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Introduction

Dysfunction of keratinocytes contributes to a weakened skin barrier and impaired wound healing capability. Evidence suggests that probiotic supplementation can lead to improved skin function in vitro and in vivo. The Lab4 probiotic consortium comprises of two strains of Lactobacillus species and two strains of Bifidobacterium species.





Methods

Using serum deprived conditions to impair the functionality of immortalized human HaCaT keratinocytes, this study aimed to assess the impact of metabolites derived from the Lab4 probiotic consortium on keratinocyte function.





Results

A significant improvement in HaCaT metabolic activity and lower apoptotic activity was observed in tandem with a reduction in Caspase-3 gene expression and a lower Bax/Bcl2 ratio following the addition of Lab4. The probiotic also supported barrier integrity which was better maintained with a significant increase in Filaggrin gene expression. In damaged keratinocytes, Lab4 enhanced rates of re-epithelialization, which were associated with significantly increased gene expression of MMP-1 and enhanced secretion of IL-6 and IL-8.





Discussion

These results suggest that the Lab4 probiotic consortium may have the ability to benefit the functionality of skin.
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1 Introduction

Skin provides a protective, frontline barrier against environmental agonists such as pathogens, allergens and chemicals. It also plays a role in facilitating permeability and moisture retention. The key structural component of skin that facilitates functionality is the outermost epidermal layer known as the stratum corneum, that is comprised of keratinocytes (Menon et al., 2012). Key functions of keratinocytes are to form a tight barrier and facilitate wound healing (Menon et al., 2012) and loss of function caused by numerous stress factors including aging, the environment and/or nutrient deficiency (poor diet) can lead to increased risk of infection and disease (Woo and Kim, 2024; Ahmed and Mikail, 2024). The HaCaT keratinocyte cell line (Boukamp et al., 1988) is extensively used to study epidermal homeostasis and pathophysiology in vitro (Blanchard et al., 2022).

It is becoming recognized that the gut microbiome - the trillions of micro-organisms residing in the intestinal lumen - contributes to skin health and function via the ‘gut-skin axis’ and alterations in the gut microbiome composition such as a lack of diversity and lower abundance of beneficial bacteria have been linked to a number of skin disorders including atopic dermatitis (Liu et al., 2023), psoriasis (Codoñer et al., 2018) and acne vulgaris (Yan et al., 2018). Oral supplementation with probiotic bacteria - defined as “live microorganisms which when administered in adequate amounts confer a health benefit on the host” (Hill et al., 2014) - has been associated with beneficial skin effects. Strains of Lactobacillus species have shown an ability to reduce symptoms of atopic dermatitis in humans (Rather et al., 2021; Yamamoto et al., 2016), while Bifidobacteria have shown the capability to improve skin barrier integrity in mice (Kim et al., 2022) and ameliorate age-related skin damage in humans (Huuskonen et al., 2022). The underlying mechanisms are not yet understood but it is thought that these effects may be mediated, at least in part, by the translocation of bacterial metabolites from the gut to the skin via the circulatory system (Wilson et al., 2020).

The Lab4 probiotic consortium, comprising Lactobacilli and Bifidobacteria, has been shown to support the viability and function of numerous peripheral cell types in vitro (Michael et al., 2019, Davies et al., 2018; O'Morain et al., 2023), including serum deprived neurons (Webberley et al., 2023), and holistic benefits have been observed in human intervention studies (Mullish et al., 2024, 2023, John et al., 2024; Paduchová et al., 2024; Hepburn et al., 2013; Williams et al., 2009). The ability of Lab4 to support skin health and functionality is yet to be explored.

In this in vitro study, serum deprivation was used to impair the metabolic activity, barrier function and re-epithelialization capability (wound healing) of HaCaT keratinocytes in order to assess the potential of metabolites generated by the Lab4 consortium to support skin functionality during challenged conditions.




2 Materials and methods



2.1 Materials and reagents

All tissue culture and molecular reagents were purchased from ThermoFisher Scientific (Paisley, UK), unless otherwise stated. All microbiological reagents were purchased from Oxoid (Basingstoke, UK), unless otherwise stated.




2.2 HaCaT cell culture

Human derived immortalized HaCaT keratinocyte cells (gifted by Professor Ryan Moseley’s group, Cardiff University, Wales) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin, in a humidified incubator (Heraeus, Hanau, Germany) at 37 ˚C and 5% CO₂. Cells of ~80% confluency were seeded into appropriate tissue culture plates at a density of 7.8 x 104 cells/cm² and incubated for 24 h to reach 100% confluency.




2.3 Preparation of Lab4 conditioned media

The Lab4 probiotic consortium comprises: Lactobacillus acidophilus CUL21 (NCIMB 30156), L. acidophilus CUL60 (NCIMB 30157), Bifidobacterium bifidum CUL20 (NCIMB 30153) and B. animalis subsp. lactis CUL34 (NCIMB 30172). Each strain was grown anaerobically overnight (18 h) at 37 °C in MRS (de Mann Rogosa and Sharpe) broth for CUL21 and CUL60 and MRS supplemented with 0.25 g/L cysteine hydrochloride for CUL20 and CUL34. The viable numbers were determined according to the method of Tracey et al. (2023) and each culture was centrifuged (4000 x g for 10 min), washed in sterile phosphate buffered saline (PBS), re-centrifuged and re-suspended in PBS. The Lab4 probiotic consortium (1 x 108Active Fluorescent Units (AFU)/ml) was constructed from these bacterial suspensions, mixed, centrifuged and the pellet was re-suspended in pre-reduced DMEM and incubated anaerobically (37 °C/18 h) to generate Lab4 conditioned medium (L4CM). There was no increase in bacterial numbers overnight. The L4CM was harvested, pH adjusted to 7.4, supplemented with 100 U/mL penicillin/streptomycin prior to filter sterilization (0.2 μm), aliquoted and stored at -70 °C. The L4CM was inoculated onto confluent HaCaT cells at 0.5 ml L4CM representing 5 x 107 bacterial AFU per 1.9 cm2 of HaCaT cells (representing 1.85 x 105 cells) providing an application rate of probiotic to keratinocyte of ~270:1. For optimization experiments, doses of L4CM were created by mixing with DMEM and are expressed as volume to volume (v/v) dilutions.




2.4 Assessment of HaCaT metabolic activity

Confluent monolayers of HaCaT cells (grown for 24 h post-seeding) were exposed to decreasing levels of serum between 10% (representing ‘healthy’ conditions) to 0% (serum free conditions) and after a 48 h incubation (at 37 °C and 5% CO₂), metabolic activity (considered an indicator of viability) was assessed using the 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Michael et al., 2019). Metabolic activity was expressed as a percentage in relation to the 10% serum control that was designated as 100%.




2.5 Apoptosis/necrosis assay

HaCaT cells were seeded into black sided, clear bottomed 96-well microplates (Greiner, Kremsmünster, Austria) and incubated overnight to allow for adherence (at 37 ˚C and 5% CO₂). Levels of necrosis and apoptosis were measured in the HaCaT cells exposed to experimental conditions (delivered in phenol red-free media to eliminate interference) using the RealTime-Glo™ Annexin V Assay kit (Promega, Wisconsin, USA) in accordance with manufacturer’s instructions (Kupcho et al., 2019). Levels of necrosis are presented as relative fluorescence units (RFU) and levels of apoptosis are expressed as relative luminescence units (RLU).




2.6 Gene expression analysis

Total RNA was isolated from the HaCaT cells using TRIzol™, quantified using a Qubit 2.0 fluorometer and cDNA generated from 1 µg of total RNA using the High Capacity cDNA Reverse Transcription Kit, all carried out in accordance with manufacturer’s instructions. Realtime PCR was performed on 200 ng of cDNA according to Michael et al. (2016) using a QuantStudio™ 5 Real-Time PCR System. Oligonucleotide primer sequences are shown in Supplementary Table S1. Relative gene expression was calculated using 2-(ΔCt1 – ΔCt2), where delta Ct represents the difference between the cycle threshold (Ct) for the target gene (Ct1) and the house keeping gene (β-Actin) (Ct2). Gene expression data were expressed as mean fold changes in comparison to the appropriate experimental controls that have been designated as 1.




2.7 Measurement of barrier integrity using trans epithelial electrical resistance

HaCaT cells were grown to confluency on 0.4 μm pore PET membrane trans-well inserts (Thincert™, Greiner, Kremsmünster, Austria) in 24 well plates. Trans epithelial electrical resistance (TEER) (ohms) was measured using an EVOM2 Epithelial Voltohmeter STX2 chopstick electrode set (World Precision Instruments, Hertfordshire, UK) in accordance with manufacturer’s instruction (Srinivasan et al., 2015). Prior to experimentation, and between technical replicates, the electrode was sterilized by immersion in ethanol and then in sterile DMEM. TEER was calculated as ohms*cm2 after correction for the background reading of a cell free trans-well insert and are presented as percentage change in comparison with the appropriate experimental control that has been designated as 100%.




2.8 Assessment of the impact of L4CM on scratch wounding

Confluent HaCaT monolayers in 24 well plates were scratched using a standard 200 µL pipette tip (method adapted from Vang Mouritzen and Jenssen (2018)), producing a single vertical lesion (approximately 550 μm in width) spanning the diameter of the well for migration assays (section 2.8.1) or 3 vertical and 3 horizontal lesions spanning the well for assessment of IL-6 and IL-8 protein levels (section 2.8.2) and gene expression (section 2.6). After scratching, cells were washed twice with PBS to remove debris before the addition of experimental conditions.



2.8.1 Re-epithelialization assay

Scratches were imaged over 48 h (at 4 X magnification) using a DMi1 Inverted Light Microscope with camera (Leica, Wetzlar, Germany). From the images, the area of the scratch (μm2) was measured using the “Wound healing size tool” plug-in in ImageJ (Suarez-Arnedo et al., 2020). Rates of cell migration or ‘wound healing’ were calculated according to the equation (Jonkman et al., 2014):

	

Here, Vmigration is average velocity of cell movement. The slope value is area of the wound (μm²) over time (h) and l refers to length of the region of interest (1671.82 μm for all images, as calculated by ImageJ). Values were calculated as μm/h and expressed as percentage change relative to the appropriate experimental control that has been designated as 100%.




2.8.2 IL-6 and IL-8 enzyme linked immunosorbent assay

Cell supernatants were collected 4 and 48 h after scratching and centrifuged at 2000 x g for 10 minutes, to remove cell debris. Supernatants were analysed for IL-6 and IL-8 protein concentration using the Human IL-6 SimpleStep Enzyme Linked Immunosorbent Assay (ELISA®) Kit (ab178013) and the Human IL-8 SimpleStep ELISA® Kit (ab214030) (both Abcam, Cambridge, UK) in accordance with manufacturer’s instructions and as outlined in Lin et al. (2024). The remaining cell monolayers were processed for gene expression analysis as per section 2.6.





2.9 Statistical analysis

Normality of data was assessed using the Shapiro-Wilk test and by visual inspection of Q-Q plots to confirm normal distribution. Differences between groups were analysed using an unpaired parametric Student’s t-test (for single comparisons), One-way analysis of variance (ANOVA) with Dunnett’s post hoc testing (for multiple comparisons) or Two-Way ANOVA, followed by Tukey’s post hoc testing (for repeated measure multiple comparisons). Differences were determined to be significant where p≤0.05. All statistical analysis was performed using GraphPad (Prism, Version 10, Boston, USA). All data are presented as the mean ± standard deviation of at least 3 independent experiments, unless otherwise stated.





3 Results



3.1 L4CM preserves metabolic activity in serum deprived HaCaT cells

The metabolic activity of HaCaT cells exposed to decreasing concentrations of serum was assessed and indicated ~50% loss of activity after 48 h of serum-free (SF) conditions in relation to cells incubated with 10% serum (Figure 1A). When SF cells were incubated with varying concentrations of Lab4 conditioned medium (L4CM) for 48 h there was a dose related increase in metabolic activity from 59% in the SF cells to 60% with the addition of a 1:9 dilution of L4CM, 67% (p=0.0007) with a 1:1 dilution of L4CM and 71% (p<0.0001) with neat (undiluted) L4CM (Figure 1B).




Figure 1 | L4CM enhances metabolic activity and reduces apoptotic activity in serum free HaCaT cells. HaCaT cell metabolic activity with (A) decreasing concentrations of serum for up to 48 h. (B) HaCaT cells incubated with 10% (v/v) serum, without serum (serum free, SF) or SF with various dilutions (v/v) of L4CM for 48 h. Data are expressed as percentage in relation to 10% serum treated cells (set to 100%). (C) Necrotic activity in HaCaT cells after 48 h and (D) early apoptotic activity after 4 h of serum free HaCaT cells with or without neat L4CM supplementation. Data are expressed as the mean relative fluorescent units (RFU, for C) or mean relative luminescent units (RLU, for D). Relative gene expression levels of (E) Caspase-3 and (F) BAX/BCL2 in SF HaCaT cells supplemented with or without neat L4CM for 4 h. Data are expressed as fold change in relation to the SF control (set to 1). Values of p were determined using One-Way ANOVA followed by Dunnett’s Post Hoc analysis (for B) or an unpaired two-way Student’s t-test (for C–F) where *p<0.05, ***p<0.001 or ****p<0.0001. Bax, Bcl-2-associated X apoptosis regulator; Bcl-2, B-cell lymphoma 2 gene; Caspase-3, cysteine-aspartic protease 3.



Metabolic activity is commonly used as an indicator of cellular viability and necrotic activity in cells exposed to neat L4CM for 48 h was 12% lower (p=0.0189, Figure 1C) compared to SF cells. For all subsequent experiments, L4CM was applied neat and is referred to as ‘L4CM’ hereafter. Necrosis is preceded by apoptosis and the highest levels of apoptosis were recorded in HaCaT cells after 4 h of serum deprivation (Supplementary Figure S1) when 21% less apoptotic activity was detected with L4CM compared to the SF control (p=0.0301, Figure 1D). The lower apoptotic activity observed at 4 h was associated with lower expression of the pro-apoptotic Caspase-3 gene (0.6-fold change, p<0.0001, Figure 1E) and a lower ratio of apoptotic markers Bax/Bcl-2 (0.57-fold change, p<0.0001, Figure 1F) when compared with SF cells.




3.2 L4CM preserves barrier integrity

Maximum HaCaT TEER was reached after 11 days of incubation as shown in Figure 2A. Subsequently, HaCaT cells were incubated for 11 days and the effect of serum deprivation on the cells was subsequently assessed with and without the addition of L4CM over 3 days (Figure 2B).




Figure 2 | The impact of L4CM on barrier integrity in serum free HaCaT cells. (A) Temporal changes in TEER (ohms*cm2) in HaCaT cells maintained with daily feeding for 16 days. Data represents mean ± SD of 2 independent experiments. (B) Changes in TEER of 11-day old HaCaT cells after exposure to 10% serum or serum free (SF) conditions with or without L4CM for 72 h. Data is expressed as mean percentage change compared to 10% serum (set at 100%). (C) Relative gene expression levels of filaggrin, HAS2, involucrin, occludin, and claudin in SF HaCaT cells with or without exposure to L4CM for 48 h. Data are expressed as a fold change in relation to the SF control (set to 1). Values of p were determined using repeated measures two-way ANOVA with the Geisser-Greenhouse correction and Tukey’s post-hoc (for B) or unpaired parametric students t-test (for C) where *p<0.01, **p<0.01 or ***p<0.001. Filaggrin, filament aggregating protein; HAS2, hyaluronan synthase 2.



The barrier integrity, as measured by the TEER of the SF HaCaT cells, decreased more over time in comparison with cells supplemented with 10% serum with a significant reduction in TEER of 16% observed after day 1 (p=0.0378), 20% after day 2 (p=0.0004) and 23.5% after day 3 (p=0.0036) in comparison. Levels of TEER for the 10% serum control and the L4CM supplemented cells remained similar throughout the 3 days.

The barrier integrity of HaCaT cells was found to be significantly better than that of SF challenged cells with the inclusion of L4CM over the 3 days. The SF cells showed greater deterioration of barrier integrity over time in comparison with cells supplemented with L4CM with a 5.7% decrease in TEER observed after day 1, 24.4% (p=0.0005) after day 2 and 30.2% (p=0.01) after day 3 in comparison.

Assessment of the barrier integrity related genes Filaggrin, HAS2, Involucrin, Occludin and Claudin indicated significantly higher expression levels of Filaggrin (2.44-fold change, p=0.0124, Figure 2C) and HAS2 (1.86-fold change, p=0.0131) in L4CM supplemented cells compared to SF cells after 48 h. Levels of Involucrin, Occludin and Claudin showed no significant differences.




3.3 L4CM improves re-epithelialization

Confluent monolayers of HaCaT cells were damaged by “scratching” and the rate of cell migration to close the denuded area (to achieve re-epithelialization) was monitored over 48 h (Figure 3A). Compared to the 10% serum control, rate of migration in the SF cells was 49.5% lower (p<0.0001, Figure 3B). In L4CM supplemented cells, the rate of migration was 61% higher (p=0.0036, Figure 3B) than seen with the SF cells and was comparable to that measured in the 10% serum control (p=0.0646).




Figure 3 | The impact of L4CM on HaCaT re-epithelialization under in serum free cells. (A) Representative images of scratched HaCaT monolayers incubated with 10% serum, or serum free (SF) conditions with or without L4CM supplementation for 48 h (4X magnification, scale bar = 150 µm). (B) Change in rate of HaCaT cell re-epithelialization in scratched HaCaT cells exposed to 10% serum or SF conditions with or without L4CM for 48 h. Data are expressed as a percentage change in relation to the SF control (set to 100%). (C) Relative gene expression of MMP-1, MMP-9, HAS3 and Ki-67 in scratched SF HaCaT cells with or without a 4 h incubation with L4CM. Data are expressed as fold change compared to SF cells (set to 1). Values of p were determined using an unpaired parametric Student’s t-test where **p<0.01 or ****p<0.0001. MMP-1, matrix metalloproteinase 1; MMP-9, matrix metalloproteinase-9; HAS3, Hyaluronan Synthase 3.



Gene expression analysis 4 h after scratching indicated significantly higher levels of MMP-1 (1.22-fold change, p=0.0089, Figure 3C) and HAS3 (2.1-fold change, p<0.0001) in the L4CM supplemented cells compared to the SF control, but no changes were observed in MMP-9 (p=0.0868). Expression of the proliferation marker Ki-67 was significantly lower (0.66-fold change, p<0.0001) in L4CM cells compared with the SF control.




3.4 L4CM impacts the inflammatory response of scratched HaCaT cells

Protein levels of the secreted inflammatory cytokines IL-6 and IL-8 were assessed 4 h and 48 h after scratching of HaCaT monolayers. Higher concentrations in the L4CM supplemented cells compared with the SF control were observed after 4 h for IL-6 (141 pg/mL vs 25 pg/mL, p<0.0001, Figure 4A) and for IL-8 (193 pg/mL vs 43 pg/mL, p<0.0001, Figure 4B). Concentrations of IL-6 and IL-8 were similar in L4CM and SF groups 48 h after scratching (825 pg/mL vs 840 pg/mL, p=0.9384 for IL-6 (Figure 4C) and 1571 pg/mL vs 2185 pg/mL, p=0.1243 for IL-8 (Figure 4D)).




Figure 4 | L4CM modulates IL-6 and IL-8 protein production in scratched, serum free HaCaT cells. Protein concentration of inflammatory cytokines IL-6 and IL-8 were determined via ELISA after (A, B) a 4 h and (C, D) 48 h incubation following scratching of the cell monolayer and the application of serum free (SF) conditions with or without the supplementation of L4CM. Relative gene expression of IL-6 (E) and IL-8 (F) in scratched SF HaCaT cells incubated for 4 h with or without L4CM. Data are expressed as fold change compared to SF cells (set to 1). Values of p were determined using an unpaired parametric Student’s t-test where **p<0.01 or ****p<0.0001. IL-6, Interleukin 6; IL-8, Interleukin 8.



Gene expression analysis of IL-6 (Figure 4E) and IL-8 (Figure 4F) in scratched HaCaTs showed that exposure to L4CM had no significant impact on expression levels at 4 h, but did reduce expression levels at 48 h of IL-6 (0.85-fold change, p=0.0593) and IL-8 (0.73-fold change, p=0.0062) in comparison with SF cells.





4 Discussion

In HaCaT keratinocytes challenged with serum deprivation, metabolites of the Lab4 probiotic consortium (L4CM) were able to prevent loss of metabolic activity, barrier integrity and enhance rates of re-epithelialization while also modulating the acute inflammatory response to damage. These data highlight the potential of Lab4 to support keratinocyte function and augments the growing body of evidence suggesting that supplementation with probiotics can impact upon skin homeostasis and function via the gut-skin axis (Gao et al., 2023).

The removal of serum from HaCaT cells resulted in clear reductions in metabolic activity and apoptosis in alignment with studies performed elsewhere (Lu et al., 2008; Alexaki et al., 2009). In the presence of L4CM, metabolic activity of the serum deprived cells was significantly increased indicating improvement in cellular viability. The improved metabolic activity changes were associated with reductions in apoptotic and necrotic activities. There were also reductions in the gene expression levels of pro-apoptotic Caspase-3 and the BAX/Bcl2 ratio, which in tandem support the anti-apoptotic activity observed with the probiotic. It has been found that GAPDH derived from Lactobacillus gasseri can reduce keratinocyte apoptosis via interference of the Caspase-3 cascade and this process may contribute to the mechanism of action for the results obtained with L4CM (Chen et al., 2024).

A robust skin barrier is required to protect the host from environmental insults and to minimize water loss from the body. We found that L4CM supported the maintenance of barrier integrity in serum deprived HaCaT cells (measured via TEER) and increased gene expression levels of the barrier related genes, Filaggrin and Hyaluronan-2 (HAS2). Filaggrin contributes to the formation and maintenance of epidermal barrier integrity (Furue, 2020) and HAS2 contributes to the natural turgidity of the skin barrier and low expression of these genes, as observed in aging skin, is associated with compromised barrier function (Rinnerthaler et al., 2013) and decreased elasticity (Terazawa et al., 2015) respectively. Increased expression levels of Filaggrin and HAS2 have also been observed in keratinocytes with other strains of Lactobacilli and Bifidobacteria (Kim et al., 2022; Fusco et al., 2023; Zhu et al., 2024).

In order to maintain a robust skin barrier, the epidermis must be able to regenerate and repair effectively after injury - another capability reduced by serum deprivation. It has already been shown that strains of Lactobacilli and Bifidobacteria can improve re-epithelialization rates in wounded HaCaT monolayers (Lombardi et al., 2019; Brandi et al., 2020) and that probiotic supplementation can enhance skin healing in rats (Tagliari et al., 2022). In this study, the rate of re-epithelialization in serum deprived HaCaT cells was significantly increased in the presence of L4CM and was associated with elevated expression levels of the MMP-1 and HAS-3 genes; MMP-1 encodes for a matrix metalloproteinase enzyme that is vital for matrix remodelling and cleavage of native fibrillar collagens during normal wound resolution (Yeo et al., 2020; Bucekova et al., 2017) and HAS-3 is recognized for its role in the early inflammatory response to injury (Stern et al., 2006).

The wound healing process in skin is orchestrated, at least in part, by inflammatory mediators released by keratinocytes; IL-6 and IL-8 are key pro-inflammatory cytokines produced during the early stages of wound healing and facilitate keratinocyte migration, angiogenesis and recruitment of immune cells such as neutrophils to the wound site (Johnson et al., 2020; Jiang et al., 2012). To explore the impact of L4CM on the inflammatory response to the induced injury the levels of IL-6 and IL-8 secreted by serum deprived HaCaT cells after wounding were measured. Significantly higher levels of IL-6 and IL-8 protein were secreted by cells exposed to L4CM in comparison with the serum free cells within 4 h of wounding suggesting enhancement of the acute inflammatory response. L4CM has been shown to improve the acute immune response of tissue macrophages to both viral and bacterial challenges (Davies et al., 2018). Metabolites generated by Lactiplantibacillus plantarum have been shown to improve wound healing in vitro and in vivo with the latter associated with the upregulation of IL-6 during the early phase of wound healing (Dubey et al., 2021). By 48 h post-wounding the levels of IL-6 and IL-8 protein concentration were found to be similar in both the L4CM and serum free control groups and there were indications of lower expression levels of the IL-6 and IL-8 genes by the L4CM treated cells. Taken together, these data suggest that Lab4 mediated a stronger acute inflammatory response to wounding followed by quicker resolution of wound associated inflammation.

Our study has a number of potential limitations: Firstly, the inflammatory gene markers assessed during the scratch experiments were limited to IL-6 and IL-8 in this study but there are other relevant markers that should be considered for assessment in future work, including other pro-inflammatory cytokines that play a dynamic role in wound healing such as TNF-α (Ritsu et al., 2017), along with growth factors such as TGF-β (Liarte et al., 2020). Secondly, we did not assess the impact of the probiotic in the healthy control HaCaT cells. Finally, the active metabolites generated by Lab4 have not been determined. A recent in silico analysis of the Lab4 genome sequences identified the presence of genes involved in the generation of lactic acid, acetic acid and free amino acids (Baker et al., 2021) that have recognized skin benefits (Lew and Liong, 2013., Takaoka et al., 2019).

Future studies are likely to include work with i) other epidermal cell lines (Allen-Hoffmann et al., 2000; Baden et al., 1987) and ii) 3D skin models/organoids (Lombardi et al., 2024) in order to substantiate our preliminary findings and ultimately iii) an intervention study in human subjects. An area of particular interest is the role that probiotics might play in the prevention of skin aging (Waller and Maibach, 2005; Scioli et al., 2014; Bentov and Reed, 2015; Xiao et al., 2023).

In summary, this exploratory study shows that the conditioned media of the Lab4 probiotic consortium helps maintain metabolic activity and barrier integrity, improves the rate of re-epithelialization, and promotes an early immune response to injury in serum deprived HaCaT keratinocytes and therefore suggest that Lab4 may have the ability to support skin function in vivo.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.





Author contributions

ST: Conceptualization, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. JK-S: Conceptualization, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. SP: Conceptualization, Funding acquisition, Supervision, Writing – review & editing. JB: Methodology, Writing – review & editing. DJ: Software, Writing – review & editing. EL: Investigation, Writing – review & editing. LP: Methodology, Resources, Writing – review & editing. JD: Investigation, Methodology, Supervision, Writing – review & editing. RM: Supervision, Writing – review & editing. DM: Conceptualization, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by Cultech Ltd.




Acknowledgments

We would like to thank Niall Coates and Eleri Hulme for their technical support with flow cytometry.





Conflict of interest

Authors ST, JK-S, DM, DJ, JB, JD and SP were employed by the company Cultech Ltd., Port Talbot, UK.

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors declare that this study received funding from Cultech Ltd. The funder had the following involvement in the study: study design, experimentation, data analysis and interpretation, the writing of this article and the decision to submit for publication.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frmbi.2024.1488650/full#supplementary-material




References

 Ahmed, I. A., and Mikail, M. A. (2024). Diet and skin health: The good and the bad. Nutr; 119, 112350. doi: 10.1016/j.nut.2023.112350

 Alexaki, V. I., Charalampopoulos, I., Panayotopoulou, M., Kampa, M., Gravanis, A., and Castanas, E. (2009). Dehydroepiandrosterone protects human keratinocytes against apoptosis through membrane binding sites. Exp. Cell Res. 13, 2275–2283. doi: 10.1016/j.yexcr.2009.04.006

 Allen-Hoffmann, B. L., Schlosser, S. J., Ivarie, C. A. R., Meisner, L. F., O’Connor, S. L., and Sattler, C. A. (2000). Normal growth and differentiation in a spontaneously immortalized near-diploid human keratinocyte cell line, NIKS, J invest dermatol. J. Invest. Dermatol. 114, 444–455. doi: 10.1046/j.1523-1747.2000.00869.x

 Baden, H. P., Kubilus, J., Kvedar, J. C., Steinberg, M. L., and Wolman, S. R. (1987). Isolation and characterization of a spontaneously arising long-lived line of human keratinocytes (NM 1). In Vitro Cell Dev. Biol. 23, 205–213. doi: 10.1007/BF02623581

 Baker, L. M., Webberley, T. S., Masetti, G., Hughes, T. R., Marchesi, J. R., Jack, A. A., et al. (2021). A genome guided evaluation of the Lab4 probiotic consortium. Genomics. 113, 4028–4038. doi: 10.1016/j.ygeno.2021.08.007

 Bentov, I., and Reed, M. J. (2015). The effect of aging on the cutaneous microvasculature. Microvasc Res. 100, 25–31. doi: 10.1016/j.mvr.2015.04.004

 Blanchard, G., Pich, C., and Hohl, D. (2022). HaCaT cells as a model system to study primary cilia in keratinocytes. Exp. Dermatol. 31, 1276–1280. doi: 10.1111/exd.14626

 Boukamp, P., Petrussevska, R. T., Breitkreutz, D., Hornung, J., Markham, A., and Fusenig, N. E. (1988). Normal keratinization in a spontaneously immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 3, 761–771. doi: 10.1083/jcb.106.3.761

 Brandi, J., Cheri, S., Manfredi, M., Di Carlo, C., Vita Vanella, V., Federici, F., et al. (2020). Exploring the wound healing, anti-inflammatory, anti-pathogenic and proteomic effects of lactic acid bacteria on keratinocytes. Sci. Rep. 10, 11572. doi: 10.1038/s41598-020-68483-4

 Bucekova, M., Sojka, M., Valachova, I., Martinotti, S., Ranzato, E., Szep, Z., et al. (2017). Bee-derived antibacterial peptide, defensin-1, promotes wound re-epithelialisation in vitro and in vivo. Sci. Rep. 7, 7340. doi: 10.1038/s41598-017-07494-0

 Chen, P. C., Hsieh, M. H., Chen, W. L., Hsia, Y. P., Kuo, W. S., Wu, L. S., et al. (2024). Moonlighting glyceraldehyde-3-phosphate dehydrogenase of Lactobacillus gasseri inhibits keratinocyte apoptosis and skin inflammation in experimental atopic dermatitis. Asian Pac J. Allergy Immunol. doi: 10.12932/AP-211123-1733

 Codoñer, F. M., Ramírez-Bosca, A., Climent, E., Carrión-Gutierrez, M., Guerrero, M., Pérez-Orquín, J. M., et al. (2018). Gut microbial composition in patients with psoriasis. Sci. Rep. 8, 3812. doi: 10.1038/s41598-018-22125-y

 Davies, T., Plummer, S., Jack, A., Allen, M., and Michael, D. (2018). Lactobacillus and Bifidobacterium promote antibacterial and antiviral immune response in human macrophages. J. Probiotics Health 6, 195. doi: 10.4172/2329-8901.1000195

 Dubey, A. K., Podia, M., Priyanka Raut, S., Singh, S., Pinnaka, A. K., and Khatri, N. (2021). Insight into the beneficial role of lactiplantibacillus plantarum supernatant against bacterial infections, oxidative stress, and wound healing in A549 cells and BALB/c mice. Front. Pharmacol. 12, 728614. doi: 10.3389/fphar.2021.728614

 Furue, M. (2020). Regulation of filaggrin, loricrin, and involucrin by IL-4, IL-13, IL-17A, IL-22, AHR, and NRF2: pathogenic implications in atopic dermatitis. Int. J. Mol. Sci. 21, 5382. doi: 10.3390/ijms21155382

 Fusco, A., Perfetto, B., Savio, V., Chiaromonte, A., Torelli, G., Donnarumma, G., et al. (2023). Regulatory Ability of Lactiplantibacillus plantarum on Human Skin Health by Counteracting In Vitro Malassezia furfur Effects. J. Fungi (Basel) 9, 1153. doi: 10.3390/jof9121153

 Gao, T., Wang, X., Li, Y., and Ren, F. (2023). The role of probiotics in skin health and related gut-skin axis: A review. Nutrients. 15, 3123. doi: 10.3390/nu15143123

 Hepburn, N. J., Garaiova, I., Williams, E. A., Michael, D. R., and Plummer, S. (2013). Probiotic supplement consumption alters cytokine production from peripheral blood mononuclear cells: a preliminary study using healthy individuals. Benef Microbes 4, 313–317. doi: 10.3920/BM2013.0012

 Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., et al. (2014). Expert consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 11, 506–514. doi: 10.1038/nrgastro.2014.66

 Huuskonen, L., Lyra, A., Lee, E., Ryu, J., Jeong, H., Baek, J., et al. (2022). Effects of Bifidobacterium animalis subsp. lactis Bl-04 on Skin Wrinkles and Dryness: A Randomized, Triple-Blinded, Placebo-Controlled Clinical Trial. Dermato 2, 30–53. doi: 10.3390/dermato2020005

 Jiang, W. G., Sanders, A. J., Ruge, F., and Harding, K. G. (2012). Influence of interleukin-8 (IL-8) and IL-8 receptors on the migration of human keratinocytes, the role of PLC-γ and potential clinical implications. Exp. Ther. Med. 3, 231–236. doi: 10.3892/etm.2011.402

 John, D., Michael, D., Dabcheva, M., Hulme, E., Illanes, J., Webberley, T., et al. (2024). double-blind, randomized, placebo-controlled study assessing the impact of probiotic supplementation on antibiotic induced changes in the gut microbiome. Front. Microbiomes 3, 1359580. doi: 10.3389/frmbi.2024.1359580

 Johnson, B. Z., Stevenson, A. W., Prêle, C. M., Fear, M. W., and Wood, F. M. (2020). The role of IL-6 in skin fibrosis and cutaneous wound healing. Biomedicines. 8, 101. doi: 10.3390/biomedicines8050101

 Jonkman, J. E., Cathcart, J. A., Xu, F., Bartolini, M. E., Amon, J. E., Stevens, K. M., et al. (2014). An introduction to the wound healing assay using live-cell microscopy. Cell Adh Migr. 8, 440–451. doi: 10.4161/cam.36224

 Kim, S., Han, S. Y., Lee, J., Kim, N. R., Lee, B. R., Kim, H., et al. (2022). Bifidobacterium longum and galactooligosaccharide improve skin barrier dysfunction and atopic dermatitis-like skin. Allergy Asthma Immunol. Res. 14, 549–564. doi: 10.4168/aair.2022.14.5.549

 Kupcho, K., Shultz, J., Hurst, R., Hartnett, J., Zhou, W., Machleidt, T., et al. (2019). A real-time, bioluminescent annexin V assay for the assessment of apoptosis. Apoptosis 1-2, 184–197. doi: 10.1007/s10495-018-1502-7

 Lew, L. C., and Liong, M. T. (2013). Bioactives from probiotics for Dermal Health: Functions and benefits. J. Appl. Microbiol. 114, 1241–1253. doi: 10.1111/jam.12137

 Liarte, S., Bernabé-García, Á., and Nicolás, F. J. (2020). Role of TGF-β in skin chronic wounds: A keratinocyte perspective. Cells. 9, 306. doi: 10.3390/cells9020306

 Lin, Q., Cai, B., Ke, R., Chen, L., Ni, X., Liu, H., et al. (2024). Integrative bioinformatics and experimental validation of hub genetic markers in acne vulgaris: Toward personalized diagnostic and therapeutic strategies. J. Cosmet Dermatol. 5, 1777–1799. doi: 10.1111/jocd.16152

 Liu, X., Xu, J., Wang, Z., Xu, X., Wen, H., Su, H., et al. (2023). Differential changes in the gut microbiota between extrinsic and intrinsic atopic dermatitis. J. Autoimmun. 141, 103096. doi: 10.1016/j.jaut.2023.103096

 Lombardi, F., Augello, F. R., Ciafarone, A., Ciummo, V., Altamura, S., Cinque, B., et al. (2024). 3D models currently proposed to investigate human skin aging and explore preventive and reparative approaches: A descriptive review. Biomolecules. 14, 1066. doi: 10.3390/biom14091066

 Lombardi, F., Palumbo, P., Mattei, A., Augello, F. R., Cifone, M. G., Giuliani, M., et al. (2019). Soluble fraction from lysates of selected probiotic strains differently influences re-epithelialization of haCaT scratched monolayer through a mechanism involving nitric oxide synthase 2. Biomolecules. 9, 756. doi: 10.3390/biom9120756

 Lu, C., Shi, Y., Wang, Z., Song, Z., Zhu, M., Cai, Q., et al. (2008). Serum starvation induces H2AX phosphorylation to regulate apoptosis via p38 MAPK pathway. FEBS Lett. 18, 2703–2708. doi: 10.1016/j.febslet.2008.06.051

 Menon, G. K., Cleary, G. W., and Lane, M. E. (2012). The structure and function of the stratum corneum. Int. J. Pharm. 435, 3–9. doi: 10.1016/j.ijpharm.2012.06.005

 Michael, D. R., Davies, T. S., Loxley, K. E., Allen, M. D., Good, M. A., Hughes, T. R., et al. (2019). In vitro neuroprotective activities of two distinct probiotic consortia. Benef Microbes 10, 437–447. doi: 10.3920/BM2018.0105

 Michael, D. R., Moss, J. W. E., Lama Calvente, D., Garaiova, I., Plummer, S. F., and Ramji, D. P. (2016). Lactobacillus plantarum CUL66 can impact cholesterol homeostasis in Caco-2 enterocytes. Beneficial Microbes 7, 443–451. doi: 10.3920/BM2015.0146

 Mullish, B. H., Michael, D. R., Dabcheva, M., Webberley, T. S., Coates, N., John, D. A., et al. (2024). double-blind, randomized, placebo-controlled study assessing the impact of probiotic supplementation on the symptoms of irritable bowel syndrome in females. Neurogastroenterol Motil. 36, e14751. doi: 10.1111/nmo.14751

 Mullish, B. H., Michael, D. R., Webberley, T. S., John, D., Ramanathan, G., Plummer, S. F., et al. (2023). The gastrointestinal status of healthy adults: a post hoc assessment of the impact of three distinct probiotics. Benef Microbes 14, 183–195. doi: 10.3920/BM2022.0092

 O'Morain, V. L., Chen, J., Plummer, S. F., Michael, D. R., and Ramji, D. P. (2023). Anti-atherogenic actions of the lab4b consortium of probiotics. In Vitro. Int. J. Mol. Sci. 24, 3639. doi: 10.3390/ijms24043639

 Paduchová, Z., Nagyová, Z., Wang, D., and Muchová, J. (2024). The impact of probiotics and vitamin C on the prevention of upper respiratory tract symptoms in two preschool children cohorts. Nutr. Res. Pract. 18, 98–109. doi: 10.4162/nrp.2024.18.1.98

 Rather, I. A., Kim, B. C., Lew, L. C., Cha, S. K., Lee, J. H., Nam, G. J., et al. (2021). Oral Administration of Live and Dead Cells of Lactobacillus sakei proBio65 Alleviated Atopic Dermatitis in Children and Adolescents: a Randomized, Double-Blind, and Placebo-Controlled Study. Probiotics Antimicrob. Proteins. 13, 315–326. doi: 10.1007/s12602-020-09654-7

 Rinnerthaler, M., Duschl, J., Steinbacher, P., Salzmann, M., Bischof, J., Schuller, M., et al. (2013). Age-related changes in the composition of the cornified envelope in human skin. Exp. Dermatol. 22, 329–335. doi: 10.1111/exd.2013.22.issue-5

 Ritsu, M., Kawakami, K., Kanno, E., Tanno, H., Ishii, K., Imai, Y., et al. (2017). Critical role of tumor necrosis factor-α in the early process of wound healing in skin. J. Dermatol. Dermatologic Surgery. 21, 14–19. doi: 10.1016/j.jdds.2016.09.001

 Scioli, M. G., Bielli, A., Arcuri, G., Ferlosio, A., and Orlandi, A. (2014). Ageing and microvasculature. Vasc. Cell. 6, 19. doi: 10.1186/2045-824X-6-19

 Srinivasan, B., Kolli, A. R., Esch., M. B., Abaci, H. E., Shuler, M. L., and Hickman, J. J. (2015). TEER measurement techniques for in vitro barrier model systems. J. Lab. Autom. 2, 107–126. doi: 10.1177/2211068214561025

 Stern, R., Asari, A. A., and Sugahara, K. N. (2006). Hyaluronan fragments: an information-rich system. Eur. J. Cell Biol. 85, 699–715. doi: 10.1016/j.ejcb.2006.05.009

 Suarez-Arnedo, A., Torres Figueroa, F., Clavijo, C., Arbeláez, P., Cruz, J. C., and Muñoz-Camargo, C. (2020). An image J plugin for the high throughput image analysis of in vitro scratch wound healing assays. PLoS One 15, e0232565. doi: 10.1371/journal.pone.0232565

 Tagliari, E., Campos, L. F., Casagrande, T. A. C., Fuchs, T., de Noronha, L., and Campos, A. C. L. (2022). Effects of oral probiotics administration on the expression of transforming growth factor β and the proinflammatory cytokines interleukin 6, interleukin 17, and tumor necrosis factor α in skin wounds in rats. JPEN J. Parenter Enteral Nutr. 46, 721–729. doi: 10.1002/jpen.v46.3

 Takaoka, M., Okumura, S., Seki, T., and Ohtani, M. (2019). Effect of amino-acid intake on physical conditions and skin state: a randomized, double-blind, placebo-controlled, crossover trial. J. Clin. Biochem. Nutr. 65, 52–58. doi: 10.3164/jcbn.18-108

 Terazawa, S., Nakajima, H., Tobita, K., and Imokawa, G. (2015). The decreased secretion of hyaluronan by older human fibroblasts under physiological conditions is mainly associated with the down-regulated expression of hyaluronan synthases but not with the expression levels of hyaluronidases. Cytotechnology. 67, 609–620. doi: 10.1007/s10616-014-9707-2

 Tracey, H., Coates, N., Hulme, E., John, D., Michael, D. R., and Plummer, S. F. (2023). Insights into the enumeration of mixtures of probiotic bacteria by flow cytometry. BMC Microbiol. 23, 48. doi: 10.1186/s12866-023-02792-2

 Vang Mouritzen, M., and Jenssen, H. (2018). Optimized scratch assay for in vitro testing of cell migration with an automated optical camera. J. Vis. Exp. 138, 57691. doi: 10.3791/57691

 Waller, J. M., and Maibach, H. I. (2005). Age and skin structure and function, a quantitative approach (I): blood flow, pH, thickness, and ultrasound echogenicity. Skin Res. Technol. 11, 221–235. doi: 10.1111/j.0909-725X.2005.00151.x

 Webberley, T. S., Bevan, R. J., Kerry-Smith, J., Dally, J., Michael, D. R., Thomas, S., et al. (2023). Assessment of lab4P probiotic effects on cognition in 3xTg-AD alzheimer's disease model mice and the SH-SY5Y neuronal cell line. Int. J. Mol. Sci. 24, 4683. doi: 10.3390/ijms24054683

 Williams, E. A., Stimpson, J., Wang, D., Plummer, S., Garaiova, I., Barker, M. E., et al. (2009). Clinical trial: a multistrain probiotic preparation significantly reduces symptoms of irritable bowel syndrome in a double-blind placebo-controlled study. Aliment Pharmacol. Ther. 29, 97–103. doi: 10.1111/j.1365-2036.2008.03848.x

 Wilson, A. S., Koller, K. R., Ramaboli, M. C., Nesengani, L. T., Ocvirk, S., Chen, C., et al. (2020). Diet and the human gut microbiome: an international review. Dig Dis. Sci. 65, 723–740. doi: 10.1007/s10620-020-06112-w

 Woo, Y. R., and Kim, H. S. (2024). Interaction between the microbiota and the skin barrier in Aging skin: A comprehensive review. Front. Physiol. 15, 1322205. doi: 10.3389/fphys.2024.1322205

 Xiao, P., Zhang, Y., Zeng, Y., Yang, D., Mo, J., Zheng, Z., et al. (2023). Impaired angiogenesis in ageing: the central role of the extracellular matrix. J. Transl. Med. 21, 457. doi: 10.1186/s12967-023-04315-z

 Yamamoto, K., Yokoyama, K., Matsukawa, T., Kato, S., Kato, S., Yamada, K., et al. (2016). Efficacy of prolonged ingestion of Lactobacillus acidophilus L-92 in adult patients with atopic dermatitis. J. Dairy Sci. 99, 5039–5046. doi: 10.3168/jds.2015-10605

 Yan, H. M., Zhao, H. J., Guo, D. Y., Zhu, P. Q., Zhang, C. L., and Jiang, W. (2018). Gut microbiota alterations in moderate to severe acne vulgaris patients. J. Dermatol. 45, 1166–1171. doi: 10.1111/jde.2018.45.issue-10

 Yeo, H., Lee, J. Y., Kim, J., Ahn, S. S., Jeong, J. Y., Choi, J. H., et al. (2020). Transcription factor EGR-1 transactivates the MMP1 gene promoter in response to TNFα in HaCaT keratinocytes. BMB Rep. 53, 323–328. doi: 10.5483/BMBRep.2020.53.6.290

 Zhu, X., Tian, X., Wang, M., Li, Y., Yang, S., and Kong, J. (2024). Protective effect of Bifidobacterium animalis CGMCC25262 on HaCaT keratinocytes. Int. Microbiol. 27, 1417-1428. doi: 10.1007/s10123-024-00485-y




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Thomas, Kerry-Smith, Plummer, Bate, John, Lawrence, Powell, Dally, Moseley and Michael. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/frmbi.2024.1488650_cover.jpg
& frontiers | Frontiers in Microbiomes

The ability of the Lab4 probiotic consortium
to impact upon the functionality of serum
deprived human keratinocytes in vitro





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The ability of the Lab4 probiotic consortium to impact upon the functionality of serum deprived human keratinocytes in vitro

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Materials and reagents

          



          		

            2.2 HaCaT cell culture

          



          		

            2.3 Preparation of Lab4 conditioned media

          



          		

            2.4 Assessment of HaCaT metabolic activity

          



          		

            2.5 Apoptosis/necrosis assay

          



          		

            2.6 Gene expression analysis

          



          		

            2.7 Measurement of barrier integrity using trans epithelial electrical resistance

          



          		

            2.8 Assessment of the impact of L4CM on scratch wounding

          

            		

              2.8.1 Re-epithelialization assay

            



            		

              2.8.2 IL-6 and IL-8 enzyme linked immunosorbent assay

            



          



          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 L4CM preserves metabolic activity in serum deprived HaCaT cells

          



          		

            3.2 L4CM preserves barrier integrity

          



          		

            3.3 L4CM improves re-epithelialization

          



          		

            3.4 L4CM impacts the inflammatory response of scratched HaCaT cells

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/frmbi-03-1488650-g003.jpg
Sq4

%01

*kk%k

*kk¥k

™ N -

* %k

uoissaldxg yNyw
9Alje|9Yy

*k kxk Xk

o o
o o
N -—

300

(%) uoneibi jo ajey
ul abueyn abejuaaiad

MMP-9 HAS3 Ki67

MMP-1

1 10% FBS

B SF

Bl SF +L4CM





OEBPS/Images/frmbi-03-1488650-g001.jpg
%k %k %k %k

1:9 1:1 Neat

*
. 4 X
*
*
* ] il
*
(=] (=] (=] (=] o n o n o
b4 S S =4 i b P o
+ o n o n
N - - y ¥ Je oljey uoissaidxgy
ES 4y ¥ 38 (N7d) £A31Anoy ooydody VNYW Z109/XV9g @A13e|9Yy
o o o o (=] = W
N = © © S 57
0=
U 8v 1e (%) Mianoy <2
o
_ 2liogejsy senjje) 2 —_
o = (] w

0 (SF)
Bl SF +L4CM

B sF

0.5
*
Fekedkk

= S s °© o 0 o
(=] o (=] - - o o

2 3 S 3 Y ¥ Je uoissaidxg yNyw
< (7] - H

< y 8¥ 3e (N4¥) ANAROY d130109N gdse) aaneey

£

=

o — —

n o w





OEBPS/Images/frmbi-03-1488650-g004.jpg
3k 3k 3k %k

300

300

(=) o
(=) o
N Ll

4 v ye (quybd)
uoiljeJjusduod g-1i|

Xk %k %k %k

o [=}
o o
N -

Y ¥ e (qwy/6d)
uoljeljuad’uo) 9-7|

SF + L4CM

SF

SF SF +L4CM

(%)

4000

1500

3000
2000
000

-~

u g e (qw/6d
uoljeJjuaduo) g-1|

(=) o
(=) o
m n
Y g 1e (qwybd)
uoljeljuasuod 9-|

SF SF +L4CM

SF SF +L4CM

e
o

S
o

—

L

! S 0
- -~ o

uoissaldxy yYNYwW
871 @Ale|9Yy

w9 W
- - o

uoissaidxg yNyw
9] 9AREI9Y

48 h

4h

48 h

4h

Il SF

Bl SF +L4CM





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Microbiomes





OEBPS/Images/frmbi-03-1488650-g002.jpg
4

]

=

-]

S

= mn

2w 5
ol o

> ®© Q

w 2 o

l e £
£ =

° =

w

-

-

o~

1

0

e 8 8 8 B & 8RR 8 & °
< ~ N T - - -
ANEO«WESOV EEIR Ao\ov N EETRI
abueys abejuaaiad
p— —

1 10% FBS

I SF

Il SF + L4CM

n -
uoissaidxg

VNYW aAie|ay

Claudin

Involucrin  Occludin

HAS2

Filaggrin





OEBPS/Images/M1.jpg





