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Abstract 17 

There is significant interest in using postbiotics as an intervention strategy to 18 

address obesity. This study assesses the efficacy of postbiotics derived from different 19 

sourdough strains (Lactiplantibacillus plantarum LP1, LP25, and Pediococcus 20 

pentosaceus PP18) in mitigating intestinal injury in zebrafish fed on a high-fat diet. 21 

We screened postbiotics for their anti-colon cancer cell effects and compared various 22 

preparation methods applied to live bacterial strains, including heat-killing at 23 

different temperatures, pH adjustments, and ultraviolet radiation exposure. Heat-24 

killing at 120°C proved to be the most effective preparation method. A marked 25 

variation health effects was observed in the heat-killed microbial cells, as evidenced 26 

by hydrophobicity and self-aggregation ability. A five-week high-fat dietary 27 

intervention study in zebrafish demonstrated that diets supplemented with 108 CFU/g 28 

K-LP25 significantly attenuated weight gain and body fat, along with reductions in 29 

FASN, Leptin, and SREBF1 mRNA expression. However, diets supplemented with 30 

107 CFU/g of K-PP18 only reduced Leptin and SREBF1 mRNA expression. K-PP18 31 

was more effective at mitigating gut barrier damage, promoting colonic occludin, ZO-32 

1, and claudin-1 levels. Additionally, K-LP25 supplementation markedly 33 

downregulated pro-inflammatory cytokines TNF-α, IL-6, and IL-1β, reducing 34 

intestinal inflammation. Supplementation with K-LP1 and K-PP18 increased the 35 

abundance of Acinetobacter spp., whereas K-LP25 increased the abundance of 36 

Cetobacterium and Plesiomonas. Collectively, these findings suggest that inactivated 37 

strains confer protective effects against high-fat diet-induced intestinal damage in 38 

zebrafish, with variation observed across different species. Studying the effects of 39 

sourdough-derived postbiotics on gut health may open new avenues for dietary 40 

interventions to manage gut-related diseases. 41 

 42 

Keywords: Sourdough; Postbiotic; Heat-killed; Intestinal barrier; Gut microbiota  43 
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1. Introduction 45 

Prolonged consumption of a high-fat diet (HFD) has been linked to many 46 

metabolic disorder, such as obesity, diabetes, hypertension, and cardiovascular 47 

diseases 1. Consumption of a HFD can induce intestinal dysbiosis and affect gut 48 

permeability, leading to low-grade gut inflammation 2. The resulting inflammatory 49 

intestinal micro-environment is associated with an increased risk of developing 50 

colorectal cancer, as chronic inflammation can promote genetic mutations and 51 

abnormal cell growth within the intestinal lining 3. Long-term HFD-induced obesity 52 

has been also shown to influence intestinal stem and progenitor cell function and the 53 

cellular origins of intestinal dysplasia 4.  54 

Various strategies with gut microbiota modulation effects, including the use of 55 

probiotics, prebiotics, postbiotics, antibiotics, and fecal microbiota transplantation 56 

(FMT), have been employed for the prevention and treatment of colorectal cancer 5. 57 

Postbiotics are involved in regulating intestinal microecology and improving the 58 

progression of colorectal cancer 6, 7. The term postbiotic was defined by the 59 

International Scientific Association of Probiotics and Prebiotics (ISAPP) as “a 60 

preparation of inanimate microorganisms and/or their components that confers a 61 

health benefit on the host.” 8. Recently, there has been a significant surge in the use of 62 

postbiotics due to the recognition that the beneficial effects of probiotics are not 63 

solely linked to their viable state, but also to their structural components and 64 

metabolites. Postbiotics offer several advantages over probiotics. Firstly, they 65 

eliminate the risk of introducing live microorganisms into the gastrointestinal tract, 66 

which may be a concern for certain individuals, such as those with compromised 67 

immune systems. Also, postbiotics are more stable and have a longer shelf life than 68 

probiotics, making them easier to store and transport. Furthermore, postbiotics can be 69 

standardized for consistent dosing, ensuring reliable efficacy 9, 10. Postbiotics have 70 

now known to exhibit stronger gut microbiome modulatory effects compared with 71 

probiotics 11, 12. Many studies have showed the postbiotics role in ameliorating 72 

obesity-related characteristics, including epididymal fat accumulation, inflammation 73 
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response and gut bacteria disorder 13-15. A recent study aimed to compared the 74 

effectiveness of both live and heat-killed Lactobacillus plantarum Zhang-LL cells on 75 

dextran sulfate sodium (DSS)-induced ulcerative colitis in rats, suggesting that 76 

postbiotics demonstrate similar potential outcomes to probiotics in terms of exerting 77 

various health effects in individuals 16. Extracellular polysaccharides (EPS) can 78 

improve intestinal barrier function and restore the integrity of the gut epithelium. 79 

Bacteriocins also play a role in promoting gut health at combatting specific intestinal 80 

pathogens, like Latilactobacillus sakei  17, 18.  81 

Sourdough is a complex fermentation system that comprises multiple strains of 82 

yeast, lactic acid bacteria (LAB), and molds. Fermentation is an important reservoir 83 

of postbiotics, the typical metabolic transformations carried out by LAB can become 84 

an important biotechnological process for the nutritional fortification and 85 

functionalization of sourdoughs due to the resulting postbiotics 19. The postbiotic-like 86 

effect in sourdough may be influenced by factors such as temperature, pH, nutrient 87 

status, and the composition of LAB and yeasts 20. Lactiplantibacillus plantarum and 88 

Pediococcus pentosaceus are predominant LAB which have been frequently isolated 89 

from different sourdough samples. These bacterial species exhibit high adherence 90 

potential which is linked to their structural components and sets the base for their 91 

beneficial effects in the gut 21, 22. L. plantarum has been reported to potentially 92 

alleviate nonalcoholic fatty liver disease by regulating fatty acid metabolism, 93 

combating oxidative stress effects, and modulating the gut microbiota in case of 94 

disease 23, 24.  It was also found that various strains of P. pentosaceus have been 95 

highlighted for probiotic use due to their probiotic potential attributed to their anti-96 

inflammation, anticancer, antioxidant, detoxification, and lipid-lowering abilities 25, 26. 97 

Moreover, postbiotics derived from certain strains of L. plantarum and P. pentosaceus 98 

are considered natural sources of antioxidants that enhance growth performance, anti-99 

inflammatory responses, and immune function 27-29.  100 

Currently, the study of postbiotics prepared from L. plantarum is mainly focused 101 

on food preservation applications due to their strong antimicrobial and antioxidant 102 
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effects 29. To date, no study has investigated the beneficial effects of postbiotics 103 

derived from sourdough strains. This work first screened 80 strains isolated from 104 

sourdough for postbiotic with low proliferation ability of SW620 colon cancer cells, 105 

and compares different methods to prepare effective postbiotics for the screened 106 

strains. Moreover, this work evaluates the effectiveness of postbiotics L. plantarum 107 

LP1, LP25, and P. pentosaceus PP18 strains on intestinal health. These finding 108 

provide theoretical support for further exploring the postbiotic effects and application 109 

of LAB. 110 

2. Methods and materials 111 

2.1.  Reagents and materials 112 

The 80 strains used in this trail were isolated from the Chinese sourdough and 113 

the information detailed Table S1. The source of zebrafish feed was from Tetra 114 

TetraBits Complete (#NO. T7002, Tecsai Co., Ltd., Germany) and ingredients contain: 115 

fish and fish derivatives, vegetable protein extract, cereals, derivatives of vegetable 116 

origin, molluscs and crustaceans, yeast, minerals, algae, oils and fats. Lard was 117 

purchased from Jinluo Flagship Store (Shandong, China). MRS medium (g/L) for 118 

LAB growth obtained from Beijing Aobox Biotechnology Co., Ltd. (Beijing, China, 119 

Peptone 10.0 g, beef meal 5.0 g, yeast 4.0 g, glucose 20.0g, sodium acetate 5.0 g, 120 

dipotassium hydrogen phosphate 2.0 g, magnesium sulfate 0.2 g, triammonium citrate 121 

2.0 g, manganese sulfate 0.05 g, Tween 80 1 mL).  122 

SW620 colon cancer cells were obtained from Chinese Type Culture Collection 123 

(Shanghai China). DMEM and fetal bovine serum (FBS) were from Biological 124 

Industries (Kibbutz Beit-Haemek, Israel). Phosphate buffer solution (PBS) purchased 125 

from Sevenbio (Beijing, China). Trypsin obtained from Saio Biotechnology Co., Ltd., 126 

Shanghai, China). Cell Counting Kit-8 was purchased from Sevenbio (Beijing, 127 

China), tumor necrosis factor α (TNF-α), interleukins (IL)-1β, and IL-6, Occludin, 128 

Claudin-1, zonula occludens-1 (ZO-1), sterol regulatory element binding 129 
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transcription factor 1 (SREBF1), fatty acid synthase (FASN), and Leptin qPCR Kit 130 

were purchased from Sangon Biotech (Shanghai, China). 131 

2.2. Determination of proliferation rate of metastatic colon cancer cells 132 

The bacterial suspension was adjusted to an OD600 of 1.0-1.2 followed by 133 

complete thermal inactivation at 120 ℃ to prepare the inactivated bacteria. The 134 

SW620 cells were seeded into 96-well plates at a density of 5000 cells/well and 135 

cultured in DMEM medium containing 10% FBS and placed in an incubator at 37°C 136 

with 5% CO2. After the cells are fully apposed, the cells grow in a well containing 20 137 

μL inactivated bacterial culture and 80 μL cell culture for 48 hours.  Add 10 μL of 138 

CCK8 and continue to incubate for 2 h. The proliferation rate of the cells on 96-well 139 

plates was determined using Cell Counting Kit-8 (Sevenbio, Beijing, China). The 140 

absorbance value OD450 was measured using a microplate reader and recorded as A2. 141 

an equal volume of culture medium was added as the control group, denoted as A1, 142 

and the Wells with culture medium only were used as the blank group, denoted as A0. 143 

The formula for calculating the inhibition rate of colon cancer cell proliferation is as 144 

follows: (1-
𝐴2−𝐴0

𝐴1−𝐴0
)  ×100%. 145 

Preparation of bacteria postbiotics under different conditions 146 

Two strains of L. plantarum (LP1 and LP25) and P. pentosaceus (PP18) stored 147 

in glycerol at -20 ℃ in our lab, were removed from storage. After thawing, the strains 148 

were inoculated onto MRS agar medium, and to further obtain single colony for 149 

observing the morphology and growth statement of strains. For preparation of a 150 

bacterial suspension, the fermentation broth was centrifuged at 8000 r/min for 10 min, 151 

the resulting precipitation was then washed twice with sterile phosphate buffer (PBS, 152 

pH=7.2), centrifuged and suspended in PBS buffer. 153 

Heat-killed: After preparing the bacterial suspension, it was divided into 2 mL 154 

sterile centrifuge tubes, with 1.5 mL in each. The suspension was then inactivated at 155 

the temperature of 60, 80, 90, and 100 ℃ in a constant temperature water bath for 30, 156 
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60, 90 and 120 min, respectively, and the suspension was then inactivated at 120 ℃ 157 

in a sterilization pot for 10, 20 and 30 min, respectively. After the inactivation process, 158 

1 mL of the bacterial solution was diluted with 0.85% saline, and the colony count 159 

was performed using the plate coating method to observe the effectiveness of the 160 

inactivation. 161 

pH Inactivation: The bacterial suspension was prepared and divided into 2 mL 162 

sterile centrifuge tubes, with 1.5 mL per tube. After centrifuging at 8000 r/min for 10 163 

min, the supernatant was discarded. Add 1mol/L HCl solution (pH=0.2), 0.1 mol/L 164 

HCl solution (pH=1), 0.01 mol/L HCl solution (pH=2), as well as 1 mol/L NaOH 165 

solution (pH=14), 0.1 mol/L NaOH solution (pH=13), 0.01 mol/L NaOH solution 166 

(pH=12) 1.5 mL, respectively. After the suspension, the bacteria were washed twice 167 

with PBS buffer and then resuspended in PBS buffer. 1 mL of the bacterial solution 168 

was diluted with 0.85% normal saline and plated for colony counting. 169 

UV Irradiation: The UV lamp used in the test had a power of 15 watts, and 170 

emitted UV radiation at wavelength of 253.7 nm. Before the experiment, the UV light 171 

was turned on for 30 min. After the UV light stabilized, the UV intensity at 10, 20 172 

and 30 cm perpendicular to the UV light was measured using a UV radiometer. The 173 

UV intensity at 10 cm was 1.2 mw/cm2, the UV intensity at 20 cm was 250 μW/cm2, 174 

and the UV intensity at 30 cm was 115 μW/cm2. After preparing the bacterial 175 

suspension, 20 mL of it was placed in a sterile Petri dish and irradiated at vertical 176 

distances of 10, 20, and 30 cm from the UV lamp. At the same time, the magnetic 177 

stirrer was used to stir at a constant speed to ensure that the bacterial suspension was 178 

uniformly irradiated. Samples were taken at 10, 20, 30, 60, 90, and 120 min, 179 

respectively. 1mL of the bacterial solution was diluted with 0.85% saline and plated 180 

for colony counting. 181 

2.3. Scanning electron microscopy 182 

The fermentation broth of LP1, LP25, and PP18 were centrifuged at 8000 r/min 183 

for 10 min, then washed twice with sterile PBS, centrifuged and suspended in PBS 184 
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buffer. The suspension was then inactivated at 120 ℃ for 10 min. The heat-killed 185 

bacteria were centrifuged at 8000 r/min for 10 minutes. 2.5% glutaraldehyde (pH 6.8) 186 

was added and mixed by blowing and suction. The samples were fixed by standing in 187 

the refrigerator for 4 h. Following fixation, the samples were washed three times with 188 

0.2 mol/L PBS (pH=7.2). Then, the bacteria were dehydrated in 50%, 70%, 90% and 189 

100% ethanol solutions for 10 min. Subsequently, they were treated with an ethanol-190 

butyl alcohol mixture (1:1) and tert-butyl alcohol for 15 min each. After centrifuging 191 

at 5000 r/min for 10 min, the supernatant was discarded, and 0.5 mL tert-butyl 192 

alcohol was added. They were transferred to a Petri dish with filter paper and dried at 193 

40 ℃. They were sent to Jushang Scientific Research Service Company (Nanjing, 194 

China) for photographing the microscopic morphology of the bacteria surface using a 195 

scanning electron microscope (SEM) (Tescan Mira4, Nanjing Jushang Testing 196 

Technology Co. Ltd). 197 

2.4. Determination of hydrophobicity and self-aggregation 198 

According to the method of Mohammed et al.30, 5mL of the suspension (OD600 = 199 

1.0-1.1) was taken in a test tube and inactivated at 120 ℃ to produce the inactivated 200 

bacterial suspension. The hydrophobicity of the live and the inactivated bacterial 201 

suspension was measured, and the initial OD600 of the bacterial suspension was A1. 202 

The supernatant was collected with xylene solution to measure (OD600) after standing 203 

incubating at 37 ℃ for 3 h，  recorded as A2. The sample hydrophobicity was 204 

calculated using the formula: hydrophobicity (%) =(
𝐴1−𝐴2

𝐴1
) ×100.    205 

For self-aggregation, the bacterial suspension was adjusted to an OD600 of 1.0-206 

1.1 followed by complete thermal inactivation at 120 ℃ to prepare the inactivated 207 

bacteria suspension. The initial OD600 of the bacterial suspension was A1. the 208 

bacterial suspension left at room temperature for 2, 4, 6, and 8 h, respectively, the 209 

result was recorded as A2. Calculate the sample self-condensation rate according to 210 

Equation30: self-aggregation rate (%) = (1−
𝐴2

𝐴1
)×100. 211 
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2.5. Animal experimental design 212 

Adult zebrafish, AB strain, imported from China Zebrafish Resource Center, was 213 

maintained at 28°C on a 14 h light/10 h dark cycle in Shanxi University zebrafish 214 

facility. After a one-week adaptation period, all zebrafish were randomly divided into 215 

5 groups, each containing 10 fish: a control group (C), a high-fat diet group (H), a 216 

high-fat diet with 108 CFU/g of K-LP1 inactivated bacteria (HL1), a high-fat diet 108 217 

CFU/g of K-LP25 inactivated bacteria (HL2), and high-fat diet 107 CFU/g of K-PP18 218 

inactivated bacteria (HP) (Supplement materials, the maximum tolerated 219 

concentration test). C group were fed with a commercial diet (Tetra Bits Complete, 220 

Germany. Protein: ≥ 47.5%, Fat: ≥ 6.5%, Fiber: ≤ 2%), and the commercial diet was 221 

prepared in Milli-Q water (1 g in 100 mL water) and autoclaved. H group were fed 222 

with HFD, which consisted of a commercial diet supplemented with 25% (w/w) of 223 

lard. During the experiment, zebrafish were fed diets at 9:00 AM and 5:00 PM, 224 

respectively. The feeding ratio was 4% of the average body weight of zebrafish, and 225 

the water was changed daily after feeding. Zebrafish in each group were weighed 226 

weekly. After 5 weeks, zebrafish were anesthetized with an ice bath and sacrificed. 227 

The intestinal and liver tissue was removed after treatment for subsequent 228 

experiments. 229 

This study was performed in strict accordance with the Laboratory Animal 230 

Guideline for Ethical Review of Animal Welfare (GB/T 35892-2018, China) and was 231 

approved by the Experimental Animal Welfare and Ethics Committee of the Shanxi 232 

University (SXULL2019004). 233 

2.6. Quantitative reverse transcription PCR (qRT-PCR) 234 

The tissues were collected by trizol after extraction, concentration determination, and 235 

organize all RNA concentration normalized processing, finally used for reverse 236 

transcription synthetic DNA to determine the subsequent qPCR. The RT-qPCR 237 

condition was as follows: 95 °C for 1 min, 1 cycle; 95 °C for 15 s, and 60 °C for 15 s, 238 

72 °C for 60 s, 40 cycles. The β-actin was the internal reference gene. The mRNA 239 
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expression of TNF-α, IL-1β, IL-6, Occludin, Claudin-1, ZO-1, SREBF1, FASN and 240 

Leptin were detected. The primer sequences are displayed in Table 1. 241 

2.7. High-throughput sequencing analysis of gut microbiota 242 

Gut microbiota was analyzed using 16S rRNA gene sequencing. Samples of 243 

intestinal contents were collected 4 to 6 h after the last feeding. Each set of intestinal 244 

content samples was combined into one sample, which was stored on dry ice and sent 245 

to MegBio for amplicon sequencing analysis of the microbial community in the 16S 246 

V4 region. Total intestinal bacterial DNA was extracted using DNA extraction kit, 247 

and the V3-V4 region of 16S rRNA gene was amplified by bacterial universal 248 

primers. The PCR products were used to create a library and subjected to high-249 

throughput sequencing. The sequences in this paper have been deposited in NCBI 250 

databank under the accession numbers PRJNA1134882. The contents include the 251 

analysis of characteristics, diversity, and correlation of intestinal flora, as well as the 252 

prediction of pathway functions. 253 

2.8. Statistical analysis 254 

The statistical differences in the cancer cell inhibition, intestinal adhesion tests, 255 

zebrafish’s body weight, and genes expression between the groups were determined 256 

by a one-way ANOVA and a Tukey post-hoc tests, using the Statistical Package for 257 

the Social Sciences (SPSS) software (IBM SPSS Statistics for Windows, IBM Corp 258 

and Version 25.0.). The graphical visualization was achieved by Graph Pad Prism 259 

8.0.2 software. All data were expressed as mean ± standard error of mean. Clustering 260 

correlation heatmap with signs was performed using the OmicStudio tools at 261 

https://www.omicstudio.cn. 262 
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3. Results  263 

3.1. Characteristics of strains 264 

As depicted in Fig. 1, LP1 (Fig. 1A, B) and LP25 (Fig. 1D, E) exhibited a rod-265 

shaped morphology, characterized by round, milky white, shiny colonies with well-266 

defined edges. These colonies appeared opaque and non-motile. LP1 reached the 267 

stationary phase after 6 h. At 18-24 h, OD600 began to decline, indicating that the 268 

growth of the strain had entered a death phase (Fig. 1C). LP25 strain entered a 269 

stationary phase at 6 h, and the colony density increased slightly from 9 h to 15 h (Fig. 270 

1F). PP18 was spherical and arranged in sheets (Fig. 1G). Single colonies were round, 271 

milky white, with smooth shiny surface, neat edges, opaque, and non-motile (Fig. 272 

1H). By the sixth hour, its logarithmic phase is over, and then entered the stationary 273 

phase (Fig. 1I). 274 

3.2. Screening of the anti-colon cancer cell for postbiotics 275 

In this study, the proliferation rate of colon cancer cells SW620 was used as an 276 

indicator to screen for postbiotic with pro-gut health potential from 80 inactivated 277 

LAB isolated from sourdough, the strains basic information of 80 depicted in Table 278 

S2 and results are shown in Fig. 2. Among them, the proliferation ability of SW620 279 

cells was the lowest after the addition of K-PP18, which was only 27.6%, followed 280 

by K-LP25 and K-LP1, which were 33.6% and 34.8%, respectively. The MTT 281 

activity of cell extracts, cell-free supernatant against Caco-2 showed the highest cell-282 

free supernatant of 77.8% (as cell viability 22.2%) in L. brevis 0912 31. It is similar to 283 

the proliferation rate of the colon cancer cells screened in this study, which can be 284 

used as research subjects for further research. 285 

3.3. Screening of the preparation conditions for postbiotics 286 

3.3.1 Heat-killed 287 
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Different combinations of temperature and time gradients were used to 288 

inactivate the strains (Fig. 3A-C). LP1 was found to be completely inactivated when 289 

heated for 90 min at 60 ℃, for 60 min at 80 ℃ and 90 ℃, for 30 min at 100 ℃, and 290 

at 10 min at 120 ℃. LP25 was found to be completely inactivated at 60 ℃ and 80 ℃ 291 

for 90 min, at 90 ℃ for 60 min, at 100 ℃ for 30 min, and at 10 min at 120 ℃. PP18 292 

was completely inactivated for 90 min at 60 ℃ and 80 ℃, and for 60 min at 90 ℃ 293 

and 100 ℃. When the temperature was raised to 120 ℃, the activity of the PP18 294 

strain was completely lost within 10 min. The results showed that at the one 295 

temperature, the activity of the strains decreased, and the number of colonies 296 

decreased over time. With increasing temperature, the time required for strain 297 

inactivation also decreased. Heat inactivation conditions varied among different 298 

strains, but all three strains were completely inactivated at 10 min at 120 ℃. 299 

3.3.2 pH adjustment Inactivation 300 

Each strain was resuspended in HCl solution with pH values of 0.2, 1, and 2, and 301 

in NaOH solution with pH values of 12, 13, and 14, respectively. After mixing, the 302 

strains were left for 101, 102, 102.5, 103, 103.5, and 104min, respectively, to explore the 303 

inactivation effect of pH on the strains. The results are depicted in Fig 3D-F. The 304 

target strains were not completely inactivated after being resuspended in pH 2 305 

solution and pH 12 solution for 104 min. At pH 2, LP1 inactivated 4.1 log CFU/mL 306 

and LP25 inactivated 5.9 log CFU/mL, respectively. PP18 inactivated 3.4 log 307 

CFU/mL. At pH 12, 5.4, 5.3, and 4.9 log CFU/mL cells of LP1, LP25, and PP18, 308 

respectively were inactivated. LP1 and PP18 were completely inactivated by 309 

resuspension for 104 min at pH1, while LP25 was completely inactivated by 310 

resuspension for 103.5 min. Resuspending in NaOH for 104 min at pH 13 completely 311 

inactivated all three target strains. At pH 14, it took 103.5 min to inactivate LP1 and 312 

LP25 strains, while it took 103 min to inactivate PP18. At pH value of 0.2. the 313 

inactivation time of LP1, LP25 and PP18 were 103.5 min, 103 min and 102.5 min, 314 

respectively. 315 

In general, as the concentration of HCl and NaOH solutions increased, the time 316 
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to inactivate of the strains was shorted. Among them, the HCl solution with a pH of 317 

0.2 had the most effective inactivation effect as it completely inactivated all the target 318 

strains in 103.5 min. The time required for heat inactivation at 120 ℃ was much 319 

shorter (10 minutes) than that required for acid/base inactivation, making the effect of 320 

heat inactivation better than that of acid/base inactivation. 321 

3.3.3 UV irradiation inactivation 322 

The distance between the Petri dish containing a 20 mL bacterial suspension and 323 

the UV irradiation was systematically varied to 10, 20, and 30 cm. Exposure 324 

durations of 30, 60, 90, and 120 minutes were implemented to assess the impact of 325 

UV inactivation on the activity of the target strains. As depicted in Fig 3G-I, when the 326 

UV lamp was positioned at the distance of 30 cm, the UV intensity measured 115 327 

μW/cm2. After 10 min of irradiation, PP18 was inactivated 4.8 log CFU/mL, LP1 5.6 328 

log CFU/mL, and LP25 6.5 log CFU/mL. This was followed by a tailing period. After 329 

120 min of irradiation, the three strains were not completely inactivated, whereas, the 330 

inactivation rates were 2.73 log CFU/mL, 3.36 log CFU/mL, and 4.12 log CFU/mL, 331 

respectively. At the distance of 20 cm from the UV lamp, where the UV intensity was 332 

250 μW/cm2, PP18, LP1, and LP25 were inactivated 4.61 log CFU/mL, 6.61 log 333 

CFU/mL, and 6.57 log CFU/mL, respectively, before entering the tailing phase. After 334 

120 min of irradiation, the inactivation rates for the three strains were 2.23 log 335 

CFU/mL, 2.59 log CFU/mL, and 3.46 log CFU/mL, respectively. PP18 was 336 

completely inactivated after 90 min of exposure to a UV intensity of 1.2 mW/cm2 at 337 

the distance of 10 cm from the UV lamp, while LP1 and LP25 were required 60 min 338 

of exposure for complete inactivation. 339 

The results indicated a reduction in the number of strain inactivation with 340 

prolonged irradiation time. At a specific irradiation duration an increase in irradiation 341 

intensity resulted in more significant inactivation effects. Among the tested methods, 342 

positioning the bacterial suspension 10 cm from the UV lamp proved to be the most 343 

effective method which resulted in inactivation in 90 min. This duration exceeded 344 

that of heat inactivation at 120 °C but shorter than that required for pH inactivation. 345 
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Consequently, heat inactivation demonstrates greater efficiency compared to both UV 346 

and pH inactivation methods. 347 

3.4. Effect of heat inactivation on microscopic morphology of strains 348 

After heat inactivation, changes in cell morphology of the non-viable 349 

microorganism cells were observed compared to their morphology (e.g. cell integrity), 350 

in viable form as depicted in Fig. 4. Heat-killing LP1 (K-LP1) preserved the cell 351 

morphology but compromised the cell surface integrity, increasing surface roughness 352 

and creating noticeable depressions (Fig. 4A, D). LP25 underwent significantly 353 

damaged following heat inactivation (K-LP25). Changes in cell morphology were 354 

evident, with increased surface roughness and unevenness. A considerable number of 355 

lysed cells and cell debris were observed, indicating leakage of intracellular contents 356 

(Fig. 4B, E). For PP18, heat inactivation (K-PP18) resulted in enhanced surface 357 

roughness marked depressions, and evidence of cell lysis and cell debris, which led to 358 

the leakage of intracellular contents (Fig. 4C, F). 359 

3.5. Hydrophobicity and self-aggregation ability of the postbiotics 360 

As shown in Fig. 5A. The hydrophobicity levels of PP18 were the lowest among 361 

the strains, measuring less than 2% both before and after inactivation. For LP1 and 362 

LP25, the hydrophobicity was 78.5% and 76.9%, respectively, but the K-LP1 and K-363 

LP25 decreased to 46.6% and 44.6%, respectively. Fig. 5B shows that the self-364 

aggregation capability of the bacterial strains increased over time, and there was a 365 

significant difference between different strains, and the self-aggregation capability of 366 

the viable cells of all three strains was higher than that of the non-viable cells. Self-367 

aggregation was the strongest at 8h for all cells, which could reach more than 80% 368 

for LP1 and LP25, and 45.67% for PP18 viable cells. However, the self-aggregation 369 

capability of inactivated bacterial cells decreased compared with that of bacterial 370 

cells, which was 42.97% for K-LP1, and 37.29% and 33.06% for K-LP25 and K-371 

PP18, respectively. The self-aggregation of inactivated bacterial cells is lower 372 
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compared to that of live bacterial cells, possibly due to the impact of temperature on 373 

adhesion capability. Higher temperatures tend to decrease adhesive ability 32. In the 374 

Caggia study 33, hydrophobic and self-aggregation capability of the L. rhamnosus GG 375 

are all about 70%, and the K-LP1 and K-LP25 were higher than L. rhamnosus GG. 376 

Another study finding that the self-aggregation capability at 24 hour was about 25% 377 

to 50% after heat inactivation 34. In contrast, the self-aggregation capability and 378 

hydrophobicity of the selected K-LP1 and KK-LP25 were still at a high level. 379 

Therefore, K-PP18 has low self-aggregation capability and hydrophobicity, which has 380 

poor adhesion, while K-LP1 and K-LP25 have strong self-aggregation capability and 381 

hydrophobicity before and after inactivation, which have some adhesion to the 382 

intestine. 383 

3.6. Effects of postbiotics on high-fat induced intestinal injury in zebrafish 384 

3.6.1 Effect of postbiotics on the health index 385 

Body length (mm) was recorded and body mass index (BMI, body weight/body 386 

length2) was calculated. As shown in Fig. 6A, the HL2 group (6.6%) showed a 387 

significant reduction in the body weight gain rate compared with the H group (14.3%, 388 

P < 0.05), and there was no significant difference in HL1 (11.2%) and the HP groups 389 

(14.4%). Similar trends were observed for body mass index (Fig. 6B). However, the 390 

HL1 group (33.6%) was significantly higher than that of the control group. The 391 

results indicate that the introduction of K-LP25 contributed to a decrease in the body 392 

weight and body mass index of the high-fat zebrafish. 393 

To further assess the impact of postbiotics on hepatic lipid metabolism, we 394 

qualified the relative mRNA expression levels of FASN, Leptin, and SREBF1 with 395 

results presented in Figures 6C-E. Compared to the control (C) group, expression 396 

levels of FASN, Leptin and SREBF1 were significantly higher in H group. Notably, 397 

the HL2 group exhibited a substantial reduction in the relative mRNA expression of 398 

FASN, Leptin and SREBF1 when compared to the H group, indicating a potential 399 

effect of postbiotic intervention on hepatic dysregulation. The expression levels of the 400 
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Leptin and SREBF1 genes were significantly reduced in the HP group, although FASN 401 

expression did not differ significantly from the control. Within the HL1 group, FASN 402 

and Leptin expression levels saw a significant decline, but there was no significant 403 

difference for expression of SREBF1 genes compare to the H group. 404 

 These findings suggest distinct roles of postbiotics derived from K-LP1, K-405 

LP25, and K-PP18 in regulation of genes associated with hepatic lipid synthesis. 406 

3.6.2 Impact of postbiotics on tight junction protein and inflammatory gene 407 

expression in colon 408 

We assessed the relative mRNA expression levels of the tight junction (TJ) 409 

protein genes Occludin, Claudin-1, and ZO-1, with results illustrated in Fig. 7A-C, in 410 

the high-fat diet (H) group, expression levels of Occludin, Claudin-1, and ZO-1 were 411 

significantly reduced compared to control (C) group (P < 0.05). In contrast, the HL1, 412 

HL2 and HP groups exhibited a significant upregulation in the expression of the 413 

Occludin, Claudin-1 relative expression genes relative to the H group. Only the 414 

change in ZO‐1 did not reach statistical significance both the HL1 and HL2 groups. 415 

Further investigation into the effects of postbiotics on intestinal inflammation 416 

induced by a high-fat diet involved evaluating the expression of pro-inflammatory 417 

genes TNF-α, IL-1β, and IL-6, as depicted in Fig. 7D-F. The H group exhibited 418 

significantly elevated levels of TNF-α, IL-1β, and IL-6 compared to the control group. 419 

In comparasion to the H group, the HP group showed an increase in TNF-α and IL-1β 420 

expression levels, with no significant change in IL-6 expression. The HL1 group 421 

demonstrated a significant decrease in TNF-α and IL-1β expression levels, while IL-6 422 

levels were significantly increased. Conversely, in the HL2 group, both TNF-α and 423 

IL-6 expressions were significantly reduced. These findings indicate that a high-fat 424 

diet triggers intestinal inflammation in zebrafish, and supplementation with 425 

inactivated LP25 bacteria can effectively modulate the expression of inflammatory 426 

genes and mitigate intestinal inflammation. 427 
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3.6.3 Effect of postbiotics on gut microbiota in high-fat zebrafish 428 

The overlap and similarity of OTUs makeup of samples were depicted visually 429 

in the Venn diagram (Fig. 8A). The total number of shared OTUs was 17, indicating 430 

that there was a certain degree of similarity between the groups and that there were 431 

some common core species in the microbial community. The number of unique OTUs 432 

in group C was 31, the number of unique OTUs in groups H and HL2 was 3, the 433 

number of unique OTUs in group HL1 was 5, and the number of unique OTUs in 434 

group HP was 8. This indicates that a HFD and the intake of postbiotics changed the 435 

structure of the gut microbial community. OTU67, OTU88, OTU87, and OTU117 are 436 

the top four species with the highest sharing. OTU67 had the highest abundance in 437 

the HP group, accounting for 42.65%, while it also accounted for 36.87% in the HL1 438 

group and 11.17% in the C group, indicating that OTU67 was a major core species 439 

with a high abundance in all three samples (Fig. 8B, C).  440 

Alpha Diversity analysis evaluates the richness and diversity of microbial 441 

communities in samples using the Shannon index as a metric. The Shannon curve, 442 

depicted in Fig. S1, exhibits a plateauing trend with increasing sequencing depth and 443 

sample size, indicating stabilization in species richness estimates. The community 444 

structure, composition, and proportion of each sample were then examined at the 445 

phylum and genus levels. At the phylum level, Proteobacteria, Firmicutes and 446 

Fusobacteria were the predominant phyla in the gut of zebrafish. In comparison to 447 

the C group, the H group showed a decrease in the relative abundance of 448 

Proteobacteria and an increase in Firmicutes. The HL1, HL2, and HP groups all 449 

contributed to an increase the relative abundance of Proteobacteria and decrease that 450 

of Firmicutes. Additionally, the HL2 group led to an increase in the relative 451 

abundance of Clostridia (Fig. 9A). At the genus level (Fig. 9B), the predominant 452 

genera included Acinetobacter, Cetacobacterium, and Plesiomonas. The 453 

Acinetobacter genus decreased in the H group, whereas HL1 and HL2 groups 454 

increased the abundance of Acinetobacter sp. The abundance of Cetacobacterium and 455 

Plesiomonas increased in HP group, which are linked to increasing the efficiency of 456 
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dietary carbohydrate utilization and maintain the intestinal health of zebrafish by 457 

regulating glucose metabolism 35. 458 

The OTU analysis was summarized using PICRUSt 2 to illustrate the microbial 459 

diversity Fig. 9. As a result of the use of inactivated Lactobacillus, it was observed 460 

that the abundance of glutathione metabolism and fatty acid degradation increased in 461 

comparison to the high-fat diet group, while fatty acid biosynthesis remained 462 

unaltered. LP25 up-regulated the abundance of quorum sense system (Fig. 10A). It 463 

has been reported that common diseases including obesity can be mediated by the gut 464 

microbiota through quorum sense 36, 37. Resident microbiota via quorum sensing 465 

system to restore their population in response to anti-inflammatory substances 38. 466 

Additionally, HL1 and HP groups enhanced the abundance of 2.3.1.9 acetyl-CoA C-467 

acetyltransferas compared to the H group (Fig. 10B). These findings provide insight 468 

into the partial inhibition of lipid production.  469 

Intestinal microbiota has formed an impressive repertoire of mechanisms for 470 

monitoring host physiological activity and signaling by secreting effector substances 471 

39. Previous studies reported that inflammatory response partly depends on the 472 

composition of intestinal microbiota, as bacterium-derived products or pathogen that 473 

leak into the blood from the gut might induce inflammatory response 40. Therefore, 474 

the potential correlation between the key gut microbial genus level and genes 475 

expression level related inflammatory response and intestinal barrier significantly 476 

regulated by the heat-killing strains were also revealed through Spearman's 477 

correlation analysis and visualized by a heatmap. As shown in Figure 11. ZOR006 478 

was found to be positively related to TNF-α, IL-6, and IL-1β, but negatively related 479 

to ZO-1, Occludin, and Claudin-1. Acinetobacter was found to be positively 480 

associated with TNF-α and IL-6, but negatively associated with SREBF1, Occludin, 481 

and Claudin-1. These results suggest that K-LP1, K-LP25, and K-PP18 intervention 482 

may alter the intestinal function by changing the composition of intestinal microbiota. 483 

However, the relationship between specific microbial and the intestinal function 484 

associated with high-fat diet needs to be validated by germ-free mice or fecal 485 
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bacterial transplantation. 486 

4. Discussion 487 

The presented results shed light on the ameliorative effects of postbiotics on 488 

high-fat diet-induced intestinal damage. This expands our understanding of how 489 

sourdough-derived postbiotics can improve intestinal homeostasis and broadens the 490 

industrial applications of postbiotics. 491 

Postbiotic compounds (metabolites and/or microbial cells fractions) are usually 492 

produced by microorganisms during fermentation, and they have valuable functional 493 

and health promoting effects 41.  In this study, we found that postbiotics derived from 494 

sourdough, namely K-LP1, K-LP25, and K-PP18, have a beneficial effect on the gut 495 

by reducing lipid accumulation, strengthening gut barrier, reducing inflammation 496 

response, as well as modulating the gut microbiota. The postbiotics from the 497 

mentioned above strains showed to have a variable effect on other bacterial species at 498 

the genus and strain levels. This shows that there is not generic mechanism behind 499 

this induced growth through postbiotic exposure, but rather there are genus- and 500 

sometimes strain-specific interaction mechanisms. 501 

Postbiotics outperform probiotics in ease of transportation, storage, and longer 502 

shelf life due to their stable nature. They benefit from advanced production 503 

techniques, allowing for precise dosing and enhanced protection. This stability and 504 

control make postbiotics a reliable and efficient option for health promotion 42, 43. 505 

Different inactivated methods may affect structural components of the cell differently, 506 

and influence postbiotic biological activities 44. The heat treatment is the most 507 

commonly used technique for removal of non-viable cells, and the heat inactivation 508 

procedure can successfully preserve the health-promoting properties of beneficial 509 

microorganisms during postbiotics production 45. The heat inactivation conditions 510 

vary depending on the strain, necessitating distinct temperature and exposure time 511 

requirements for effective inactivation. The three strains used in our trial were shown 512 

to be completely inactivated within 10 min at 120 ℃. Heat inactivation proved to be 513 
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better than UV and pH adjustments to attain complete inactivation. However, the 514 

assessment of postbiotics cell viability has been largely based on plating in this 515 

research, some disadvantages can be pointed such as the impossibility to provide 516 

results in real time, and the lack of information regarding cell integrity and metabolic 517 

activity. The information on cell integrity is of foremost importance because damaged 518 

and injured cells can still maintain some metabolic activity that could contribute to 519 

promotion of health benefits 32. It can be combined with techniques such as 520 

fluorescent staining to assess the viability of inactivated strains and provide detailed 521 

information on cell integrity and damage, including metabolic activity. 522 

K-LP25 demonstrated a more pronounced effect in reducing body weight and 523 

body fat gain induced by a high-fat diet compared to K-LP1 and K-PP18. 524 

Additionally, it was also successful in decreasing the relative expression of FASN, 525 

Leptin, and SREBF1 mRNA. In line with findings from 46, postbiotics demonstrate a 526 

lipid-lowering function, attributed to their interaction with prebiotic. This combined 527 

effect triggers the expression of markers associated with thermogenic capacity in 528 

white adipose tissue, particularly SREBP-1c and FASN.   FASN is critical in 529 

promoting de novo lipogenesis (DNL) in the liver, a process that leads to triglyceride 530 

accumulation via a series of biochemical transformations. FASN is markedly 531 

overexpressed in cancer cells characterized by altered lipid metabolism, including 532 

those found in breast, colorectal, and hepatocellular carcinomas. Furthermore, 533 

SREBF1 acts as an essential transcriptional regulator of lipid synthesis in the liver, 534 

playing a pivotal role in devo DNL. Additionally, Leptin, an adipokine, is crucial in 535 

the regulation of body weight and metabolism 47. Obesity increases the risk of 536 

colorectal cancer, and these risk factors have been linked, at least in part, to 537 

abnormalities in lipid metabolism 48. The ability of FASN to synthesize lipids makes it 538 

a promising target for the treatment of metabolic diseases 49. The SREBF1/FASN 539 

pathway has been identified as a key target for colorectal therapy 50.  The postbiotics 540 

K-LP25 exerted anti-adipogenic activity in HFD-fed zebrafish through regulating 541 

adipogenesis-related genes.  542 
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Inactivated preparations are more effective in terms of epithelial penetration to 543 

exert positive effects due to smaller sizes of active components 51. The composition 544 

of culture supernatant of Cetobacterium somerae and Lactococcus lactis exhibited a 545 

positive effect on skin mucus, liver, gut health, the structure and function of gut 546 

microbiota fed with high-fat diet 52. B. bifidum postbiotic supplementation alleviates 547 

DSS-induced colitis by maintaining gut barrier and suppressing nuclear factor kappa 548 

B activation signaling molecules 53. In addition, Lactobacillus casei and 549 

Bifidobacterium bifidum were found to regulate intestinal microbial diversity after 550 

being subjected to heat treatment (121 ℃, 15 min) 54. Heat-killed bacteria providing 551 

disrupted cells and released bacterial components, could better reproduce in vivo the 552 

physiological conditions in the gut lumen and outer mucus layer, with key 553 

components reaching eukaryotic cells and enhancing the mucosal integrity 55. This is 554 

supported by the localization of gut microbiota in the colon in the absence of mucosal 555 

damage. The intestinal mucosal mechanical barrier, which serves as the primary 556 

defense against foreign invasion in the intestinal tract, is primarily composed of the 557 

tight junction protein (TJ). This protein complex comprises three transmembrane 558 

proteins: ZO-1, Occludin, and Claudin-1. The integrity of the cell membrane is 559 

crucial for preventing harmful substances from invading the intestinal lumen and 560 

plays a vital role in modulating cell permeability. A high consumption of fat-rich 561 

foods poses a potential risk for increased intestinal permeability and the onset of 562 

intestinal damage. Our research demonstrated a marked decrease in the mRNA 563 

expression of the TJ proteins in the zebrafish intestine following a diet in high fat, 564 

leading to heightened barrier permeability. Corresponding results were observed at 565 

the gene expression level, with a reduction in the levels of ZO-1, Occludin, and 566 

Claudin in high-fat diet mice 56. When the intestinal permeability increased, bacterial 567 

translocation facilitates the entry of various toxins, such as LPS, which induces local 568 

inflammation and triggers systemic inflammation by rapidly elevating cytokine levels 569 

57. In the present study, the relative expressions of intestinal Claudin-1, ZO-570 

1 and Occludin were significantly increased in the K-PP18 group compared with the 571 
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model control. These results suggest that K-PP18 has a pivotal role on improving the 572 

intestinal barrier. 573 

The gene levels of intestinal inflammatory factors in high-fat diet-induced 574 

zebrafish were significantly upregulated, while these gene levels were notably 575 

downregulated when supplemented with postbiotics diets, particularly K-LP25. 576 

Lipoteichoic acid and EPS from L. plantarum have been proposed to be contribute to 577 

in anti-inflammatory responses, demonstrating the properties in preparations 578 

containing heat-killed bacteria 58, 59. EPS biosynthesis is related to glucose 579 

metabolism 60. It was reported that Lactobacillus-derived EPSs with high fructose 580 

content had excellent anti-inflammatory activity in vivo and revealed the anti-581 

inflammatory activity had interspecific variability, and the mechanism of anti-582 

inflammatory action was different 61. This may also be the reason for the inconsistent 583 

anti-inflammatory effects of K-LP1 and K-LP25. 584 

Although the three inactivated strains did not differ significantly in their 585 

regulation of α-diversity, they exhibited a relatively strong ability to regulate 586 

microbial composition. Postbiotic supplementation helps reduced the relative 587 

abundance of Proteobacteri, suggesting improved gut microbial homeostasis 62. 588 

Proteobacteria is commonly considered as source of pathogens and their higher 589 

abundances may be harmful to fish health 63. According to our results, heat-killed 590 

strains K-LP1 (82%) and K-PP18 (69%) supplementation reversed the HFD-induced 591 

reduction (15%) of Proteobacteria. Increased Fusobacterium abundance has been 592 

reported to be associated with a variety of intestinal diseases 64. It has been observed 593 

to correlate positively with obesity following supplementation with ultrasound-594 

inactivated postbiotics 65. Thus, postbiotics derived from K-LP1, K-LP25, and K-595 

PP18 may help maintain the integrity of the intestinal mucosal barrier, prevent the 596 

growth of pathogens, and enhance host-microbiome homeostasis. These mechanisms 597 

collectively contribute to the maintenance of gut eubiosis 66, 67.  598 

In conclusion, the postbiotics K-LP25 investigated in our study displayed 599 

significant anti-inflammatory effects. Notably, K-LP25 was distinguished by its lipid-600 
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lowering capabilities and K-PP18 significantly strengthened the intestinal barrier. The 601 

potential of K-LP25 in mitigating inflammation triggered by a high-fat diet, 602 

particularly through reducing intestinal harm and rebalancing the gut microbiota, 603 

signifies its role in nutrition. Future research should focus on pinpointing the active 604 

metabolic components of K-LP25 and K-PP18, along with sequencing and 605 

characterizing the genes of these three strains to explore the mechanisms through 606 

which they mitigate intestinal damage induced by a high-fat diet. There is a potential 607 

for K-LP25 and K-PP18 to be utilized in functional foods aimed at enhancing human 608 

intestinal health. 609 
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Tables 860 

Table 1 861 

Table 1 Primer sequences used for quantitative analysis of genes related to intestinal 862 

inflammation, tight junction proteins, and lipid metabolism. 863 

Genes Forward primers (5’~3’) Reverse primers (3’~5’) 

TNF-𝛼 AGGCAATTTCACTTCCAAGG AGGTCTTTGATTCAGAGTTGTATCC 

IL-1𝛽 ATCCAAACGGATACGACCAG TCGGTGTCTTTCCTGTCCAT 

IL-6 TCAACTTCTCCAGCGTGATG TCTTTCCCTCTTTTCCTCCTG 

Occludin AGATGTGGAGGACTGGGTCA ATTACGGACGGGCAGAATC 

Claudin-1 CTGCTGTATCTGTGGGAGTGAA TAATCAGGAGAACAGGCGAAG 

ZO-1 ACAAGAACAGGGCGGAACAGT ACCTCCAGAAATCAGCACGA 

SREBF1 CATCCACATGGCTCTGAGTG CTCATCCACAAAGAAGCGGT 

FASN GAGAAAGCTTGCCAAACAGG GAGGGTCTTGCAGGAGACAG 

Leptin AGCTCTCCGCTCAACCTGTA CAGCGGGAATCTCTGGATAA 

𝛽-Actin ATGAAGATCCTGACCGAG TAGCTCTTCTCCAGGGAG 
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Figures 865 

Figure 1 866 

 

Figure 1. The microscopic characteristics (A, D, G): 100x magnification, colony morphology 

(B, E, H), and growth curves (C, F, I) of the strains LP1 and LP25, as well as PP18.  
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Figure 2 868 

 

Figure 2. Screening of postbiotics for inhibition of colon cancer cell proliferation. 

 869 

Page 33 of 42 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
1 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

by
 C

ar
di

ff
 U

ni
ve

rs
ity

 L
ib

ra
ri

es
 o

n 
8/

15
/2

02
4 

1:
22

:4
0 

PM
. 

View Article Online
DOI: 10.1039/D4FO02948H

https://doi.org/10.1039/d4fo02948h


34 

 

Figure 3 870 

 

Figure 3. The impact of various methods of inactivation on the activity of the strain. (A-C) 

Heat inactivation, (D-F) pH adjustment inactivation, (G-I) Ultraviolet inactivation. 
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Figure 4 872 

 

Figure 4. The impact of heat inactivation on the microscopic structure of various bacterial 

strains was examined. Electron micrographs of live bacteria of LP1 (A), LP25 (B), and PP18 

(C), respectively. Inactivated bacteria of LP1 (D), LP25 (E), and PP18 (F), respectively.  

Damaged cells are highlighted by red arrows. 
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Figure 5 874 

 

Figure 5.  (A): Hydrophobicity; (B): Self-aggregation ability, the upper right shows the curve 

of self-aggregating force with time. Different letters indicate differences. (n=3). 
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Figure 6 876 

 

Figure 6. Effect of postbiotics on lipid metabolism and body index. (A) Weight growth rate, 

(B) body mass index, (C) relative expression of FASN mRNA, (D) relative expression of 

Leptin mRNA and (E) relative expression of SREBF1 mRNA. Different letters indicate 

differences. (n=3). 
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Figure 7 878 

 

Figure 7. Impact of postbiotics on tight junction protein and inflammatory gene expression in 

colon of HFD zebrafish. Relative mRNA expression of TJ proteins in the intestinal barrier 

(A) Claudin-1, (B) Occludin and (C) ZO-1 mRNA. Relative expression of intestinal 

inflammatory mRNA (D) TNF-α, (E) IL-6 and (F) IL-1β. Different letters indicate 

differences. (n=3). 
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Figure 8 880 

 

Figure 8. Venn analysis. (A) species shared and unique in different group. Different colors 

represent different group, the numbers in the overlapping parts represent the number of 

species shared by multiple groups, and the numbers in the non-overlapping parts represent 

the number of species unique to the corresponding group. (B) Species distribution pie chart. 

Displays the distribution of common species in different groups. Different colors represent 

different species, and the pie chart area represents the percentage of the species in the total 

number of species. (C) Percentage of top 4 species in each group. 

 881 

 882 

Figure 9 883 

 884 

 

Figure 9. Effect of postbiotics on gut microbiota composition in HFD zebrafish. (A) The 

relative abundance of bacterial community at the phylum level and (B) the genus level.  
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Figure 10 886 

 

Figure 10. Heatmap of pathway level 3 (A) and enzyme (B) through PICRUSt 2 analysis 

based on the KEGG database. 
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Figure 11 887 

 

Figure 11. Heatmap according to Spearman's correlation. The number in the box indicates the 

p-value. 
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Data availability statements

Data for this article, including [description of data types] are available at [name 

of repository] at [URL – format https://doi.org/DOI].
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