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13 ABSTRACT

14 Neutrophils exposed to certain microbial stimuli undergo metabolic reprogramming, is 

15 a critical process for initiating trained immunity; however, the underlying molecular 

16 mechanisms remain largely unknown. In this study, by establishing a β-glucan training 

17 model in turbot, we found that this training enhanced the reactive oxygen species (ROS) 

18 production and intracellular fatty acid metabolism in head kidney-derived neutrophils. 

19 Notably, the acyl-CoA oxidase 1 (ACOX1) was revealed to be significantly upregulated 

20 in trained neutrophils and contributed to ROS generation, through direct peroxidation 

21 of long-chain fatty acids. Pharmacological inhibition of the ACOX1-ROS axis 

22 markedly impaired the myeloperoxidase (MPO) activity and suppressed neutrophil 

23 extracellular traps (NETs) formation in trained neutrophils, thereby reducing bacterial 

24 clearance capacity. Based on these observations, we extended our findings to a murine 

25 model and found that β-glucan training induced a conserved phenotype in bone 

26 marrow-derived neutrophils, which exhibited increased peroxisomal ACOX1-

27 dependent ROS generation, further supporting the conserved role of this pathway in 

28 reprogramming the function of neutrophils. Taken together, our work demonstrates that 

29 β-glucan training reprograms the intracellular ACOX1-ROS axis of neutrophils, which 

30 may contribute to better understanding the metabolic mechanisms for trained immunity, 

31 and identifies the ROS generation pathway as a potential target for modulating the 

32 function of neutrophils.
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36 INTRODUCTION

37 Trained immunity refers to the innate immune memory induced by certain 

38 microbial stimuli, including β-glucan and BCG (Mhlanga et al., 2025; Netea et al., 2011; 

39 Vuscan et al., 2024). This immune program has been identified in various innate 

40 immune cells, such as monocytes, macrophages, neutrophils, natural killer (NK) cells, 

41 and dendritic cells (DCs) (Eljaszewicz et al., 2021; Kleinnijenhuis et al., 2014; Netea 

42 & Joosten, 2024; Vuscan et al., 2025; Zhu et al., 2022). Among them, neutrophils are 

43 the most abundant circulating innate immune cells, which have emerged as key players 

44 in trained immunity (Burn et al., 2021). For instance, peripheral neutrophils display 

45 heightened expression of inflammatory cytokines after training with lipoteichoic acid 

46 (LTA) or lipopolysaccharide (LPS) (Lajqi et al., 2021, 2022). Moreover, BCG-trained 

47 neutrophils show increased IL-8 expression and ROS production upon challenge with 

48 Candida albicans (Moorlag et al., 2020). In addition, zymosan-trained neutrophils 

49 exhibit elevated MPO expression and enhanced bactericidal activity when challenged 

50 with Listeria monocytogenes (Ciarlo et al., 2020). Together, these studies suggest that 

51 neutrophils play important roles in trained immunity-mediated host defense.

52 Multiple metabolic pathways have been revealed to be critical for neutrophil-

53 engaged trained immunity, including glycolysis, the pentose phosphate pathway, and 

54 fatty acid metabolism (Kalafati et al., 2023). Recently, Wang et al. (2023) reported that 

55 glucose-6-phosphate (G6P) levels are increased in LPS-trained granulocytes, 

56 suggesting an enhanced glycolysis in trained immunity. Moreover, the transcription of 

57 hexose-6-phosphate dehydrogenase (H6PD), 6-phosphogluconolactonase (PGLS), 

  



58 fatty acid synthase (FASN), and acetyl-CoA carboxylase α (ACACA) was found to be 

59 upregulated in high-glucose-trained neutrophils (Shrestha et al., 2024), indicating that 

60 activation of the pentose phosphate pathway and fatty acid metabolism may contribute 

61 to trained immunity. In addition, metabolic signals have also been shown to play critical 

62 roles in the antibacterial functions of trained neutrophils, including enhanced 

63 phagocytosis, ROS production, and NETs formation (Das et al., 2024; Shrestha et al., 

64 2024). Specifically, inhibiting the glycolysis pathway with 2-deoxy-D-glucose (2-DG) 

65 treatment could abolished the enhanced TNF-α and ROS production in LPS-trained 

66 granulocytes (Wang et al., 2023). Meanwhile, neutrophils differentiated from ex vivo-

67 trained hematopoietic stem and progenitor cells (HSPCs) also displayed elevated 

68 mitochondrial ROS production following C. albicans infection (Sobén et al., 2025). 

69 These studies suggest that reprogramming of metabolic pathways is a key mediator of 

70 the antibacterial activity in trained neutrophils; however, the precise molecular 

71 mechanisms underlying ROS production remain to be clarified.

72 In teleost, neutrophils are revealed to be served as one of the major effector cells 

73 for trained immunity. For example, Gomes et al. (2023) demonstrated that sublethal 

74 Shigella exposure could induce a trained immunity phenotype in zebrafish neutrophils, 

75 characterized by marked enrichment of H3K4me3 modifications at the promoter 

76 regions of genes involved in microbial recognition and mitochondrial ROS production. 

77 Similarly, Salmonella training in zebrafish was shown to enhance neutrophil 

78 differentiation with heightened mitochondrial ROS production, thereby increasing their 

79 bactericidal capacity (Darroch et al., 2023). Moreover, in β-glucan-trained turbot model, 

  



80 the head kidney-derived neutrophils were revealed to exhibit higher activation of the 

81 IL-1R and NF-κB signaling pathways, leading to enhanced lactate production, ROS 

82 generation, and NETs formation (Mu et al., 2022). These studies suggest that trained 

83 neutrophils may undergo intracellular metabolic reprogramming linked to ROS 

84 production; however, the metabolic pathways that coordinate the antibacterial activity 

85 of trained neutrophils remain largely unknown.

86 In this study, to clarify the metabolic pathways involved in trained neutrophils, we 

87 established a β-glucan training model in turbot and found that β-glucan training 

88 provoked heightened ROS production upon Edwardsiella piscicida infection. Further 

89 investigation revealed that the elevated ROS was originated from peroxisome-specific 

90 peroxidation of long-chain fatty acids (LCFAs), which were catalyzed by ACOX1, 

91 rather than from mitochondrial β‑oxidation. Evolutionarily, this metabolic 

92 reprogramming-engaged ACOX1-ROS axis was found to be conserved in a murine 

93 model of trained neutrophils. Taken together, these results indicate that β-glucan 

94 training can reprogram LCFA peroxidation-dependent ROS production in both 

95 mammalian and teleost neutrophils, which may provide a promising strategy to combat 

96 bacterial infections across vertebrates.

97

  



98 MATERIALS AND METHODS

99 Experimental animals and ethics statement

100 Turbot (Scophthalmus maximus) were obtained from Tianyuan Corp. (Yantai, 

101 China) and acclimated for one week in a recirculating aquaculture system (Haisheng, 

102 China). All fish were maintained in artificial seawater at 15±2°C, with total ammonia 

103 nitrogen below 0.5 mg/L and dissolved oxygen above 5.0 mg/L. Healthy fish weighing 

104 30±2 g were randomly selected for experiments. C57BL/6 mice (4 weeks old) were 

105 obtained from Shanghai Jiesijie Laboratory Animal (Shanghai, China) and kept under 

106 controlled temperature (22±1°C) with a 12 h light/dark cycle. The animal experiments 

107 conducted in this study were performed in accordance with the guidelines of the Animal 

108 Experiment Committee of East China University of Science and Technology (Protocol 

109 No. 2006272). All surgery was carried out under carbon dioxide anesthesia, and all 

110 efforts were made to minimize suffering.

111 Bacteria strain

112 Edwardsiella piscicida strain EIB202 (CCTCC No. M208068) was inoculated on 

113 tryptic yeast broth (TYB) and cultured overnight at 30°C. A single colony was then 

114 transferred to fresh TYB medium containing colistin (16.7 μg/mL) and grown at 30°C 

115 with shaking at 200 r/min for 12h. The culture was subsequently diluted 1:100 into 

116 fresh antibiotic-free TYB and incubated under static conditions for infection 

117 experiments.

  



118 Neutrophil isolation

119 Neutrophils derived from turbot head kidney or mouse bone marrow were isolated 

120 by density gradient centrifugation using Percoll reagents as previously reported (Marchi 

121 et al., 2014; Zhao et al., 2022). Briefly, the Percoll stock solution (BioDee Biotech, 

122 China) was mixed with 1.5 mol/L NaCl at a 9:1 ratio to prepare 100% Percoll isolation 

123 fluid. For turbot model, the cell suspension from head kidney was passed through a 40 

124 μm cell strainer and then layered onto a discontinuous Percoll gradient (51%/61%, 

125 density range 1.067-1.078 g/mL). After centrifugation at 400×g for 40 min at 4°C, the 

126 cell layer between the 61% and 51% Percoll fractions was collected. For mice model, 

127 bone marrow cells were passed through a 40 μm cell strainer and then layered onto a 

128 discontinuous Percoll gradient (55%/65%/75%). The cell layer between the 65% and 

129 75% Percoll fractions (density range 1.082–1.093 g/mL) was collected after 

130 centrifugation at 1 200×g for 30 min at 26°C.

131 Experiment model

132 The in vivo β-glucan training and ex vivo neutrophil challenge model was 

133 performed as previously described (Mu et al., 2022; Kalafati et al., 2020). Briefly, 

134 healthy turbot or mice were intraperitoneally injected with 100 μL of β-glucan solution 

135 (1 mg/mL) or an equivalent volume of PBS as a control. After 7 days of rest, neutrophils 

136 were isolated and seeded into 24-well plates containing Opti-MEM (Invitrogen, USA). 

137 For turbot model, the cells (1×107 cells/well) were challenged with E. piscicida at a 

138 multiplicity of infection (MOI) of 10 for 2h before subsequent experiments. For mice 

139 model, the cells (1×106 cells/well) were challenged with phorbol myristate acetate 

  



140 (PMA) (50 nmol/L, MedChemExpress) for 2h before subsequent experiments. For 

141 inhibitor pre-treatment, isolated neutrophils were pre-incubated with the respective 

142 inhibitors for 1h prior to the secondary challenge (2-DG: 10 mmol/L, N-acetylcysteine: 

143 20 mmol/L, C75: 50 mmol/L, perhexiline: 5 mmol/L, 10,12-tricosadiynoic acid: 0.5 

144 mmol/L, MedChemExpress). For cytotoxicity analysis, inhibitor-treated neutrophils 

145 were incubated with propidium iodide (PI, 10 μg/mL) for 5 min, and the percentage of 

146 PI-positive cells was then analyzed by flow cytometry.

147 RNA extraction and RT-qPCR

148 At 2 hours post-infection (hpi), the cells were harvested from the 24-well plates and 

149 lysed with 1 mL of TRIzol (Invitrogen, USA). Total mRNA was extracted from turbot 

150 head kidney-derived neutrophils (n=6) using the TRIzol-chloroform method, with three 

151 parallel mRNA samples serving as biological replicates. cDNA was synthesized using 

152 the TransScript Uni All-in-One First-Strand cDNA Synthesis SuperMix for qPCR 

153 (TransGen, China). Gene expression was analyzed on a QuantStudio 3 system (Thermo 

154 Fisher, USA) using Green qPCR SuperMix (TransGen, China) under the following 

155 cycling conditions: 94°C for 30 s, followed by 40 cycles of 94°C for 10 s and 60°C for 

156 30 s. Relative changes in gene expression were normalized and calculated using the 

157 2⁻ΔΔCt method. The primers used in this study are listed in Supplementary Table S1.

158 RNA-seq and data analysis

159 For RNA-seq, total mRNA was extracted from turbot head kidney-derived 

160 neutrophils (isolated from six turbot per group) using the TRIzol-chloroform method 

  



161 after E. piscicida challenge, with three parallel samples serving as biological replicates. 

162 Sequencing was performed on the Illumina NovaSeq 6000 platform (PE150). Raw 

163 reads were processed with Trimmomatic for quality filtering and adapter removal. 

164 Libraries were prepared using the NEBNext Ultra™ RNA Library Prep Kit and purified 

165 with AMPure XP beads. The sequencing data (CRA040630) were processed and 

166 analyzed using the Seurat package (v.4.4.0). Differentially expressed genes (DEGs), 

167 defined as those with |log₂(fold change)| > 1 and P-value < 0.05, were identified using 

168 DESeq2 (v.1.38.3). Principal component analysis (PCA) was applied to genes with 

169 marked variation in expression across groups. The DEGs were further analyzed by 

170 heatmap visualization and Gene Ontology (GO) enrichment using the gseGO function, 

171 implemented in R (Conesa et al., 2016). For single-cell RNA-seq data retrieval, the raw 

172 data (GSE195628) were analyzed using Uniform Manifold Approximation and 

173 Projection (UMAP) and the FindAllMarkers function; the resulting DEGs were 

174 subjected to GO analysis using the Metascape platform (Butler et al., 2018).

175 ROS production assay

176 At 2 hpi, neutrophils were harvested from the 24-well plates and incubated with the 

177 ROS probe DCFH-DA (Beyotime, China) at 37 °C for 20 min. After washing three 

178 times with serum-free medium to remove extracellular probe, fluorescence intensity 

179 was measured at an excitation wavelength of 488 nm and an emission wavelength of 

180 525 nm. For superoxide (O₂⁻) detection, mouse neutrophils were seeded into a 96-well 

181 plate, incubated with the fluorescent probe dihydroethidium (DHE, Beyotime), and 

182 fluorescence intensity was recorded at the indicated time points (0, 0.25, 0.5, 1, 2, 3, 4, 

  



183 5, and 6h). For hydrogen peroxide (H₂O₂) detection, mouse neutrophils were seeded 

184 into a 96-well plate, incubated with Amplex Red and horseradish peroxide (Beyotime, 

185 China), and absorbance at 570 nm (OD₅₇₀) was measured at the indicated time points 

186 (0, 0.25, 0.5, 1, 2, 3, 4, 5, and 6h).

187 MPO activity assay

188 At 2 hpi, neutrophils were harvested and lysed in 200 μL of cell lysis buffer 

189 (Beyotime, China). The supernatants were then collected and assayed using an MPO 

190 activity kit (Nanjing Jiancheng, China), with absorbance measured at 540 nm. Enzyme 

191 activity was calculated according to the manufacturer’s protocol.

192 NETs formation assay

193 At 2 hpi, 1 μL of Sytox Green (0.5 mmol/L; Invitrogen, USA) was added to the cell 

194 culture supernatant and incubated at room temperature for 5 min. Neutrophil 

195 extracellular trap (NET) formation was then measured using a microplate reader at an 

196 excitation wavelength of 485 nm and an emission wavelength of 530 nm.

197 Bacterial colonization assay

198 At each indicated time point, 100 μL of the infected cell samples or head kidney 

199 tissue homogenates was collected and serially diluted in PBS to an appropriate 

200 concentration. After thorough mixing, 5 μL of each dilution was spotted onto 

201 deoxycholate hydrogen sulfide lactose (DHL, 65.2 g/L) agar plates and incubated at 

202 30 °C for 24 h. The colonies were then enumerated to determine the bacterial load.

  



203 Fatty acid peroxidation assay

204 At each indicated time point, neutrophils were harvested from the 24-well plates 

205 and incubated with the probe BODIPY 581/591 C11 (Beyotime, China) at 37 °C for 

206 30 min. After washing three times with serum-free medium to remove excess probe, 

207 the neutrophils were analyzed by flow cytometry (Beckman, USA). Following 

208 exclusion of dead cells and cell aggregates, fluorescence signals from the reduced and 

209 oxidized forms of the probe were measured at excitation/emission wavelengths of 

210 581/591 nm and 488/510 nm, respectively. The fluorescence intensity ratio was 

211 calculated based on the signals detected at 581/591 nm and 488/510 nm using FlowJo 

212 software.

213 Western blot

214 At 2 hpi, neutrophils were lysed in RIPA buffer and boiled with protein loading 

215 buffer (Beyotime). Equal amounts of protein from each sample were separated by SDS-

216 PAGE on 12% gels and transferred to PVDF membranes (Merck, Germany). The 

217 membranes were blocked with 5% non-fat milk in PBST overnight at 4 °C, then 

218 incubated with anti-ACOX1 antibody (1: 1 000, ABclonal, China) for 4 h at room 

219 temperature. After washing, the membranes were incubated with goat anti-mouse IgG-

220 HRP antibody (1: 20 000, Huabio, China) for 2 h at room temperature. Protein bands 

221 were visualized using enhanced chemiluminescence (ECL) substrate (Epizyme Biotech, 

222 China) and imaged with an automated chemiluminescence imaging system (Tanon, 

223 China) with a 5-second exposure.

  



224 In vivo β-glucan training model and inhibitor treatment

225 Healthy turbot were intraperitoneally injected with 100 μL of β-glucan solution (1 

226 mg/mL) or an equivalent volume of PBS as a control. After 7 days of rest, the fish were 

227 immersed in a 30 L system containing 2×10⁷ CFU/mL E. piscicida for 10 min. The 

228 ROS production inhibitor N-acetylcysteine (NAC, 4.5 mg/fish, MedChemExpress) or 

229 the ACOX1 inhibitor 10,12-tricosadiynoic acid (TriA, 0.3 mg/fish, MedChemExpress) 

230 was administered intraperitoneally before and after E. piscicida immersion infection, 

231 as previously reported (Kalimeris et al., 2016; Zeng et al., 2017). At 3 and 7 dpi, the 

232 head kidneys were collected and stored at 4°C for subsequent experiments.

233 Histopathology analysis

234 Head kidney samples were collected and fixed in paraformaldehyde fixative 

235 (Servicebio, China) for 24 to 48 h. The tissues were then dehydrated through an ethanol 

236 gradient, cleared with xylene-ethanol mixtures, and embedded in paraffin (Macklin, 

237 China). For hematoxylin and eosin (H&E) staining, the samples were cut into 5 μm 

238 sections using a microtome and stained with a commercial kit (Beyotime, China) 

239 according to the manufacturer’s protocol. After staining, the slides were mounted with 

240 neutral resin, air-dried, and imaged under an optical microscope (Motic, China).

241 Statistical analysis

242 Data were analyzed using GraphPad Prism v.8.0 and are presented as mean ± SD 

243 from at least three independent experiments. Statistical comparisons were performed 

244 using Student's t-test, one-way ANOVA, or two-way ANOVA followed by multiple 

  



245 comparisons. Statistical significance was set at *: p < 0.05; **: p < 0.01; and ***: 

246 p < 0.001; ns: Not significant.

247

  



248 RESULTS

249 β-Glucan training enhances ROS-dependent antimicrobial capacity in teleost 

250 neutrophils

251 To characterize the antimicrobial function of trained neutrophils in turbot, we 

252 established a β-glucan training model followed by E. piscicida infection (Figure 1A), 

253 and found that neutrophils derived from the head kidney of trained fish exhibited 

254 significantly increased ROS production compared to the control group at 2 hpi (Figure 

255 1B, C). This finding was further supported by GO analysis of our previous single-cell 

256 RNA-seq data (GSE195628) (Mu et al., 2022), which showed that the biological 

257 process “response to oxidative stress” was enriched in trained neutrophils 

258 (Supplementary Figure S1; Supplementary Table S2). Meanwhile, we measured the 

259 MPO activity and NETs formation in trained neutrophils, and found that both were 

260 significantly enhanced upon E. piscicida challenge. 

261 To investigate whether the ROS production is essential for regulating the 

262 antimicrobial capacity of trained neutrophils, we used the inhibitor N-acetylcysteine 

263 (NAC) (Chen et al., 2025) to scavenge ROS and assessed the above parameters. The 

264 results confirmed that this inhibitor did not affect neutrophil viability (Supplementary 

265 Figure S2). And consequently, we found that ROS scavenging significantly suppressed 

266 the enhanced MPO activity and NETs formation in trained neutrophils (Figure 1D, E). 

267 Furthermore, the augmented bacterial clearance capacity of trained neutrophils was also 

268 abolished upon ROS depletion (Figure 1F). Together, these results indicate that β-

269 glucan training enhances the antimicrobial capacity of turbot head kidney-derived 

  



270 neutrophils by upregulating intracellular ROS production, thereby functionally linking 

271 this metabolic burst to increased MPO activity and NETs formation.

272 β-Glucan training elevates intracellular fatty acid metabolism in neutrophils upon 

273 bacterial challenge 

274 To uncover the mechanisms underlying the elevated ROS production in trained 

275 neutrophils, we performed RNA-seq analysis to profile the transcriptional response of 

276 trained neutrophils at 2 hpi. Principal component analysis (PCA) revealed a distinct 

277 transcriptional separation between trained neutrophils and the control group (Figure 

278 2A). Differential gene expression analysis identified significant upregulation of fatty 

279 acid metabolism-related genes, including elovl7a, cd59gpl, and ppt2a (Figure 2B). GO 

280 enrichment analysis further showed significant enrichment of terms related to fatty acid 

281 derivative metabolic process, very long-chain fatty acid biosynthetic process, and acyl-

282 CoA biosynthetic process in β-glucan-trained neutrophils (Figure 2C; Supplementary 

283 Table S3). Moreover, qPCR validation confirmed that β-glucan training enhanced the 

284 transcriptional expression of genes involved in fatty acid synthesis (acly, acaca, and 

285 fas), long-chain fatty acid elongation (scd, fads, and elovl7), and fatty acid oxidation 

286 (cpt) (Figure 2D, E). Meanwhile, we also assessed the glycolytic and TCA cycle 

287 pathways, which are commonly reported to be activated in trained immunity. However, 

288 the expression of glycolytic and TCA cycle rate-limiting enzymes in trained neutrophils 

289 showed no significant changes compared to the control group (Supplementary Figure 

290 S3). Taken together, these results suggest that β-glucan training may reprogram the 

291 intracellular fatty acid metabolism in turbot head kidney-derived neutrophils.

  



292 Fatty acid metabolism is essential for ROS production in trained neutrophils

293 To investigate whether the fatty acid metabolic reprogramming contributes to the 

294 enhanced ROS production, we pre-treated the trained neutrophils with inhibitors of 

295 fatty acid metabolism before bacterial challenge (Figure 3A, B), and confirmed that 

296 these inhibitors did not affect the viability of neutrophils (Supplementary Figure S2). 

297 Notably, treatment with the fatty acid synthesis inhibitor C75 (Rae et al., 2015) or the 

298 fatty acid oxidation inhibitor perhexiline (PE) (Ren et al., 2020) significantly 

299 suppressed the training-induced ROS burst, whereas inhibition of the glycolysis 

300 pathway with 2-DG did not (Figure 3C, D; Supplementary Figure S2). Furthermore, 

301 the β-glucan training-enhanced MPO activity and NETs formation were both reversed 

302 upon fatty acid metabolism inhibition (Figure 3E), leading to impaired E. piscicida 

303 clearance in trained neutrophils (Figure 3F). Taken together, these findings suggest that 

304 β-glucan training reprograms the fatty acid metabolism to drive ROS production, 

305 thereby enhancing the antibacterial activity of trained neutrophils.

306 ACOX1-dependent peroxisomal fatty acid oxidation fuels the ROS production in 

307 trained neutrophils

308 To identify the source of the elevated ROS production in trained neutrophils upon 

309 secondary infection, we stepped forward to examine the ACOX1, a peroxisomal 

310 enzyme that generates ROS via long-chain fatty acid oxidation (Teng et al., 2023), and 

311 found that the transcript levels of acox1 were significantly upregulated in β-glucan-

312 trained neutrophils compared to the control group. In contrast, the expression of 

313 NADPH oxidases (nox1, nox4, nox5, and duox) was not affected (Figure 4A). These 

  



314 results indicate that the β-glucan training-induced increased ROS might originate from 

315 fatty acid peroxidation mediated by ACOX1, rather than from the NOX family. 

316 Consistently, trained neutrophils exhibited evidence of peroxisomal activation, with 

317 increased transcript levels of pex11b, ppara, and matrix proteins (Figure 4B; 

318 Supplementary Figure S4). 

319 Given that ACOX1 couples ROS generation with fatty acid peroxidation, we 

320 further measured the proportion of peroxidized fatty acids and found it significantly 

321 elevated in trained neutrophils after bacterial challenge (Figure 4C). Pharmacological 

322 inhibition of ACOX1 (Zeng et al., 2017) prior to secondary infection abolished the 

323 enhanced ROS burst in trained neutrophils (Figure 4D, E). Moreover, ACOX1 blockade 

324 reversed the training-induced MPO activity and NETs formation (Figure 4F) and 

325 impaired the bacterial clearance capacity (Figure 4G). Taken together, these findings 

326 identify ACOX1-mediated peroxisomal oxidation of long-chain fatty acids as the 

327 source of heightened ROS production in β-glucan-trained neutrophils upon secondary 

328 challenge.

329 ACOX1-ROS axis is essential for β-glucan trained turbot against E. piscicida 

330 infection

331 To further validate the role of the ACOX1-ROS axis in vivo, the turbot was 

332 received intraperitoneal injections of either the ROS scavenger NAC or the ACOX1 

333 inhibitor TriA following β-glucan training (Figure 5A). Histological analysis of the 

334 head kidney revealed that β-glucan-trained turbot maintained relatively intact renal 

335 tubule brush borders and minimal inflammatory infiltration upon E. piscicida challenge 

  



336 (Figure 5B, C). In contrast, inhibition of either ROS or ACOX1 led to disruption of the 

337 brush border in renal tubules and inflammatory cell infiltration by 3 dpi, which 

338 worsened by 7 dpi (Figure 5B, C). Consistent with these histological findings, 

339 inhibition of ROS production or ACOX1 activity significantly impaired E. piscicida 

340 clearance in trained turbot (Figure 5D). Taken together, these results suggest that β-

341 glucan training could boost antibacterial immunity in turbot by engaging the ACOX1-

342 ROS axis in vivo.

343 Characterizing the conserved role of ACOX1-ROS axis in elevating the function 

344 of trained neutrophils in mouse model 

345 To examine the evolutionary conservation of the mechanism identified above, we 

346 established an in vivo β-glucan-trained mouse model followed by ex vivo neutrophil 

347 stimulation (Figure 6A). Upon PMA challenge, β-glucan-trained neutrophils exhibited 

348 increased ROS production compared to the control group (Figure 6B, C), accompanied 

349 by enhanced superoxide (O₂⁻) and hydrogen peroxide (H₂O₂) generation (Figure 6D). 

350 Consistent with our findings in turbot, β-glucan-trained murine neutrophils showed 

351 upregulated ACOX1 expression and enhanced intracellular fatty acid peroxidation 

352 upon restimulation (Figure 6E, F). Additionally, the pex11b-ppara pathway was 

353 significantly upregulated in β-glucan-trained group (Figure 6G). Furthermore, when 

354 trained neutrophils were pre-treated with an ACOX1 inhibitor before PMA challenge, 

355 the enhanced ROS production, MPO activity, and NETs formation induced by β-glucan 

356 training, were all abolished (Figure 6H). Taken together, these results suggest that β-

357 glucan-training-induced fatty acid peroxidation in peroxisomes is conserved in both 

  



358 teleost and murine neutrophils, leading to elevated ROS production upon secondary 

359 stimulation (Figure 7).

360

  



361 DISCUSSION

362 In this study, our results demonstrate that β-glucan-trained neutrophils could 

363 upregulate the ACOX1-mediated fatty acid peroxidation, which functionally links ROS 

364 burst to increased MPO activity and NETs formation. Mechanistically, the lipid 

365 metabolism reprogramming is recognized as one of the core drivers for trained 

366 immunity, supplying ATP and generating immunoregulatory intermediates (Teng et al., 

367 2023), which are revealed to originate from both exogenous uptake and de novo 

368 synthesis (You & Chi, 2023). For example, dietary supplementation with saturated fat 

369 has been shown to potentiate trained immunity in macrophages, enhancing their 

370 capacity to combat C. albicans infection (Seufert et al., 2022). Moreover, 

371 Gianfrancesco et al. (2019) revealed that high-fat diet-induced macrophages could 

372 promote the NLRP3 inflammasome assembly and IL-1β secretion independently of 

373 ROS and IRE-1α involvement. Thereafter, Groh et al. (2021) identified that oxLDL 

374 training could upregulate the fatty acid β-oxidation, providing ATP to support TNF-α 

375 expression. Additionally, recent evidences in trained granulocytes have also been 

376 revealed with heightened fatty acid synthesis in different disease models, such as sepsis 

377 and diabetes (Lavillegrand et al., 2024; Shrestha et al., 2024; Wang et al., 2023). 

378 Together with our results, these findings demonstrate that reprograming the 

379 intracellular fatty acid metabolism might be a critical issue for trained immunity, 

380 highlighting that enhanced ROS production to serve as a key mediator to shaping the 

381 function of neutrophils.

  



382 In various disease models, the enhanced intracellular ROS production represents a 

383 conserved functional hallmark of neutrophils (Alotiby, 2024; Morris et al., 2022). For 

384 example, Moorlag et al. (2020) observed an elevated ROS levels in BCG-trained human 

385 peripheral blood neutrophils, which correlate with enhanced clearance of exogenous 

386 bacteria. Moreover, Lajqi et al. (2021) revealed that LPS-trained murine neutrophils 

387 could activate the TLR4/MyD88/PI3K signaling pathway, mediating enhanced ROS 

388 production and pro-inflammatory cytokine expression upon secondary infection. 

389 Similarly, Das et al. (2024) identified a neutrophil subset with elevated expression of 

390 NOX family genes in the lungs of LPS-trained mice following secondary Pseudomonas 

391 aeruginosa infection. Consistently with our study, we observed a significant increase 

392 in fatty acid peroxidation-mediated ROS upon secondary stimulation in both teleost and 

393 murine trained neutrophils, which contribute to enhanced antibacterial capacity. 

394 However, it is worth noting that while enhanced ROS and fatty acid peroxidation are 

395 crucial for antimicrobial activity, their excessive accumulation can also trigger cell 

396 death pathways such as ferroptosis (Yang et al., 2024). Thus, whether this prolonged or 

397 repeated stimulation could tip the balance toward cell death remains to be investigated. 

398 To this end, future studies to examine the lipid peroxidation markers and cell death-

399 related effectors (such as GPX4 and ACSL4) in trained neutrophils, would help us to 

400 delineate the boundary between beneficial antimicrobial ROS and detrimental oxidative 

401 damage.

402 In addition, by establishing an in vivo training and ex vivo neutrophil challenge 

403 model, our results revealed that β-glucan-trained neutrophils exhibit elevated functions 

  



404 upon secondary challenge, suggesting that this process may originate from training-

405 induced remodeling of upstream progenitors. As previously reported, the trained 

406 neutrophils are suggested to exhibit persistently elevated antimicrobial activity upon 

407 bacterial challenge, characterized by increased pro-inflammatory cytokine production, 

408 ROS generation, and NETs formation (Kalafati et al., 2023). However, the short 

409 lifespan of mature peripheral neutrophils appears inconsistent with the sustained 

410 protection conferred by trained immunity. In this regard, lineage tracing studies in mice 

411 have revealed that HSPCs exhibit trained phenotypes and display a significant bias 

412 toward myeloid cell development (de Laval et al., 2020; Liao et al., 2025). Consistently, 

413 Sobén et al. (2025) demonstrated that in vitro training of HSPCs toward neutrophil 

414 differentiation could result in significantly improved antifungal activity in mature 

415 neutrophils. Jurado et al. (2025) revealed that combined β-glucan and BCG training 

416 could reprogram the granulopoiesis, promoting the maturation of neutrophils with an 

417 anti-tumor phenotype. Nargis Khan et al. (2025) also found that β-glucan training could 

418 induce a distinct subset of immature neutrophils that confer immune tolerance and 

419 protect mice against influenza A virus. In accordance with these studies, our in vivo 

420 training and in vitro challenge model has established and revealed a conserved role of 

421 ACOX1-ROS axis in orchestrating the functional reprogramming of neutrophils. Thus, 

422 future work to investigate the development of trained progenitor cells upstream of 

423 neutrophils in vivo may complement the framework for better understanding the 

424 specific role of mature peripheral neutrophils in both teleost and murine models.

  



425 In summary, our study provides the evidence that β-glucan training reprograms a 

426 conserved ACOX1-dependent peroxisomal ROS axis in neutrophils of both teleost and 

427 mice. This finding uncovers the peroxisomal long-chain fatty acid peroxidation 

428 pathway as a key driver of trained neutrophils. By linking the fatty acid metabolism to 

429 ROS production, MPO activity, and NETs formation, our work establishes a 

430 mechanistic framework for understanding trained immunity in neutrophils across 

431 evolutionarily distant species. Nevertheless, several questions remain to be addressed 

432 in future studies. First, the epigenetic regulation of the acox1 locus and the upstream 

433 signaling pathways that couple β-glucan recognition to ACOX1 upregulation await 

434 clarification. Moreover, it also remains to be determined whether ACOX1 acts as a 

435 downstream effector of general fatty acid metabolism or is governed by independent 

436 regulatory mechanisms in trained neutrophils. Second, while our murine model used 

437 PMA as a secondary stimulus, which may activate NOX2, we cannot completely rule 

438 out a contribution of NOX2-derived ROS; thus, genetic ablation of NOX2 in future 

439 experiments would help delineate the relative contributions of peroxisomal versus 

440 NADPH oxidase-derived ROS. Third, the use of perhexiline to inhibit mitochondrial 

441 fatty acid oxidation may indirectly affect substrate availability for peroxisomal 

442 peroxidation, calling for more selective genetic or pharmacological tools to dissect 

443 peroxisomal pathways. Finally, the species-specific differences in metabolic reliance 

444 between teleost and mammalian neutrophils warrant further investigation. Addressing 

445 these aspects will not only consolidate our understanding of the ACOX1-ROS axis but 

  



446 also open new avenues for therapeutic modulation of neutrophil function in infectious 

447 and inflammatory diseases.

448
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581

582 Figure 1 β-Glucan training enhances ROS-dependent antimicrobial capacity in 

583 turbot head kidney-derived neutrophils. A: Schematic illustration of in vivo turbot 

584 training and in vitro neutrophils challenge model with or without NAC pre-treatment. 

585 B: Representative images of ROS in PBS- or β-glucan-trained neutrophils after 

586 bacterial challenge, with or without NAC pre-treatment. Scale bar, 20 μm. C: 

587 Quantification of ROS fluorescence intensity as indicated in panel B. D: MPO activity 

588 in PBS- or β-glucan-trained neutrophils after bacterial challenge, with or without NAC 

589 pre-treatment. E: NETs formation analysis (Sytox Green fluorescence intensity) in 

590 PBS- or β-glucan-trained neutrophils after bacterial challenge, with or without NAC 

591 pre-treatment. F: Bacterial loads analysis in PBS- or β-glucan-trained neutrophils after 

  



592 bacterial challenge, with or without NAC pre-treatment. Data are from three 

593 independent experiments and presented as mean ± SD, analyzed by one-way ANOVA 

594 with multiple comparisons. ***: P < 0.001.

595
  



596

597 Figure 2 β-Glucan training upregulates intracellular fatty acid metabolism in 

598 neutrophils upon bacterial challenge. A: Principal component analysis (PCA) of gene 

599 expression in PBS- or β-glucan-trained neutrophils after bacterial challenge. B: 

600 Differentially expressed genes (DEGs) between PBS- and β-glucan-trained neutrophils 

601 after bacterial challenge. C: Pathway enrichment analysis of DEGs in β-glucan-trained 

  



602 neutrophils compared to PBS controls. Dot size indicates the enrichment of each 

603 pathway; dot color reflects the significance level. D: Schematic diagram of fatty acid 

604 metabolism pathways in PBS- or β-glucan-trained neutrophils after bacterial challenge. 

605 E: qPCR validation of fatty acid metabolism-related gene expression in PBS- or β-

606 glucan-trained neutrophils after bacterial challenge. Data are from three independent 

607 experiments and presented as mean ± SD, analyzed by Student's t-test. *: P < 0.05; **: 

608 P < 0.01; ***: P < 0.001.

609

610

  



611

612 Figure 3 Reprogramming of fatty acid metabolism is essential for ROS production 

613 in trained neutrophils. A: Schematic illustration of in vivo turbot training and in vitro 

614 neutrophils challenge model with or without inhibitor pre-treatment. B: Diagram 

615 showing the targets of inhibitors in the fatty acid metabolism pathway. C: 

616 Quantification of ROS fluorescence intensity in trained neutrophils after bacterial 

617 challenge, with or without inhibitor pre-treatment. D: Representative images of ROS 

618 production corresponding to panel C. Scale bar, 20 μm. E: MPO activity and NETs 

619 formation in trained neutrophils after bacterial challenge, with or without inhibitor pre-

  



620 treatment. F: Bacterial loads analysis in trained neutrophils after E. piscicida challenge, 

621 with or without inhibitor pre-treatment. Data are from three independent experiments 

622 and presented as mean ± SD, analyzed by one-way ANOVA with multiple comparisons. 

623 ns: Not significant; *: P < 0.05; **: P < 0.01; ***: P < 0.001.

624

625

  



626

627 Figure 4 ACOX1-dependent peroxisomal fatty acid oxidation fuels the ROS 

628 increase in trained neutrophils. A: qPCR analysis of acox1 and NADPH oxidase 

629 (nox1, nox4, nox5, duox) gene expression in PBS- or β-glucan-trained neutrophils after 

630 bacterial challenge. B: qPCR analysis of pex11b and ppara expression in PBS- or β-

631 glucan-trained neutrophils after bacterial challenge. C: Fatty acid peroxidation levels in 

632 PBS- or β-glucan-trained neutrophils after bacterial challenge. D: Representative 

633 images of ROS in PBS- or β-glucan-trained neutrophils after bacterial challenge, with 

634 or without TriA pre-treatment. Scale bar, 20 μm. E: Quantification of ROS fluorescence 

635 intensity from panel D. F: MPO activity and NET formation in PBS- or β-

  



636 glucan-trained neutrophils after bacterial challenge, with or without TriA pre-treatment. 

637 G: Bacterial loads analysis in PBS- or β-glucan-trained neutrophils after E. piscicida 

638 challenge, with or without TriA pre-treatment. TriA, 10,12-tricosadiynoic acid. Data 

639 are from three independent experiments and presented as mean ± SD, analyzed by 

640 Student's t-test or one-way ANOVA with multiple comparisons as appropriate. ns: Not 

641 significant; *: P < 0.05; **: P < 0.01; ***: P < 0.001.

642

643

  



644

645 Figure 5 β-Glucan-training-induced ACOX1-ROS axis is essential for bacterial 

646 clearance in vivo. A: Schematic illustration of NAC or TriA administration during E. 

647 piscicida infection in β-glucan-trained turbot. B: Histopathological analysis of head 

648 kidney sections from PBS- and β-glucan-trained turbot during E. piscicida infection, 

  



649 with or without inhibitor pre-treatment. Black arrows indicate renal tubule damage; red 

650 arrows indicate glomerulus damage. Scale bar, 20 μm. C: Histopathological scoring 

651 based on the analysis shown in panel B. D: Bacterial loads in the head kidney of PBS-

652 or β-glucan-trained turbot during E. piscicida infection. with or without inhibitor pre-

653 treatment. Data are from three independent experiments and presented as mean ± SD, 

654 analyzed by two-way ANOVA with multiple comparisons. *: P < 0.05; **: P < 0.01; 

655 ***: P < 0.001.

656

657

  



658

659 Figure 6 β-Glucan-training-reprogrammed ACOX1-ROS axis elevates the 

660 function of neutrophils in mouse model. A: Schematic illustration of in vivo mouse 

661 training and in vitro neutrophil challenge model with or without TriA pre-treatment. B: 

662 Representative images of ROS in PBS- or β-glucan-trained neutrophils after PMA 

663 challenge, with or without TriA pre-treatment. Scale bar, 20 μm. C: Quantification of 

664 mean fluorescence intensity of ROS as indicated in panel B. D: Superoxide (O₂⁻) 

665 production and hydrogen peroxide (H2O2) levels (OD570) in PBS- or β-glucan-trained 

666 neutrophils after PMA challenge. E: Western blot analysis of ACOX1 protein 

  



667 expression in PBS- or β-glucan-trained neutrophils after PMA challenge. F: Fatty acid 

668 peroxidation levels in PBS- or β-glucan-trained neutrophils. G: qPCR analysis of 

669 pex11b and ppara expression in PBS- or β-glucan-trained neutrophils after PMA 

670 challenge. H: MPO activity and NETs formation analysis in PBS- or β-glucan-trained 

671 neutrophils after PMA challenge, with or without TriA pre-treatment. Data are from 

672 three independent experiments and presented as mean ± SD, analyzed by Student's t-

673 test or one-way ANOVA with multiple comparisons as appropriate. *: P < 0.05; **: P

674   < 0.01; ***: P < 0.001.

675

676

  



677

678 Figure 7 Proposed mechanism of β-glucan-induced trained neutrophils via 

679 ACOX1-ROS axis. 

680

  



681

682 Supplementary Figure S1. Single-cell transcriptomic analysis of the turbot head 

683 kidney-derived neutrophils. Landscape of immune cell clusters in turbot head kidney 

684 and GO analysis of metabolism relative terms using top 50 up-regulated biological 

685 process pathway in PBS- and β-glucan-trained neutrophils from single-cell RNA-seq 

686 data (GSE195628). Dot size shows genes of each pathway; Dot color reflects the 

687 significance of each pathway.

688

  



689

690 Supplementary Figure S2. Effect of metabolic inhibitor treatment on neutrophil 

691 viability. Viability of turbot head kidney-derived neutrophils with inhibitors treatment 

692 assessed by PI staining. Data are from three independent replicate experiments and 

693 shown as mean ± SD, analyzed by one-way ANOVA with multiple comparisons. ns: 

694 Not significant.

695

  



696

697 Supplementary Figure S3. mRNA levels of glycolysis and TCA cycle encoded 

698 genes in trained neutrophils. The transcripts of glycolysis and TCA cycle in PBS- 

699 and β-glucan-trained neutrophils after bacterial challenge by qPCR. Data are from three 

700 independent replicate experiments and shown as mean ± SD, analyzed by Student’s t-

701 test. ns: Not significant; *: P < 0.05; **: P < 0.01.

  



702

703 Supplementary Figure S4. mRNA levels of PEX family-encoded gene in trained 

704 neutrophils. The transcripts of PEX family-encoded genes in PBS- and β-glucan-

705 trained neutrophils after bacterial challenge by qPCR. Data are from three independent 

706 replicate experiments and shown as mean ± SD, analyzed by Student’s t-test. ns: Not 

707 significant; *: P < 0.05; **: P < 0.01; *** P < 0.001.

708

  



709 Supplementary Table S1. qPCR primers used in this study.

710 Supplementary Table S2. GO enrichment analysis of DEGs in PBS- and β-glucan 

711 -trained neutrophils after bacterial challenge. 

712 Supplementary Table S3. GO enrichment analysis of upregulated DEGs from 

713 scRNA-seq.

  


