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25 Abstract 

26 Barley, increasingly recognized for its health benefits, contains bioactive compounds like 

27 beta-glucans and (poly)phenols. Newly developed purple barley varieties, enriched with 

28 anthocyanins, offer potential gut health benefits. This study examined the effects of a 

29 hull-less, purple-grain barley genotype, consumed as whole-grain or isolated fractions 

30 (bran and endosperm), on gut microbiota and inflammation in a murine model. Fifty male 

31 and female BALB/cB&J mice were assigned to five diets over six weeks: standard diet 

32 (SD), rice diet (RD), whole-grain barley (WGB), anthocyanin-rich barley bran (BB), and 

33 beta-glucan-rich endosperm (PG). The BB diet triggered anti-inflammatory signals as it 

34 reduced IFN-γ and IL-4 in females, lowered TNF-α in both sexes, and decreased C-

35 Reactive Protein (CRP) in males compared to SD. The PG diet improved gut barrier 

36 integrity by lowering LPS-binding protein levels. Barley-based diets enhanced gut 

37 microbiota diversity, particularly, by increasing beneficial bacteria like Lactobacillus, 

38 Lachnospiraceae UCG-001, and Akkermansia. Notably, BB and PG elicited stronger 

39 effects than WGB, suggesting that grain fractionation modifies the food matrix, 

40 potentially enhancing the bioaccessibility and bioavailability of key bioactive 

41 compounds. These results underscore the benefits of purple barley-derived fractions in 

42 promoting gut health and reducing inflammation, supporting their potential role to protect 

43 against inflammation-related conditions.
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
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62 1. Introduction 

63 Numerous studies highlight the benefits of cereal consumption for health, particularly 

64 in the prevention of chronic diseases [1], [2]. The European Food Safety Authority 

65 (EFSA) has recognized the health-promoting properties of oats and barley, particularly 

66 due to their content of beta-glucan, a soluble fiber known to improve heart health and aid 

67 in the control of blood sugar levels [3]. Specifically, the consumption of barley has been 

68 linked to a reduced risk of chronic diseases, such as cardiovascular disease, type 2 

69 diabetes, and certain cancers, which can be attributed to its bioactive compounds [4], [5], 

70 [6], [7]. Despite this, barley is not a popular grain in Spain, being primarily used by the 

71 brewing industry rather than as a staple food. 

72 Gut health relies on the digestive tract's ability to effectively digest and absorb 

73 nutrients, block harmful substances from entering the bloodstream, and maintain a 

74 balanced immune system, with the gut microbiota playing a crucial role in supporting 

75 these functions [8]. Dietary fibers and (poly)phenols, such as those in barley, promote 

76 beneficial gut bacteria, which helps reduce inflammation and strengthen gut barrier 

77 integrity, highlighting the importance of diet in gut health [9].

78 The presence of beta-glucan in the diet has been shown to promote the growth of 

79 beneficial bacteria, which can enhance gut health and boost the immune system [10]. The 

80 beta-glucan in barley passes through the upper intestinal tract undigested, reaching the 

81 distal intestinal tract where it serves as a carbon source for beneficial gut bacteria [11]. 

82 This interaction between barley and the gut microbiota may play a crucial role in the 

83 health benefits associated with barley consumption, including its anti-inflammatory 

84 effects.

85 Cereals displaying black, purple, blue or red pigments are gaining attention due to 

86 their rich (poly)phenolic content. Colored grain barley, enriched with anthocyanins 

87 (ACN), presents significantly higher levels of antioxidant capacity compared to common 

88 barley varieties [12]. ACN, in addition to protecting against metabolic risk diseases, can 

89 reduce the degree of inflammation [13]. Studies in rodents have shown that 88-94% of 

90 dietary ACN and other (poly)phenols are recovered in the intestinal tract and feces, where 

91 they are biotransformed by the gut microbiota into simpler phenolic compounds. This 

92 transformation allows (poly)phenols to exert bioactivity enabling them to remodel the gut 

93 microbiota and reduce inflammation [14].
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94 Considering the connection between gut microbiota and host inflammation, we 

95 hypothesize that barley can reduce inflammation through the gut microbiota regulation. 

96 Specifically, we aim to understand how a diet enriched with hull-less and purple grain 

97 barley, in its whole-grain form or as isolated bioactive-rich fractions, affects these 

98 parameters. Using BALB/cB&J mice we seek to uncover the effects of barley-based diets 

99 on gut microbiota composition and inflammatory processes.

100 2. Materials and Methods 

101 2.1.Plant material 

102 The double haploid barley line 151340, a hull-less and purple-grain barley, was used 

103 in this study. This genotype was provided by Semillas Batlle SA (Bell-lloc d’Urgell, 

104 Lleida, Spain). Whole-grain barley and its isolated fractions (bran and endosperm) were 

105 used to prepare the supplemented diets. Whole-grain barley was pearled using a TM-O5C 

106 pearling machine (Stake Corporation, Hiroshima, Japan) at 1060 rpm. During this 

107 process, the outer layers of the grain were gradually removed through abrasion, resulting 

108 in a weight loss equivalent to 10% of the original grain weight. This removed fraction 

109 corresponded to the bran layer, while the remaining inner fraction was the endosperm. 

110 Both fractions, along with whole-grain barley, were milled to a particle size smaller than 

111 0.5 mm (Foss Cyclotec 1093TM mill, Foss Iberia, Barcelona, Spain) before inclusion in 

112 the diets. 

113 2.2. Preparation of diets

114 Five diets were used in this study and were prepared as follows. The purified standard 

115 diet (SD) (Envigo Teklad Diets; TD.94045; AIN-93G Purified Diet) served as a baseline 

116 allowing to measure the effects of the experimental barley-based diets against a basic 

117 nutritional standard. Unlike chow diets, which include (poly)phenol-rich plant 

118 ingredients, the purified diet was designed to exclude these sources, minimizing 

119 (poly)phenol content. The SD included casein as a protein source, L-cystine, corn starch, 

120 maltodextrin, soybean oil, sucrose, cellulose, vitamins, choline bitartrate and minerals. 

121 The refined rice diet (RD), formulated using refined long-grain white rice (Nomen, 

122 Spain), provided a comparison with a cereal lacking barley's bioactive compounds, such 

123 as (poly)phenols and beta-glucans. To prepare the experimental barley diets, purified diet 

124 pellets and barley fractions were crushed in a mill (MC300132, Moulinex, Alençon, 

125 France) until a homogeneous powder was obtained and mixed in different proportions. 

126 The whole-grain barley diet (WGB) was formulated with a ratio of 75% purified diet and 

127 25% whole-grain barley, while the pearled barley grain diet (PG) consisted of 80% 
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128 purified diet and 20% pearled barley grain to match the beta-glucan dosage of the WGB 

129 diet. The barley bran diet (BB), on the other hand, comprised 95% purified diet and 5% 

130 barley bran to deliver the equivalent ACN dose in WGB but without beta-glucans. The 

131 RD diet was obtained by mixing 25% refined white rice and 75% purified diet. Distilled 

132 water was added, the mixture was homogenized, and diet pellets were prepared and 

133 lyophilized using a Lyobeta 15 TELSTAR Lyophilizer (Terrassa, Spain). The approach 

134 followed to formulate the experimental diets was to normalize as much as possible 

135 carbohydrates, proteins, and caloric density to SD. Barley-supplemented diets were 

136 designed to achieve a supplementation of (poly)phenols and beta-glucans based on the 

137 human equivalent dose of 140 mg/day of ACN (WGB and BB) and 8 g/day of beta-

138 glucans (WGB and PG), according to [15].

139  Beta-glucan and arabinoxylan contents of diets were determined by means of the 

140 mixed-linkage beta-glucan assay (K-BGLU) and D-xylose assay (K-XYLOSE) kits from 

141 Megazyme (Wicklow, Ireland) (For more details, consult Supplementary Table 1). To 

142 extract and analyze the (poly)phenolic compounds, the methodology used follows the 

143 approach reported by [16];  further details are provided in Supplementary Table 2. For 

144 specific details regarding the energy densities and nutritional compositions of the control 

145 and experimental diets, please refer to Supplementary Table 1.

146 2.3. Ethical considerations

147 The animal procedures were conducted in accordance with the guidelines of the 

148 European Communities Directive 2010/63/EU regulating animal research. The protocols 

149 were approved by the Animal Ethical Committee of the University of Lleida (CEEA of 

150 UdL 03-03/20) and performed under a Generalitat de Catalunya Project License (10038). 

151 The study complies with the ARRIVE guidelines developed by the NC3Rs [17]. 

152 2.4. Animals and experimental procedure 

153 A total of 50 BALB/cB&J mice (25 males and 25 females) at 4 weeks of age were 

154 purchased from Charles River Laboratories (Barcelona, Spain). Individuals were 

155 acclimated to the animal facility with ad libitum access to tap water and the standard diet 

156 and then were fed the experimental diets starting at 6 weeks of age. Animals, with a mean 

157 body weight of 22.57  1.25 g in males and 17.90  0.44 g in females, were allocated to 

158 the five different groups, each comprising 10 animals, 5 males and 5 females. 

159 Experimental diets were offered for a period of 6 weeks. Animals were housed in cages 

160 of 5 mice per cage on a 12 h light-12 h dark schedule. Temperature was controlled at a 
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161 mean of 21 ± 1°C throughout the experiment, levels of CO2 were controlled as well, and 

162 humidity was at 55 ± 10 %. Feed intake per cage and the body weight of each mouse were 

163 recorded every 3 days. Moreover, fecal samples were collected at defecation time at the 

164 beginning (6 weeks old, T0), at the middle (9 weeks old, T1), and at the end of the 

165 experiment (12 weeks old, T2).

166 At the end of the experimental period, mice were sacrificed by an intracardiac 

167 perfusion after isoflurane anesthesia (IsoFlo, Veterinarian Esteve, Bologna, Italy). Blood 

168 samples were collected in EDTA tubes, and plasma samples were obtained by 

169 centrifugation (3,000 × g, 10 min at 4 °C) and stored at −80 °C. After blood collection, 

170 mice were perfused with an isotonic solution of sodium chloride (0.9 %) to remove the 

171 remaining blood in tissues. The descending colon tissue was excised, longitudinally 

172 opened, gently cleaned from fecal matter, and preserved in paraffin to perform 

173 histological analysis. The brain was stored in 4% paraformaldehyde, cryoprotected with 

174 20% sucrose, and blocks were made with OCT Cryostat Mounting Media to subsequently 

175 make sections and perform immunohistochemistry assays. Individual ileum content and 

176 fecal samples were collected and stored at –80 ºC in order to analyze the microbiota 

177 composition. The design of the study is shown in Figure 1. 

178
179 Figure 1. Experimental design of the study. SD: standard diet, 100% AIN-93G purified diet; RD: rice diet, 

180 formulated with 25% rice and 75% purified SD diet; WGB: whole-grain barley diet, formulated with 25% 

181 whole-grain barley and 75% purified diet; PG: pearled barley diet, formulated with a ratio of 20% pearled 

182 barley grain and 80% purified diet (equivalent beta-glucan dose of the WGB diet); BB: barley bran diet, 

183 formulated with 5% barley bran and 95% purified diet (equivalent anthocyanins dose of WGB without beta-

184 glucans).
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185 2.5. Inflammatory and immune biomarkers in plasma

186 C-Reactive Protein (CRP) was analyzed in serum samples using a commercial kit 

187 (Mouse CRP ELISA Kit, product number RAB1121, lot Number 0112J0564, Sigma 

188 Aldrich). Serum samples were used with a dilution of 2,000-fold. The lipopolysaccharide-

189 binding protein (LBP) was analyzed in serum samples using an enzyme-linked 

190 immunosorbent assay (ELISA) (Mouse LBP SimpleStep, ab269542, Abcam) with a 

191 dilution factor of 3. A MILLIPLEX Mouse High Sensitivity T-cell Magnetic Bead Panel 

192 (96-Well Plate Assay, MHSTCMAG-70K, Merck Millipore) was used to assess the levels 

193 of serum cytokines including interleukins IL-1α, IL-2, IL-4, IL-6, interferon-gamma 

194 (IFN-γ), and tumor necrosis factor-α (TNF-α) after a serum dilution 1:1.

195 2.6. Colon histological and immunohistochemical analysis 

196 Descending colon samples were preserved in formalin between 24 and 48 hours. All 

197 of them were placed on “Vogel V0-5-8100” cassettes. The processing of the samples was 

198 carried out with a dehydration by immersion in increasing concentrations of alcohol. 

199 Then, samples were immersed in liquid paraffin in a “Myr EC 500” embedding apparatus 

200 to facilitate sectioning with a rotary microtome (ThermoScientific HM325) calibrated at 

201 a thickness of 5 μm. The sections were stained with a hematoxylin-eosin stain and a PAS 

202 stain (Periodic Acid-Schiff) and mounted on the coverslip. The histological preparations 

203 were studied with an optical microscope (Olympus BX50) equipped with an Olympus 

204 SC50 camera interfaced with the Cell Sens Entry® Olympus software.

205 An immunohistochemical (IHC) analysis of the colon tissue collected from each animal 

206 was performed, using the MUC2 monoclonal antibody (Thermofisher Scientific, 

207 Waltham, MA, USA). In order to count the percentage of the area occupied by the IHC 

208 staining, the ImageJ program was used, by adjusting the threshold color, the saturation to 

209 the area of interest and subsequent analysis. Finally, PAS staining was performed using 

210 Alzian-blue following the company's protocol.

211 2.7. Brain F4/80 immunohistochemical analysis 

212 Criostat brain samples were sectioned at the hippocampus region with a criotome 

213 (ThermoScientific HM325) calibrated at a thickness of 15 μm. The sections were stained 

214 with a hematoxylin-eosin stain and mounted on the coverslip. The histological 

215 preparations were studied with an optical microscope (Olympus BX50) equipped with an 

216 Olympus SC50 camera interfaced with the Cell Sens Entry® Olympus software. An 
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217 immunohistochemical analysis of the brain hippocampus tissue collected from each 

218 animal was performed, using the R&d system Mouse F4/80/EMR1 monoclonal antibody 

219 (Clone 521204, R&D systems, Canada, USA) to label the immunity-related microglia 

220 cells. The ImageJ software was used to count the intensity of the colored IHC staining 

221 with respect to the total image. The following regions were selected to measure the F4/80 

222 antibody within the hippocampus: DG (dentate gyrus), CA3, and CA1 according to [18].

223 2.8. Statistical analysis

224 Inflammatory biomarkers, colon and brain immunohistochemical analysis are 

225 presented as the mean ± SD or SEM for inflammatory biomarkers in serum. Two-way 

226 ANOVA analysis was used for comparison between diets by sex with SPSS 22.0 

227 software. Student’s unpaired t-test for comparison of means was used to compare between 

228 two groups. The non-parametric Mann–Whitney U-test was used to calculate differences 

229 for multiple group comparison. p-value ≤ 0.05 was considered statistically significant.

230 2.9. Bacterial DNA extraction and 16S rRNA gene sequencing 

231 Total bacterial DNA was isolated from ileum (N = 50) and fecal (N = 150) samples 

232 using the HigherPurity™ Soil DNA Isolation Kit (Canvax Reagents SL, Valladolid, 

233 Spain), according to the manufacturer instructions and with the following modifications: 

234 frozen wet samples (0.1 g) were disrupted twice in a bead homogenizer (BeadMill 4, 

235 ThermoFisher) with two borosilicate 2-mm beads and the kit’s lysis buffer, and incubated 

236 at 95 °C for five minutes. Then, sample tubes were spun at 10,000 g for 30 seconds and 

237 the supernatant was transferred to a fresh tube to follow with the manufacturer 

238 instructions. In the final step, the DNA was eluted from the column in a volume of 100 

239 μl. DNA concentration and quality were evaluated by spectrophotometry (Nanodrop-100, 

240 ThermoFisher) and fluorometry with the dsDNA HS Assay kit (Qubit 4, Invitrogen, 

241 Carlsbad, CA). Then, to assess the microbiota composition of mice, the hypervariable 

242 region V3-V4 of the 16S rRNA was amplified using primers previously described in [19] 

243 and sequenced with paired-end reads using the Illumina MiSeq platform (Illumina, San 

244 Diego, CA, USA) at the Centre for Genomic Regulation (CRG, Barcelona, Spain). Raw 

245 sequence reads were processed into Amplicon Sequence Variants (ASVs) using the 

246 Divisive Amplicon Denoising Algorithm 2 (DADA2) pipeline [20]. Briefly, raw 

247 sequence reads were filtered to remove low-quality bases, primers and adapter sequences 

248 were trimmed, and ASVs were created and denoised. Chimeric sequences were identified 

249 and removed, taxonomy was assigned using the SILVA database [21], and singletons 

250 were filtered out. After data processing, each sample had an average of approximately 
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251 61,930 sequencing reads, and the final ASV table contained a total of 12,840 ASVs from 

252 198 samples (ileum (N = 49) and feces (N = 149)). 

253 2.10. Microbial alpha-diversity, beta-diversity and differential abundance 

254 analysis

255 The microbiota composition of ileum and fecal samples were analyzed separately at 

256 the genus level. The alpha- and beta-diversities were assessed in order to investigate the 

257 effects of (i) diet on the microbiota composition of ileum and fecal samples and (ii) time 

258 on the microbiota composition of fecal samples. In addition, differential abundance 

259 analyses (DAA) were carried out to detect differentially abundant genera between the 

260 different diets. Data were rarefied to an even depth for the alpha- and beta-diversity 

261 analyses. The alpha-diversity of each sample was evaluated by the observed and Shannon 

262 indices using the phyloseq package in R [22]. Analyses of variance were performed for 

263 each alpha-diversity index of ileum samples using a linear model including the fixed 

264 effects diet (5 levels) and sex (2 levels), as well as the body weight at T0 as a covariate. 

265 The effect of time (3 levels) and the interaction between diet and time were added to the 

266 model when analysing fecal samples. Statistical analyses were performed using JMP Pro 

267 v16 (SAS Institute Inc, Cary, NC, USA). Beta-diversity was assessed by the Bray-Curtis 

268 distance using the phyloseq package. Non-metric multidimensional scaling was 

269 performed to visualise possible sample clustering. Further, Permutational Multivariate 

270 Analysis of Variance (PERMANOVA) based on Bray-Curtis distances was performed 

271 for ileum and fecal samples at T2 to assess dissimilarities between the mice microbiota 

272 composition using the adonis2 function in R. Finally, DAA were performed to detect 

273 differentially abundant genera among diets at the end of the experiment (T2). DAA were 

274 carried out using the analysis of compositions of microbiomes with bias correction 

275 (ANCOM-BC) [23] in R. Five contrasts were investigated: (i) SD vs. barley, where barley 

276 refers to WGB, PG and BB, (ii) RD vs. barley, (iii) WGB vs. BB, (iv) WGB vs. PG, and 

277 (v) PG vs. BB. To overcome multiple testing, p-values were corrected by a false discovery 

278 rate. Genera with a false discovery rate lower than 0.05, and a log fold-change higher than 

279 2 or lower than -2 were deemed statistically significant and, therefore, were further 

280 investigated to better understand their associations with the different diets. 

281

282 3. Results

283 3.1. Daily dose of (poly)phenolics and dietary fiber administered through diets 
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284 The characterization of (poly)phenols and key dietary fiber components, including 

285 beta-glucans and arabinoxylans, was performed to assess their potential biological 

286 activities based on the product administered. The dose of beta-glucans was similar 

287 between WGB and PG diets (1.3 and 1.2 g/100 g, respectively), while BB contained only 

288 0.1 g/100 g. (Supplementary Table 1). Regarding total arabinoxylans content, WGB 

289 contained the highest levels (1.6 g/100 g diet), followed by BB (1.1 g/100 g diet) and PG 

290 (0.8 g/100 g diet) (Supplementary Table 1). The daily dose of total (poly)phenols 

291 administered through WGB, BB and PG was 1467.23 ± 15.75, 1098.22 ± 5.53 and 817.83 

292 ± 32.90 µg/day/mouse, respectively (Supplementary Table 2 and Supplementary 

293 Figure 1). The analysis of (poly)phenolic compounds revealed that fiber-bound 

294 (poly)phenols represented a significant proportion of the total (poly)phenol content across 

295 diets, accounting for 41.9%  in WGB, 31.7% in BB, and 54.5% in PG. Among the free 

296 (poly)phenols, the most abundant compounds were anthocyanins and flavan-3-ols in the 

297 three barley diets. In contrast, the bound (poly)phenolic fraction was primarily composed 

298 of phenolic acids (ferulic acid, p-coumaric acid, and their derivatives) in all diets 

299 (Supplementary Table 2).

300 As observed, the combined amount of (poly)phenols and arabinoxylans in BB and 

301 PG diets were significantly higher compared to WGB. This difference is likely attributed 

302 to the structural characteristics of each barley fraction rather than differences in ingredient 

303 quantity, as BB and PG together accounted for the same total proportion of barley-derived 

304 ingredients as WGB. The mechanical disruption caused by pearling, grinding, and mixing 

305 in BB and PG may have enhanced the extractability and accessibility of these compounds. 

306 In contrast, the intact grain structure of WGB may have restricted the release of bound 

307 (poly)phenols and arabinoxylans. 

308

309 3.2. Feed consumption and body weight gain

310 Least square means of body weight gain and feed intake after adjusting for the initial 

311 body weight at T0 are given in Supplementary Table 3. No significant differences were 

312 detected in average body weight gain between diets (p-value of 0.16 for males and 0.25 

313 for females). It is important to note that statistical analyses of individual feed intake were 

314 not possible due to the lack of individual data; feed intake measurements were taken on 

315 a per-cage basis. 

316 3.3. Serum inflammatory biomarkers 
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317 Regarding the inflammatory parameters, when the results were compared considering 

318 both males and females together, no significant differences were observed between the 

319 barley-based diets and the control diets (SD and RD), except for TNF-α and LBP, which 

320 presented a significant reduction after BB and PG supplementation, respectively 

321 (Supplementary Table 4). When analyzing data by sex (Figure 2), females 

322 supplemented with the BB diet showed lower levels of IFN-δ (p-value=0.027) and IL-4 

323 (p-value=0.047) compared to females fed with SD. Similarly, both males and females fed 

324 with the BB diet had lower levels of TNF-α (p-value=0.016 for females, p-value=0.05 for 

325 males) compared to the SD group (Figure 2 A, C, F). Additionally, males consuming BB 

326 exhibited a significant decrease in plasmatic CRP levels (p-value=0.009) compared to SD 

327 (Figure 2 B) and females fed with BB exhibited significant decrease in IL-4 levels (p-

328 value=0.016) compared to the rice diet (RD) (Figure 2 C). Moreover, a significant 

329 decrease in LBP was observed in the PG group versus SD in both males (p-value=0.009) 

330 and females (p-value=0.009) (Figure 2 F).

331
332 Figure 2. Mouse serum protein levels of inflammatory biomarkers. The bars representing males are shown with a 

333 dotted pattern, while the bars for females are displayed with a solid fill.  A) Interferon-gamma (IFN-), B) C-reactive 

334 protein (CRP), C) Interleukine-4 (IL-4),  D) Tumor necrosis factor- alfa (TNF-), E) Interleukine-2 (IL-2), F) 

335 lipopolysaccharide binding protein (LBP); SD: standard diet, RD: rice diet, WGB: whole-grain barley, PG: 

336 pearled grain, BB: barley bran; The results are shown as the mean ± SEM. Significant differences (p-value<0.05) 

337 are expressed as * compared with SD; and ^ compared with RD.

338

339 3.4. Colon histological and MUC2 immunohistochemical analysis

340 Regarding mucins in gut slides, no significant differences were observed between 

341 diets (Supplementary Figures 2 and 3). The mucin analysis focused on the expression 
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342 and distribution of MUC2, a major component of the gut mucus layer. Results indicated 

343 that MUC2 distribution in the gut epithelium remained consistent across all dietary 

344 groups, showing that the consumption of different barley fractions did not alter mucin 

345 production or secretion in the colon.

346 3.5. Immunohistochemistry for F4/80 in brain 

347 Figure 3 presents the immunohistochemical analysis of F4/80 expression across 

348 different hippocampal regions in mice subjected to the experimental diets. The expression 

349 of F4/80 was found significantly lower in all the hippocampal regions (DG, CA3, and 

350 CA1) of females from the BB group compared to the SD group. Similarly, the expression 

351 of F4/80 was significantly lower in females from the WGB group compared to SD. In 

352 contrast, no significant differences were detected between mice fed with RD and PG with 

353 those fed with SD. 

354
355 Figure 3. Immunohistochemical analysis of F4/80 expression (microglial activation) across different brain 

356 hippocampal regions— dentate gyrus (DG), CA3 and CA1—in mice subjected to SD: standard diet, RD: 

357 rice diet, WGB: whole-grain barley, PG: pearled grain, BB: barley bran. (A) Selected brain hippocampal 

358 regions; (B) Staining intensity of F4/80 across different dietary groups; (C) Quantification of the optical 

359 density of F4/80 staining (4X). Significant differences with respect to the SD group* (p-value<0.05). 

360

361 3.6. Microbial diversity and taxonomy in ileum and feces

362 The overall microbiota composition of ileum content and fecal samples is displayed 

363 at the phylum level in Supplementary Figure 4. In ileum, Firmicutes was the most 

364 abundant phylum with an average relative abundance of 89.7%, followed by 
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365 Actinobacteriota (4.5%) and Proteobacteria (3.9%). However, in fecal samples, 

366 Firmicutes and Bacteroidetes were the highly enriched phyla, accounting for 63.0% and 

367 28.4% of the relative abundance, respectively. 

368 3.6.1. Ileum content

369 The gut microbial alpha- (observed and Shannon indices) and beta- (Bray-Curtis 

370 distance) diversities of ileum were assessed at the genus level. Analyses of variance for 

371 alpha-diversity indices of rarefied data showed no significant differences among the 

372 different diets in ileum (observed: p-value = 0.40 and Shannon: p-value = 0.92). However, 

373 permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis 

374 distances indicated that ileum samples from different diets were significantly different at 

375 the end of the experiment (T2) (p-value ≤ 0.001). The differential abundance analysis of 

376 ileum microbiota composition identified a total of 19 differentially abundant genera 

377 across the five analyzed contrasts (Figure 4). We observed significant modulation in the 

378 number of genera across different dietary contrasts as follows: 6 genera in SD vs. Barley, 

379 3 genera in RD vs. Barley, 8 genera in WGB vs. PG, 11 genera in WGB vs. BB, and 6 

380 genera in PG vs. BB. 

381

382

383

384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402 Figure 4. Differentially abundant genera in ileum for the analyzed diet contrasts. Values represent the log 

403 fold change of the differentially abundant genera with a false-discovery rate below 0.05 and a |log(fold-

404 change)| ≥ 2. SD: standard diet, RD: rice diet, WGB: whole-grain barley, PG: pearled grain, BB: barley 

405 bran.

406 . 
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407 3.6.2. Fecal content

408 Regarding fecal samples, analyses of variance for alpha-diversity indices of 

409 rarefied data showed significant differences among the different time points (observed: 

410 p-value ≤ 0.0001 and Shannon: p-value ≤ 0.0001). The alpha-diversity of fecal samples 

411 increased with time, with T2 (12 weeks of age) showing the highest diversity (Figure 5). 

412 Diet, on its own, did not have a significant effect on alpha-diversity (observed: p-value = 

413 0.40, Shannon: p-value = 0.23). However, the interaction between diet and time was 

414 significant for the observed (p-value ≤ 0.01) and Shannon (p-value ≤ 0.05) indices, 

415 indicating that the effect of time on microbial diversity depends on the diet consumed. 

416 For the observed alpha-diversity index (Figure 5A), no significant differences were 

417 detected among time for mice consuming the SD diet. In contrast, significant time-related 

418 changes were observed in mice fed barley-based diets (BB, PG, WGB), indicating that 

419 these diets promoted increasing microbial diversity over time. Regarding the Shannon 

420 index (Figure 5B), no significant differences were found among time for the SD and 

421 WGB diets. However, significant differences among time were detected for mice fed with 

422 RD, BB and PG diets. These findings suggest that the type of diet modulates the effects 

423 of time on the microbiota composition of mice and that barley-based diets modulate 

424 microbiota diversity over time, while the SD does not. In addition, PERMANOVA based 

425 on Bray-Curtis distances further strengthens these findings, by demonstrating that the 

426 overall composition of microbial communities in fecal samples was significantly different 

427 between diets at the end of the experiment (T2) (p-value ≤ 0.001). 

428
429 Figure 5. Diversity microbiota analyses of fecal samples. Least mean squares of alpha-diversity indices 

430 (A. Observed; B. Shannon) of fecal samples presented by time (T0: 6 weeks of age, T1: 9 weeks of age, and 

431 T2: 12 weeks of age) and bydiet. SD: standard diet, RD: rice diet, WGB: whole-grain barley, PG: pearled 
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432 grain, BB: barley bran). Error bars represent standard errors. Columns lacking a common letter differ (p-

433 value ≤ 0.05). 

434

435 The microbial taxa at phylum level was illustrated among diets in feces at different 

436 time points (Supplementary Figure 5). An increase in Firmicutes and a decrease in 

437 Bacteroidota were observed as the animals aged. These changes in microbial populations 

438 may reflect age-related adaptations in gut function and nutrient utilization. Additionally, 

439 barley-enriched diets promoted greater diversity in minor phyla, such as Proteobacteria, 

440 Verrucomicrobiota and Actinobacteriota, compared to control diets. 

441 Moreover, there were differentially abundant genera among diets in fecal samples 

442 collected at the end of the study (T2) (Figure 6). A total of 39 differentially abundant 

443 genera were identified across the five analyzed contrasts. We observed a significant 

444 modulation in the number of genera across different dietary contrasts as follows: 13 

445 genera in SD vs Barley, 14 genera in RD vs Barley, 12 genera in WGB vs PG, 18 genera 

446 in WGB vs BB, and 23 genera in PG vs BB.

447
448
449 Figure 6. Summary of the differentially abundant genera in feces for the analyzed diet contrasts. Values 

450 represent the log fold change of the differentially abundant genera with a false-discovery rate below 0.05 
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451 and a |log(fold-change)| ≥ 2. SD: standard diet, RD: rice diet, WGB: whole-grain barley, PG: pearled grain, 

452 BB: barley bran. 

453
454 4. Discussion

455 In the present study, we investigated the effects of the diet supplementation with 

456 whole-grain purple barley and its isolated fractions on inflammation, as well as their 

457 impact on gut microbiota modulation. The comparison of different barley interventions 

458 revealed distinctive health benefits and microbial signatures associated with the isolated 

459 barley fractions, particularly the bran and endosperm, as compared to the control diet and 

460 the whole-grain barley.

461 In terms of inflammation, our study revealed that BB led to a significant reduction in 

462 pro-inflammatory cytokines, which was not observed with the other diets. Specifically, 

463 cytokine analysis showed a reduction in IFN-γ, IL-4, TNF-α, and CRP levels in the BB 

464 group compared to SD. These findings underscore the distinctive anti-inflammatory 

465 potential of the isolated barley bran fraction. This effect was initially attributed to the 

466 combined influence of arabinoxylans and anthocyanins, both present in the bran and 

467 recognized for their potential anti-inflammatory properties [24] [25]. However, given that 

468 the PG diet contained similar arabinoxylan levels and WGB had even higher amounts of 

469 arabinoxylans and (poly)phenols, additional factors must be contributing to the observed 

470 effects. Structural differences between dietary sources likely influence the 

471 bioaccessibility of their bioactive compounds. Previous studies have demonstrated that 

472 food matrix composition and processing techniques such as milling and fractionation play 

473 a crucial role in fiber functionality, as structural modifications can facilitate the release 

474 and absorption of bioactive compounds [26][27]. Additionally, although WGB had higher 

475 total (poly)phenol content than BB, differences in matrix interactions likely influenced 

476 their release, absorption, and biological activity. Thus, (poly)phenols in BB may have 

477 been more accessible, enhancing systemic effects. This aligns with studies showing that 

478 food matrix composition and processing impact (poly)phenol absorption [28] [29], with 

479 BB’s simpler structure facilitating uptake, while WGB’s complexity may reduce 

480 bioavailability and anti-inflammatory effects.

481 The potential effects on neuroinflammation were also observed, as the BB diet 

482 appeared to be associated with a reduction in microglial activation in key brain regions 
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483 compared to SD, particularly in the DG, CA3, and CA1. The improvements were only 

484 observed in females, which aligns closely with the cytokine results. Given the pivotal role 

485 of microglia in neuroinflammatory processes, these findings suggest that the anti-

486 inflammatory properties of the BB diet could extend to neuroprotective effects. However, 

487 while our results are in line with previous research [30], indicating that ACN from purple 

488 barley could influence microglial activity and modulate neuroinflammatory markers, the 

489 characterization of microglial activation in this study was based only on the analysis of 

490 F4/80 expression. F4/80 is widely recognized as specific markers of murine macrophages 

491 and microglia [31] [32]. Nevertheless, additional microglial markers, such as IBA-1 or 

492 CD40, would be necessary to confirm and better characterize this effect. 

493 The sex-specific differences observed in inflammatory markers can be attributed to 

494 hormonal influences, as supported by previous research [33] [34]. Estrogen and 

495 testosterone play distinct roles in modulating immune responses, with estrogen generally 

496 amplifying immune activity, while testosterone has more immunosuppressive effects. As 

497 a result, females tend to exhibit a stronger inflammatory response compared to males, 

498 which is consistent with the patterns observed in this study.

499 The observed decrease in LBP levels in mice consuming the PG highlights its 

500 potential role in modulating gut health. LBP is a biomarker linked to gut barrier integrity 

501 and immune response to microbial products, particularly lipopolysaccharides from Gram-

502 negative bacteria. Elevated LBP levels indicate an increased gut permeability and 

503 microbial translocation, leading to systemic inflammation and immune activation [35].  

504 Therefore, the reduction in LBP levels suggests an improvement in gut barrier function 

505 when consuming the pearled barley grain. The potential mechanism underlying the 

506 modulation of LBP levels by PG may involve its beta-glucan content, as they have been 

507 shown to enhance gut barrier function strengthening the intestinal epithelial barrier and 

508 reducing gut permeability [11] [36].

509 Regarding the microbiota results, microbiota richness showed that barley-based diets 

510 (WGB, PG, BB) increased gut microbiota diversity over time. The SD remained stable, 

511 while RD unexpectedly increased diversity. This effect may be related to the presence of 

512 digestible and resistant starches in rice, which, despite its refined nature, can serve as 

513 substrates for microbial fermentation, as previously reported in the literature [37]. 

514 However, given that microbiota changes in the RD group were less pronounced than in 
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515 barley-based diets, this also suggests a partial influence of age-related adaptations rather 

516 than diet alone. The increase in diversity observed with barley-based diets can be 

517 attributed to the presence of fiber and bioactive compounds, such as beta-glucans, 

518 arabinoxylans, phenolic acids, and ACN. These compounds likely play a crucial role in 

519 fostering a more diverse microbial ecosystem by providing fermentable substrates. This 

520 is consistent with previous findings [38], which demonstrated that barley food products 

521 can influence the composition of gut microbiota, associated in some cases with metabolic 

522 improvements.

523 In addition to increasing overall microbiota diversity, purple barley-based diets 

524 were found to cause specific changes in the composition of microbial populations. The 

525 differential abundance analysis of ileum and fecal microbiota revealed significant 

526 differences when comparing the standard or rice diets against all barley-based diets. 

527 Notably, Lactobacillus was predominant in both the ileum and feces of barley diets 

528 compared to the SD group, while Lachnospiraceae UCG-001 was predominant in both 

529 the ileum and feces compared to both the SD and rice diets. In feces, in addition to 

530 Lactobacillus, other beneficial probiotic genera such as Dubosiella were found to be more 

531 abundant after supplementation with barley diets. These findings are consistent with 

532 previous studies showing that barley consumption increases beneficial bacteria [10]. 

533 These results are in line with other studies performed with dietary fiber and cereal beta-

534 glucans [39] [40]. Lactobacillus is well-known for its beneficial effects on gut health, 

535 including enhancement of the gut barrier, modulation of the immune system, and 

536 production of lactic acid which inhibits the growth of pathogenic bacteria [41]. 

537 Furthermore, the higher abundance of Lachnospiraceae UCG-001 in feces after 

538 supplementation with barley is noteworthy, as this genus has been implicated in butyrate 

539 production [42].  

540 Moreover, the microbiota analysis revealed that both the BB and PG diets led to 

541 distinct changes in gut microbial composition. BB diet specifically increased the 

542 abundance of Romboutsia and Dorea in both ileum content and feces. These genera are 

543 associated with fiber degradation and butyrate production [43] [44]. These results are 

544 consistent with findings from previous studies, such as those involving black barley [45], 

545 which also demonstrated similar microbial shifts. Also, the higher abundance of 

546 Ruminococcus observed in response to BB supplementation is particularly noteworthy as 

Page 18 of 26Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
2/

20
25

 5
:5

8:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4FO05524A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo05524a


19

547 it is strongly correlated with the most important butyrate producers in the gut [46]. 

548 Butyrate, a key SCFA, is crucial for maintaining gut health and is known to inhibit pro-

549 inflammatory cytokine production and promote anti-inflammatory responses, which 

550 aligns with the observed reductions in serum markers like TNF-α, CRP, IFN-γ, and IL-4 

551 in the BB group. The modulation of the gut microbiota by BB could be partly attributed 

552 to the ACN present in purple barley bran, which are known for their potential prebiotic 

553 effects [47]. Although ACN content was the same in BB and WGB, differences in the 

554 structural properties and matrix interactions of these fractions may have influenced ACN 

555 and other (poly)phenols bioavailability, leading to a greater impact on microbiota 

556 modulation in the BB diet. Specifically, Dorea has been implicated in ACN metabolism 

557 [48], further suggesting that the observed microbial shifts in the BB group could be linked 

558 to the (poly)phenolic content of the diet. Unfortunately, the analysis of microbiota 

559 composition for each sex has not been possible due to the limited sample size, preventing 

560 drawing reliable conclusions regarding potential sex-specific microbial responses.

561 The differential abundance analysis of gut microbiota also revealed a specific 

562 microbial signature after PG supplementation.  For instance, the genera Akkermansia was 

563 markedly enriched in PG compared to WGB and BB in both ileum and feces (Figures 4 

564 and 5). The enrichment of Akkermansia is particularly notable, as this genus has been 

565 associated with strong probiotic effects, including metabolic regulation, immune 

566 modulation and gut barrier protection [49] [50], which suggests potential benefits of PG 

567 consumption. This specific effect of PG may be attributed to the pearling -removing the 

568 outer bran layer and exposing the inner endosperm- which could increase the accessibility 

569 of beta-glucans and potentially making them more available for fermentation by gut 

570 microbiota [51]. Also, the unique microbial profile of the PG diet may be associated with 

571 the significant reduction observed in LBP levels after supplementation with the PG diet. 

572 There is strong evidence supporting that Akkermansia may reduce intestinal permeability 

573 and prevent the translocation of harmful bacterial components like LPS into the 

574 bloodstream, reducing the subsequent LBP production [52]. These results highlight the 

575 potential of pearled barley to modulate gut inflammation through beneficial alterations in 

576 the gut microbiota. Muribaculum, a major mucin monosaccharide forager, which plays a 

577 key role in maintaining intestinal homeostasis [53], was also markedly enriched following 

578 PG diet. Specifically, beta-glucans were reported to promote this homeostasis by 
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579 increasing the abundance of Muribaculum [54]. Further analysis of the whole 

580 metagenome is needed to investigate differences in microbial functions.

581 The non-significant findings regarding MUC2 in the gut imply that the dietary 

582 intake of barley, whether whole-grain, bran, or pearled grain, does not compromise the 

583 structural integrity of the ileum or alter the mucin profile in the gut. The consistent MUC2 

584 expression across different barley diets suggests that whole barley and its isolated 

585 fractions do not compromise gut mucosal health. This aligns with existing research 

586 highlighting the critical role of stable mucin production, particularly MUC2, in protecting 

587 the gut’s epithelial barrier and maintaining overall gut health [55].

588

589 Concluding remarks

590 This study emphasizes the significant health benefits of purple barley-based diets, 

591 particularly barley bran and pearled grain, in modulating inflammation and gut 

592 microbiota. The anti-inflammatory effects observed only with the barley bran diet, are 

593 likely influenced not only by its concentration of arabinoxylans and anthocyanins but also 

594 by differences in food matrix interactions and processing, which may have enhanced the 

595 bioaccessibility of its bioactive compounds. 

596 All barley diets enhanced gut microbiota diversity, increasing beneficial bacteria 

597 like Lactobacillus, Lachnospiraceae UCG-001, and Akkermansia, which are associated 

598 with butyrate production and gut health. The pearled barley diet significantly reduced 

599 LBP levels, suggesting improved gut barrier integrity and reduced systemic 

600 inflammation. This effect may be linked to the promotion of beneficial bacteria, such as 

601 Akkermansia, which help reduce gut permeability. The pearling process enhances the 

602 accessibility of beta-glucans in the nutrient-rich endosperm, making them more available 

603 for fermentation by gut microbiota. 
604 The whole-grain barley diet was beneficial but less effective in modulating 

605 inflammatory markers, possibly due to its intact structure, which may limit the 

606 bioavailability of (poly)phenols and fibers. Despite containing higher total levels of 

607 (poly)phenols and arabinoxylans, processing differences influenced their release, 

608 absorption, and activity. These findings highlight the potential of barley fractions, like 

609 pearled grain and isolated barley bran, in improving gut health and protecting against 

610 inflammation-related conditions. Future research should further explore the mechanisms 

611 underlying these effects, including the role of processing in the bioavailability of 
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612 (poly)phenols and fiber, and evaluate their long-term health implications through clinical 

613 trials, considering factors such as age, sex, and metabolic status.

614
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