at 24 and 72 hours did not differ significantly from either pre-243 

castration or 6 hours (Table 2). 244 

FRAP values were significantly lower at 72 hours post-castration than pre-castration (p = 0.02). However, 245 

FRAP values at 6 and 24 hours post-castration did not differ significantly from pre-castration or from those at 72 246 

hours (Table 2). 247 

2. Cytokine and immune responses 248 

2.1 Cytokine responses 249 

IFN-γ expression was affected by sampling time (p = 0.03), whereas age and the age × time interaction 250 

were not significant (Table 3). IFN-γ expression tended to increase at 6 hours post-castration; however, post hoc 251 

analysis detected no significant pairwise differences among sampling times. 252 

TNF-α expression was influenced by sampling time (p < 0.001). In both age groups, TNF-α expression at 6 253 

hours post-castration was significantly higher than pre-castration. In 4-month-old calves, TNF-α expression at 6 254 

hours was also significantly higher than at 24 and 72 hours post-castration. In contrast, in 2-month-old calves, 255 

expression at 24 and 72 hours did not differ significantly from either 6 hours or pre-castration (Table 3). 256 

IL-10 expression was significantly influenced by age (p = 0.003), sampling time (p < 0.001), and the age × 257 

time interaction (p = 0.008). Overall, 2-month-old calves exhibited higher IL-10 expression than 4-month-old 258 

calves, particularly at 24 and 72 hours post-castration (Figure 2; Table 3). In 2-month-old calves, IL-10 expression 259 

increased after castration and remained elevated through 72 hours compared with pre-castration. In 4-month-old 260 

calves, IL-10 expression peaked at 6 hours post-castration and subsequently declined at 24 and 72 hours. 261 

2.2 T-lymphocyte subsets 262 

The percentage of CD4⁺ T cells was significantly affected by sampling time (p < 0.001) (Table 4). In both 263 

age groups, the percentage of CD4 T cells at 72 hours post-castration was significantly higher than at 0, 6, and 24 264 

hours. Percentages at 6 hours were significantly higher than at 24 hours, whereas the 6-hour value did not differ 265 
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significantly from pre-castration. Percentages at 0 and 24 hours did not differ significantly between sampling times 266 

(Figure 3A). 267 

The percentage of CD8⁺ T cells was significantly influenced by age (p = 0.007) and sampling time (p < 268 

0.001) (Table 4). Overall, 2-month-old calves exhibited significantly higher percentages of CD8⁺ T cells than 4-269 

month-old calves across all sampling times, consistent with the non-significant age × time interaction. In both age 270 

groups, the percentage of CD8+ T cells at 6, 24, and 72 hours post-castration was significantly higher than pre-271 

castration (p < 0.05). In 2-month-old calves, percentages at 6 hours did not differ significantly from those at 24 or 72 272 

hours post-castration. In 4-month-old calves, the percentage at 24 hours was significantly higher than at 6 hours, 273 

while 72 hours did not differ significantly from either 6 or 24 hours. Percentages at 24 and 72 hours did not differ 274 

significantly between sampling times (Figure 3B).  275 

The percentage of γδ T cells was significantly affected by sampling time (p < 0.001) (Table 4). In both age 276 

groups, percentages at 24 and 72 hours post-castration were significantly higher than those pre-castration and at 6 277 

hours post-castration. Percentages at 0 and 6 hours did not differ significantly between sampling times, and 278 

percentages at 24 hours did not differ significantly from 72 hours post-castration. (Figure 3C). 279 

 280 

3. Transcriptomic analysis  281 

3.1  Differentially expressed genes (DEGs) 282 

PBMC samples collected 6 hours post-castration were subjected to RNA sequencing (RNA-seq) analysis. 283 

Sequencing yielded an average of 46.2 million paired-end reads per sample. Quality-filtered reads were aligned to 284 

the bovine reference genome (ARS-UCD1.2), achieving a mean mapping rate of 91.3% (range: 88.4%-92.6%), 285 

confirming high data quality. Principal component analysis (PCA) revealed a clear separation between the 2-month-286 

old and 4-month-old groups (Figure 4A). In total, 266 genes were differentially expressed between calves castrated 287 

at 2 and 4 months of age (FDR < 0.01, |log2FC| ≥ 2). Among these, 164 genes were upregulated, and 102 genes were 288 

downregulated in 4-month-old calves relative to the 2-month-old group (Figure 4B). The volcano plot illustrates the 289 

distribution of genes that are significantly upregulated or downregulated (Figure 4C). The top ten upregulated genes 290 

in the 4-month-old group included LOC112445693, CCL14, CSF3, PTX3, ALOX15, LOC101902555, HPGD, 291 

SDC4, CDC42EP2, and IL17REL (Table 5). These genes are primarily associated with inflammatory signaling, 292 

chemokine-mediated immune responses, lipid metabolism, and cellular stress responses. In contrast, the top ten 293 

downregulated genes in the 4-month-old group included LOC112445692, ENPP1, LOC786796, PER3, GZMA, 294 
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LOC112445731, NCMAP, TLL2, SIGLEC1, and ZNF697 (Table 6). These genes were primarily involved in 295 

immune regulation, extracellular matrix remodeling, circadian rhythms, and transcriptional control. 296 

3.2 Functional enrichment analysis 297 

    To further characterize the biological functions associated with differentially expressed genes between 2- 298 

and 4-month-old calves, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 299 

analyses were performed. GO enrichment analysis was classified into three functional categories: biological process 300 

(BP), cellular component (CC), and molecular function (MF). Among the enriched biological processes, significant 301 

pathways included positive regulation of protein deubiquitination, interleukin-1-mediated signaling, and negative 302 

regulation of MAP kinase activity (Figure 5A). For CC categories, enriched terms included mitochondrial electron 303 

transfer flavoprotein complex, proton-transporting two-sector ATPase complex (catalytic domain), and microtubule-304 

associated structures (Figure 5B). 305 

Within the MF category, the most significantly enriched terms were granulocyte colony-stimulating factor 306 

receptor binding, platelet-activating factor receptor activity, and arachidonate 12(S)-lipoxygenase activity (Figure 307 

5C). KEGG pathway enrichment analysis also revealed significant enrichment (FDR < 0.05) in several immune- and 308 

signaling-related pathways. The top 20 enriched pathways included the TNF signaling pathway, IL-17 signaling 309 

pathway, NF-κB signaling pathway, Toll-like receptor signaling pathway, NOD-like receptor signaling pathway, 310 

and mitogen-activated protein kinase (MAPK) signaling pathway (Figure 5D). 311 

 312 

Discussion  313 

 314 

Surgical castration causes acute tissue injury, which triggers complex changes in inflammatory responses 315 

and the regulation of redox homeostasis [17, 26]. Understanding how these responses are modulated by age is 316 

critically important, as immune status and redox regulation in calves undergo continuous development and 317 

adaptation [16, 19]. The present study found that both age and time play important roles in shaping post-castration 318 

biochemical and immune responses, although their effects differ across biological systems. Age-related differences 319 

were particularly evident in redox-associated parameters, whereas immune responses were largely determined by the 320 

time elapsed following surgical injury. The changes in biochemical and immune parameters observed in calves of 321 

different ages and at sampling time points after surgical injury are described as follows. 322 
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Nitric oxide concentrations were higher in 4-month-old calves than in 2-month-old calves, indicating an 323 

age-related difference in the magnitude of redox responses. Because no age × time interaction was detected, this 324 

difference remained consistent across all sampling time points. Castration induces acute tissue injury, which 325 

activates inflammatory cascades and stimulates iNOS, leading to increased nitric oxide production as part of host 326 

defense and wound-healing processes [27, 28]. Nitric oxide plays a dual role during inflammation, functioning both 327 

as a signaling molecule and as a mediator of oxidative stress when produced in excess [8, 29]. Therefore, tissue 328 

injury is associated with an elevation in nitric oxide levels [27]. Previous studies have shown that castration can 329 

trigger both neurohormonal and inflammatory stress responses in calves, with age influencing the magnitude of 330 

these physiological reactions [9-11]. The higher nitric oxide concentrations observed in older calves in the present 331 

study may reflect enhanced inflammatory signaling associated with age-related developmental differences and 332 

increased leukocyte responsiveness [16]. Age-related changes in immune function are well known to modulate 333 

sensitivity to redox and inflammatory reactions during early life [30], which may contribute to the increased nitric 334 

oxide production observed in 4-month-old calves following surgical injury. This pattern suggests that maturation of 335 

immune signaling pathways may promote nitric oxide–mediated inflammatory responses in older calves [31]. In 336 

contrast, total antioxidant capacity (FRAP) was influenced solely by time, showing a progressive decline after 337 

castration regardless of age. This pattern suggests that antioxidant depletion represents a general systemic response 338 

to surgical stress rather than an age-dependent mechanism [32]. Surgical trauma and acute inflammation are well 339 

known to disrupt redox homeostasis through increased production of reactive oxygen and nitrogen species [17, 33]. 340 

The concurrent increase in nitric oxide (particularly in older calves) and the time-dependent reduction in total 341 

antioxidant capacity indicate a transient redox imbalance during the early postoperative period, consistent with the 342 

dynamics of acute inflammatory wound healing [34]. 343 

In general, castration induces time-dependent changes in cytokine expression, reflecting the activation of 344 

both pro-inflammatory and regulatory immune pathways following surgical tissue injury [5]. In the present study, 345 

the pro-inflammatory cytokines IFN-γ and TNF-α increased over time during the early period after castration, with 346 

peak levels observed at 6 hours post-castration. These cytokines are key mediators of early innate immune activation 347 

and are rapidly induced following tissue damage through activation of intracellular signaling pathways such as NF-348 

κB and MAPK [22, 27]. IFN-γ plays an important role in macrophage activation and host defense, whereas TNF-α 349 

acts as a central amplifier of inflammation by promoting leukocyte recruitment and endothelial activation [35]. 350 

Similar transient increases in pro-inflammatory cytokines have also been reported in calves following castration, 351 
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reflecting acute immune activation associated with tissue injury and the early stages of wound healing [15, 27]. In 352 

contrast, IL-10 is a cytokine associated with immune regulation and anti-inflammatory processes [34]. In the present 353 

study, IL-10 expression exhibited an age × time interaction, with increased gene expression observed at later time 354 

points only in calves castrated at 2 months of age. IL-10 is a key immunoregulatory cytokine that limits excessive 355 

inflammation and promotes resolution of the immune response [35]. The delayed increase in IL-10 in younger 356 

calves may therefore reflect a compensatory regulatory mechanism aimed at restoring immune homeostasis 357 

following the early inflammatory response [4, 18]. 358 

Alterations in T-lymphocyte subsets following castration further demonstrate the dynamic nature of 359 

postoperative cellular immune responses. In the present study, percentages of CD4⁺ T cells, CD8⁺ T cells, and γδ T 360 

cells were significantly influenced by sampling time, whereas age-related effects varied among individual T-cell 361 

populations. These findings indicate marked temporal changes in T-cell dynamics following surgical injury [36]. 362 

CD4⁺ T cells are key regulators of adaptive immunity and coordinate inflammatory and tissue-repair responses 363 

through cytokine production and immune-cell activation [36]. In the present study, CD4⁺ T-cell percentages 364 

increased at 6 hours, decreased at 24 hours, and reached their highest values at 72 hours post-castration in both age 365 

groups. This early decline is consistent with our previous findings in surgically castrated calves, where peripheral 366 

lymphocyte recovery began around 24 hours post-castration following an initial trauma-induced decrease in 367 

circulating lymphocytes within the first few hours [5], likely reflecting transient lymphocyte redistribution following 368 

acute surgical injury. The subsequent marked increase at 72 hours may reflect changes in the relative representation 369 

of CD4⁺ T cells during the transition from acute inflammation toward tissue repair [27]. The proportion of CD8⁺ T 370 

cells also changed significantly over time after castration. CD8⁺ T cells are major mediators of cytotoxic immune 371 

responses and participate in the elimination of damaged or stressed cells during inflammation [36]. In both age 372 

groups, CD8⁺ T-cell percentages reached their highest values at 24 hours post-castration, consistent with early 373 

cellular immune activation following tissue injury; this peak was statistically distinct from earlier and later time 374 

points in 4-month-old calves, whereas in 2-month-old calves, percentages at 6, 24, and 72 hours did not differ 375 

significantly from one another. Comparable transient increases in CD8⁺ T-cell populations have been reported 376 

during postoperative inflammatory responses [5]. Age additionally influenced overall CD8⁺ T-cell percentages, with 377 

2-month-old calves showing higher values than 4-month-old calves across sampling times, suggesting an age-378 

associated difference in the proportion of CD3⁺CD8⁺ cells following castration [37, 38]. Because FMO controls 379 

were not available, these findings should be interpreted as changes in the estimated CD8⁺ T-cell proportion rather 380 
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than direct evidence of altered cytotoxic T-cell function. γδ T cells constitute a major T-cell population in cattle and 381 

are involved in innate-like immune surveillance, inflammatory regulation, and early responses to tissue injury [39]. 382 

In the present study, γδ T-cell percentages increased at 24 and 72 hours post-castration in both age groups. In 4-383 

month-old calves, γδ T-cell percentages initially decreased at 6 hours post-castration before increasing at later time 384 

points, consistent with transient redistribution or early migration during acute inflammation [39, 40]. γδ T cells 385 

rapidly respond to stress-associated molecules released from damaged tissues and contribute to cytokine production, 386 

leukocyte recruitment, and tissue repair [27, 39]. The temporal changes in the estimated CD3⁺WC1⁺ cell proportion 387 

are compatible with the dynamic redistribution of γδ T cells during the post-castration period [39, 41]. However, 388 

because FMO controls were not included, these findings should be interpreted cautiously, and the present data do 389 

not establish functional activation of γδ T cells. Collectively, these findings demonstrate coordinated alterations in 390 

T-lymphocyte subsets following surgical castration in calves, with distinct temporal patterns among CD4⁺, CD8⁺, 391 

and γδ T-cell populations. The age-dependent differences observed, particularly in CD8⁺ T-cell responses, suggest 392 

that developmental stage may contribute to postoperative cellular immune responses following surgical stress. 393 

The transcriptomic analysis in this study revealed key mechanistic support for the observed immune 394 

responses. Specifically, the enrichment of signaling pathways related to NF-κB signaling, MAPK activation, and 395 

cytokine-mediated signaling indicates coordinated transcriptional activation associated with inflammatory networks 396 

[42, 43]. Along with the enrichment of these pathways, multiple DEGs associated with immune activation and 397 

inflammatory signaling were identified between age groups [43, 44]. These DEGs were primarily involved in 398 

cytokine signaling, leukocyte activation, and cellular stress responses, suggesting coordinated transcriptional 399 

regulation of inflammatory pathways during the early post-castration period [45]. NF-κB acts as a central integrator 400 

of inflammatory and redox-related signals and regulates the expression of numerous cytokines and immune 401 

mediators [22]. Similarly, MAPK pathways play important roles in regulating cytokine production, leukocyte 402 

activation, and cellular stress responses during inflammation [46]. Although RNA-seq was performed using total 403 

PBMCs rather than isolated lymphocyte subsets, the transcriptomic findings provide complementary evidence for 404 

the flow cytometric observations. The enrichment of inflammatory signaling pathways together with the differential 405 

expression of immune-related genes indicates early activation of immune regulatory networks before substantial 406 

changes in lymphocyte subset frequencies became apparent. This temporal pattern is consistent with the concept that 407 

transcriptional activation precedes phenotypic alterations in immune cell populations and may underlie the 408 

subsequent changes detected by flow cytometric analysis. Therefore, the transcriptomic and flow cytometric 409 
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findings should be regarded as complementary evidence describing different stages of the post-castration immune 410 

response rather than direct one-to-one relationships between specific genes and individual lymphocyte subsets. 411 

Because RNA-seq was conducted at 6 hours whereas the major changes in T-cell subset frequencies occurred 412 

predominantly at later time points, the transcriptomic findings are best interpreted as early molecular signatures 413 

associated with subsequent immune phenotypic changes rather than direct molecular explanations for individual T-414 

cell populations. The consistency between cytokine dynamics and transcriptomic pathway enrichment suggests that 415 

the observed immune responses were driven by structured activation of inflammatory signaling pathways, rather 416 

than by isolated fluctuations in cytokine levels. Although several immunological and redox-related parameters 417 

exhibited more pronounced changes at later time points (24–72 h), transcriptomic analysis was intentionally 418 

performed at 6 h to characterize the early molecular events that may initiate these downstream responses. Thus, the 419 

transcriptomic findings should be interpreted as reflecting the early regulatory phase of the post-castration response 420 

rather than the peak of all physiological or immunological alterations. 421 

Further mechanistic insight into the inflammatory responses observed after castration is provided by the 422 

differential expression of several immune-related genes identified through transcriptomic analysis [45]. Among the 423 

most strongly upregulated genes in 4-month-old calves were CCL14, CSF3, PTX3, ALOX15, and IL17REL, all of 424 

which are associated with innate immune activation and act as mediators in inflammatory processes. CCL14 425 

functions as a chemokine that promotes leukocyte recruitment to sites of tissue injury [47], whereas CSF3 plays an 426 

essential role in neutrophil proliferation and mobilization during inflammatory responses [48]. PTX3 is an acute-427 

phase protein involved in innate immune recognition and the regulation of inflammatory processes [49], while 428 

ALOX15 participates in the synthesis of lipid mediators that modulate inflammatory signaling pathways [50]. In 429 

addition, IL17REL is associated with IL-17 receptor signaling, a pathway known to promote the production of pro-430 

inflammatory cytokines and the recruitment of neutrophils during tissue inflammation [51]. Therefore, the 431 

upregulation of these genes supports the activation of innate immune pathways following tissue injury induced by 432 

surgical castration. 433 

Conversely, several genes associated with immune regulation, including GZMA, SIGLEC1, and ENPP1, 434 

were downregulated in the older calves. GZMA encodes granzyme A, a cytotoxic molecule produced by activated T 435 

cells and natural killer cells [52], while SIGLEC1 is involved in macrophage-mediated immune recognition and 436 

antigen presentation [53]. The various zinc finger transcription factors (ZNF697, LOC112445692, and 437 

LOC112445731) suggest altered transcriptional regulation and immune cell differentiation between age groups [54]. 438 
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These transcriptional changes suggest age-dependent modulation of leukocyte activation and inflammatory signaling 439 

following castration, which is consistent with the enhanced nitric oxide production and inflammatory pathway 440 

enrichment observed in 4-month-old calves. Collectively, these transcriptional changes indicate that surgical 441 

castration triggers coordinated activation of innate immune pathways in PBMCs, particularly in older calves, 442 

thereby amplifying inflammatory signaling and the production of reactive oxygen and nitrogen mediators during the 443 

early postoperative period. These transcriptional patterns are consistent with the temporal increases in IFN-γ and 444 

TNF-α observed in the present study, suggesting that transcriptional activation of inflammatory pathways may 445 

contribute to the cytokine responses detected shortly after castration [46]. 446 

The observed differences between the two age groups are consistent with developmental changes that occur 447 

during early calf growth [19]. During the pre-weaning period, calves undergo continuous expansion and functional 448 

adaptation of both innate and adaptive immune systems, including γδ T cells and conventional T-cell subsets [39, 449 

40]. In ruminants, γδ T cells play important roles in tissue surveillance, cytokine secretion, and wound repair [39]. 450 

As immune competence increases with age, leukocyte signaling capacity and transcriptional responsiveness to 451 

inflammatory stimuli become more robust [41], leading to enhanced activation of NF-κB- and MAPK-dependent 452 

gene networks in older calves. At the same time, the maturation of immune regulatory mechanisms may influence 453 

the balance between pro-inflammatory activation and inflammation resolution [30]. 454 

The concordance between cytokine dynamics, redox markers, and transcriptional pathway enrichment 455 

indicates that inflammatory and redox responses following castration are not independent phenomena, but rather 456 

coordinated components of an integrated immune–redox regulatory network [26]. Taken together, the integration of 457 

redox biomarkers, cytokine profiles, and transcriptomic pathway enrichment supports a model in which castration 458 

triggers a coordinated redox–immune response. Tissue injury initiates innate immune activation and the production 459 

of redox mediators [55], which subsequently engage transcriptional programs that regulate cytokine signaling and 460 

leukocyte function. Age and developmental stage appear to modulate this cascade, influencing both the magnitude 461 

of inflammatory activation and the regulation of the immune response. These findings highlight the importance of 462 

developmental stage in shaping physiological responses to surgical stress and provide insight into age-associated 463 

differences in inflammatory and redox responses following castration in calves. 464 

Although the present study focused on differences between calves castrated at two developmental ages, we 465 

acknowledge that the experimental groups also differed in body weight, developmental stage, and feeding regimen. 466 

Therefore, although the observed physiological and transcriptomic differences were associated with age, the 467 



19 
 
potential contribution of nutritional and growth-related factors cannot be excluded. Future studies designed to 468 

control these variables independently will be required to distinguish the specific effects of immune maturation from 469 

other developmental influences. Another limitation is that a viability dye was not used during flow cytometric 470 

analysis. Although lymphocyte gating was used to reduce the inclusion of debris and singlet gating was applied to 471 

exclude doublets, the absence of a viability dye means that non-viable cells could not be specifically excluded. In 472 

addition, the original experimental design did not include FMO controls. Although unstained and single-stained 473 

controls were used to assess negative fluorescence distributions and establish fluorescence compensation, 474 

respectively, FMO controls were not available to independently define the boundaries between negative and positive 475 

populations in the multicolor panel. Therefore, the precise discrimination and quantitative estimation of CD8⁺ and 476 

WC1⁺ populations may be subject to some uncertainty. The flow cytometry findings should consequently be 477 

interpreted as estimates of T-cell subset proportions and considered with appropriate caution. Future studies should 478 

incorporate viability dyes and FMO controls to improve the precision and reproducibility of positive-population 479 

identification.  480 

Despite these limitations, the present findings suggest that age-associated differences in redox and 481 

inflammatory responses may have important practical implications for animal management. The higher nitric oxide 482 

levels and activation of inflammation-related gene networks observed in older calves suggest a potentially greater 483 

redox burden during the early phase of post-castration recovery. These findings may indicate that management 484 

practices or analgesic strategies according to developmental stage may help enhance recovery, reduce physiological 485 

stress, and ultimately improve animal welfare and the sustainability of beef production systems. 486 

 487 

Conclusion 488 

 489 

This study demonstrates that castration induces coordinated redox and immune responses in calves, with 490 

both age and time post-castration influencing changes in these biological parameters. Nitric oxide concentrations 491 

were higher in 4-month-old calves compared to 2-month-old calves, indicating a more pronounced inflammatory 492 

and redox response in older animals. Conversely, overall antioxidant capacity decreased after castration regardless 493 

of age, suggesting a disruption of redox homeostasis during the early post-castration period. Cytokine responses 494 

exhibited clear time-dependent dynamics following castration. Pro-inflammatory cytokines, including IFN-γ and 495 

TNF-α, increased rapidly at 6 hours post-castration, reflecting activation of early inflammatory pathways, whereas 496 
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IL-10 expression was influenced by both age and time, indicating the involvement of regulatory mechanisms in 497 

modulating the inflammatory response. Changes in T lymphocyte subsets, including increases in CD4⁺, CD8⁺, and 498 

γδ T cells, were observed during the post-castration period, providing additional evidence of changes in peripheral 499 

T-cell composition. Furthermore, transcriptomic analysis revealed enrichment of immune- and inflammation-related 500 

pathways.  These findings indicate that surgical castration triggers coordinated immune and redox responses, with 501 

the observed differences reflecting age-associated developmental variation.  502 
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Table 1. Primer sequences for quantitative real-time PCR 660 
 661 

Gene 
 

Forward primer Reverse primer Reference 

IFNG 5’ - TTGAATGGCAGCTCTGAGAAAC 
 

5’- TCTCTTCCGCTTTCTGAGGTTAGA [5] 

TNFA 
 

5’- TGACGGGCTTTACCTCATCT 5’- TGATGGCAGACAGGATGTTG [5] 

IL-10 
 

5’- AAGGTGAAGAGAGTCTTCAGTGAGC 5’- TGCATCTTCGTTGTCATGTAGG [5] 

GAPDH 5’- GGC GTG AAC CAC GAG AAG TAT AA 
 

5’- CCC TCC ACG ATG CCA AAG T [5] 

 662 
 663 
Table 2. Changes in nitric oxide concentration and FRAP in 2- and 4-month-old calves before castration and at 6, 24, 664 

and 72 hours post-castration. 665 

 

Parameter 

 

Age 

Time p value 

0 h 6 h 24 h 72 h Age Time Age x 

Time 

 

Nitric oxide 

(µM) 

 

2 M 

0.64 ± 

0.06 

0.44 ± 

0.06 

0.59 ± 

0.06 

0.55 ± 

0.06 

 

0.01* 

 

0.01* 

 

0.70 

 

4 M 

0.83 ± 

0.06 

0.63 ± 

0.06 

0.75 ± 

0.06 

0.61 ± 

0.06 

 

FRAP 

(mM Fe2+/g) 

 

2 M 

 

584 ± 

45.60 

b 

455 ± 

45.60 

ab 

458 ± 

45.60 

ab 

400 ± 

45.60 

a 

 

 

0.12 

 

 

0.02* 

 

 

0.57 

 

4 M 

582 ± 

45.60 

538 ± 

45.60 

558 ± 

45.60 

494 ± 

45.60 

 666 

Values are presented as estimated marginal means ± standard error. Different superscript letters within the same row 667 

indicate significant differences across sampling times within each age group (Tukey’s HSD, p < 0.05). Statistical 668 

analysis was performed using linear mixed-effects models with calf included as a random effect.  * indicates a 669 

statistical difference (p < 0.05). 670 

Table 3. Relative expression of inflammatory cytokines in 2- and 4-month-old calves before castration and at 6, 24, 671 

and 72 hours post-castration. 672 
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Parameter  

Age 

Time p value 

0 h 6 h 24 h 72 h Age Time Age x 

Time 

 

IFN-γ  

 

2 M 

1.00 

(0.46-

2.19) 

2.51 

(1.14-

5.50) 

1.07 

(0.49-

2.35) 

1.02 

(0.47-

2.25) 

 

 

0.22 

 

 

0.03* 

 

 

0.52 

 

4 M 

1.00 

(0.46-

2.19) 

1.14 

(0.52-

2.51) 

0.50 

(0.23-

1.10) 

0.56 

(0.25-

1.22) 

 

 

TNF-α 

 

2 M 

1.00 

(0.49-

2.06) 

b 

4.10 

(1.99-

8.44) 

a 

1.78 

(0.86-

3.65) 

ab 

2.89 

(1.32-

6.30) 

a 

 

 

 

0.38 

 

 

 

<0.001** 

 

 

 

0.08 

 

4 M 

1.00 

(0.49-

2.06) 

b 

4.93 

(2.40-

10.15) 

a 

0.77 

(0.37-

1.58) 

b 

1.31 

(0.64-

2.69) 

b 

 

 

IL-10 

 

2 M 

1.00 

(0.48-

2.07) 

b 

9.09 

(4.39-

18.83) 

a 

9.85 

(4.76-

20.41) 

a 

12.63 

(6.10-

26.18) 

a 

 
 
 
 
 
 

0.003* 

 
 
 
 
 
 

<0.001** 

 
 
 
 
 
 

0.008* 

 

4 M 

1.00 

(0.48-

2.07) 

c 

15.34 

(7.40-

31.78) 

a 

3.06 

(1.48-

6.33) 

b 

4.14 

(2.00-

8.58) 

b 

 673 

Values are presented as fold change relative to baseline (Time 0 before castration). Statistical analysis was 674 

performed using ΔCt values in a linear mixed-effects model with calf as a random effect. Different superscript 675 
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letters within each age group indicate significant differences among time points (Tukey’s HSD, p < 0.05).  * 676 

indicates a statistical difference (p < 0.05), and ** indicates a statistical difference (p < 0.001). 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

Table 4. Changes in peripheral blood T-lymphocyte subsets in 2- and 4-month-old calves before castration and at 6, 695 

24, and 72 h after castration. 696 

Parameter 

(%) 

 

Age 

Time p value 

0 h 6 h 24 h 72 h Age Time Age x 

Time 

 

 

CD4+ T 

cells 

 

2 M 

25.08 ± 

2.9 

ab 

34.83 ± 

2.9 

b 

17.65 ± 

2.9 

a 

62.84 ± 

3.2 

c 

 

 

0.16 

 

 

<0.001** 

 

 

0.74 

 

4 M 

30.4 ± 

2.9 

39.75 ± 

2.9 

20.37 ± 

2.9 

62.02 ± 

3.2 
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ab b a c 

 

 

CD8+ T 

cells 

 

2 M 

0.66 ± 

0.17 

a 

11.39 ± 

2.87  

b 

24.24 ± 

6.11  

b 

14.06 ± 

3.92 

b 

 

 

0.007* 

 

 

<0.001** 

 

 

0.34 

 

4 M 

0.37 ± 

0.09  

a 

4.11 ± 

1.04  

b 

15.97 ± 

4.03  

c 

13.29 ± 

3.7  

bc 

 

 

γδ T cells 

 

2 M 

0.86 ± 

0.2  

a 

1.07 ± 

0.25  

a 

25.09 ± 

5.86  

b 

22.67 ± 

5.8  

b 

 
 
 
 
 

0.09 

 
 
 
 
 

<0.001** 

 
 
 
 
 

0.06 
 

4 M 

0.5 ± 

0.12  

a 

0.38 ± 

0.09 

a  

25.72 ± 

6.0 

b 

23.23 ± 

5.95  

b 

 697 

Values are presented as estimated marginal means ± standard error. CD8⁺ and γδ T-cell data were analyzed after log 698 

transformation to satisfy model assumptions and are presented as back-transformed geometric means with 95% 699 

confidence intervals. Statistical analysis was performed using a linear mixed-effects model with calf as a random 700 

effect. Different superscript letters within each age group indicate significant differences among time points 701 

(Tukey’s HSD, p < 0.05). * indicates a statistical difference (p < 0.05), and ** indicates a statistical difference (p < 702 

0.001). The p-values represent the main effects of age, sampling time, and the age × time interaction from the linear 703 

mixed-effects model. 704 

 705 

Table 5 The top 10 up-regulated DEGs in PBMCs in the 4-month-old group. 706 

Gene Symbol Gene Description Log2FC FDR 

LOC112445693 

 

Multidrug resistance-associated protein 4 isoform 

X1 

5.705 0.004 

LOC100297044 C-C motif chemokine 14 4.628 < 0.01 

CSF3 Colony-stimulating factor 3 4.617 0.002 
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PTX3 Pentraxin 3 3.753 0.005 

ALOX15 Arachidonate 15-lipoxygenase 3.716 < 0.001 

LOC101902555 Multidrug resistance-associated protein 4-like 

isoform X2 

3.228 < 0.001 

HPGD 15-hydroxyprostaglandin dehydrogenase 3.204 < 0.001 

SDC4 Syndecan-4  3.174 < 0.001 

CDC42EP2 Cdc42 effector protein 2 3.131 0.001 

IL17REL Interleukin-17 receptor E-like  2.845 0.001 

 707 

FC: fold change; FDR: false discovery rate.  708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

Table 6 The top 10 down-regulated DEGs in PBMCs in the 4-month-old group. 716 

Gene Symbol Gene Description Log2FC FDR 

LOC112445692 Zinc finger protein OZF-like -3.271 < 0.001 

ENPP1 Ectonucleotide pyrophosphatase/ phosphodiesterase 

family member 1  

-2.906 < 0.001 

LOC786796 Antigen WC1.1 -2.844 < 0.001 

PER3 Period circadian protein homolog 3 -2.609 0.001 

GZMA Granzyme A  -2.587 0.002 

LOC112445731 Zinc finger protein OZF-like -2.337 0.009 

NCMAP Noncompact myelin-associated protein -2.232 < 0.001 

TLL2 Tolloid-like protein 2  -2.164 0.006 
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SIGLEC1 Sialic acid binding Ig like lectin 1 -2.147 < 0.001 

ZNF697 Zinc finger protein 697 -2.123 0.006 

 717 

 718 
 719 

 720 

 721 
 722 

723 
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 724 
Figure Legends 725 

 726 

 727 

Figure 1 Representative flow cytometry plots showing the sequential gating strategy used to estimate the 728 

proportions of CD4⁺, CD8⁺, and WC1⁺ cells within the CD3⁺ T-cell population.  729 

730 
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 731 

Figure 2. IL-10 gene expression in the peripheral blood of 2- and 4-month-old calves before and after castration. 732 

Data are expressed as fold change relative to the pre-castration value (0 h) and presented as box plots showing the 733 

median (horizontal line), interquartile range (box), and minimum–maximum values (whiskers), with individual data 734 

points overlaid. The diamond symbol indicates the group means. Blue and orange represent 2-month-old (2M) and 735 

4-month-old (4M) calves, respectively.  736 

737 
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(A) 738 

 739 

 740 

741 
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(B) 742 

 743 

 744 

745 
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(C) 746 

 747 

Figure 3. Changes in peripheral blood T-lymphocyte subsets in 2- and 4-month-old calves before and after 748 

castration. (A) CD4⁺ T cells, (B) CD8⁺ T cells, and (C) γδ T cells. Percentages of CD4⁺, CD8⁺, and γδ T cells were 749 

calculated within the CD3⁺ T-cell population. Flow cytometric analysis was performed using a consistent 750 

lymphocyte → singlet → CD3⁺ gating hierarchy, with identical gate boundaries, PMT voltage settings, and 751 

fluorescence compensation applied across all samples and sampling time points. 752 

 753 

754 
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(A) 755 

 756 

 757 

(B) 758 

 759 

 760 

761 
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(C) 762 

 763 

 764 

Figure 4 PCA plot, heatmap, and volcano plot of differentially expressed genes (DEGs) in PBMCs collected 6 h 765 

after castration.  766 

(A) Principal component analysis (PCA) plot showing clear separation between 2-month-old calves (Group A; A1, 767 

A4, A5, A6) and 4-month-old calves (Group B; B1, B3, B4, B5). Different colors represent biological replicates 768 

from each group. 769 

(B) Heatmap showing expression profiles of differentially expressed genes between the two age groups. Columns 770 

represent individual samples, and rows represent genes. Expression levels are represented by color intensity, with 771 

red indicating upregulated genes and blue indicating downregulated genes. 772 

(C) Volcano plot of DEGs between the two age groups. The x-axis represents log₂ fold change in gene expression, 773 

and the y-axis represents −log10(FDR) or −log10(p-value). Red dots indicate significantly upregulated genes, green 774 

dots indicate significantly downregulated genes, and black dots indicate genes that are not significantly differentially 775 

expressed in 4-month-old calves compared with 2-month-old calves. 776 

777 
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(A) 778 

 779 

 780 

(B) 781 

 782 

783 
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(C) 784 

 785 

(D) 786 

 787 

Figure 5 Functional enrichment analysis of differentially expressed genes (DEGs) in PBMCs of 2-month calves 788 

compared to 4-month calves. Gene Ontology (GO) enrichment analysis is divided into (a) biological process, (b) 789 

cellular component, and (c) molecular function. The bar length and color represent the number of enriched genes 790 

and statistical significance (q-value), respectively. (d) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 791 

enrichment analysis of DEGs. Each dot represents a KEGG pathway, with the x-axis displaying the Rich factor 792 

(Ratio of DEGs annotated to the term over all DEGs)/ (Ratio of genes annotated to the term over all genes), and the 793 

y-axis displays the enrichment pathways. The dot color refers to the q-value, and the size refers to the number of 794 

DEGs enriched in this pathway. 795 


