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Abstract  19 

The Western diet impairs physiological health and leads to intestinal dysfunction. 20 

Lingonberries have the potential to ameliorate intestinal damage, although the 21 

underlying mechanisms are unclear. Here, the modulatory action of lingonberry 22 

anthocyanins on intestinal homeostasis in high-fat diet (HFD)-fed mice was 23 

investigated from the perspective of the intestinal flora-intestinal stem cells (ISCs) axis. 24 

The anthocyanin composition of lingonberry (Vaccinium vitis-idaea L.) extract was 25 

determined by high-performance liquid chromatography (HPLC). Anthocyanin-rich 26 

lingonberry extract (ARLE) was administered to HFD-fed mice for 9 weeks. Intestinal 27 

injury and ISCs fitness were analyzed by qPCR, immunofluorescence, and Western 28 

Blot. Moreover, the gut microbiota was analyzed by 16S rRNA sequencing and jejunum 29 

was used for RNA sequencing (RNA-Seq). The results showed that ARLE contained a 30 

total of 20 anthocyanins, which accounted for 36.0% of the extract. ARLE may balance 31 

intestinal homeostasis by enhancing the intestinal barrier and maintaining steady-state 32 

proliferation and differentiation of ISCs. RNA-seq revealed that ARLE 33 

supplementation improved the immune response and ISCs homeostasis by modulating 34 

Wnt/PPAR signaling, and this was potentially related to the gut microbiota. Our 35 

findings support that ARLE improved gut homeostasis and attenuated HFD-induced 36 

injury by regulating the gut microbiota-ISCs axis via Wnt/PPAR signaling. 37 

 38 

Keywords: Anthocyanin-rich lingonberry extract; High-fat diet; Intestinal homeostasis; 39 

Microflora; Intestinal stem cells; Wnt/PPAR signaling 40 
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1. Introduction 41 

Extensive epidemiological and preclinical investigations have established a strong 42 

association between long-term consumption of Western diets and the development of 43 

various diseases, including obesity, dyslipidemia, diabetes, nonalcoholic fatty liver 44 

disease, etc. (Su, et al., 2023). Moreover, the detrimental effects of a high-fat diet (HFD) 45 

may further impact emotions, cognition, and memory due to excessive free fatty acids 46 

(Amelianchik et al., 2022). Therefore, mitigating the adverse effects of a HFD is an 47 

important challenge to maintain health. 48 

As the most important organ for digestion and absorption, the intestine is an 49 

important barrier against harmful foreign substances, which depends on the intestinal 50 

mucosal barrier. One of the potential risks of a HFD may be alterations in the intestinal 51 

epithelium, which can lead to dysfunction of intestinal homeostasis (Hooper et al., 52 

2012). Intestinal stem cells (ISCs), which are located at the base of crypts, play a crucial 53 

role in maintaining intestinal equilibrium and epithelial tissue integrity by 54 

differentiating into diverse cell types within both the inner and outer layers of the 55 

intestine (Barker et al., 2007). A HFD is associated with detrimental effects on the 56 

fitness of ISCs through cell-autonomous or niche-dependent mechanisms (Murai & 57 

Matsuda, 2023). It was found that activation of lipid-sensing PPAR transcription factors 58 

by HFD can alter ISC function and their tumourigenic potential (Beyaz et al., 2021). 59 

Dysregulation of the Wnt signaling pathway caused by impaired bile acid secretion 60 

following HFD promotes the malignant transformation of ISCs ( Fu et al., 2019). 61 

Furthermore, HFD downregulates the expression of the major histocompatibility 62 
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complex II gene in ISCs, thereby impairing interactions between the microbiome and 63 

immune cells, which in turn promotes the development of intestinal tumours (Beyaz et 64 

al., 2016). Therefore, the homeostasis of ISCs are pivotal factors responding to HFD-65 

induced stimulation and for mitigating its detrimental effects on health.  66 

Anthocyanins are water-soluble flavonoids conferring colour to certain plants, 67 

especially edible berries. They are usually bound to one or more glucose, galactose, 68 

arabinose or rhamnose molecules via glycosidic bonds (Mattioli et al., 2020). 69 

Lingonberry (Vaccinium vitis-idaea L.) is a small red berry of the genus Vaccinium and 70 

termed a ‘superfruit’ due to containing the highest amount of antioxidants (e.g., 71 

vitamins, anthocyanins, and minerals) among berries (Yao et al., 2023). They exert 72 

diverse physiological effects, including antioxidant, anti-obesity, anti-diabetic, anti-73 

inflammation, anti-tumor, and antimicrobial effects (Yao et al., 2023). Notably, they 74 

also possess beneficial intestinal probiotic effects (Pärnänen et al., 2021). Evidence 75 

suggests that lingonberry (especially 100 mg/kg) diminishes dextrose sodium sulfate 76 

(DSS)-induced weight gain and ameliorates colon length shortening in mice. It also 77 

downregulated the expression of cyclooxygenase-2 (COX-2), NF-κB, and iNOS in 78 

colonic tissues, supporting the capacity of lingonberry to improve gut health (Jeon et 79 

al., 2021). In addition, alteration of gut microbiota profiles may be an important 80 

component of the positive actions of lingonberry to counteract the negative effects of 81 

HFD on metabolic health (Marungruang et al., 2020). Research has shown that 82 

lingonberry supplementation for 11 weeks could affect the expression of genes involved 83 

in intestinal barrier function (decrease in expression of LPS-sensing Tlr4 and 84 
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macrophage marker Emr1, and increase in expression of the tight-junction protein 85 

occludin) and modify the composition and functionality of the gut microbiota (increase 86 

in Akkermansia and Faecalibacterium) in HFD-fed mice (Heyman-Lindén et al., 2016). 87 

Importantly, in vitro and in vivo experiments demonstrate that anthocyanins play a 88 

positive role against colorectal disease by altering the composition of the intestinal 89 

microbiota, protectively modulating the ISCs compartment, and suppressing 90 

inflammation and oxidative stress (Liu et al., 2024).  91 

Based on the above evidence, it can be hypothesized that lingonberry anthocyanin 92 

can improve HFD-induced intestinal abnormalities through the communication 93 

between intestinal microbiota and ISCs. In this study, HFD-fed mice were used to 94 

explore the effect of anthocyanin-rich lingonberry extract (ARLE) on intestinal 95 

homeostasis based on the gut microbiota-ISCs axis. In addition, transcriptomics 96 

combined with Western blot analysis were applied to elucidate the mechanisms by 97 

which ARLE regulates ISCs homeostasis. Collectivelly, our results demonstrated the 98 

ability of lingonberry-based dietary manipulations to ameliorate the adverse effects of 99 

a high-calorie diet on intestinal homeostasis. 100 

2. Materials and methods 101 

2.1 Experimental reagents 102 

Hematoxylin was purchased from Solarbio Science & Technology Co., Ltd. 103 

(Beijing, China); neutral gum, paraffin, and PBS were purchased from Biotechnology 104 

Co., Ltd. (Shanghai, China); alcohol, anhydrous ethanol, and xylene were purchased 105 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The following 106 
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antibodies, including anti-Ki67, anti-Lgr5, anti-MUC2, anti-SOX9, anti-c-Jun, anti-107 

Rac1, anti-PPARd, anti-Wnt6, goat anti-rabbit IgG (H+L) Fluor 594-conjugated, and 108 

goat anti-rabbit IgG (H+L) FITC-conjugated, were shown in Table S2. 109 

2.2 Analysis of anthocyanin in ARLE 110 

The anthocyanin-rich lingonberry (Vaccinium vitis-idaea L.) extract (ARLE) was 111 

purchased from Huisong Pharmaceutical Co., Ltd (Hangzhou, China). The extract was 112 

obtained by 80% ethanol extraction, purification with YWD07 macroporous resin, 113 

concentration under reduced pressure and vacuum freeze-drying (Zhu et al., 2022). 114 

Then, a total of 125 mg of ARLE and anthocyanin standards were weighed, dissolved 115 

in a mixture of 2% hydrochloric acid and methanol (25 mL) , and filtered through a 116 

0.45 μm membrane. Next, high-performance liquid chromatography (HPLC, Agilent, 117 

USA) with a photodiode array detector (PDA) was used to analyze the extract following 118 

the method of Deineka et al. (2020). The column used was a C18 column (4.6×250 mm, 119 

5 μm, Agilent, USA). The sample size was 10 μL, the column temperature was 30 °C, 120 

and the flow rate was 1.0 mL/min. Mobile phase A was formic acid-water solution 121 

(8.5:91.5, v/v), and mobile phase B was formic acid-acetonitrile-methanol-water 122 

solution (8.5:22.5:22.5:41.5, v/v/v/v). The gradient program was: 0 min 93% (A), 0-35 123 

min 75% (A), 35-45 min 65% (A), 45-50 min 100% (A), and kept at 100% (A) until 60 124 

min. Quantification at a wavelength of 535 nm was performed by plotting HPLC peak 125 

areas against the concentrations (mg/g). 126 

2.3 Animal experiment 127 

Thirty 6-week-old male C57BL/6 mice (18±2 g) were purchased from Shanghai 128 
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Nanfang Mode Biotechnology Co., Ltd. (Shanghai, China) and housed with the 129 

approval with the Animal Care and Welfare Committee of China Jiliang University (No. 130 

CJLU2023004). All mice were raised in an animal facility with a temperature of 22 ± 131 

1 °C, humidity of 50 ± 10%, and a 12-h light/dark cycle with free access to food and 132 

water. Control diets (CD, protein 20.54%, fat 12.79%, carbohydrate 66.67%) and HFD 133 

(protein 18.14%, fat 60.65%, carbohydrate 21.22%) were purchased from Jiangsu 134 

Coordinated Pharmaceutical Bioengineering Co., Ltd. (Jiangsu, China). All mice were 135 

acclimatized for one week and then divided into three groups (n=10) (Fig. 2A), namely, 136 

the CD group, HFD group, and HFD plus anthocyanin group (HFD-ARLE, 250 mg/kg). 137 

ARLE was dissolved in normal saline and administered by gavag for 9 weeks. The 138 

mouse weights were recorded every four days and food intake were calculated daily. At 139 

the end of the experiment, the mice were fasted for 12 h, and their weight and body 140 

length were measured to calculate the Lee’s index. 141 

2.4 Biochemical indexes analysis 142 

After the mice were anesthetized with ethyl ether, blood was collected from the 143 

eyeballs and centrifuged at 3500 rpm (4 °C) for 15 min to obtain serum. The 144 

triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), 145 

and high-density lipoprotein cholesterol (HDL-C) levels in serum were measured 146 

according to the Kit manufacturer's instructions (Nanjing Jiancheng Biotechnology Co., 147 

Ltd., Nanjing, China). 148 

2.5 H&E staining 149 

The jejunum and colon tissues were fixed in paraformaldehyde for 24 hours 150 
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followed by trimming and flattening. The tissues were dehydrated gradually as follows: 151 

75% alcohol for 4 h, 85% alcohol for 2 h, 90% alcohol for 5 h, anhydrous ethanol for 152 

30 min, benzyl alcohol for 5-10 min, xylene for 5-10 min, and placed in paraffin at 65 ℃ 153 

for 1 h. Before the paraffin solidified, the tissues were removed and placed into the 154 

embedding frame. After solidification, the paraffin blocks were removed and cut into 4 155 

μm thick. The tissue sections were flattened in water at 40 °C and then lifted and dried 156 

in an oven at 60 °C. To prepare the H&E-stained samples, the sections from the 157 

hematoxylin solution were removed, washed with water, differentiated with 1% 158 

hydrochloric acid ethanol, washed with water for 5 min, stained with 0.6% ammonia, 159 

rinsed with water, and put into eosin staining solution for 1-3 min. Finally, the sections 160 

were sealed with neutral gum and observed under a microscope (Axio Scope.A1, Carl 161 

Zeiss, Germany).  162 

2.6 PAS staining 163 

 To prepare the Periodic Acid-Schiff (PAS)-stained colon, Schiff reagent (Beyotime 164 

Co., Ltd., Shanghai, China) was added to the paraffin sections from the periodic acid 165 

solution at 37°C for 1 h. Then, the sections were rinsed with water, stained with 166 

hematoxylin for 30 s, washed twice with water for 3 min, and differentiated with 167 

hydrochloric acid and ethanol. Finally, the sections were washed, dehydrated, sealed 168 

with neutral gum and then observed and photographed for extensive evaluation using a 169 

microscope (Axio Scope.A1, Carl Zeiss, Germany). 170 

2.7 Immunofluorescence staining 171 

After the dehydrated jejunum sections were treated with antigen retrieval solution, 172 
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the sections were washed with PBS three times for 1 min each time and blocked with 173 

5% goat serum (Beyotime Co., Ltd., Shanghai, China) at 37 °C for 30 min. Primary 174 

antibodies against Ki67 (1:400), Lgr5 (1:300), MUC2 (1:500), and SOX9 (1:300) were 175 

added to the blocked sections and incubated overnight at 4 °C. Sections were then 176 

reheated for 15 min and washed with TBST three times for 5 min. The sections were 177 

incubated with secondary antibodies (1:10,000) at room temperature for 1 h. After 178 

washing, DAPI (Beyotime Co., Ltd., Shanghai, China) was added to the sections, which 179 

were then incubated for 10 min at room temperature. Finally, the sections were treated 180 

with an anti-fluorescence quenching agent (Elabscience, E-IR-R119) and photographed 181 

under a fluorescence microscope (Axio Scope.A1, Carl Zeiss, Germany). 182 

2.8 Immunohistochemical analysis 183 

After antigen retrieval according to the above method, the jejunum sections were 184 

placed into 3% hydrogen peroxide, incubated at room temperature for 10 min, washed 185 

with PBS three times for 5 min each, and blocked with 5% goat serum for 10 min. The 186 

blocked sections were incubated overnight at 4 °C with anti-PCNA antibody (1:300) 187 

and washed with PBS three times for 5 min. The sections were incubated in a secondary 188 

antibody (1:20000) solution at room temperature for 30 min, followed by washing. The 189 

sections were then incubated with horseradish peroxidase labeling solution (Beyotime 190 

Co., Ltd., Shanghai, China) at 37 °C for 10 min, washed three times with PBS, stained 191 

with DAB chromogenic solution (Beyotime Co., Ltd., Shanghai, China), washed with 192 

water for 5 min, and counterstained with hematoxylin for 2 min. Finally, the sections 193 

were sealed with neutral gum to be observed and photographed for extensive evaluation 194 
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using a microscope (Axio Scope.A1, Carl Zeiss, Germany). 195 

2.9 Western blot analysis 196 

Jejunum tissues were lysed using the RIPA lysis buffer (P0013B, Beyotime), and 197 

supernatants were collected and subjected to electrophoresis. Then, the gel were 198 

blotted onto a PVDF membrane at 25 V constant voltage. The membrane was blocked 199 

with 5% skimmed milk for 1 h at room temperature and then incubated overnight at 200 

4°C with primary antibodies, including anti-c-Jun (1:300), anti-Rac1 (1:500), anti-201 

PPARδ (1:200) and anti-Wnt6 (1:200). The membrane was washed with TBST for three 202 

times (15 min), incubated with a secondary antibody (1:5000) solution at room 203 

temperature for 30 min. After washing three times with TBST, the membrane was 204 

incubated with ECL reagent and imaged using a gel imaging system (Bio-Rad 205 

Laboratories, CA, USA). 206 

2.10 Gut microbiota analysis 207 

Colonic contents were sent to Shanghai OE Biotech Co. Ltd. (Shanghai, China) 208 

and microbial DNA was extracted. The amplification and extraction of microbial DNA 209 

were performed according to the relevant parameters provided by Oebiotech Company. 210 

The results were analyzed by the OE Cloud Platform (https://cloud.oebiotech.cn). The 211 

detailed procedure was shown in the supplementary document. 212 

2.11 RNA-seq analysis 213 

Total RNA was extracted from jejunum using TRIzol reagent (Invitrogen, CA, 214 

USA) according to the manufacturer’s protocol. RNA purity and concentration were 215 

evaluated using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA 216 
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integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 217 

Clara, CA, USA). The transcriptome sequencing and analysis were conducted by OE 218 

Biotech Co., Ltd. (Shanghai, China). The detailed procedure was shown in the 219 

supplementary document. 220 

2.12 Statistical analysis 221 

The data are expressed as the means±SEM. The statistical analyses were performed 222 

with GraphPad Prism 9.0 (GraphPad Software, San Diego, USA). One-way analysis 223 

of variance (ANOVA) with Tukey’s multiple comparisons test was used for multiple 224 

comparisons. A T-test was performed to analyze the significant differences between two 225 

samples. * and ** indicate P<0.05 and P<0.01, respectively. 226 

3. Results 227 

3.1 Profile of anthocyanin in ARLE 228 

As seen in Fig. 1, HPLC analysis showed ARLE was composed of twenty 229 

anthocyanins, constituting approximately 36.0% of the total extract. The amount and 230 

UV spectra of each anthocyanin are detailed in Table 1 and Table S1, respectively. 231 

3.2 ARLE mitigates the negative physiological effects on HFD-fed mice 232 

As shown in Fig. 2B, ARLE-treated mice exhibited lean body shape versus the 233 

mice in HFD group. In the 30th day, mice in the HFD-ARLE group had significantly 234 

lower body weights (P<0.05) compared to the HFD group (Fig. 2C), with a 30% 235 

reduction in body weight gain (Fig. 2D) (P<0.01). HFD feeding decreased food intake 236 

(Fig. 2E) (P<0.01) and increased energy intake (Fig. 2F) (P<0.01), whereas both food 237 
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and energy intake were further decreased after the ARLE intervention (P<0.01). 238 

Treatment with ARLE also induced a significant decrease in Lee's index (Fig. 2G) 239 

(P<0.05), and visceral white adipose tissue index (Fig. 2H) (P<0.05). Additionally, 240 

ARLE supplementation significantly reduced TG level (Fig. 2I) (P<0.01), increased 241 

HDL-C level (Fig. 2L), and decreased LDL-C level (Fig. 2K) (P<0.01), without a 242 

statistically significant effect on TC level (Fig. 2J). These findings suggest that 243 

dyslipidaemia in HFD-fed mice was significantly ameliorated by ARLE 244 

supplementation. 245 

3.3 ARLE improves the intestinal homeostasis of HFD-fed mice 246 

The length of the villi and the depth of the crypts in the jejunum are commonly used 247 

indicators for evaluating intestinal morphology. HFD can lead to a noticeable reduction 248 

in villus length and the shallowing of crypts, as confirmed by H&E staining (Fig. 3Aa-249 

b). However, ARLE significantly restored or even increased the villus length (Fig. 3Ac 250 

and 3D) (P<0.01) and increased the crypt depth (Fig. 3E) (P<0.01). Additionally, H&E 251 

staining of the colonic tissue demonstrated that HFD induced structural abnormalities, 252 

resulting in a significant reduction in intestinal wall thickness (Fig. 3Bc), whereas 253 

ARLE supplementation restored colonic wall thickness to approach normal levels (Fig. 254 

3F) (P<0.01). PAS staining showed a decrease in the PAS-positive area in the HFD 255 

group (Fig. 3Bd) compared with the CD group (Fig. 3Bb), which indicated a 256 

dramatically lower number of goblet cells within the colonic epithelium (Fig. 3G and 257 

3H) (P<0.05). However, the administration of ARLE partially restored the structure of 258 

the colonic villi and crypts and replenished goblet cells, suggesting its improvement in 259 
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the colonic barrier function (Fig. 3Bf). In addition, immunofluorescence showed a 260 

significant increase in the staining intensity of MUC2 protein in the jejunum of ARLE-261 

treated mice relative to the mice in HFD group (Fig. 3C and 3I) (P<0.05). qPCR and 262 

western blot analysis of MUC2 further supported this phenomenon (Fig. 3J, Fig. 3K, 263 

and Fig. S1) (P<0.05). Therefore, supplementation with ARLE ameliorated intestinal 264 

disorders in HFD-fed mice. 265 

3.4 ARLE controls the malignant proliferation and differentiation of ISCs in HFD-266 

fed mice 267 

Immunohistochemistry analysis revealed that HFD significantly upregulated 268 

proliferating cell nuclear antigen (PCNA) in the jejunum crypts. However, ARLE 269 

effectively inhibited PCNA expression, suggesting its potential to alleviate HFD-270 

induced ISCs abnormalities (Fig. 4A and 4E-F) (P<0.01). Furthermore, Lgr5, Ki67, and 271 

SOX9, which are indicators of ISC stemness and regenerative capacity, were examined 272 

in the different groups. Immunofluorescence staining and qPCR analysis showed 273 

significantly decreased expression of Ki67 (Fig. 4C and 4G-H), Lgr5 (Fig. 4B and 4I-274 

J), and SOX9 (Fig. 4D and 4K-L) in the crypts of ARLE-treated mice. Correspondingly, 275 

western blot analysis demonstrated lower protein expression of Ki67 (Fig. 4M-N), Lgr5 276 

(Fig. 4M and Fig. 4O), and SOX9 (Fig. 4M and 4P) in the jejunum crypts of ARLE-277 

treated mice compared with the mice in the HFD group (P＜0.05). The results above 278 

indicated that HFD-induced malignant proliferation of ISCs in the jejunum crypts could 279 

be significantly blunted by ARLE. 280 

3.5 ARLE regulates the intestinal microflora of HFD-fed mice 281 
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Changes in the number of microbial species were observed between the HFD 282 

group and the HFD-ARLE group (Fig. 5A) (P<0.01), and the Shannon, ACE, and 283 

Chao1 indices showed a substantial increase in the microbial richness of ARLE-treated 284 

mice compared to those in the HFD group (Fig. 5B-D) (P<0.01). According to principal 285 

coordinate analysis (PCoA), the intestinal microbiota of mice in the HFD group was 286 

concentrated in the third quadrant, while the HFD-ARLE group was located in the first 287 

quadrant (Fig. 5F). Nonmetric multidimensional scaling (NMDS) analysis revealed 288 

similar results and an axisymmetric distribution was observed among the three groups 289 

(Fig. 5G). At the phylum level, ARLE treatment increased the Firmicutes/Bacteroidetes 290 

(F/B) ratio (Fig. 5E), which was attributed to a significant reduction in the abundance 291 

of family Prevotellaceae (a group of anaerobic bacteria in the phylum Bacteroidetes) 292 

(Fig. 5H). At the genus level (Fig. 5I), ARLE treatment significantly decreased the 293 

abundance of Bacteroides (Fig. 5K) (P<0.01), Alloprevotella (Fig. 5L) (P<0.05), and 294 

Escherichia-Shigella (Fig. 5M) (P<0.001), and significantly increased the abundance 295 

of Blautia (Fig. 5N) (P<0.01), Lachnoclostridium (Fig. 5O) (P<0.01), Roseburia (Fig. 296 

5P) (P<0.01), Odoribacter (Fig. 5Q) (P<0.05), Lachnospiraceae_NK4A136_group 297 

(Fig. 5R) (P<0.01), and Muribaculum (Fig. 5S) (P<0.01). 298 

3.6 ARLE manipulates the intestinal immune response of HFD-fed mice 299 

According to principal component analysis (PCA) (Fig. 6A), RNA-seq showed 300 

that HFD had a significant effect on gene expression profiles in jejunum, with 657 genes 301 

downregulated and 435 genes upregulated (Fig. S2A). Compared to the HFD group, 302 

ARLE treatment induced 637 significantly upregulated genes and 353 significantly 303 
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downregulated genes (Fig. S2A). Additionally, volcano plot analysis highlighted 10 304 

genes exhibiting substantial differential expression (Fig. 6B). Among these genes, 305 

Defa39, Ang4, Mptx2, Defa31, Defa2, Defa32, and Defa33 were upregulated with 306 

ARLE supplementation. The differentially expressed genes were subjected to 307 

enrichment analysis using the GO (Fig. S2B), KEGG (Fig. S2C), Reactcome (Fig. S2D), 308 

and WikiPathways databases (Fig. S2E) for annotation. The GO analysis revealed that 309 

ARLE significantly change the innate immune response in the mucosa (NES<2.55, 310 

P<0.001, FDR<0.001) and the Staphylococcus aureus infection (NES<2.37, P<0.001, 311 

FDR<0.001) (Fig. 6C and 6E). In the ARLE group, genes of both pathways were 312 

significantly upregulated, mainly associated with Defa family genes (Fig. 6D and 6F). 313 

Integrated analysis of the microbiome and transcriptome (Fig. 6G) showed 314 

Acetatifactor, Agathobacter, Lachnospiraceae_UCG-006, Bilophila, and the 315 

Eubacterium brachschy_ group positively associated with Mptx2 in the Staphylococcus 316 

aureus infection pathway and the Defa gene family in the intestine. Collectively, ARLE 317 

improved the expression of genes related to the immune response in the intestinal 318 

epithelium by regulating the gut microbiota. 319 

3.7 ARLE affects the signaling pathways involved in ISCs homeostasis of HFD-fed 320 

mice 321 

KEGG database annotation results demonstrated that ARLE induced significant 322 

alterations in the expression of genes involved in the Wnt and PPAR signaling pathways 323 

(Fig. S2C). Transcriptome GSEA showed that ARLE significantly affected changes in 324 

the PPAR (NES: −2.14, P<0.001, FDR: 0.004) and Wnt signaling pathways (NES: 1.61, 325 
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P<0.001, FDR: 0.006) (Fig. 7A and 7B). Moreover, ARLE downregulated the 326 

expression of key genes in the Wnt and PPAR signaling pathways at the mRNA and 327 

protein levels (Fig. 7C), namely, c-Jun (Fig. 7D and 7H) (P<0.01), Rac1 (Fig. 7E and 328 

7I) (P<0.01), PPARd (Fig. 7F and 7J) (P<0.01), and Wnt6 (Fig. 7G and 7K) (P<0.01). 329 

4. Discussion 330 

Available evidence supports that the consumption of anthocyanin-rich foods, such 331 

as berries, is linked to a reduction in the risk of obesity (Jamar et al., 2017). Earlier 332 

studies carried out in HFD-fed mice found that medium (250 mg/kg) dose of 333 

lingonberry extracts was more effective than low (125 mg/kg) and high (500 mg/kg) 334 

doses in weight loss and blood lipid improvement, and didn't cause negative effects on 335 

the kidneys as low and high doses did (Eid et al., 2014). In agreement with previous 336 

studies (Eid et al., 2014; Kotowska et al., 2022; Ryyti et al., 2020; Ryyti et al., 2024), 337 

our findings demonstrated that ARLE (250 mg/kg) supplementation significantly 338 

inhibited weight gain, visceral white fat, and serum lipid levels in HFD-fed mice. 339 

However, ARLE intervention did not affect serum TC level, potentially because 340 

changes in cholesterol involve complex regulatory mechanisms related to the processes 341 

of cholesterol uptake, synthesis, and excretion, and thus may not be significant in the 342 

short term (Guo et al., 2024). In addition, a HFD usually increases cholesterol intake, 343 

and ARLE may not be potent enough to counteract the elevating effects of HFD due to 344 

insufficient dosage or duration. A HFD disrupts the equilibrium of intestinal 345 

homeostasis by impairing the intestinal barrier and influencing immune cells (Dang et 346 

al., 2023). Here, ARLE treatment partially restored both villus and crypt architecture in 347 
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the colon, as well as replenished monolayer columnar cells and goblet cells, which may 348 

be attributed to the improvement of intestinal function. Research has also shown that a 349 

long-term HFD induces proliferation of ISCs and promotes tumourigenesis in mice 350 

(Mana, et al., 2021). Evidence suggests that the PCNA, Lgr5, Ki67, and SOX9 proteins 351 

are strongly associated with aberrant ISCs proliferation and even intestinal cancer 352 

development (Kucera et al., 2018). Importantly, reduced expression of these markers in 353 

the HFD-ARLE group was found compared with the HFD group supporting the 354 

capacity of ARLE to protect against the malignant proliferation of ISCs and 355 

tumorigenicity. Therefore, ARLE can improve intestinal homeostasis in HFD-fed mice 356 

via regulating ISCs proliferation and differentiation in intestinal crypts (Li et al., 2020). 357 

The intestine is a complex organ whose health is maintained through intricate 358 

interactions between nutrients, commensal microbiota and intestinal epithelium (Fang 359 

et al., 2023). The intestinal microbiota has been demonstrated to play important roles 360 

in intestinal homeostasis and the pathogenesis of metabolic diseases (Zhou et al., 2021). 361 

Supplementation of HFD-fed mice with lingonberries prevented increases in body 362 

weight, and metabolic and inflammatory parameters, which correlates with significant 363 

changes in microbiota composition (Heyman-Lindén et al., 2016). In Apoe 364 

knockout mice, lingonberries were found to decrease triglyceridemia, together with 365 

altered gut microbiota profiles (increase in Bacteroides, Parabacteroides, and 366 

Clostridium) (Matziouridou et al., 2016). Therefore, ARLE might modulate the 367 

composition and abundance of the gut microbiota to achieve its effects. Notably, 368 

alterations in the intestinal microbiota not only cause morphological changes in the 369 
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structure of intestinal villi and crypts, but also disrupt the cellular-level regulation of 370 

ISCs, leading to malignant proliferation (Xie et al., 2020), which induces the onset of 371 

intestinal cancers (Vernia et al., 2021). Here, ARLE supplementation significantly 372 

decreased the genus abundances of Bacteroides, Alloprevotella, and Escherichia-373 

Shigella and increased the abundances of Blautia, Lachnoclostridium, 374 

Lachnospiraceae_NK4A136_group, Roseburia, Odoribacter, and Muribaculum. 375 

Previous studies have implicated Escherichia-Shigella (Li et al., 2022), Bacteroides 376 

(Zafar & Saier Jr, 2021), and Alloprevotella (Nguyen et al., 2022) as potential 377 

contributors to gut inflammation and disruption of the intestinal barrier. Conversely, an 378 

increase in other microorganisms, such as Blautia (Benítez-Páez et al., 2020), 379 

Lachnospiraceae_NK4A136_group (Yan et al., 2023), Roseburia (Zhao et al., 2022), 380 

Odoribacter (He et al., 2022), Lachnoclostridium (Wu et al., 2022), and Muribaculum 381 

(Huang et al., 2022) has been reported to produce short-chain fatty acids, which can 382 

reduce inflammation and affect intestinal homeostasis. As reported, Lachnospiraceae 383 

and Blautia are considered to play essential roles in promoting ISCs-mediated intestinal 384 

epithelial development and maintaining intestinal homeostasis in Wuliangye-treated 385 

mice (Zhu et al., 2024). Therefore, the modifications observed within intestinal 386 

microbial communities may serve as potential mechanisms underlying the role played 387 

by ARLE, which may affect the health status of HFD-fed mice. 388 

Intestinal transcriptome analysis revealed that ARLE significantly increased the 389 

relative expression of genes related to the innate immune response in the mucosa and 390 

Staphylococcus aureus infection, and these genes were mostly members of a key Defa 391 
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gene family (Huang et al., 2022). The Defa gene family encodes al pha defensins and 392 

plays a crucial role in various biological processes, including intestinal 393 

iimmunomodulation, maintenance of mucosal barrier function, and regulation of 394 

intestinal microbial homeostasis (Fu et al., 2023). Our results indicated that ARLE 395 

could explicitly regulate the expression of Defa family genes, which can improve 396 

intestinal homeostasis. Additionally, the expression of the Mptx2 gene was elevated in 397 

ARLE-treated mice, which could significantly decrease the risk of peritoneal infection 398 

caused by exogenous methicillin-resistant Staphylococcus aureus (Zhu et al., 2022). 399 

Combined analysis of the gut microbiome and jejunal transcriptomics revealed 400 

significant associations between various microorganisms and the expression of the 401 

Mptx2 and Defa gene families. The above results further support that ARLE improved 402 

immune function in the intestinal epithelium by regulating the gut microbiota. 403 

Studies have implicated that microbiota can communicate with ISCs via Wnt or 404 

PPAR signaling (Yao et al., 2023). Here, GSEA indicated that ARLE exerted regulatory 405 

effects on the Wnt signaling and the PPAR signaling pathway. This is consistent with 406 

a previous report that berries could inhibit the expression of markers (e.g., β-catenin, 407 

Ki67) from the Wnt/β-catenin signaling pathway in colon adenocarcinoma cells (Slabá 408 

et al., 2023). Notably, evidence has implicated the c-Jun gene in promoting intestinal 409 

cancer (Nateri et al., 2005), and overexpression of Rac1 and Wnt6 proteins within the 410 

Wnt pathway contributes to ISCs dyshomeostasis and colon tumorigenesis (Turdo et 411 

al., 2020; Wang et al., 2021). Our findings demonstrated that ARLE significantly 412 

suppressed the expression of the c-Jun, Rac1, and Wnt6 in the intestine, potentially 413 
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reducing the malignant proliferation of intestinal cells and early tumor development. 414 

Additionally, previous studies have reported a significant increase in the expression of 415 

PPARd target genes induced by HFD, which has been linked to tumor initiation in 416 

mouse intestines (Beyaz et al., 2016). In this study, ARLE treatment significantly 417 

decreased the mRNA and protein expression of PPARd. Collectively, these results 418 

suggested that ARLE had a regulatory role in ISCs proliferation through the Wnt/PPAR 419 

signaling. This is consistent with the beneficial effects of anthocyanins on intestinal 420 

health, including the regulation of intestinal microbiota and the promotion of intestinal 421 

barrier function (Liang et al., 2024). 422 

Based on the above analysis, we propose a mechanism by which lingonberry 423 

anthocyanins protect against HFD-induced intestinal dyshomeostasis in association 424 

with alteration of the gut microbiota profile, increase in intestinal immune response, 425 

and the steady-state proliferation and differentiation of ISCs by regulating the Wnt and 426 

PPAR signaling. 427 

5. Conclusion 428 

In conclusion, ARLE could alleviate HFD-induced intestinal damage by 429 

improving intestinal immune function and controlling ISCs proliferation and 430 

differentiation. The homeostasis of ISCs could be regulated by remodeling gut 431 

microbiota via the Wnt/PPAR signaling pathway. The above results reveal the intricate 432 

relationships and mechanisms involving the ARLE-microbiome-ISCs axis, providing a 433 

theoretical basis for the development and utilization of lingonberry and anthocyanins 434 

in health food and foods for special medical purposes. 435 
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Table 1 Quantities of anthocyanins in ARLE 632 

Peak  Composition Retention Time (min) Content (mg/g) 

1  Delphinidin-3-O-glucoside chloride 11.897 48.0±0.3 

2  Delphinidin-3-O-arabinoside chloride 14.157 40.8±0.3 

3  Cyanidin-3-O-galactoside chloride 16.170 32.8±0.2 

4  Delphinidin-3-O-galactoside chloride 16.823 40.6±0.3 

5  Cyanidin-3-O-glucoside chloride 19.103 40.2±0.3 

6  Peonidin-3-O-glucoside chloride 20.533 15.7±0.07 

7  Cyanidin-3-O-arabinoside chloride 21.257 27.8±0.1 

8  Petunidin 3-O-glucoside chloride 23.353 32.5±0.2 

9  Delphinidin chloride 24.633 1.8±0.02 

10  Peonidin-3-O-galactoside chloride 25.463 4.1±0.03 

11  Petunidin-3-O-arabinoside chloride 25.983 10.5±0.04 

12  Petunidin-3-O-glucoside chloride 28.843 15.4±0.1 

13  Malvidin-3-O-galactoside chloride 29.353 11.2±0.04 

14  Peonidin-3-O-arabinoside chloride 31.167 2.1±0.04 

15  Malvidin-3-O-glucoside chloride 32.327 26.0±0.05 

16  Cyanidin chloride 34.234 2.1±0.03 

17  Malvidin-3-O- arabinoside chloride 35.123 6.7±0.18 

18   Petunidin chloride 39.083 0.9±0.02 

19  Peonidin chloride 43.167 0.3±0.01 

20  Malvidin chloride 43.623 0.9±0.02 
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Figure legends 633 

Fig. 1 HPLC analysis of anthocyanin profile in ARLE at 535 nm. (A) 634 

Chromatogram of mixed standards. (B) Chromatogram of ARLE. 635 

Fig. 2 ARLE mitigated the negative physiological effects on HFD-fed mice. (A) 636 

Experimental design for the mice fed the HFD. (B) Body diagram of the mice. (C) Body 637 

weight curve. (D) Body weight gain. (E) Food intake. (F) Calorie intake. (G) Lee's 638 

index. (H) Adipose tissue index. (I) Triglyceride (TG). (J) Total cholesterol (TC), (K) 639 

Low-density lipoprotein (LDL-C). (L) High-density lipoprotein (HDL-C). The data are 640 

expressed as the means±SEMs (n=10). One-way analysis of variance (ANOVA) with 641 

Tukey’s test was used for multiple comparisons. *P< 0.05, **P< 0.01. 642 

Fig. 3 ARLE improved the intestinal homeostasis of HFD-fed mice. (A-a, b, c) H&E 643 

staining of mouse jejunum pathology. (B-a, c, e) H&E staining of the colon. (B-b, d, f) 644 

PAS staining of the colon. (C-a, d, g) MUC2 immunofluorescence staining of the 645 

jejunum; (C-b, e, h) Immunofluorescence staining image of the MUC2 protein; (C-c, f, 646 

i) Enlarged MUC2 images of immunofluorescence staining. (D) Jejunal villus length. 647 

(E) The depth of the jejunum crypts. (F) Colon wall thickness. (G) The percentage of 648 

PAS-positive area in the colonic crypt. (H) Colon goblet cell count. (I) Fluorescence 649 

intensity of the MUC2 protein. (J) Expression level of the MUC2 gene. (K) Relative 650 

expression of MUC2 protein. One-way analysis of variance (ANOVA) with Tukey’s 651 

test was used for multiple comparisons.*P< 0.05, **P< 0.01. 652 

Fig. 4 ARLE controlled the malignant proliferation and differentiation of ISCs in 653 

HFD-fed mice. (A-a, b, c) Immunohistochemistry image of PNCA in the jejunum; (A-654 
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d, e, f) enlarged immunohistochemistry image of PNCA. (B-a, d, g) 655 

Immunofluorescence and DAPI staining image of Lgr5 protein in the jejunum; (B-b, e, 656 

h) Immunofluorescence staining image of Lgr5 protein; (B-c, f, i) Enlarged images of 657 

Lgr5 immunofluorescence staining. (C-a, d, g) Immunofluorescence and DAPI staining 658 

image of the Ki67 protein in the jejunum; (C-b, e, h) Immunofluorescence staining 659 

image of the Ki67 protein; (C-c, f, i) Enlarged Ki67 images of immunofluorescence 660 

staining. (D-a, d, g) Immunofluorescence and DAPI staining images of the SOX9 661 

protein in the jejunum. (D-b, e, h) Immunofluorescence staining image of the SOX9 662 

protein. (D-c, f, i) Enlarged SOX9 immunofluorescence images. (E) Percentage of 663 

PCNA-positive area. (F) Expression level of the PCNA gene. (G) Fluorescence 664 

intensity of the Ki67 protein. (H) Expression level of the Ki67 gene. (I) Fluorescence 665 

intensity of the Lgr5 protein. (J) Expression level of the Lgr5 gene. (K) Fluorescence 666 

intensity of the SOX9 protein. (L) Expression level of the SOX9 gene. (M-P) Western 667 

blot analysis of Ki67, Lgr5, and SOX9 protein expression. One-way analysis of 668 

variance (ANOVA) with Tukey’s test was used for multiple comparisons. *P< 0.05, 669 

**P< 0.01. 670 

Fig. 5 ARLE regulated the intestinal microflora of HFD-fed mice. (A) 671 

Observed_species. (B) Shannon. (C) ACE. (D) Chao1. (E) The F/B ratio. (F) PCoA 672 

analysis. (G) NMDS analysis. (H) Family-level microbial abundance. (I) Genus-level 673 

microbial abundance. (J) Horizontal clustering heatmap. (K-S) Bacterial abundance at 674 

the genus level. The asterisk in Fig. A-E indicated the significant difference according 675 
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to Tukey’s multiple comparisons. The asterisk in Fig. K-S indicated the significant 676 

difference according to the T-test. *P< 0.05, **P< 0.01. 677 

Fig. 6 ARLE manipulated the expression of genes related to the immune response 678 

in the intestine of HFD-fed mice. (A) Principal component analysis of the mouse 679 

intestinal gene expression profile. (B) Volcano plot of differentially expressed genes. 680 

(D) GO pathway enrichment differential expression annotation. (C, D) GSEA of the 681 

innate immune response in the mucosa. (E, F) GSEA of Staphylococcus aureus-infected 682 

cells. (G) Combined analysis of the microbiome and transcriptome. The asterisk 683 

indicated the significant difference according to the T-test. *P< 0.05, **P< 0.01. 684 

Fig. 7 ARLE affected the signaling pathways involved in ISCs calibration in the 685 

intestine of HFD-fed mice. (A) GSEA of the PPAR signaling pathway. (B) GSEA of 686 

the Wnt signaling pathway. (C) Western blot image of the c-Jun, Rac1, Wnt6 and 687 

PPARd proteins. (D) c-Jun protein content in the jejunum. (E) Rac1 protein content in 688 

the jejunum. (F) PPARd protein content in the jejunum. (G) Wnt6 protein content in the 689 

jejunum. (H) c-Jun gene expression levels. (I) Rac1 gene expression levels. (J) PPARd 690 

gene expression levels. (K) Wnt6 gene expression levels. The asterisk indicated the 691 

significant difference according to Tukey’s multiple comparisons. *P< 0.05, **P< 0.01. 692 
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Fig. 1 698 
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Fig. 2 708 
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Fig. 3 718 
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Fig. 4 726 
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Fig. 5 731 
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Fig. 6 737 
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Fig. 7 740 
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Highlights 

1. ARLE reduces the weight gain and dyslipidemia of HFD-induced mice. 

2. ARLE maintains the intestinal health of HFD-induced mice by modulating gut microbiota. 

3. ARLE balances the proliferation and differentiation of ISCs with improving immune capability.   

4. ARLE improves intestinal homeostasis by regulating Wnt/PPAR-mediated ISCs. 
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