
Frontiers in Cellular and Infection Microbiolo

Edited by:
Sarah Lebeer,

University of Antwerp, Belgium

Reviewed by:
Zhi Liu,

Huazhong University of Science and
Technology, China

Zhong-Ji Qian,
Guangdong Ocean University, China

*Correspondence:
Qingping Wu

wuqp203@163.com
Yu Ding

dingyu@jnu.edu.cn

†These authors have contributed
equally to this work and share

first authorship

Specialty section:
This article was submitted to

Microbiome in Health and Disease,
a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 17 December 2021
Accepted: 17 March 2022
Published: 29 April 2022

Citation:
Chen H, Li Y, Xie X, Chen M,
Xue L, Wang J, Ye Q, Wu S,

Yang R, Zhao H, Zhang J, Ding Y
and Wu Q (2022) Exploration
of the Molecular Mechanisms

Underlying the Anti-Photoaging Effect
of Limosilactobacillus fermentum XJC60.
Front. Cell. Infect. Microbiol. 12:838060.

doi: 10.3389/fcimb.2022.838060

ORIGINAL RESEARCH
published: 29 April 2022

doi: 10.3389/fcimb.2022.838060
Exploration of the Molecular
Mechanisms Underlying the
Anti-Photoaging Effect of
Limosilactobacillus fermentum XJC60
Huizhen Chen12†, Ying Li2†, Xinqiang Xie2†, Moutong Chen2, Liang Xue2, Juan Wang2,
Qinghua Ye2, Shi Wu2, Runshi Yang2, Hui Zhao2, Jumei Zhang2, Yu Ding2,3*
and Qingping Wu2*

1 School of Biology and Biological Engineering, South China University of Technology, Guangzhou, China, 2 Guangdong
Provincial Key Laboratory of Microbial Safety and Health, State Key Laboratory of Applied Microbiology Southern China, Key
Laboratory of Agricultural Microbiomics and Precision Application, Ministry of Agriculture and Rural Affairs, Institute of
Microbiology, Guangdong Academy of Sciences, Guangzhou, China, 3 Department of Food Science and Technology,
Institute of Food Safety and Nutrition, Jinan University, Guangzhou, China

Although lactic acid bacteria (LAB) were shown to be effective for preventing photoaging,
the underlying molecular mechanisms have not been fully elucidated. Accordingly, we
examined the anti-photoaging potential of 206 LAB isolates and discovered 32 strains with
protective activities against UV-induced injury. All of these 32 LABs exhibited high levels of
2,2-diphenyl-picrylhydrazyl, as well as hydroxyl free radical scavenging ability (46.89–
85.13% and 44.29–95.97%, respectively). Genome mining and metabonomic verification
of the most effective strain, Limosilactobacillus fermentum XJC60, revealed that the anti-
photoaging metabolite of LAB was nicotinamide (NAM; 18.50 mg/L in the cell-free serum of
XJC60). Further analysis revealed that LAB-derived NAM could reduce reactive oxygen
species levels by 70%, stabilize the mitochondrial membrane potential, and increase the
NAD+/NADH ratio in UV-injured skin cells. Furthermore, LAB-derived NAM downregulated
the transcript levels of matrix metalloproteinase (MMP)-1, MMP-3, interleukin (IL)-1b, IL-6,
and IL-8 in skin cells. In vivo, XJC60 relieved imflammation and protected skin collagen fiber
integrity in UV-injured Guinea pigs. Overall, our findings elucidate that LAB-derived NAM
might protect skin from photoaging by stabilizing mitochondrial function, establishing a
therotical foundation for the use of probiotics in the maintenance of skin health.

Keywords: Limosilactobacillus fermentum, skin, anti-photoaging, nicotinamide, pan-genome analysis, UV
1 INTRODUCTION

Skin aging accompanies aging in humans, manifesting as roughness, sagging, fine lines, insufficient
sweating, and increased sensitivity of the skin to changes in temperature (Giangreco et al., 2008).
Both internal and external factors promote skin aging, and exposure to ultraviolet (UV) rays is one
of the most common and preventable external factors affecting skin aging (Kammeyer and Luiten,
2015). Skin aging caused by UV exposure, also called photoaging, contributes to more than 80% of
gy | www.frontiersin.org April 2022 | Volume 12 | Article 8380601
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facial aging (Friedman, 2005; Han et al., 2014; Cavinato and Jansen-
Dürr, 2017). Photoaging not only causes the edeterioration of
appearance but also leads to skin barrier dysfunction and even
cancer (Vicentini et al., 2011). Therefore, appropriate methods for
preventing photoaging are urgently needed.

After exposure to UV radiation, the amorphous elastic fibers
in the skin tissue exhibit excessive accumulation, whereas the
collagen fibers appear to be abnormally broken and structurally
disordered, gradually forming wrinkles in the skin (Varani et al.,
2004; Watson et al., 2014). Moreover, when skin cells are exposed
to excessive UV radiation, reactive oxygen species (ROS) can
accumulate in the cells, leading to damage to skin cells and the
extracellular matrix surrounding the cells (Morita, 2007;
Giangreco et al., 2008). The pathophysiological mechanisms of
photoaging are mainly related to ROS-induced damage,
including activation of the mitogen-activated protein kinase
signaling pathway and the phosphatidylinositol 3-kinase and
nuclear factor-kB pathways and reductions in matrix
metalloproteinase (MMP) synthesis and collagen production,
ultimately promoting skin aging (Kammeyer and Luiten, 2015).

Skin health is not only related to skin cells but also profoundly
influenced by the skin microbiome (Findley and Grice, 2014;
Ladizinski et al., 2014), which is composed of millions of bacteria,
fungi, and viruses. Similar to gut microbes, skin microbes play
important roles in the defense against invasive pathogens,
induction of immune responses, and decomposition of waste
products (Scharschmidt and Fischbach, 2013; Grice, 2015;
Ladizinski et al., 2014). Thus, microbiome treatment might be a
novel solution for prevention of skin photoaging (Patra et al.,
2020). Certain bacterial strains have major effects on improving
skin conditions and preventing photoaging. For example,
Lactobacillus plantarum HY7714 reduces skin collagen loss by
affecting the activator protein-1 signaling pathway in skin cells
(Kim et al., 2014; Lee et al., 2015). Further studies have suggested
that the antiphotoaging mechanisms of Lacticaseibacillus
rhamnosus GG (ATCC 53103, LGG) and Lacticaseibacillus casei
strain Shirota might be related to their antioxidant properties (Yau
et al., 2020; Mai et al., 2021). Taken together, these studies have
demonstrated the great potential of microbiome treatment for the
alleviation of photoaging in the skin. However, the exact
metabolites of probiotic strains and the molecular mechanisms
through which skin microbes affect photoaging have not been fully
elucidated, and the applications of microbiome treatments remain
limited. Herein, we explored the molecular mechanisms through
which lactic acid bacteria (LAB) exert antiphotoaging effects to
provide a theoretical basis for the application of probiotics in skin
health care.
2 MATERIALS AND METHODS

2.1 Screening of LABs With Anti-
Photoaging Activity Against UVB
2.1.1 Bacterial Isolation and Phylogenetic Analysis
We isolated 186 LAB strains from fermented foods and animal
feces collected in the Xinjiang Uygur Autonomous Region and
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16 LAB strains from the feces of healthy centenarians in
Guangdong, China using the methods described by Zeng
(Zeng et al., 2020). In addition, four standard strains
(ATCC53103, ATCC7469, ATCC393, ATCC14917) were
investigated as controls. Studies have demonstrated the
antioxidant properties of these four strains, and they were
applied to improve various diseases (Lin et al., 2009; Zahran
et al., 2017; Mantzourani et al., 2018; Xu et al., 2018; Liu
et al., 2021).

Genomic DNA from all LAB was extracted using a genomic
DNA extraction kit (Magen Biotech, Guangzhou, Guangdong,
China). LAB species were identified by an evaluation of 16S
rRNA gene sequences. The 16S rRNA gene was amplified using
universal primers (27F, 5′-AGAGTTTGATCCTGGCTCAG-3′;
1492R, 5′-ACGGCTACCTTGTTACGACTT-3′), as described
by Garrity (Garrity, 2016). The polymerase chain reaction
products were sent to GENEWIZ (Suzhou, China) for Sanger
sequencing, and the results were compared with reference
sequences from GenBank (http://www.ncbi.nlm.nih.gov/
BLAST) to confirm the LAB taxonomy.

2.1.2 Cell Culture
HaCaT primary human keratinocytes were obtained from Dr.
Chen (First Affiliated Hospital of Sun Yat-sen University) and
maintained at 37°C in a 5% CO2 incubator (ThermoFisher
Scientific, Waltham, MA, USA) in complete medium
con ta in ing Du lb ec co ’ s mod ifi ed Eag l e ’ s med ium
(ThermoFisher Scientific) with 10% (v/v) fetal bovine serum
(Gibco, NY, USA) and antibiotics-antimycotic (100 U penicillin,
100 mg/mL streptomycin, and 0.25 mg/mL amphotericin B;
HyClone, UT, USA).

2.1.3 Minimum Nontoxic Dilution (MNTD) Preparation
All LAB were grown in de Man Rogosa Sharpe (MRS) broth
(HuanKai Microbial, Guangzhou, Guangdong, China) at 37°C
for 48 h in an anaerobic workstation (Don Whitley Scientific, W
Yorkshire, UK). The cells were pelleted by centrifugation at
10,000 × g at 4°C for 10 min, and supernatants were collected
using 0.22 mm microfilters (HuanKai Microbial). Cell-free
supernatants (CFSs) and uninoculated MRS broth controls
were adjusted to pH 7.35–7.45 using sodium hydroxide
(Sigma-Aldrich, St. Louis, MO, USA) and stored at −80°C until
use. The cytotoxicity of the pH-adjusted CFS samples was
assessed using Cell Counting Kit-8 (CCK-8) assays (GLPBIO,
Montclair, CA, USA) according to the manufacturer’s
instructions. Five-fold dilutions of CFSs were generated, and
the cytotoxicity of each CFS was re-evaluated if HaCaT cell
viability failed to remain at 100% after 24 h of incubation with
10% CFSs in complete cell medium. The CFSs with the lowest
toxicity were defined as the MNTDs.

2.1.4 UVB Exposure in HaCaT Cells
HaCaT cells were seeded in 96-well plates at a density of 1 × 105

cells/well and grown for 24 h to reach 80% confluency. After
replacing cell supernatants with 100 mL phosphate-buffered
saline, HaCaT cells were exposed to UVB at 18 mJ/cm2 for 5
min using a UVB-313EL light tube (ANTOINE, Guangzhou,
April 2022 | Volume 12 | Article 838060
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Guangdong, China). The supernatants were changed to 100 mL
complete cell medium after UV radiation for subsequent studies.

2.1.5 High-Throughput Assay to Screen
for the Anti-UVB Potential of MNTDs
The viability of HaCaT cells treated with MNTDs of LAB at 24 h
after UVB exposure was examined to screen for the
antiphotoaging potential of LAB. Briefly, the viability of UVB-
exposed cells was tested after incubation for 24 h with 10%
MNTDs in complete cell medium using a CCK-8 kit (GLPBIO).
pH-adjusted MRS-treated cell suspensions were used as a
positive control, and complete cell medium was used as a
negative control. Absorbance at 450 nm was then quantified
with a microplate reader (Biotek, Winooski, VT, USA).
2.2 Evaluation of Antioxidant
Effects of LABs
2.2.1 Free Radical Scavenging Ability
Because antioxidant ability can be the main reason for the
antiphotoaging effects of LAB (Han et al., 2014), we evaluated
the 2,2-diphenyl-picrylhydrazyl (DPPH) and hydroxyl radical-
scavenging activities of the MNTDs for 206 LAB strains. The
method of Shimada was used to assess the DPPH free radical-
scavenging ability of the MNTDs of different LAB. Briefly, 100
mL MNTDs was added to 100 mL of 0.2 mM methanolic solution
of DPPH (Yuanye Biology, Shanghai, China) and incubated in
the dark at room temperature for 30 min. The absorbance of the
resulting solution was measured at 517 nm with a microplate
reader (Biotek). Distilled water was used as a control in the test.
The DPPH free radical-scavenging activity was calculated using
the following formula.

DPPH radical scavenging capability( % )

=
AC − AS

AC
� 100   (1)

In this formula, As is the absorbance value of MNTDs, and Ac

is the absorbance value of the control.
The scavenging ability of hydroxyl radicals was determined

using the method described by Liu (Liu et al., 2009). A mixture of
30 mL of 0.75 mM 1,10-phenanthroline (MACKLIN, Shanghai,
China), 30 mL of 0.75 mM FeSO4 (Chemical Reagent,
Guangzhou, Guangdong, China), 30 mL of 0.01% (v/v) H2O2,
60 mL of 0.2 M (pH 7.4) sodium phosphate buffer, and 30 mL
MNTDs was incubated at 37°C for 60 min, and the absorbance of
the mixture was measured at 536 nm with a microplate reader
(Biotek).

Hydroxyl radical scavenging activity ( % )

=
AS − AC

A0 − AC
� 100   (2)

In this formula, A0 is the absorbance of deionized water
instead of H2O2, AS is the absorbance value of CFS, and AC is the
absorbance without CFS.
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2.2.2 ROS Generation Assay
Intracellular ROS levels were measured using a Reactive Oxygen
Species Assay Kit (Beyotime Biotechnology, Shanghai, China).
Briefly, the cells were seeded in 6-well plates and exposed to UV
radiation as described. The cells were then treated with 10%
MNTDs from different LAB. Following treatment, the cells were
incubated with DCFH-DA for 20 min at 37°C in the dark, and
fluorescence was measured using a BD FACSCanto II Flow
Cytometer (BD Biosciences, San Jose, CA, USA). pH-adjusted
MRS-treated cell suspensions were chosen as the negative
control. Fluorescence images were acquired using a
CYTATION 5 Imager Reader (Biotek).

2.3 Genomic Mining of the Anti-
Photoaging Metabolites of LABs
2.3.1 Genomic DNA Library Preparation
Genomic DNA libraries were constructed using AMT Rapid
DNA-Seq Kits for Illumina (CISTRO, Guangzhou, Guangdong,
China), with fragmentation, end-repair, adaptor ligation with
Illumina adapters, size selection with beads, and library DNA
amplification; all methods were performed according to the
manufacturer’s instructions. The libraries were assessed using
an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA) and a Qubit 3.0 fluorometer (Invitrogen, Carlsbad,
CA, USA). DNA sequencing was performed on an Illumina
Nextseq 550 platform (Illumina, San Diego, CA, USA) with a
High Output v2.5 kit (Illumina). Long reads of microbial
genomic DNA libraries were prepared using a Rapid Barcoding
Sequencing Kit (Nanopore, Oxford, UK) and sequenced on a
Nanopore MinION platform with R9.4.1 flow cells (Nanopore).

Low-quality reads from Illumina sequencing were filtered out
using Trimmomatic software (v0.39) (Bolger et al., 2014). Low-
quality and short reads from Nanopore sequencing were filtered
using Filtlong software (v0.2.0; https://github.com/rrwick/
Filtlong). The filtered Illumina and Nanopore reads were
aligned into de novo assembled contigs using Unicycler
software (v0.4.8) (Nurk et al., 2013).

2.3.2 Genome Annotations and Comparative
Genomics Analysis
Pan-genome analysis was performed on the Prokka output using
Roary (v3.11.2) with a BLASTP identity cut-off of 95% (Page
et al., 2015). The LAB strain core-genome was produced using
Harvest software (v1.1.2), with ATCC 14931 as the reference
genome (Treangen et al., 2014). Following core-genome
alignment, Gubbins was used for recombination analysis and
the removal of putative recombined regions (Croucher
et al., 2015).

2.3.3 Nicotinamide Quantitation
A Shimadzu high-performance liquid chromatography (HPLC)
system (Shimadzu, Tokyo, Japan), equipped with an LC-20A UV
detector (Shimadzu), was used with a COCOSMOSIL 5C18-
PAQ column (5 mm, 4.6 mm × 250 mm) for the separation of
compounds. The temperature of the column compartment was
maintained at 30°C throughout the analysis. The wavelength of
April 2022 | Volume 12 | Article 838060
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detection was 254 nm, and the injection volume was 20 mL. All
chromatographic assays were performed with a flow rate of 1
mL/min, and 25 mM potassium dihydrogen phosphate buffer
was used as the mobile phase. The method was validated by
checking the accuracy, precision, linearity, limit of detection,
limit of quantitation, and specificity prior to sample analysis.

2.4 Study of the Anti-Photoaging
Mechanism of L. fermentum XJC60
and Nicotinamide
2.4.1 Measurement of Mitochondrial Membrane
Potential
Intracellular mitochondria membrane potential levels were
measured using a Mitochondria Membrane Potential Kit
(Sigma-Aldrich). Briefly, the cells were collected from the
plates and incubated with 500 µL JC-10 Dye Loading Solution
for 15 min at 37°C in the dark. Fluorescence was measured using
a BD FACSCanto II Flow Cytometer (BD Biosciences). pH-
adjusted MRS-treated cell suspensions were used as the
negative control.

2.4.2 Analysis of NAD+/NADH Levels
After treatment of HaCaT cells (1 × 106 cells/sample), cells were
collected, and intracellular NAD+ levels were determined using
an NAD+/NADH assay kit with WST-8 (Beyotime
Biotechnology). Briefly, cells were lysed with 200 mL cold lysis
buffer. To measure total NAD+ and NADH concentrations, 20
mL of cell lysate was added to each well of a 96-well plate. To
measure NADH levels, lysed cell suspensions were incubated at
60°C for 30 min, and 20 mL was then added to each well of a 96-
well plate. Subsequently, 90 mL alcohol dehydrogenase was added
to each well, and the plates were incubated at 37°C for 10 min.
Finally, 10 mL chromogenic solution was added, and the mixture
was incubated at 37°C for 30 min. A standard curve was
generated and measured at the same time as the samples. The
absorbance values were measured at 450 nm and analyzed on a
microplate reader (Biotek). The amount of NAD+ was derived by
subtracting NADH from total NAD+/NADH. pH-adjusted
MRS-treated cell suspensions were used as the negative control.

2.5 Evaluation of the Anti-Photoaging
Effect of L. fermentum XJC60 and
Nicotinamide In Vitro
2.5.1 Enzyme-Linked Immunosorbent Assay (ELISA)
After treating HaCaT cells (1 × 106 cells/sample), cells were
collected, and MMP-1 concentrations were determined using an
MMP-1 ELISA kit (Bosterbio, Pleasanton, CA, USA) according
to the manufacturer’s protocol. pH-adjusted MRS-treated cell
suspensions were used as the negative control.

2.5.2 Reverse Transcription Polymerase Chain
Reaction (RT-PCR)
After treating HaCaT cells (1 × 106 cells/sample), cells were
collected, and RNA was extracted using a HiPure Total RNA
Mini Kit (Magen). cDNA was synthesized from 1 µg of total
RNA using Evo M-MLV reverse transcriptase (Accurate Biology
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
AG, Changsha, Hunan, China) according to the manufacturer’s
instructions. Primers for MMP-1, MMP-3, interleukin (IL)-1b,
IL-6, IL-8, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), which were used for semiquantitative RT-PCR
(Supplementary Table S1), were synthesized by GENEWIZ.
The qPCR assay was performed using a LightCycler96 (Roche
Diagnostics Corporation, Indianapolis, IN, USA) using the
following conditions: 95°C for 30 s; 40 cycles of 95°C for 5 s,
60°C for 30 s, 95°C for 5 s, 60°C for 60 s, and 95°C for 1 s. Data
were analyzed using LightCycler96 SW software (Roche
Diagnostics Corporation).

2.6 Evaluation of the Anti-Photoaging
Effect of L. fermentum XJC60 In Vivo
2.6.1 Experimental Animals and Topical
Administration
Six female Dunkin Hartley Guinea pigs (weight: 250–350 g) were
purchased from the Laboratory Animal Center of Southern
Medical University (Guangzhou, Guangdong, China) and were
allowed to acclimate for 1 week before the experiment. The
animals were housed in a climate-controlled facility with a
temperature of 24°C, humidity of 50%, dark:light cycle of 12:12
h, and free access to food and water. All experimental protocols
were approved by the Institutional Animal Care and Use Ethics
Committee of Institute of Microbiology, Guangdong Academy of
Science (approval no. GT-IACUC202010225).

The methods used for the animal experiment were obtained
from the Cosmetic Safety Technical Specification. Briefly, 18–24
h prior to the UVB damage test, the back skin of each animal was
depilated. The skin at the test site was intact and free of damage.
The depilated skin was divided into four zones, each measuring
approximately 2 cm × 2 cm. The four zones were treated as
follows: zone 1 was the test group (0.2 mL MNTDs from
Limosilactobacillus fermentum XJC60 [n = 6] was applied
externally after UVB irradiation [75 mJ/cm2]); zone 2 was the
control group (0.2 mL pH-adjusted MRS [n = 6] was applied
externally after UVB irradiation [75 mJ/cm2]); and zones 3 and 4
were the blank control group without UVB radiation but treated
with 0.2 mL L. fermentum XJC60 or pH-adjusted
MRS externally.

2.6.2 Histological Analyses
Histological analyses were performed on hematoxylin/eosin
(H&E)-stained skin samples fixed in 4% paraformaldehyde,
embedded in paraffin, and stained using an H&E Stain Kit
(Solarbio Life Science, Beijing, China). Images were captured
using a flat-panel microscope for analysis (Kangtao Technology,
Wuhan, Hubei, CHINA).

2.7 Statistical Analysis
Data analysis was performed using t-tests or by one-way analysis
of variance with GraphPad Prism Software (GraphPad, La Jolla,
CA, USA). Results with P values of less than 0.05 were
considered statistically significant. Data are presented as means
± standard deviations (SDs) of at least three independent
experimental replicates.
April 2022 | Volume 12 | Article 838060
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3 RESULTS

3.1 High-Throughput Screening of the
Antiphotoaging Potential of LAB Strains
The 206 strains included in this study comprised 16 different
LAB species (Figure 1). The viabilities of UVB-injured cells are
depicted using different node colors. Notably, the MNTDs of 32
LAB strains showed strong recovery activities for UVB-injured
HaCaT cells, and cell viability increased from 50% to 100% after
UVB irradiation (P < 0.05 compared with MRS-treated cells;
Supplementary Table S2).

3.2 In Vitro Assessment of the Antioxidant
Effects of LAB Strains
To investigate whether the MNTDs of LAB strains could repair
skin cells by reducing UVB-induced oxidative stress in HaCaT
cells, we assessed the DPPH and hydroxyl radical-scavenging
activities of the 206 LAB strains in vitro. The results revealed that
32 strains providing strong protection against UVB injury had
stronger antioxidant activities than those without significant
protection for both DPPH and hydroxyl radicals (Figure 2A).
Among these strains, we found that L. fermentum XJC60 showed
the best antioxidative effects, with a DPPH free radical-
scavenging rate of 85.13% and hydroxyl free radical-scavenging
rate of 84.14%. We further explored the antioxidative activity of
this strain using UVB-irradiated HaCaT cells. Flow cytometric
analysis revealed that ROS generation by HaCaT cells was
increased by UVB radiation, and the FITC channel number
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
increased from 99.23 ± 11.65 to 404.70 ± 14.01 (P < 0.001).
Additionally, treatment at the MNTDs of L. fermentum XJC60
significantly decreased ROS levels to a mean FITC channel
number value of 134.70 ± 14.50 (P = 0.030; Figures 2B, C).
Further analysis showed that the antioxidative activity of the
MNTD of L. fermentum XJC60 was stronger than that of L.
rhamnosus GG (ATCC 53103, LGG) and L. casei strain Shirota,
two universally recognized strains with strong antioxidant
activities (Lin et al., 2009; Finamore et al., 2018; Liu et al.,
2021), indicating that L. fermentum XJC60 was a unique
isolated strain with great potential in antiphotoaging effects.

3.3 Genomic Mining of Antiphotoaging
Metabolites of LAB
To identify antiphotoaging metabolites in LAB, we applied pan-
genomic analysis to identify the unique genes in LAB strains with
high antioxidant activities. Pan-genome analysis revealed that L.
fermentum XJC60 shared 1436 core genes (> 99% presence) with
10 L. fermentum isolates in our study. Among them, we
identified nicotinamide mononucleotide transporter, which is
associated with antiphotoaging functions, as a strain-specific
gene in L. fermentum XJC60. This gene has been reported to
contribute to the generation of nicotinamide (NAM) synthesis in
microorganisms (Poddar et al., 2019), and its existence in the
genome suggested the presence of high levels of NAM in the
MNTDs of L. fermentum XJC60 (Figure 3A).

To validate our hypothesis, we further examined the NAM
levels in the MNTDs of LAB. Our results showed that the NAM
level in the MNTD of L. fermentum XJC60 was 18.50 ± 0.01 mg/L,
which was much higher than that (5.14 ± 0.01 mg/L) in pH-
adjusted MRS broth (P < 0.001). Further analyses revealed that the
NAM level of L. fermentum XJC60 was also higher than that (3.91
± 0.01 mg/L) of L. casei strain Shirota (P < 0.001; Figure 3B).

3.4 Evaluation of the Mitochondrial
Protective Effects of L. fermentum-
Derived NAM
ROS are mainly produced in mitochondria, and changes in the
mitochondrial membrane potential and NAD+/NADH levels are
closely related to the state of mitochondria (Birch-Machin, 2000;
Naidoo et al., 2018). The detection of JC-1-loaded cells in the FL-
1 channel is commonly used to detect mitochondrial membrane
potential (Elefantova et al., 2018). To validate the antioxidant
functions of L. fermentum-derived NAM, we examined the JC-1
level the and NAD+/NADH ratio in UVB-injured HaCaT cells.
Our results revealed that treatment with the MNTD of L.
fermentum XJC60 increased the NAD+/NADH ratio by 2-fold
(P = 0.027; Figure 4A) and downregulated the JC-1 level from a
mean FL-1 channel value of 348.00 ± 21.52 to 288.70 ± 12.50 (P =
0.014; Figure 4B). Our results also revealed that pH-adjusted
MRS containing a similar concentration (18.50 mg/L) of NAM
had the same protective effects on mitochondria. There was no
significant difference between NAM-containing MRS and the
MNTD of L. fermentum XJC60 both in the NAD+/NADH ratio
and JC-1 level (1.16 ± 0.13 versus 1.20 ± 0.02 for the NAD+/
NADH ratio, P = 0.661; mean FITC channel value of 305.30 ±
FIGURE 1 | Evolutionary tree of the lactic acid bacteria (LAB) isolates and
their abilities to repair UVB damage The evolutionary tree was built according
to the 16S rRNA gene sequences of 206 strains of LAB. The taxonomy of
each LAB strain is shown in the outer circle of the tree, and isolation
information for each LAB strain is indicated by the bar color. The
antiphotoaging potential (cell viability protection) for each strain is indicated
using a green or orange node.
April 2022 | Volume 12 | Article 838060
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8.74 versus 288.70 ± 12.50 for the JC-1 level, P = 0.131; Figure 4).
Taken together, these results indicated that LAB-derived NAM is
an essential metabolite mediating antiphotoaging activity in
UVB-injured HaCaT cells.

3.5 In Vitro Assessment of the
Antiphotoaging Potential of
LAB-Derived NAM
Wrinkles and roughness of photoaged skin are mainly related to
degradation and inflammation of skin cells (Makrantonaki et al.,
2013). Therefore, we further analyzed the antiphotoaging effects
of LAB-derived NAM. ELISA showed that LAB-derived NAM
effectively reduced the amount of MMP-1 from 4323.00 ± 366.90
pg/mL to 3712.00 ± 63.06 pg/mL (P = 0.020), and similar
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
changes were observed for NAM-containing MRS (3786.00 ±
290.30 pg/mL, P = 0.010; Figure 5A).

We also evaluated the antiphotoaging potential of LAB-
derived NAM at the transcript level in HaCaT cells. Our
results showed MMP-1 mRNA levels were significantly
downregulated by 14.02-fold by the MNTD of L. fermentum
XJC60 (P = 0.002). Additionally, MMP-3, IL-1b, IL-6, and IL-8
were downregulated by 4.32-fold (P = 0.001), 2.29-fold (P <
0.001), 3.24-fold (P < 0.001), and 4.89-fold (P = 0.001),
respectively. We also examined the antiphotoaging effects of
NAM-containing MRS and found similar changes in the mRNA
levels of MMPs and inflammation-related factors (P > 0.05
compared to those with the MNTD of L. fermentum XJC60).
Together, these results indicated that the NAM produced by L.
A B

FIGURE 3 | Genomic mining and validation of the antiphotoaging metabolites of lactic acid bacteria (LAB). (A) Genes involved in the NAD, NADP, and oxidative
stress pathways in different LAB strains. The antiphotoaging potential is indicated as a node, with green representing high potential and orange representing low
potential. The existence of a gene is shown in the squares, with blue representing the presence of the gene and yellow representing the absence of the gene.
(B) HPLC quantification of nicotinamide (NAM) levels in the minimum nontoxic dilutions (MNTDs) of different LAB strains.
A B

C

FIGURE 2 | In vitro antioxidant effects of lactic acid bacteria (LAB) strains. (A) DPPH and hydroxyl radical-scavenging activities of minimum nontoxic dilutions
(MNTDs) for the 206 LAB strains. (B) Reactive oxygen species (ROS) levels of different MNTDs in UVB-injured HaCaT cells, as examined by flow cytometry. (C)
Fluroescence images of ROS staining for MNTD-treated UVB-injured HaCaT cells. All data are presented as means ± SDs (n = 3). *P < 0.05, ***P < 0.001 compared
with the normal control (NC) group.
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fermentum exerted strong antiphotoaging effects through the
inhibition of MMPs and inflammation in UVB-injured
keratinocytes (Figure 5B).
3.6 In Vivo Antiphotoaging Effects of
L. fermentum XJC60
To evaluate the antiphotoaging effects of the MNTD of L.
fermentum XJC60, pathological changes were investigated in
H&E-stained skin sections. Compared with that in non-
irradiated tissues, UVB radiation induced abnormal
keratinization in the skin of Guinea pigs, with obvious
proliferation, visible epithelial edema, and mild cell necrosis
(Figure 6). Furthermore, the topical application of the MNTD
of L. fermentum XJC60 significantly alleviated UVB damage,
which was characterized by a complete skin tissue structure,
orderly arrangement of the dermis and epidermis, and abundant
and complete subcutaneous hair follicles and sebaceous glands
(Figure 6). This also confirmed the previous results in section
3.5; specifically, the external application of the MNTD of L.
fermentum XJC60 reduced the high MMP-1 levels in epidermal
cells caused by UVB irradiation, and thus, the abnormal
keratinization and hyperplasia of the Guinea pig epidermis was
improved. In addition, there was no edema and inflammatory
cell infiltration in the XJC60 group, which was attributed to the
decreased expression of inflammatory factors in the skin of
Guinea pigs induced by the MNTD of L. fermentum XJC60.
4 DISCUSSION

With the development of next-generation sequencing, we found
that skin microbes play vital roles in skin function, thereby
affecting the health of the skin and even the whole body
(Scharschmidt and Fischbach, 2013). In fact, research showed
the species richness of the skin microecology gradually increases
with age, hinting at a correlation between the skin microbiota
and aging (Ying et al., 2015; Li et al., 2020; Luna, 2020). However,
the specific mechanisms through which the skin microbiome
mediates skin aging remain unclear, and further studies at the
cellular level are needed.
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Photoaging is caused by oxidative damage and decreased
collagen synthesis in skin cells after exposure to UV radiation
(Kammeyer and Luiten, 2015). Previous studies have
demonstrated that photoaging is related to certain
microorganisms, and probiotics can have antiphotoaging
effects (Li et al., 2020). For example, Lactobacillus acidophilus
KCCM12625 can significantly suppress ROS generation in UVB-
injured skin cells, thereby reducing the photoaging phenomenon
caused by oxidative damage (Lim et al., 2020). However, the
molecular mechanisms mediating the antiphotoaging effects of
probiotics have not yet been thoroughly analyzed.

Multiomics-based microbial function mining provides a new
approach for the exploration of molecular mechanisms. For
example, Lloyd-Price used a multiomics database to explore
the relationships between intestinal microbial activities and
inflammatory bowel disease and explained the key functions of
acylcarnitines from Clostridia in disease progression (Lloyd-
Price et al., 2019). Such studies have illustrated that the key
factors through which the microbiome affects human health are
active microbiologic metabolites (Koh et al., 2016). Therefore,
this strategy might be a practical approach for an analysis of the
functions of key microbial metabolites in human health, and we
expect that there could be a similar mechanism between skin
microecology and photoaging.

In this study, we combined pan-genomic and metabonomic
methods to explore the key metabolites of probiotics that protect
against photoaging and their mechanisms of action. We tested 206
LAB isolates from different sources and found that 32 isolates had
protective effects on UVB-damaged skin cells, suggesting potential
applications in the prevention of photoaging (Figure 1).
Furthermore, the results revealed that 32 strains providing
protection against UVB injury had stronger antioxidant
activities than those without significant protective effects from
radicals (Figure 2A). The strong anti-photoaging potential of L.
fermentum XJC60 significantly reduced the high ROS level in
UVB-damaged HaCaT cells (Figures 2B, C).Therefore, we found
that a reduction in intracellular oxidative stress was the main
antiphotoaging mechanism of LAB. Indeed, LAB fermentation
broth contained a variety of antioxidant factors, which could
quickly degrade free radicals and hydroxyl groups, reduce
intracellular ROS production, and repair photoaging cells.
A B

FIGURE 4 | Evaluation of mitochondrial protection by Limosilactobacillus fermentum-derived nicotinamide (NAM). (A) Effects of minimum nontoxic dilutions (MNTDs)
on the NAD+/NADH ratio in L. fermentum XJC60 and equal amounts of NAM on UVB-injured HaCaT cells. (B) Flow cytometric analysis of JC-1 levels with different
MNTDs in LAB. Data are presented as means ± SDs (n = 3). *P < 0.05, **P < 0.01 compared with the NC group.
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A

B

FIGURE 5 | Effects of Limosilactobacillus fermentum XJC60 and nicotinamide (NAM) on ECM and inflammation in UVB-injured HaCaT cells. (A) Evaluation of MMP-
1 protein and mRNA levels. (B) mRNA levels of other MMPs and inflammation-related factors. Relative mRNA levels of MMP-1, MMP-3, IL-1b, IL-6, and IL-8 in UVB-
injured HaCaT cells were calculated using qPCR, with normalization to GAPDH expression. Data are presented as means ± SDs (n = 3). *P < 0.05, **P < 0.01,
***P < 0.001 compared with the normal control (NC) group.
FIGURE 6 | In vivo antiphotoaging effects of Limosilactobacillus fermentum XJC60. (Normal control) Left: smooth stratum corneum and obvious keratinized beads (10×);
right: no inflammatory cell infiltration or cell necrosis was detected (20×). (Model) Left: abnormal keratinization in the skin of Guinea pigs, with obvious proliferation (10×);
right: visible epithelial edema and mild cell necrosis (20×). Blue arrow: keratinization; green arrow: epithelial edema; red arrow: cell necrosis. (L. fermentum XJC60) Left: the
skin tissue structure was relatively complete, keratinization of the skin was reduced, and keratinization beads were being repaired (10×); right: no inflammatory cell infiltration
or cell necrosis were observed (20×).
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Furthermore, we used pan-genomics combined with
metabolomics to identify key metabolites mediating the
antiphotoaging effects of LAB. Data mining revealed a strain-
specific protein, nicotinamide mononucleotide transporter,
which promoted antioxidant activity in L. fermentum XJC60
(Figure 3A). Nicotinamide mononucleotide transporter can
directly transport extracellular NMN into the cell and increase
the level of NAM, thereby regulating NAD+ metabolism (Wu
and Sinclair, 2019; Lloyd-Price et al., 2019; Yachida et al., 2019).
We further quantified the LAB metabolites by HPLC and found
high levels of NAM (18.50 mg/L) in culture broth from the
MNTD of L. fermentum XJC60 (Figure 3B), validating the pan-
genomics results. Previous studies have demonstrated the
protective effects of NAM on photoaging, and clinical trials
have demonstrated that oral nicotinamide can prevent UV-
induced immunosuppression and photocarcinoma (Yiasemides
et al., 2009; Park et al., 2010; Thompson et al., 2015). In
particular, this is the first study demonstrating that NAM
produced by LAB also exhibit strong antiphotoaging
effects.These results suggest that XJC60 might repair the
oxidative stress state through the NAD+ pathway, thereby
maintaining the normal homeostasis of UV-damaged skin cells
and ultimately delaying skin photoaging.

As part of glycolysis and the tricarboxylic acid cycle, NAD+ is
an important cofactor for cell respiration metabolism, and the
NAD+/NADH level affects the normal progression of complex I
in the mitochondrial respiratory chain (Fania et al., 2019). If the
level of NAD+/NADH is too low, the mitochondrial respiratory
chain will be disrupted, and the production of ATP will halt
owing to impairments in calcium flow in the cell; this then
reduces mitochondrial membrane potential and blocks
mitochondrial function (Brand et al., 2018; Owens et al., 2013).
Our findings also showed that LAB-derived NAM could
significantly increase the levels of NAD+/NADH and recover
mitochondrial membrane potential in UVB-injured HaCaT cells
(Figure 4). Because the mitochondrial respiration program
damaged by UVB was repaired, the energy-dependent DNA
repair mechanism could be restored to normal (Holmström and
Finkel, 2014). Therefore, produced as a by-product of the
respiratory chain, the ROS level was also reduced, the oxidative
stress in skin cells was alleviated, and cell viability returned to
normal (Figures 1, 2). In addition, UV-induced ROS stimulates
the synthesis of MMPs and pro-inflammatory factors, leading to
the degradation of collagen and typical symptoms of
inflammation and dry, peeling skin (Scharffetter-Kochanek
et al., 2000). In our study, LAB-derived NAM reduced the
expression levels of MMPs and ILs in UVB-injured HaCaT
cells and prevented abnormal keratinization, epithelial edema,
and inflammatory cell infiltration in vivo (Figures 5, 6).

However, there were still some limitations to our study.
Although our results indicated that Lactobacillus-derived NAM
is an important metabolite protecting against photoaging in L.
fermentum XJC60, we also found that its MNTDs resulted in
stronger protection for skin cells than a similar dose of NAM.
This result suggested that there might be some other active
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substances in L. fermentum XJC60 that should be explored. In
addition, we only evaluated the functions of LAB-derived
metabolites; the effects of live bacteria on UV-damaged skin
have not yet been elucidated. Therefore, further studies are
needed to assess the interactions between LAB and UV-
damaged skin.
5 CONCLUSIONS

In this study, we combined pan-genomics and metabolomics to
identify new antiphotoaging factors from metabolites of LAB
strains with antiphotoaging potential. We discovered that the
NAM mononucleotide transporter produced by LAB was
beneficial for the synthesis of NAM, which might be a key
metabolite for skin protection. Furthermore, we demonstrated
that LAB-derived NAM could stabilize mitochondrial function
and reduce ROS generation in UVB-injured skin cells, thereby
suppressing collagen degradation and inflammation in vitro and
in vivo. In addition, our results suggested that there might be
some other active substances in LAB, which should be explored
further. Overall, our findings provided insights into the
antiphotoaging mechanisms of probiotics and established novel
approaches for the maintenance of skin health using LAB-
derived NAM as an antiphotoaging treatment.
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