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ABSTRACT: The integrity of the skin barrier is essential for maintaining cutaneous homeostasis, and its disruption 

contributes to various dermatological disorders. Postbiotics, defined as non-viable microbial products with established 

safety and stability, have attracted growing attention for improving skin health; however, the active components and 

mechanisms responsible for their barrier-repairing effects remain unclear. This study investigated the postbiotic of 

Limosilactobacillus reuteri CCFM1403 to identify its key bioactive substance and elucidate its role in skin barrier 

restoration. Using sodium dodecyl sulfate (SDS)-induced HaCaT cell damage and 1-fluoro-2,4-dinitrobenzene 

(DNFB)-induced murine barrier injury models, the L. reuteri CCFM1403 postbiotic significantly improved cell 

viability (restoring viability from 51.73% to over 80%), upregulated structural and functional barrier proteins, reduced 

transepidermal water loss (TEWL) to 14.55 g/m2/h, and enhanced skin hydration to 26.67%. Among the isolated 

fractions, the cell wall exhibited the strongest repair activity, and analysis identified peptidoglycan as the principal 

active compound. These findings demonstrate that cell wall–derived peptidoglycan is the primary bioactive 

component mediating the skin barrier–repairing effect of L. reuteri CCFM1403, providing mechanistic insight for the 

development of postbiotic-based functional food. 
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1. Introduction 

As the body’s first line of defense, the skin plays a vital role in preserving overall health through its 

barrier function. Its primary functions are to prevent moisture loss, repel harmful external substances and 

microbial invasion, and regulate systemic or local immune responses [1]. The skin barrier is primarily made up 

of the stratum corneum, tight junctions and the basal membrane when it is intact. When compromised, the skin 

barrier leads to increased transepidermal water loss (TEWL) and reduced stratum corneum hydration. This 
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subsequently triggers skin dryness, inflammatory responses and various dermatological conditions [2]. 

Therefore, it is important to identify safe active substances that can effectively restore skin barrier function in 

order to maintain skin health. 

In recent years, the role of the skin microbiome in maintaining skin homeostasis and barrier function has 

received a great deal of attention. Dietary interventions incorporating functional components, such as 

prebiotics, probiotics and medicinal foods, play a crucial role in promoting human health, including skin 

health [3]. The skin's resident microbiota modulates the differentiation of keratinocytes, the formation of tight 

junctions, and immune responses by producing metabolic by-products and surface components, and by 

interacting with host cells. This contributes to the maintenance of barrier homeostasis [4]. Traditional 

interventions in the field of skin microbiology have predominantly focused on the topical or oral 

administration of live bacteria (i.e. probiotics). However, these approaches have limitations with regard to 

stability, safety and survival within the complex environment of the skin [5]. In contrast, postbiotics, which 

have become more prominent in recent years, are considered a more effective way of regulating skin health 

thanks to their stability and clearly defined active components [6]. Research has demonstrated that postbiotics 

derived from the species Lactobacillus and Bifidobacterium exhibit a variety of bioactive functions. These 

include ameliorating chronic kidney disease, regulating immunity and improving skin condition [7-9]. 

However, postbiotics derived from different bacterial strains can vary significantly in their efficacy. Their 

active constituents and mechanisms of action are still not fully understood. 

Of the many postbiotic components, the cell wall and its primary structural component, peptidoglycan, 

are considered to be key factors in biological activity due to their direct interaction with host pattern 

recognition receptors [10]. The Gram-positive bacteria peptidoglycan consists of N-acetylglucosamine (NAG) 

and N-acetylmuramic acid (NAM), which are linked by β-1,4-glycosidic bonds. Four amino acid molecules, 

in L- and D-forms, are alternately attached to NAM to form the peptide tail. These peptide tails are linked by 

peptide bridges, and it is the variability of these bridges that is the primary cause of peptidoglycan diversity 
[11]. For instance, it had been demonstrated that peptidoglycans derived from different L. strains exhibit 

strain-specific immune modulation and intestinal barrier repair properties. However, their role in skin barrier 

restoration remains understudied [12].  

This study used L. reuteri CCFM1403 as its subject, with the aim of systematically evaluating the role of 

its postbiotics and distinct structural components (surface layer proteins, cell wall and protoplast) in skin 

barrier repair. This study used L. reuteri CCFM1403 as its subject, with the aim of systematically evaluating 

the role of its postbiotics and distinct structural components (surface proteins, cell wall and protoplast) in skin 

barrier repair. 

2. Materials and methods 

2.1 Cell lines and bacterial strain 
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Five strains of Limosilactobacillus reuteri—CCFM1403, FSDLZ13M1, FSDLZ12M1, 82 and 92，

Lactiplantibacillus plantarum FSCDJY93L1 and Lacticaseibacillus paracasei FQHXN78L2 were sourced 

from the Culture Collection of Food Microorganisms (CCFM), maintained at Jiangnan University.  

The human epidermal keratinocyte cell line (HaCaT) was acquired from the Cell Bank (Shanghai, 

China). 

2.2 Bacterial fermentation 

The bacterial strains were first revived on a modified MRS agar medium composed of yeast extract (5.0 

g/L), peptone (10.0 g/L), glucose (20.0 g/L), anhydrous sodium acetate (2.0 g/L), diammonium hydrogen 

citrate (2.0 g/L), dipotassium hydrogen phosphate (2.6 g/L), manganese sulfate monohydrate (0.25 g/L), 

magnesium sulfate heptahydrate (0.5 g/L), and Tween-80 (1 mL/L). The pH of the modified MRS medium 

was adjusted to 6.2-6.4 to sterilization, and the pH remained stable after autoclaving. Incubation was carried 

out for 48 hours. Subsequently, individual colonies were inoculated into the corresponding modified MRS 

broth and subcultured for three successive passages, each lasting 16 hours. Cultures from the third passage 

were subjected to centrifugation at 8000×g for 15 minutes to obtain the bacterial pellet for downstream 

applications. The bacteria pellet were resuspended in normal saline and pasteurized to obtain postbiotic. 

2.3 Cell culture, model and treatment 

HaCaT cell was maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Carlsbad, CA, 

USA) supplemented with 10% fetal bovine serum (FBS; Gibco) and antibiotics (ampicillin at 10 U/mL and 

streptomycin at 10 μg/mL; Biolight Biotechnology Co., Ltd., Shanghai, China). Cell cultures were incubated 

at 37 °C in a humidified atmosphere containing 5% CO₂. 

The groups included control group, model group and treatment group. The cells were seeded in 96 well 

(1.2 × 104 cells/well) and 6 well (3.6 × 104 cells/well) plates for 36 hours until attachment was completed. The 

model group and treatment group were exposed to sodium dodecyl sulfate (SDS) solution (15 μg/ml, DMEM, 

without FBS) for 6 hours, while the control group received DMEM without FBS. After incubation, the cells 

were washed with PBS; The treatment group received bacterial lysate, while the control group and model 

group received DMEM without FBS. 

2.4 Animal model and treatment 

Animal experiments were conducted in two batches using 7-week-old female Balb/c mice, which were 

maintained under standard housing conditions (12 h light/dark cycle, 21–25 °C, 40–60% humidity). The 

modeling procedure was identical for both batches, with only the gavage samples differing. All procedures 

were approved by the Experimental Animal Ethics Committee of Jiangnan University (Approval No. 

JN.No20231230b1280215[637] and JN.No20241115b0960109[589]) and were performed in accordance with 

the European guidelines for the protection of laboratory animals. After one week of acclimatization under 

standard conditions, the experiments were initiated. 
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The skin barrier disruption model was adapted from the method of Fang, Li [13]. Briefly, the dorsal hair of 

each mouse was shaved and depilated to create a 2 cm × 1.5 cm exposed area. A vehicle solution of acetone 

and olive oil (4:1, v/v) was used to prepare 1-fluoro-2,4-dinitrobenzene (DNFB) solutions at concentrations of 

0.5% and 0.2%. At the beginning of week 3, mice were sensitized with 25 μL of 0.5% DNFB applied to the 

dorsal skin, followed three days later by 25 μL of 0.2% DNFB. Subsequently, 25 μL of 0.2% DNFB was 

applied every two days until the end of the experiment. Control mice were treated with an equal volume of 

vehicle solution. 

In the first batch, 32 mice were randomly assigned to four groups (n=8 per group), the gavage dose was 

referred to the previous method[14]: (1) Blank group: gavaged with 0.2 mL saline; (2) Model group: gavaged 

with 0.2 mL saline; (3) CCFM1403 postbiotic group: gavaged with 0.2 mL of inactivated CCFM1403 

equivalent to 5 × 10⁹ CFU/mL; (4) CCFM1403 live bacteria group: gavaged with 0.2 mL of 5 × 10⁹ CFU/mL 

CCFM1403 live bacteria. 

In the second batch, 40 mice were randomly divided into five groups (n=8 per group): (1) Blank group: 

gavaged with 0.2 mL saline; (2) Model group: gavaged with 0.2 mL saline; (3) CCFM1403 surface protein 

group: gavaged with 0.2 mL of surface proteins extracted from 1 × 10⁹ CFU equivalent bacteria; (4) 

CCFM1403 cell wall group: gavaged with 0.2 mL of cell wall components extracted from 1 × 10⁹ CFU 

equivalent bacteria; (5) CCFM1403 protoplast group: gavaged with 0.2 mL of protoplasts extracted from 1 × 

10⁹ CFU equivalent bacteria. All interventions were administered by gavage for 3 weeks following the 

acclimation period. 

At the end of the experiment, mice were anesthetized with 4% (v/v) isoflurane at an oxygen flow rate of 

2 L/min. Blood was collected via retro-orbital puncture, after which the mice were euthanized. Blood samples 

were centrifuged at 5600 r/min for 15 min at room temperature to obtain serum. Dorsal skin and spleen tissues 

were collected: part of the skin was fixed in 4% paraformaldehyde for histological analysis, while the 

remaining portion was homogenized for inflammatory cytokine assays. The spleen was weighed immediately 

to calculate the spleen index (spleen weight (mg) / body weight (g) × 100%.) 

2.5 Cell viability assays 

HaCaT cells were seeded into 96 well plates with 1.2 × 104 cells/well, and the outer circle of the plate was 

filled with PBS solution (blank group) to prevent edge effect. After 36 hours of culture, the control group and 

treatment group (including model group and experimental group) were set up. Blank group: containing cell 

culture medium and HaCaT cells, without modeling. Model group: containing cell culture medium and 

HaCaT cells, treated with 15 μg/mL SDS for 6 hours, discarded the supernatant, and then incubated with cell 

culture medium for 24 hours. Experimental group: containing cell culture medium and HaCaT cells, treated 

with 15 μg/mL SDS for 6 hours, discarded the supernatant, and then incubated with epigenetic sample for 24 

hours. After incubation, 10 μLCCK8 solution was added to each well for 1.5 hours to measure the absorbance 

(OD) at 450nm. The cell viability was calculated according to the following formula: Cell Viability (%)=(OD 

treatment group - OD blank group)/(OD control group - OD blank group) × 100%. 
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2.6 Quantitative real-time RT-PCR (qRT-PCR) 

According to the manufacturer’s protocol, total RNA from cells was extracted using the FastPure 

Complex Cell Total RNA Isolation Kit (RC113-C1, Vazyme, Nanjing, China). Total RNA from mice skin 

was extracted using the FastPure Complex Cell Total RNA Isolation Kit (RC112-C1, Vazyme, Nanjing, 

China). The purified RNA was subsequently subjected to reverse transcription with the HiScript III RT 

SuperMix for qPCR (R33301, Vazyme, Nanjing, China) to generate cDNA. Expression analysis of target 

genes was performed by real-time quantitative PCR using the ChamQ Universal SYBR qPCR Master Mix 

(Q711-02, Vazyme, Nanjing, China). Relative mRNA abundance was determined by applying the 2−ΔΔCt 

calculation method. The nucleotide sequences of the primers used are listed in Table 1. 

Table1 Gene and primer sequences 

Gene Forward Primer (5’-3’) Reverse Primer (3’-5’) 
FLG GCACTCGTCATGCAGAGACTT GACCCTCGGTTTCCACTGT 
IVL GACTGCTGTAAAGGGACTGCC CATTCCCAGTTGCTCATCTCTC 
LOR GCTCTGTCTGCGGCTACTCTG GTGACCTGCTGCGAGGAGAC 
ZO-1 CAACATACAGTGACGCTTCACA CACTATTGACGTTTCCCCACTC 

OCCLUDIN GACTTCAGGCAGCCTCGTTAC GCCAGTTGTGTAGTCTGTCTCA 
CLDN TCTGGCTATTTTAGTTGCCACAG AGAGAGCCTGACCAAATTCGT 

Laminin GAGGGGCCTGTTATCCACCT CTGCCACTGTCCATATTGGGT 
Fibronectin ATGTGGACCCCTCCTGATAGT GCCCAGTGATTTCAGCAAAGG 

GAPDH(cell) GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 
GAPDH(mice) TGAGTGGCAAAGTGGAGAT TTTGCCGTGAGTGGAGTCAT 

2.7 Enzyme-linked immunosorbent assay (ELISA) 

For protein analysis, 50 mg of skin tissue was homogenized in 450 μL PBS using a high-throughput 

tissue homogenizer operated at 65 Hz for ten 30-s cycles. Homogenates were centrifuged (3000 rpm, 15 min, 

4 °C), and the supernatant fractions were collected. Expression levels of barrier-related proteins, including 

FLG, IVL, LOR, ZO-1, OCLUDDIN, CLDN1, as well as HIS, were quantified using commercial assay kits 

(Shanghai Enzyme-linked Biotechnology Co., Ltd.). Serum IgE levels were also measured to evaluate 

systemic immune responses. 

2.8 Measurement of TEWL and water content 

On the 21st day, TEWL and skin moisture levels were determined under chloral hydrate anesthesia. 

Measurements were carried out with a Cutometer DUAL MPA580 using Tewameter Hex and Corneometer 

CM825 probes, with data recorded perpendicularly at three separate skin locations for each mouse. 

2.9 Histopathology 

Dorsal skin tissues (1 cm²) were fixed for 24 h in general-purpose tissue fixative (G1101, Servicebio, 

Shanghai, China), embedded in paraffin, and sectioned. After routine dewaxing and rehydration, the sections 

were stained with Hematoxylin and Eosin (H&E). Epidermal thickness and other histopathological features 

were analyzed using a digital section scanner, with ImageJ software employed for quantitative evaluation. 

2.10 Immunofluorescence 
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Paraffin-embedded tissue sections were deparaffinized, rehydrated, and subjected to antigen retrieval. 

Following PBS washes, nonspecific binding was blocked with 3% BSA. Sections were then incubated 

overnight at 4 °C in a humidified chamber with primary antibodies against fibronectin and laminin, followed 

by incubation at room temperature in the dark with appropriate fluorescent secondary antibodies (Alexa Fluor 

488-conjugated goat anti-rabbit IgG). Nuclei were counterstained with DAPI, and autofluorescence 

quenching was applied when necessary. Finally, the sections were mounted with antifade medium, and images 

were acquired using a fluorescence microscope equipped with standard filter sets. 

2.11 Bacterial component extraction 

The extraction procedures for bacterial surface layer proteins, cell wall fractions, peptidoglycan and 

protoplasts were performed as follows. 

2.11.1 Extraction of surface layer protein 

Surface proteins were extracted following a modified protocol [15]. Briefly, bacterial cells were harvested 

at the logarithmic growth phase by centrifugation, washed with deionized water, and resuspended in 5 M LiCl. 

After incubation at 37 °C with shaking for 1 h, the suspension was centrifuged, and the supernatant was 

filtered through a 0.45 μm membrane. The filtrate was dialyzed against deionized water using a 15 kDa cut-off 

membrane for 24 h, followed by SDS-PAGE confirmation and lyophilization for storage. 

2.11.2 Extraction of cell wall 

Cell wall components were extracted following with minor modifications [16]. Bacterial pellets were 

boiled in 5% SDS (50 mM MES, pH 5.5), and the insoluble fractions were repeatedly washed with deionized 

water until free of SDS. The pellet was then sequentially treated with pronase E (2 mg/mL), trypsin (200 

µg/mL), and DNase/RNase (50 µg/mL each) under appropriate conditions, followed by incubation in 2% SDS 

to inactivate residual enzymes. After repeated washing, the final insoluble cell wall fraction was collected and 

stored at −20 °C until use. 

2.11.3 Extraction of peptidoglycan 

Peptidoglycan was purified according to a modified protocol [17]. Briefly, crude cell wall fractions were 

sonicated in distilled water and sequentially treated with Benzonase (50 U) and trypsin (50 μg/mL) at 37 °C 

with shaking. The mixture was boiled to inactivate enzymes, centrifuged, and the pellet was washed 

thoroughly with distilled water. To remove wall teichoic acids and glycophosphate, the pellet was incubated in 

1 M HCl at 37 °C for 4 h, followed by repeated washing until the pH of the supernatant reached 4–5. The 

resulting peptidoglycan fraction was resuspended in distilled water, lyophilized, and stored at −20 °C until 

use. 

2.11.4 Extraction of protoplast 

Protoplasts were prepared according to a modified protocol [18]. Briefly, bacterial pellets were 

resuspended in SMM buffer (0.02 M Hepes, 1 mM MgCl₂, 0.5 M lactose, pH 6.4) and treated with lysozyme 
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(100 mg/L) at 37 °C overnight. The reaction was terminated with fresh SMM, and protoplasts were collected 

by gentle centrifugation, washed, and resuspended in SMM for subsequent use. 

2.12 UV–Vis spectral scanning 

The peptidoglycan samples were subjected to UV full-wavelength spectral scanning in the range of 

200–600 nm to examine the presence of an absorption peak at 280 nm, thereby excluding potential 

interference from nucleic acids. 

2.13 FT-IR spectroscopy 

2mg peptidoglycan sample were placed in the Fourier transform infrared spectrometer and scanned in the 

range of 4000–500 cm⁻¹, followed by analysis after baseline correction. 

2.14 statistical analysis 

Experiments were repeated three times. Statistical analyses were performed using Origin and SPSS 22.0. 

Differences among groups were evaluated by one-way or repeated-measures ANOVA with Tukey’s post hoc 

test, and significance was set at P < 0.05. Results are shown as mean ± SD. 

3 Results 

3.1 CCFM1403 postbiotics enhanced HaCaT cell viability 

The functional characteristics of the same lactic acid bacteria may be significantly different at the strain 

level. Therefore, different L. reuteri strains were selected as functional control strains to determine whether 

the observed biological activities were strain specific rather than general characteristics of the species. To 

evaluate the reparative effects of different postbiotic components on damaged HaCaT cell viability, we 

employed the CCK-8 assay to assess cellular activity (Figure 1A). Results demonstrated that compared to the 

blank control group, cell viability in the model group decreased significantly to 51.73%, indicating successful 

establishment of the SDS-induced damage model. Among the interventions with different bacterial strains, the 

cell group (CCFM1403-L) and fermentation supernatant group (CCFM1403-Q) of L. reuteri CCFM1403 

enhanced HaCaT cell viability. Their recovery levels were markedly superior to those of the corresponding 

treatment groups for L. reuteri FSDLZ12M1, FSDLZ13M1, 82, and 92. Notably, only CCFM1403-L restored 

cellular activity to over 80%, exhibiting a highly significant difference compared to the model group. 

In summary, the postbiotic from CCFM1403 significantly improved the viability of HaCaT cells 

following SDS-induced damage, indicating its potent cell-repairing effects and demonstrating potential 

application value in interventions for skin barrier impairment. 
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Figure 1 The effects of postbiotics on SDS-injured HaCaT cells. (A) Cell viability after treatment with postbiotic lysate (-L) 
and fermentation supernatant (-Q). (B) Skin barrier function protein mRNA. (C) Skin barrier structure protein mRNA. ‘-L’ 

represents lysate; ‘-Q’ represents fermentation supernatant. 

3.2 CCFM1403 postbiotics enhanced the gene expression of barrier proteins in injured HaCaT cells 

To investigate the effects of CCFM1403 postbiotics on barrier-related gene expression in injured HaCaT, 

we assessed mRNA levels of skin barrier function proteins (FLG, IVL, LOR) and barrier structural proteins 

(ZO-1, Occludin, Claudin) (Figure 1B&C). Results revealed that compared with the control group, the 

expression of various barrier protein genes in the model group was significantly reduced. Following 

intervention with the CCFM1403 bacterial cell group (CCFM1403-L), mRNA levels of FLG, IVL, and LOR 

were significantly upregulated, with IVL and LOR expression restored to several-fold levels of the model 

group (5.8-fold and 8.14-fold, respectively). Concurrently, CCFM1403-L elevated ZO-1, Occludin, and 

Claudin to 2.04-fold, 2.23-fold, and 1.83-fold, respectively, all significantly higher than the model group, 

indicating its ameliorative effect on the gene expression of barrier structural proteins. 

Collectively, these results demonstrate that the CCFM1403 postbiotic effectively enhances the gene 

expression of barrier function proteins and barrier structural proteins in post-injury HaCaT cells, suggesting its 

potential to strengthen skin barrier integrity and repair functions. 

3.3 Oral administration CCFM1403 postbiotic improved the injured mice skin apparent condition and barrier 

function 

To further evaluate the skin barrier repair effects of CCFM1403 postbiotic, we assessed the epidermal 

condition, histological alterations, and barrier function indicators of dorsal skin in mice (Figure 2).As shown 

in Figure 2A, compared with the control group, dorsal skin in the model group exhibited marked erythema, 

desquamation, and damage. Following CCFM1403 intervention, skin appearance markedly improved, 

particularly in the postbiotic group (CCFM1403-S), where erythema and lesions were substantially reduced, 

approaching the normal group's appearance. The live bacteria group (CCFM1403-H) demonstrated 

comparatively weaker improvement effects. Histological findings (Figure 2B) further corroborated these 

observations. The model group exhibited markedly thickened epidermis accompanied by parakeratosis and 

inflammatory cell infiltration. In contrast, CCFM1403-S intervention substantially mitigated epidermal 

hyperplasia, restoring skin architecture to near-control levels. CCFM1403-H also demonstrated some 

improvement, though less pronounced than the heat-killed bacterial group. Skin barrier function testing 



Y.M. Zhang et al. / Food Science and Human Wellness 16 (2027) 

 

(Figure 2C) revealed significantly elevated TEWL and markedly reduced skin hydration in the model group 

following DNFB treatment. Both parameters improved following CCFM1403 intervention. Specifically, the 

CCFM1403-S group exhibited significantly reduced TEWL and markedly increased skin hydration (P < 

0.01), demonstrating superior restorative efficacy compared to the CCFM1403-H group. 

 
Figure 2 The effect of CCFM1403 postbiotic and live bacteria on mice skin barrier. (A) Skin appearance of mice, (B) H&E 
staining images, (C) Skin TEWL and hydration. ‘-S’ represents postbiotic. ‘-H’ represents live bacteria. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. 

In summary, the CCFM1403 postbiotic effectively improved the apparent skin condition and barrier 

function in mice, with the postbiotic (CCFM1403-S) demonstrating superior restorative effects compared to 

the live bacteria (CCFM1403-H). 

3.4 Oral administration CCFM1403 postbiotic increased the injured mice skin barrier protein content 

To evaluate the restorative effect of CCFM1403 postbiotic on skin barrier function, we assessed the 

expression levels of key barrier proteins. Experimental results demonstrated that, compared with the control 

group, the content of all detected barrier proteins in the skin of mice in the model group was significantly 

reduced. The regulatory effects of each intervention group on barrier protein expression are shown in Figure 

3A. 

 
Figure 3 The effects of CCFM1403 postbiotic and live bacteria on skin barrier integrity, basal lamina structure, and immune 

homeostasis in mice. (A) skin barrier function and structure protein content. (B) skin basal layer protein content. (C) mice 
immune abnormalities ‘-S’ represents postbiotic. ‘-H’ represents live bacteria. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. 
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In the expression of skin barrier-related genes, CCFM1403-S exhibited the most pronounced 

upregulation of FLG, with expression levels approximately 1.29-fold higher than the model group, 

significantly exceeding the 1.06-fold increase observed in the CCFM1403-H group. Regarding LOR, the 

CCFM1403-S group also demonstrated stronger repair effects, with levels approximately 1.08 times those of 

the model group, whereas the CCFM1403-H group remained nearly equivalent to the model group, showing 

no significant difference. Regarding ZO-1 expression, the CCFM1403-S group exhibited an approximately 

1.14-fold upregulation compared to the model group, slightly outperforming the 1.13-fold increase observed 

in the CCFM1403-H group. Regarding Occludin and Claudin, expression of both increased in both groups. 

Specifically, CCFM1403-S elevated these to 1.06-fold and 1.04-fold that of the model group respectively, 

whereas CCFM1403-H reached 1.19-fold, indicating more pronounced effects of live bacterial intervention 

on these two indicators. 

In summary, the CCFM1403 postbiotic effectively promotes the expression of core skin barrier proteins. 

Notably, the inactivated strain CCFM1403-S demonstrated significantly superior efficacy to the live strain in 

upregulating the key proteins FLG and LOR, highlighting the unique potential of postbiotics in restoring skin 

barrier function. 

3.5 Oral administration CCFM1403 postbiotic increased the injured mice skin basal layer protein content 

and gene expression 

To investigate the effects of the postbiotic CCFM1403 on the structure of the skin basal membrane, we 

examined the expression of laminin and fibronectin at both the protein and mRNA levels through 

immunofluorescence staining and qRT-PCR, respectively. 

As depicted in Figure 3B, immunofluorescence staining clearly demonstrated that, compared to the 

control group, the fluorescence signals for laminin and fibronectin in the basement membrane region of the 

model group mice were markedly diminished. Following intervention with CCFM1403-S, the fluorescence 

intensity of both proteins was significantly enhanced, with this effect being superior to that observed in the 

CCFM1403-H group. Gene expression analysis corroborated these protein-level alterations, revealing 

markedly lower mRNA expression levels for laminin and fibronectin in the model group relative to controls. 

Following CCFM1403-S intervention, transcription levels for both genes were significantly upregulated, 

exhibiting a substantially greater increase than in the CCFM1403-H-treated group. 

In summary, CCFM1403 postbiotics not only significantly increased the deposition of laminin and 

fibronectin in the skin basement membrane but also efficiently promoted their synthesis at the transcriptional 

level, with both effects surpassing those observed in the live bacteria treatment. 

3.6 Oral administration CCFM1403 postbiotic improved the inflammatory response in mice 

To evaluate the systemic and local ameliorative effects of CCFM1403 postbiotics on inflammatory 

responses in model mice, we measured skin histamine, skin IL-4, serum IgE levels, and spleen indices. As 

shown in Figure 3C, both CCFM1403-S and CCFM1403-H demonstrated significant efficacy in reducing skin 
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histamine and IL-4 two key indicators of cutaneous inflammation. Specifically, CCFM1403-S reduced HIS 

and IL-4 to 11.91 ng/100mg and 185.62 pg/100mg, respectively, while CCFM1403-H lowered them to 11.21 

ng/100mg and 174.66 pg/100mg. Furthermore, regarding systemic inflammation, CCFM1403-S significantly 

reduced both serum IgE levels and the spleen index, whereas CCFM1403-H only decreased serum IgE levels 

without affecting the spleen index. Specifically, serum IgE levels in the CCFM1403-S and CCFM1403-H 

groups were 1.16 and 1.15, respectively, both significantly lower than those in the model group. In contrast, 

the spleen index was significantly reduced in the CCFM1403-S group (0.48) but not in the CCFM1403-H 

group (0.55). 

In summary, both postbiotic and live bacterial strains of CCFM1403 ameliorate inflammatory responses 

induced by skin barrier damage in mice to varying degrees. 

3.7 CCFM1403 cell wall component enhanced HaCaT cell viability. 

Through the results of the aforementioned experiments, we observed that the CCFM1403 postbiotic 

demonstrated superior efficacy in skin barrier repair compared to the live bacterial strain. Consequently, to 

identify the postbiotic components responsible for the efficacy of L. reuteri CCFM1403, we performed 

stepwise isolation of the bacterial cells. This yielded, in order of structural composition from outer to inner 

layers, surface layer proteins, cell wall components, and protoplast fractions. SDS-PAGE analysis revealed 

surface proteins predominantly distributed within the 25–71 kDa range, with a protein concentration of 43 

mg/mL. Microscopic observation indicated that protoplasts exhibited regular spherical morphology after cell 

wall removal, whereas cell walls appeared as irregular flake-like fragments (Figure 4A), suggesting successful 

separation. Furthermore, cellular assays established a safe dosage of 1.25% for all fractions (Figure 4B). 

Subsequent testing evaluated the effects of different fractions on the viability of damaged HaCaT cells (Figure 

4B). Results showed the cell wall fraction exhibited the most pronounced reparative effect, restoring cellular 

activity to 91.01%—significantly higher than the model group and exceeding the 80% efficacy threshold. In 

contrast, activity levels following treatment with the protoplast and surface protein fractions reached 78.30% 

and 78.09% respectively, representing improvement over the model group but failing to attain effective 

thresholds. 
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Figure 4 Separation and characterization of CCFM1403 postbiotic components and their effects on HaCaT cell viability and 
skin barrier-related gene expression. (A) surface layer protein; protoplast transmission electron micrograph; cell wall optical 
micrograph; (B) cytotoxicity of different components on HaCaT cells; effects of components on the viability of SDS-injured 

HaCaT cells; (C) effects of cell wall components on skin barrier protein mRNA expression levels.*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. 

In summary, the primary bioactive components of CCFM1403 postbiotics are concentrated within the 

cell wall, playing a pivotal role in promoting HaCaT cell activity recovery and skin barrier repair. This 

provides a foundation for subsequent mechanistic investigations. 

3.8 CCFM1403 cell wall component increased gene expression of barrier proteins in injured HaCaT cells  

To investigate the regulatory effects of CCFM1403 cell wall components on skin barrier-related genes, 

we assessed the gene expression levels of barrier function proteins and structural proteins in HaCaT 

cell(Figure 4C). Specifically, FLG expression reached 2.99, representing 6.5-fold that of the model group 
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(0.46); LOR expression was 3.58, significantly higher than the model group's 0.20; IVL expression reached 

15.74, substantially exceeding the model group's 0.58. Furthermore, cell wall components differentially 

upregulated barrier structural protein-related genes ZO-1, Occludin, and CLDN. Compared to the model 

group, the relative mRNA expression levels of ZO-1, Occludin, and CLDN in the cell wall group increased 

from 0.79, 0.46, and 0.52 to 2.33, 1.41, and 0.91, respectively. The cell wall components most significantly 

promoted the expression of ZO-1 and Occludin genes, with their expression levels reaching 2.9 and 3.5 times 

that of the model group, respectively. In contrast, although CLDN gene expression was also upregulated (to 

1.74 times that of the model group), the magnitude of this increase was markedly lower than that observed for 

ZO-1 and Occludin.  

In summary, cell wall components exert a regulatory effect on the gene expression levels of barrier 

function proteins and structural proteins. 

3.9 Oral administration CCFM1403 cell wall improved the injured mice skin apparent condition and barrier 

function 

To validate the conclusions from in vitro studies and evaluate the in vivo effects of the postbiotic 

components in CCFM1403, we conducted animal experiments. Skin barrier function was assessed through 

TEWL, stratum corneum water content, and histopathological examination (Figure 5A-B). Following 

intervention with different postbiotic components, the cell wall (CW) group demonstrated the most 

pronounced effects. The CW group exhibited a marked reduction in TEWL and a significant recovery in 

stratum corneum water content. Macroscopically, both erythema and desquamation showed marked 

improvement. Histological examination revealed epidermal thickness restored to near-normal levels, with 

reduced inflammatory response. In contrast, although the superficial layer protein (SLP) and protoplast (P) 

intervention groups improved skin appearance to some extent, their TEWL and hydration levels showed no 

significant difference compared to the model group. Histological sections still revealed epidermal thickening 

and abnormal keratinisation, indicating limited repair efficacy. 

In summary, the oral administration of the CCFM1403 cell wall fraction demonstrated the most 

pronounced efficacy in enhancing skin barrier function, further confirming its status as a key active 

component. 
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Figure 5 Effects of different CCFM1403 postbiotic components on the skin barrier integrity and barrier protein expression in 
mice. (A) Skin appearance of mice; (B) H&E-stained skin sections; (C) TEWL and skin hydration; (D) skin barrier protein 

content. 

3.10 Oral administration CCFM1403 cell wall increased the injured mice skin barrier protein content 

To evaluate the regulatory effects of the postbiotic components in orally administered CCFM1403 on 

skin barrier proteins, we assessed the expression levels of key barrier function proteins (FLG, LOR, IVL) and 

barrier structural proteins (ZO-1, CLDN, Occludin). Regarding barrier functional proteins (Figure5D), FLG 

content in the model group (3154.83 pg/100mg) was significantly reduced compared to the blank group 

(4169.17 pg/100mg). The cell wall intervention group exhibited a significant rebound in FLG content 

(4106.73 pg/100mg) compared to the model group, with the protoplast group (4157.81 pg/100mg) showing a 

similar effect. Conversely, the surface protein group (2148.19 pg/100mg) further suppressed FLG expression. 

Regarding LOR and IVL, both the cell wall group (LOR: 667.04 pg/100mg; IVL: 1389.52 pg/100mg) and the 

protoplast group (LOR: 733.85 pg/100mg; IVL: 1538.22 pg/100mg) significantly increased their levels, 

whereas the surface protein group showed no improvement. Regarding barrier structural proteins, cell wall 

intervention significantly increased the expression of ZO-1 (40.25 pg/100mg), CLDN (92.70 pg/100mg), and 

Occludin (71.48 pg/100mg). Protoplasts only enhanced ZO-1 expression (37.32 pg/100mg), whilst surface 

proteins showed no significant effect on any of the three. 
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Results indicate that the CCFM1403 cell wall is a key active component for improving skin barrier 

function, effectively promoting the expression of both barrier function proteins and structural proteins. 

Conversely, surface proteins not only prove ineffective but may even inhibit their synthesis. 

3.11 Peptidoglycan in CCFM1403 cell wall component is one of the key substances for repairing the skin 

barrier 

This study found in preliminary results that the cell wall component of CCFM1403 demonstrated the 

most effective repair of the skin barrier. Given that peptidoglycan constitutes the primary structural 

component of the cell wall, we further investigated whether it serves as the key active substance, using 

peptidoglycans from L. paracasei and L.plantarum as controls. Following extraction and purification, 

ultraviolet full-wavelength scanning revealed no nucleic acid absorption peaks at 260 nm for all three samples, 

indicating complete removal of nucleic acid residues from the purified peptidoglycan preparations 

(Figure6A). Infrared spectroscopy further confirmed the characteristic structural features of peptidoglycan, 

detecting multiple typical absorption peaks within the 4000–500 cm⁻¹ range (Figure6B). For instance: 

absorption peaks characteristic of β-1,4 glycosidic bonds appeared at 892.10 cm⁻¹, 910.77 cm⁻¹, and 897.18 

cm⁻¹, respectively. At 1375.85 cm⁻¹, 1373.05 cm⁻¹ and 1374.56 cm⁻¹, respectively, correspond to the 

asymmetric bending vibrations of CH₃ groups linked within the polypeptide chain. Peaks at 3265.03 cm⁻¹, 

3275.22 cm⁻¹, and 3270.13 cm⁻¹, respectively, indicate polypeptide segments connected to the N-terminal 

amino group. These results indicate that the extracted peptidoglycan possesses an intact structure consistent 

with expectations.  



Y.M. Zhang et al. / Food Science and Human Wellness 16 (2027) 

 

 
Figure 6 Characterization of different Lactobacillus peptidoglycans and effects on skin barrier protein mRNA. (A) UV 

wavelength scanning, (B) infrared spectrum, (C) skin barrier protein mRNA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. 

Although peptidoglycans exhibit a conserved glycopeptide structure, strain-dependent differences in 

peptide chain composition and linkage configuration can modulate their physicochemical properties and 

biological functions. Consistent with this, functional validation demonstrated that CCFM1403 peptidoglycan 

significantly upregulated the expression of skin barrier proteins FLG and IVL, as well as tight 

junction-associated proteins Occludin and ZO-1, whereas peptidoglycans from L. paracasei and L. plantarum 

did not exhibit comparable effects (Figure 6C).In summary, the peptidoglycan within the CCFM1403 cell wall 

constitutes a key active ingredient for repairing the skin barrier, with its distinctive structural characteristics 

potentially conferring unique biological functions. 

4. Discussion 

In our research, we identified a postbiotic derived from L. reuteri CCFM1403 that has been shown to 

repair the skin barrier. Through a combination of cell and animal experiments, we elucidated the basis of its 

primary active substance and systematically evaluated its restorative effects. The results showed that 

CCFM1403 postbiotic had significant restorative effects in both the HaCaT cell damage model and the 



Y.M. Zhang et al. / Food Science and Human Wellness 16 (2027) 

 

DNFB-induced mouse skin damage model. What’s more, cell wall components were found to be the most 

potent, ultimately identifying peptidoglycan as the key bioactive substance. 

The integrity of the skin barrier function depends heavily on the coordinated expression of relevant 

proteins. FLG, LOR and IVL are key proteins synthesised during keratinocyte differentiation that are essential 

for maintaining the structure and function of the stratum corneum. A reduction or absence of these proteins 

leads to dyskeratosis and impaired skin barrier function, and is associated with various skin diseases, such as 

atopic dermatitis and psoriasis [19]. Concurrently, certain structural proteins—such as ZO-1, Occludin, and 

Claudin—play a vital role in maintaining the barrier structure between keratinocytes. They prevent excessive 

TEWL and impede the entry of exogenous allergens or pathogens [20]. Furthermore, keratinocytes, as the 

primary constituent cells of the skin barrier, exhibit diminished activity that not only impairs cellular 

proliferation and differentiation capabilities but also directly affects stratum corneum formation and the 

synthesis of associated barrier proteins. This study utilised a cell model to demonstrate that CCFM1403 

postbiotic significantly restored the viability of HaCaT cells following SDS-induced damage, while markedly 

upregulating the expression of barrier function proteins (FLG, IVL, LOR) and tight junction proteins (ZO-1, 

Occludin, Claudin). This finding is consistent with existing research indicating that postbiotics promote 

keratinocyte differentiation and barrier protein synthesis [21]. For instance, postbiotics from Lactobacillus 

plantarum have been shown to improve skin barrier integrity by increasing the expression of FLG, LOR 

proteins[22]. In comparison, the CCFM1403 postbiotic exhibited a more pronounced ability to restore HaCaT 

cell viability and upregulate barrier-associated proteins among the tested strains, suggesting a distinct 

strain-specific advantage. More importantly, the restorative effects of CCFM1403 postbiotic were not only 

significant but also markedly superior to other control strains in promoting cellular activity recovery, 

suggesting that its restorative effects exhibit strain specificity. Further animal studies corroborated this finding 

at the systemic level. The oral administration of the CCFM1403 postbiotic has been demonstrated to 

significantly improve skin barrier function in mice with DNFB-induced damage. It improvement is 

characterised by a reduction in TEWL, an increasing in skin hydration, and a decrease in epidermal thickening 

and inflammatory cell infiltration at the histological level. 

Furthermore, this study also found that the CCFM1403 postbiotic significantly increased the content of 

skin barrier function proteins and promoted the deposition and transcriptional upregulation of key basal 

membrane proteins—fibronectin and laminin. The skin basal membrane, which serves as a structural 

foundation between the epidermis and dermis, provides attachment support for keratinocytes and participates 

in establishing cell polarity, signal transduction, and maintaining barrier stability [23]. Consequently, its 

restoration is of significant importance for the overall repair of the skin barrier. The study by Port, Andelic [24] 

similarly confirmed that interactions between ECM components, such as laminin and fibronectin, are crucial 

for maintaining skin homeostasis. 

It is noteworthy that in animal studies, the repair effects of the postbiotic group were superior to those of 

the live bacterial group. This finding is consistent with the conclusions of recent research, which suggests that 
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live bacteria are not essential for efficacy, and that inactivated bacterial cells and their components offer 

greater advantages in terms of stability and safety [25]. This discovery further highlights the potential of 

postbiotics in skin health interventions. To identify the key bioactive components of CCFM1403 postbiotic, 

this study performed stepwise separation of the microbial structure. The results indicate that its restorative 

effects are primarily concentrated in the cell wall region, with peptidoglycan—the principal structural 

component of the cell wall—playing a central role in this process. Lactobacillus plantarum and Lactobacillus 

paracasei were used as control strains to evaluate whether the biological activities were related to specific 

bacterial peptidoglycans rather than the common properties shared by all Lactobacillus species. Compared 

with the peptidoglycans of L. paracasei and L. plantarum, the peptidoglycan of CCFM1403 exhibits stronger 

activity in promoting barrier-related gene expression. It significantly upregulates the expression of barrier 

function proteins and structural proteins, demonstrating a pronounced strain-specific effect. Furthermore, 

studies have reported that peptidoglycan can be detected in the blood of both humans and mice, subsequently 

affecting cells throughout the body. It plays a crucial role in regulating inflammation and systemic metabolic 

functions [26]. In addition, peptidoglycan fragments can be recognized by intestinal cells through receptors 

such as NOD1/2 and NLRP3/nlrp1, and then regulate the systemic inflammatory response. NOD1 and NOD2 

are the earliest cytoplasmic receptors [27,28]. 

The peptide composition within peptidoglycans maybe different among bacterial strains. These structural 

differences may influence their spatial conformation and binding capacity with host receptors, thereby leading 

to distinct biological effects. Compared with the peptidoglycans of L. paracasei and L. plantarum, the 

peptidoglycan of L. reuteri CCFM1403 exhibits stronger activity in promoting barrier-related gene 

expression. It significantly upregulates the expression of barrier function proteins and structural proteins, 

demonstrating a pronounced strain-specific effect. These differences may result in varying binding capacities 

between peptidoglycans and host receptors, thereby activating distinct pathways and ultimately inducing 

different biological responses. Therefore, the specific peptidoglycan structure of L. reuteri CCFM1403 may 

constitute a crucial material basis for its regulation of keratinocyte function, promotion of barrier-associated 

protein expression, and overall skin barrier repair. What’s more, compared with live probiotics, postbiotics 

possess advantages in stability, storage, and safety, making them more suitable for industrial development and 

commercialization. Given its significant efficacy in promoting skin barrier repair and regulating inflammatory 

responses, the CCFM1403 postbiotic may serve as a promising functional ingredient for oral skin-health 

products, including functional foods and dietary supplements. Moreover, the identified key active component, 

peptidoglycan, also shows potential for incorporation into topical skincare formulations targeting skin barrier 

dysfunction and inflammatory skin conditions. These findings provide theoretical support for the future 

development of postbiotic-based skin health products. 

5. Conclusion 
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This study evaluated the role of L. reuteri CCFM1403 postbiotic in skin barrier repair and identified its 

key active components. Results indicate that the postbiotic CCFM1403 significantly ameliorates skin barrier 

impairment. This manifests in the restoration of HaCaT cell viability, upregulation of skin barrier functional 

proteins (FLG, LOR, IVL) and structural proteins (ZO-1, Occludin, Claudin), thereby promoting the recovery 

of both barrier structure and function. Animal study further confirmed that postbiotics administered orally via 

L. reuteri CCFM1403 effectively reduced TEWL, increased skin hydration levels, and improved skin tissue 

structure. Notably, the dead bacterial group demonstrated significantly superior repair effects compared to the 

live bacterial group, indicating that live bacteria are not a prerequisite for achieving these benefits. 

Through hierarchical separation of the L. reuteri CCFM1403 bacterial structure, it was discovered that its 

primary active components are concentrated within the cell wall. Cell wall components significantly elevated 

the expression levels of barrier-related genes and proteins in both cells and animal models, demonstrating 

superior biological activity compared to protoplasts and surface proteins. Further research has revealed that 

peptidoglycan, the core structural component of the cell wall, is the key active substance responsible for this 

reparative effect. L. reuteri CCFM1403 peptidoglycan not only significantly promotes the expression of 

relevant barrier proteins, but also exhibits a distinct structural profile and stronger regulatory effects compared 

to other lactobacilli (L. paracasei and L. plantarum).  

In summary, the L. reuteri CCFM1403 postbiotic demonstrates a significant role in restoring skin barrier 

function, with its unique peptidoglycan structure within the cell wall serving as the key material basis for this 

efficacy. This study not only elucidates the potential molecular by which postbiotics promote skin barrier 

repair but also provides theoretical foundations and novel directions for postbiotic-based skin health 

regulation and functional food development. 
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