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ABSTRACT

Skin aging is an increasingly prominent topic in the context of healthy aging. During the aging process, the
skin’s barrier function diminishes, its water content decreases, wrinkles begin to form, and changes occur
in the gut microbiota composition. However, the relationship between gut microbiota and skin aging
remains unclear. In this study, we explored skin rejuvenation in aged mice through fecal microbiota trans-
plantation (FMT) using feces from young mice. The results demonstrated enhanced water retention, thick-
ened stratum corneum, increased collagen content, and improved epithelial cell differentiation in aged
mice following FMT. Notably, FMT particularly increased the abundance of Lactobacillus and Lactococcus
in aged mice, which were nearly undetectable in untreated aged mice. Non-targeted and targeted meta-
bolomics analyses indicated that FMT significantly elevated levels of tryptophan (Trp) and its microbiota
metabolites (e.g., indole-3-lactic acid (ILA)) in the feces and serum of aged mice. Both Trp and ILA appeared
to rejuvenate aged skin by activating the aryl hydrocarbon receptor (AhR) to promote epidermal cell dif-
ferentiation. In conclusion, FMT from young mice rejuvenated aged skin via Trp-metabolizing bacteria
(Lactobacillus and Lactococcus) and Trp-derived metabolites, suggesting that interventions targeting Trp
metabolites may effectively improve skin aging.
© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

function [4]. During aging, more pronounced skin changes occur,
including the development of wrinkles and pigmentation. The pri-

The skin has the largest surface area in the body, is in direct
contact with the external environment, and plays a crucial role in
protecting and regulating bodily homeostasis [1-3]. Premature
skin aging is associated with undesirable aesthetic changes and
impaired skin function, such as decreased moisture content,
increased transepidermal water loss, and reduced collagen content,
which collectively leads to diminished skin thickness and barrier
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mary cause of skin aging is cellular senescence, during which cell
properties and composition change with age, adversely affecting
the structural scaffolds and ecological niches for epidermal stem
cells [5-7]. Moreover, skin cell proliferation and differentiation
decrease, accompanied by a gradual decline in skin cell regenera-
tion, ultimately leading to skin aging and senescence [8-11].

Skin aging has garnered considerable research attention,
prompting a surge in efforts to identify ways to reverse the process,
particularly in the fields of medical aesthetics and anti-aging. Cur-
rently, skin aging can be delayed using topical and oral supple-
ments [12]. Some topical anti-aging skincare products, such as
hyaluronic acid and collagen, are applied to the skin’s surface
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and may temporarily improve water retention, but they do not
provide long-term benefits for skin function [13]. Oral supple-
ments offer a systemic approach to enhancing skin aging from
within. Substances reported to improve skin aging include vita-
mins C and E, probiotics, and others [14,15]. Vitamins C and E slow
down skin aging by scavenging free radicals from the body. Oral
probiotic supplements, such as Lactobacillus casei, may improve
skin inflammation and acne by accelerating skin barrier restoration
[16-18]. Bifidobacterium longum and its tryptophan (Trp) metabo-
lite indole-3-carbaldehyde ameliorate atopic dermatitis inflamma-
tion by activating the aryl hydrocarbon receptor (AhR), which
promotes epidermal differentiation [19].

Since gut microbiota composition is highly complex, with many
bacteria that cannot be cultured, it is challenging to maximize bac-
terial effects through the oral intake of single probiotic products.
Therefore, fecal microbiota transplantation (FMT) has been widely
used to treat various dysbiosis-associated diseases [20,21]. FMT
involves a comprehensive alteration of the gut flora, where the
donor flora has established a stable relationship in its intestinal
tract, making it one of the most direct methods to introduce a wide
range of probiotics and rapidly modify the intestinal microbiota.
FMT has been reported as a treatment for skin diseases, gastroin-
testinal disorders, metabolic syndrome, and cancer [22]. For
instance, FMT has been shown to overcome resistance to anti-
programmed cell death protein 1 therapy in skin cancer patients
[23]. Additionally, FMT has suppressed atopic dermatitis-induced
allergic reactions by restoring gut microbiota and immune balance
[24]. However, the effects of FMT on aging skin require further
investigation.

Studies have also reported that gut dysbiosis promotes organ
aging (e.g., skin) primarily through inflammation and damage to
the skin barrier [24,25]. FMT co-habitation studies are commonly
used to address gut dysbiosis [26-28]. Therefore, it may be possi-
ble to delay skin aging by modulating the host microbiota. In this
study, we altered the gut microbiota in aged mice via FMT from
young mice and identified beneficial bacteria and associated
metabolites that improved skin aging.

2. Methods
2.1. FMT animal studies

Young (2 months old, n = 6) and aged C57BL/6 ] male mice
(24 months old, n = 12, divided into two groups: Old and Old-Y)
were obtained from PHENOTEK Biotechnology Co., Ltd. (China).
Mice were housed in a laboratory animal facility at China Agricul-
tural University, acclimatized for one week, and fed a standard
diet. The facility was maintained at 22-25 °C with 60% relative
humidity and a 12 h/12 h light/dark cycle. Animal studies were
approved by the Animal Experimentation Ethics Committee at
China Agricultural University (approval code: AW82303202-5-1).

2.2. Inoculum preparation for FMT

As FMT donor samples, feces from young mice were collected
under strict anaerobic conditions. Samples (120 mg) were homog-
enized in ice-cold phosphate-buffered saline (PBS) (1 mL), cen-
trifuged at 800g for 10 min at 4 °C, and the supernatants were
transferred to tubes and stored at —80 °C [29].

2.3. The EMT protocol

Mice were randomly divided into three groups (n = 6 per
group): D Young mice gavaged with PBS, @ Old mice gavaged
with PBS, and @ Old-Y mice gavaged with fecal supernatant sam-
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ples from young mice. Before FMT, Old-Y mice were gavaged with a
cocktail of broad-spectrum antibiotics, including ampicillin
(1 gL 1), vancomycin (0.5 g-L!), neomycin (1 g-L™!), and metron-
idazole (1 g-L™!) for two weeks. Old-Y mice then received a daily
200 pL fecal mixture by gavage for one month [29].

2.4. Hematoxylin and Eosin (HE) staining

Skin samples were placed in neutral fixatives, dehydrated in
alcohol, and embedded in paraffin. HE staining procedures were
performed according to kit instructions (G1120, Solarbio, China).
Image] (version 4.0.2, Scion Corp., USA) was used to measure skin
and epidermis thickness. Epidermis thickness was quantified by
measuring the distance from the stratum corneum to the stratum
basal.

2.5. Masson staining

Masson staining sections were 5 pum thick, and staining was
performed according to the kit instructions (G1340, Solarbio).
Image] was used to measure collagen volume ratios.

2.6. Immunofluorescence (IF) staining

Dorsal skin samples were taken, fixed in neutral fixative for
24 h, and 5 pm thick sections were used for IF staining. Samples
were incubated with anti-cytokeratin 10 (ab76318, Abcam (UK),
1:200), anti-desmoglein 1 (ab124798, Abcam, 1:100), and anti-
loricrin (ab85679, Abcam, 1:100) primary antibodies, followed by
fluorescent secondary antibodies. Images were acquired using a
Leica DM1000 microscope and Leica Microsystems imaging soft-
ware (Leica, Germany) was used to acquire images.

2.7. Skin properties

Skin property tests were conducted based on Kim et al. [30]
with some modifications. Mice were dorsally shaved the day before
skin characterization. A VapoMeter (Delfin, Italy) measuring probe
was placed on the bare dorsal skin surface, and trans-epidermal
water loss (TEWL) values were recorded after readings had
stabilized.

2.8. Western blotting

A radioimmunoprecipitation solution was used to extract pro-
teins from skin samples. Target proteins were separated using
sodium dodecyl sulfate-polyacrylamide gels, transferred to
polyvinylidene fluoride membranes, and incubated with the fol-
lowing primary antibodies: collagen I (CST (USA), 72026, 1:1000),
collagen III (Santa Cruz Biotechnology (USA), sc-271249, 1:1000),
B-actin polyclonal (Proteintech, 20536-1-AP, 1:1000), ZO1
(Proteintech (USA), 21773-1-AP, 1:1000), occludin (Servicebio
(China), GB111401, 1:1000), claudin-1 (Proteintech, 28674-1-AP,
1:1000), AhR (Proteintech, 28727-1-AP, 1:1000), and CYP1Al
(Proteintech, 13241-1-AP, 1:1000). The membranes were then
incubated with a horseradish peroxidase-conjugated secondary
antibody for 60 min. A chemiluminescence reagent was used to
detect protein signals.

2.9. 16S ribosomal RNA (rRNA) sequencing

Fecal samples were collected from mice between 9 and 10 a.m.
at baseline and after four weeks of intragastric administration, and
were immediately frozen at —80 °C. Fecal DNA was extracted using
a DNA extraction kit. The V3-V4 region of bacterial 16S rRNA was
amplified using 341F (5-CCTACGGGNGGCWGCAG-3') and 806R
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(5-GGACTACHVGGGTATCTAAT-3') barcoded primers. Data pro-
cessing and analyses were performed on the Majorbio cloud plat-
form (China). To obtain high-quality clean reads, raw reads were
further filtered according to the following rules using FASTP (ver-
sion 0.18.0): reads containing more than 10% unknown nucleotides
and less than 50% of bases with quality > 20 were removed. Paired-
end clean reads were merged as raw tags using FLASH (version
1.2.11) with a minimum overlap of 10 base pairs (bp) and mis-
match error rates of 2%. Operational taxonomic units (OTUs) with
a 97% similarity cutoff were clustered using UPARSE version 7.1,
and chimeric sequences were identified and removed. The lowest
taxonomic annotation for an OTU was defined as having a consen-
sus assignment score of > 70. The significance of a-diversity was
assessed by the Kruskal-Wallis test. A p value < 0.05 was consid-
ered statistically significant.

2.10. Untargeted fecal metabolomics using a Gas Chromatography-
Time of Flight-Mass Spectrometer (GC-TOF-MS)

Fecal samples (50 mg), including the internal standard (alditol
at 0.5 mg-mL~!), were extracted in methanol/acetonitrile (ACN)/
dH,0 (v:v:v = 2:2:1) and processed with a 35 Hz grinding instru-
ment for 4 min. Samples were then mixed and centrifuged at
12 000g at 4 °C for 15 min to obtain 200 pL supernatants. Quality
control (QC) samples consisted of a homogeneous mixture of all
samples. After evaporation in a vacuum concentrator, methoxya-
mine hydrochloride (20 mg-mL~! in pyridine) and BSTFA reagent
(1% TMCS) were used to derivatize the supernatants. A 5 pL aliquot
of FAMEs (in chloroform) was added to the QC sample.

GC-TOF-MS (Agilent 7890) was used to analyze the samples
[31] on a DB-5MS capillary column, with a 1 pL aliquot injected
in splitless mode. The carrier gas was helium (flow rate = 3
mL-min~! at the inlet and 1 mL-min~"! through the column). The
initial temperature was 50 °C, which increased to 310 °C. The injec-
tion and transfer line temperatures were 280 °C, and the ion source
temperature was 250 °C. The energy was —70 eV in electron colli-
sion mode. Mass spectral data were acquired in full scan mode over
the 50-500 mass-to-charge ratio (m/z) range, with a solvent delay
of 6.4 min at 12.5 spectral bands-s~'.

Raw data analysis, including peak extraction, baseline adjust-
ment, deconvolution, alignment, and integration, was performed
using ChromaTOF (V 4.3x, LECO) software. Metabolite identifica-
tion was carried out using the LECO-Fiehn Rtx5 database by
matching the mass spectrum and retention index.

2.11. Untargeted fecal metabolomics using a high-performance liquid
chromatography-MS (HPLC-MS)

Fecal samples were extracted in methanol/acetonitrile (ACN)/
H,0 (v:viv = 2:2:1). To precipitate proteins, samples were mixed
and incubated at —20 °C for 1 h. Supernatants were obtained by
centrifuging at 12 000g for 15 min at 4 °C. Quality control samples
consisted of aliquots of mixed supernatants.

Samples were analyzed using an ultra-high-performance liquid
chromatography (UHPLC) system (Vanquish, Thermo Fisher Scien-
tific, USA) with a Phenomenex Kinetex C18 column (2.1
mm x 100 mm, 2.6 pm) coupled to an Orbitrap Exploris 120 mass
spectrometer (Orbitrap MS, Thermo Fisher Scientific). Mobile
phases A and B were 0.01% aqueous acetic acid and isopropanol:
acetonitrile (1:1, v/v), respectively. The autosampler temperature
was 4 °C. MS data were acquired in information-dependent acqui-
sition mode. The electrospray ionization source sheath gas flow
rate was 50 atmospheres, capillary temperature was 320 °C, MS
resolution was 60 000, MS/MS resolution was 15 000, collision
energies were stepped normalized collision energy 20/30/40, and
spray voltage was 3.8 kV (positive) or —3.4 kV (negative) [32].
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R was used to process the data, which were converted to
mzXML format for peak detection, extraction, alignment, and inte-
gration. The MS2 database (BiotreeDB, China) was used for
metabolite annotation, with a cutoff for annotation set at 0.3.

2.12. Untargeted serum metabolomics using an HPLC-MS

Methanol with an internal standard was used to extract serum
samples (v:v = 4:1). The mixtures were centrifuged at 12 000g for
10 min at 4 °C, after which the supernatants were vacuum freeze-
dried (Labconco, USA). UPLC (LC-40D X3, Shimadzu, Japan) and
quadrupole TOF-MS systems (TripleTOF 7600, AB SCIEX, USA) were
used for untargeted analysis.

Bridged ethyl hybrid (BEH) C8 (2.1 mm x 100 mm, 1.7 pm)
UPLC columns (Milford, USA) and C8 guard columns (2.1 mm x
10 mm, 1.7 um) were used in positive ion mode for detection, with
0.1% aqueous formic acid and 0.1% ACN/formic acid as mobile
phases A and B, respectively. High strength silica (HSS) T3 (2.1
mm x 100 mm, 1.8 pm) UPLC columns (Milford) and T3 guard
columns (2.1 mm x 10 mm, 1.8 pm) were used in negative ion
mode for detection. We used 6.5 mmol-L~! NH4HCO; in water
and 6.5 mmol-.L~! NH4HCOs in methanol/water (95/5, v/v) as
mobile phases A and B, respectively [33].

2.13. Targeted metabolomics using an HPLC-MS

Methanol/water (4:1, v/v) was used to extract metabolites from
feces, skin tissues, and serum samples. The suspensions were cen-
trifuged at 12 000g for 10 min at 4 °C, and the supernatants were
aspirated and dried in a vacuum dryer.

Trp and indole-3-lactic acid (ILA) were detected using a UHPLC
system (LC-40D X3, Shimadzu) coupled to a quadrupole-TOF-MS
(TripleTOF 7600, AB SCIEX). BEH C18 (2.1 mm x 100 mm,
1.7 pm) UPLC columns and C18 guard columns (2.1 mm x 10 mm,
1.7 um) were used for detection. We used 20 mmol-L~! ammonium
acetate and 20 mmol-L~! ammonium acetate in ACN/water (85:15,
v/v) as mobile phases A and B, respectively.

Multiple reaction monitoring mode was used to obtain data.
The TOF-MS scan mass range was 60-1000 Da, and the accumula-
tion time was 100 ms. For Trp and ILA, product ion scan parameters
were as follows: Precursor ions were 205.0972 and 206.0812,
respectively; fragment ions were 146.0606 and 117.9000, respec-
tively; declustering potential was 45 V, collision energy was 25
or 40 V, respectively; and Zeno pulsing was on. All data acquisition
and analyses were conducted using SCIEX OS (AB SCIEX).

2.14. Trp and ILA intervention studies

To investigate the effects of Trp (Macklin, 153-94-6, China) and
ILA (Allardin, 1821-52-9, China) on impaired skin barrier function
induced by aging, 12-month-old C57BL/6] male mice were divided
into six groups (n = 6 per group): control, Lactobacillus murinus
(Lac, BNCC, ATCC 35020, China), Trp, ILA, Trp and antibiotics (Trp
+ A), and ILA and antibiotics (ILA + A). The studies were approved
by the Animal Experimentation Ethics Committee of the Pony
Testing International Group Co., Ltd. (ethics approval code:
PONY-2023-FL-18).

2.15. AhR antagonist (CH223191) studies

C57BL/6] 12 months old, were randomly divided into five
groups (n = 6 per group): (D control, @ Trp, @ ILA, @ Trp and
CH223191 (Trp + C), and ® ILA and CH223191 (ILA + C). A
10 pmol-L~! solution of CH223191 (301326-22-7, Sigma, USA)
was applied to the dorsal skin for 30 minutes before Trp or ILA
treatments [34].



S. Yu, Z. Li, X. Zhang et al.
2.16. Statistical analysis

GraphPad Prism (Version 8; GraphPad Prism Institute, Inc., San
Diego, CA, USA) and SPSS 20 software (SPSS Inc., USA) were used to
analyze the data. One-way analysis of variance (ANOVA) was used
to test for differences between mean values. Tukey’s test was used
for post-hoc analysis following one-way ANOVA. A p-value of < 0.05
was considered statistically significant.

3. Results
3.1. Skin phenotype alterations after FMT

To investigate whether gut microbiota from young mice amelio-
rated skin aging in aged mice, we evaluated skin phenotypes after
FMT (Fig. 1(a)). Water retention significantly increased in Old-Y
mice compared to Old mice, as evidenced by skin content assess-
ments (30.8% + 2.79% in Old-Y mice vs 24.3% + 1.51% in Old mice;
Fig. 1(b)), TEWL measurements ((6.120 + 0.580) g-m~2-h~! in Old-Y
mice and (12.400 * 0.840) g.-m 2-h~! in Old mice; Fig. 1(c)), and
increased epidermis thickness and collagen volume ratios (11.8 £
1.03 and 55.1 + 2.34 in Old-Y mice vs 8.88 + 1.12 and 45.5 + 4.96
in Old mice, respectively; Figs. 1(d)-(f)).

Immunofluorescence (IF) analysis of differentiation markers
showed a significant increase in cytokeratin-10 expression in the
skin of Old-Y mice. In Old mice, tight junction integrity in the skin
epithelium was compromised, as evidenced by downregulated and
diffuse desmoglein-1 expression in the epidermis (Figs. 1(g) and
(h)). Consistent with the collagen volume ratio data (Fig. 1(f)),
Western blot results showed significant increases in collagens I
and III content in the skin of Old-Y mice compared to Old mice
after FMT (Figs. 1(i) and (j)). Additionally, tight junction protein
expression (zonula occludens-1 (ZO1), occludin, and claudin-1) in
Old-Y mice increased after FMT compared to Old mice (Figs.
1(k)-(m)). Thus, FMT reversed skin aging in aged mice, primarily
reflected by increased water content, decreased transcutaneous
water loss, increased collagen content, increased thickness, and
enhanced differentiation.

3.2. Gut microbiota changes after FMT

An antibiotic-treated mouse model was used for FMT to verify
the effects of microbiota on aged mice skin. Feces were trans-
planted from young mice into aged (Old-Y) germ-free mice. Next,
o~ and B-diversity indices and microbiota composition before
and after FMT were compared. After FMT, o-diversity changed,
and the diversity indices (Shannon and Chao) moved closer to
those of donor mice, with Old-Y showing a significant decrease
(p < 0.05; Figs. 2(a) and (b)) in both the Shannon and Chao indices
compared to Old mice. Principal coordinates analysis (PCA) results
reflected B-diversity in the gut microbiota. As observed (Fig. 2(c)),
Old-Y mice clustered with Young mice after FMT, indicating that B-
diversity in Old-Y mice was similar to that of Young mice.

In Old-Y mice, after four weeks of FMT, bacterial flora structures
were altered, with higher proportions of Firmicutes and Bacteroide-
tes, similar to the microbiota of Young mice (Fig. 2(d)). We were
particularly interested in characteristic bacterial alterations in
the intestine before and after FMT. In Old mice, the most signifi-
cantly changed genera were Lactobacillus, Kurthia, Aerococcus, and
Lactococcus, with Lactobacillus and Lactococcus being more abun-
dant in younger mice and depleted in older mice (Figs. 2(e) and
(f)). Lactobacillus and Lactococcus abundance was significantly
upregulated in Old-Y mice after FMT from young mice (Figs. 2(g)
and (h)). Additionally, Candidatus stoquefichus and Aerococcus were
simultaneously increased in both Young and Old-Y mice.
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3.3. Fecal metabolite changes after FMT

The gut microbiota generally affects host health through
metabolite expression; therefore, we performed LC-MS and gas
chromatography (GC)-MS analyses on mouse feces and detected
and identified 2506 metabolites. PCA showed separation among
the three groups (Fig. 3(a)) with 23.2%, 19.5% of variation explained
by the principal components PC1 and PC2, respectively (analysis of
similarities (ANOSIM), p = 0.002, R*> = 0.412). Projection latent
structure discriminant analysis (PLS-DA) indicated that the three
clusters were significantly separated. Permutation plot tests for
the PLS-DA model yielded R?X (cum) = 0.848, R*Y (cum) = 0.991,
and fitness Q?Y (cum) = 0.841, which suggested good model relia-
bility and predictability (Figs. 3(b) and (c)).

In volcano plots, p-values and multiplicity of differences for all
metabolites were estimated. Red and blue points represented sig-
nificantly upregulated and downregulated metabolites, respec-
tively. We identified 194 and 272 significantly increased and
decreased metabolites, respectively, in Old-Y mice compared to
Old mice (Figs. 3(d)-(f)). Additionally, 53 and 93 metabolites were
significantly upregulated and downregulated, respectively, in
Young mice compared to Old mice. Old-Y mice had 267 and 223
significantly upregulated and downregulated metabolites, respec-
tively, compared to Young mice. To determine the most altered
metabolites in Old-Y mice, we screened 40metabolites based on
p-values. ILA (p = 4.65 x 107%) and L-Trp (p = 1.43 x 10~°) were sig-
nificantly increased in Old-Y mice compared to Old mice (Fig. 3(g)).
Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG)
results showed that the Trp metabolic pathway was significantly
enriched in Old-Y mice compared to Old mice (Figs. 3(h) and (i)).

3.4. Serum metabolite changes after FMIT

To further explore why FMT appeared to rejuvenate skin, we
analyzed serum metabolites using untargeted LC-MS assays. A
total of 2459 metabolites were detected and identified in serum.
Our PCA and PLS-DA results showed that all three serum metabo-
lite group clusters were significantly separated (Figs. 4(a) and (b)).
Permutation plot tests for the PLS-DA model for Old-Y and Old
mice are shown (Fig. 4(c)) and indicate good model reliability
and predictability. Volcano plots of different metabolites between
the two groups (Figs. 4(d)-(f)) showed that compared to Old mice,
201 and 423 metabolites were significantly upregulated and
downregulated, respectively, in Old-Y mice, while 122 and 201
metabolites were significantly increased and decreased, respec-
tively, in Young mice. Compared to the Young group, 353 metabo-
lites were upregulated and 112 metabolites were downregulated
in the Old-Y group. To determine significantly altered metabolites
after FMT, we screened for metabolites that were significantly
increased in both Old-Y feces and serum. Notably, only Trp and
ILA were simultaneously elevated (Figs. 4(g)-(j)). Next, we per-
formed Spearman’s correlation analyses of significantly increased
bacterial levels in feces and differential metabolites in feces and
serum. A significant positive correlation was identified between
Trp and ILA and Lactobacillus in both feces (Figs. 4(k) and (1)) and
serum (Figs. 4(m) and (n)).

3.5. Targeted Trp and ILA detection in feces, serum, and skin tissues

Previously, using untargeted metabolomics, we screened for
metabolites (Trp and ILA) that were significantly increased after
FMT and quantified these metabolites in feces, serum, and skin tis-
sues using targeted metabolomics. Sample processing and LC-MS
quantitative analyses are outlined (Fig. S1(a) in Appendix A). The
standard curves for Trp (y = 329386x + 7128, R?> = 1) and ILA stan-
dard curves (y = 82 140x + 454, R? = 1) are also shown (Figs. S1(b)
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Fig. 1. Fecal microbiota transplantation from young into aged mice improves skin barrier function. (a) Schematic showing the study design (M: month). (b) Skin water
content in groups (n = 6). (c) Trans-epidermal water loss in groups (n = 6). (d) HE and Masson stained images of skin in different groups. Scale bar = 100 um. (e) Epidermal

thickness results (n

= 6). (f) Collagen volume ratios (n = 6). (g) Immunohistochemical cytokeratin 10 (green), loricrin (yellow), and desmoglein-1 (red) staining. Scale

bar = 100 pm. (h) Fluorescence intensity (FI) quantification of differentiated proteins (n = 6). (i-m) Representative Western blots (collagen I, collagen III, ZO1, occludin, and

claudin-1) (n = 3). One-way ANOVA. *p < 0.05 and **p < 0.01.

and (c) in Appendix A, respectively). As indicated in Figs. S1(d) and
(f) in Appendix A, Trp concentrations in feces, serum, and skin tis-
sues were significantly higher in Old-Y mice compared with Old
mice (p < 0.05). Furthermore, no significant differences in feces
and serum metabolite levels were observed between Young and

30

Old mice, except in skin tissues. As shown in Figs. S1(g)-(i) in
Appendix A, ILA concentrations in feces, serum, and skin tissues
were significantly higher in Old-Y mice compared with Old mice
(p < 0.05), which were consistent with previous trends (Figs. 4

(8)-(3))-
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Fig. 2. Fecal microbiota composition in fecal microbiota transplanted mice. (a, b) a-diversity evaluations of microbial richness and evenness using Shannon and Chao
diversity indices (n = 6). (c) Principal coordinates analysis based on Bray-Curtis results (n = 6). (d) Relative gut microbiota abundance at phylum levels in groups. (e) Relative
gut microbiota abundance at genus levels in groups. (f, g) Linear discriminant analysis effect size (LEfSe) was used to identify the differentially bacteria. (h) Relative key

microbiota abundance based on LEfSe results (n =
3.6. Trp and ILA treatment effects on skin phenotypes in aging mice

Using both untargeted and targeted metabolomics, we observed
that Trp and ILA metabolites were significantly increased in Old-Y
mice after FMT. Therefore, we speculated that these metabolites
might be implicated in rejuvenating skin, so we validated their
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6). LDA: linear discriminant analysis.

roles in our models (Fig. 5(a)). We first evaluated water content
(Fig. 5(b)) and TEWL values (Fig. 5(c)) in the skin. Water content
was significantly higher in the Lac, Trp, ILA, and ILA + A groups
compared with the control group (p < 0.01). No significant differ-
ences were recorded between the Trp + A and control groups.
TEWL values were significantly lower in the Lac, Trp, ILA, and ILA
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Fig. 3. Fecal metabolite composition in fecal microbiota transplanted mice. (a) B-diversity using principal component analysis (n = 6). (b) Projections to latent structures-
discriminate analysis score plots on feces (n = 6). (c) Permutation validation plots showing Old-Y and Old mouse groups (n = 6). (d) Volcano plot based on differential
metabolite screening between Old-Y and Old mouse groups (n = 6). (e) Volcano plot based on differential metabolite screening between Young and Old mouse groups (1 = 6).
(f) Volcano plot based on differential metabolite screening between Old-Y and Young mouse groups (n = 6). (g) Relative abundance heatmap showing the relative abundance
of key (40) metabolites (p < 0.05, variable important in projection (VIP) > 1). (h) KEGG enrichment pathway map for all fecal metabolites (n = 6). (i) Differential abundance
scores for all fecal metabolites (n = 6).

+ A groups compared with the control group (p < 0.01). No signif- IF results (Figs. 5(f)-(h)) showed that Lactobacillus, Trp, and ILA
icant differences were recorded between the Trp + A and control supplementation significantly increased cytokeratin 10, loricrin,
groups. As shown in Figs. 5(d) and (e), epidermal thickness and col- and desmoglein-1 protein expression levels in the epidermis com-
lagen volume ratios increased in the Lac, Trp, ILA, and ILA + A pared with the control group (p < 0.01). The effects of Lactobacillus,
groups compared with the control group. Trp, ILA, and ILA + A supplementation were superior to those of Trp
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Fig. 4. Serum metabolite composition in fecal microbiota transplanted mice. (a) B-diversity using principal component analysis (n = 6). (b) Projections to latent structures-
discriminate analysis of score plots on serum (n = 6). (c) Permutation validation plots showing Old-Y and Old mouse groups (n = 6). (d) Volcano plot based on differential
metabolite screening between Old-Y and Old mouse groups (n = 6). (e) Volcano plot based on differential metabolite screening between Young and Old mouse groups (1 = 6).
(f) Volcano plot based on differential metabolite screening between Old-Y and Young mouse groups (n = 6). (g-j) Relative metabolite abundance showing simultaneous
increases in feces and serum (n = 6). (k, 1) Spearman’s correlation analysis between Trp and ILA in feces and Lactobacillus (n = 6). (m, n) Spearman’s correlation analysis
between Trp and ILA in serum and Lactobacillus (n = 6). 'p < 0.05, "p < 0.01, "p < 0.001.

and antibiotics. As shown in Fig. 5(i), AhR and CYP1A1 expression
was significantly increased in the skin of the Lac, Trp, ILA, and ILA +
A groups compared with the control group, while no significant

changes were recorded in the Trp + A group. Consistent with pre-
vious results (Fig. 5(e)), Western blots showed increased collagens
I and III content in the skin of the Lac, Trp, ILA, and ILA + A groups
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Fig. 5. A Lactobacillus, Trp, and ILA intervention reverses skin barrier function in aged mice. (a) Schematic showing the study design. bw: body weight. (b) Skin water content
in groups (n = 6). (c) TEWL in groups (n = 6). (d) HE images and results showing epidermal thickness in mice. Scale bar = 100 um (n = 6). (e) Masson staining images of skin and
results showing collagen volume ratios. Scale bar = 100 um (n = 6). (f) Immunohistochemical cytokeratin 10 (green) staining and FI quantification. Scale bar = 100 pm (n = 6).
(g) Immunohistochemical loricrin (yellow) staining and FI quantification. Scale bar = 100 pm (n = 6). (h) Immunohistochemical desmoglein-1 (red) staining and FI
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compared with the control group (Fig. 5(j)). Additionally, tight
junction protein expression (ZO1, occludin, and claudin-1) in the
Lac, Trp, ILA, and ILA + A groups was increased compared with
the control group (Fig. 5(k)). Thus, Lactobacillus, Trp, and ILA sup-
plementation reversed skin aging in aged mice, which was mainly
reflected by increased water content, decreased transcutaneous
water loss, increased collagen content, increased skin thickness,
and enhanced epidermal differentiation.

3.7. Trp and ILA skin aging mechanisms in mice

We observed that Trp and ILA upregulated AhR expression
(Fig. 5(i)); therefore, we speculated that these metabolites exert
their anti-aging effects via AhR. To examine this hypothesis, we
treated mice with CH223191 (an AhR antagonist) and gavaged
them with Trp and ILA simultaneously. The experimental design
is shown in Fig. 6(a). We first examined water content and TEWL
values in the skin and found that Trp and ILA alone significantly
increased water content and decreased TEWL values. However,
when combined with CH223191, no significant differences in these
values were observed compared with the control group (Figs. 6(b)
and (c)). Similarly, after simultaneous gavage of Trp, ILA, and
CH223191, no significant changes in skin thickness or collagen vol-
ume ratios were identified compared with the control group (Figs.
6(d)-(f)). Additionally, no significant differences in AhR and
CYP1A1 expression, collagens I and III content, and tight junction
protein expression (ZO1, occludin, and claudin-1) were observed
in the Trp + C and ILA + C groups. Thus, Trp and ILA did not reverse
skin aging when combined with the AhR antagonist CH223191,
suggesting that these metabolites exert their anti-aging effects
via AhR activation to promote skin epidermal differentiation.

4. Discussion

As the largest organ in the body, the skin has not only important
physiological functions but also significant social and aesthetic roles.
However, with aging, the skin undergoes a decline characterized by
decreased water content, collagen content, and epidermal thickness,
eventually leading to wrinkling [35]. Thus, reversing skin aging has
become a major research focus. During skin aging, the gut micro-
biota is also disrupted. We hypothesized that the gut microbiota
from young mice could improve skin aging in aged mice. Our anal-
yses confirmed that skin aging in aged mice was indeed reversed via
FMT from young mice, with Trp and ILA metabolites functioning
through AhR activation to promote skin epidermal differentiation.

First, we used an antibiotic-treated mouse model [36]. Fecal bac-
teria from young mice were transplanted into Old-Y mice, leading to
the colonization of Old-Y mice with bacterial flora from young mice.
We observed increases in skin water content, epidermal thickness,
collagen content, and the expression of differentiated and tight junc-
tion proteins (ZO1, occludin, and claudin-1) in Old-Y mice, suggest-
ing that the microbiota from young mice positively influenced skin
barrier function [37]. A previous study reported similar findings,
where FMT from young to aged mice improved skin aging and over-
all fitness in aged animals, consistent with our results [30]. Collec-
tively, these data suggest that the microbiota from young mice
can reverse skin barrier damage caused by aging.

Data from several studies have shown that skin health is influ-
enced by gut microbes, often referred to as the gut-skin axis [20].
We observed that FMT delayed skin aging in aged mice by reestab-
lishing normal gut flora. Overall, our o- and B-diversity results indi-
cated that the microbiota in Old-Y and young mouse groups were
similar. The flora structure and composition in older mice changed
after FMT, mainly due to the colonization of beneficial bacteria from
younger mice, such as Lactobacillus and Lactococcus. This suggests
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that FMT from young mice restored a healthy microbiota in aged
mice. Lactobacillus, a probiotic, exerts many beneficial effects on
the body. Several Lactobacillus strains have been identified as func-
tional probiotics, providing benefits such as eliminating pathogenic
bacteria [38,39], improving the intestinal barrier [40], modulating
the immune system [41], exhibiting anticancer activity [42], and
delaying skin aging [43]. In their study, Levkovich et al. [44] supple-
mented mice with Lactobacillus reuteri probiotics, which reduced
skin pH, increased skin thickness, and induced shinier skin by
enhancing sebocyte production. However, there are some limita-
tions to our study. For example, while skin microbiota plays a role
in skin function and gut microbiota may influence microbiota in
other organs such as the skin [45,46], our study did not examine
skin microbiota in aged mice with or without FMT from young mice.
Future studies will explore the changes in skin microbiota after FMT
from young mice and their effects on skin function.

We hypothesized that these beneficial bacteria might help reju-
venate the skin through metabolite expression, which we exam-
ined in feces and serum from FMT-treated mice. We were
surprised to find that L-Trp and ILA levels were increased in both
feces and serum from Old-Y mice. Our KEGG results also indicated
that metabolites in the feces of Old-Y mice were primarily related
to Trp metabolism compared with Old mice. Additionally, we
quantified Trp and ILA concentrations in mouse feces, serum, and
skin tissues to corroborate the untargeted metabolome data. Trp
is an essential amino acid that cannot be synthesized by the body
and must be obtained through dietary sources. As a key precursor
in protein biosynthesis, Trp is necessary for maintaining gut barrier
integrity and immunity and has been shown to reverse neurode-
generation and skin inflammation in aging mice [47-49].

The intestinal microbiota has been previously shown to influ-
ence Trp metabolism; for example, indole and its derivatives are
established as intestinal Trp metabolites [50]. The literature also
suggests that Lactobacillus exerts cancer-inhibiting effects via the
Trp metabolite ILA [51]. Therefore, we hypothesized that Trp might
be involved in reversing skin aging via ILA. To test this, we con-
ducted Trp/ILA gavage studies to evaluate improvements in aged
skin barrier functions. Notably, both Trp and ILA alone significantly
reversed skin barrier disruption due to aging. However, simultane-
ous application of Trp and antibiotics weakened the effects of Trp.
In contrast, the simultaneous use of ILA and antibiotics did not
alter its efficacy. These results demonstrate that intestinal flora
plays a crucial role in the anti-aging function of Trp and that Trp
improves skin function through ILA.

Skin barrier functions include mechanical, microbial, chemical,
and immune barriers. Mechanical barriers comprise tight junc-
tions, adhesion complexes, the stratum corneum, and the
cytoskeleton [52,53]. AhR is expressed in various barrier tissues,
including the skin. In keratinocytes, AhR is critical for skin cell dif-
ferentiation, with AhR receptor-deficient mice exhibiting increased
transdermal water loss and impaired skin barriers [28,54]. In our
study, we explored the mechanisms through which Trp and ILA
exert anti-aging effects. We used the AhR inhibitor CH223191 to
block AhR activation and simultaneously administered Trp and
ILA to mice to observe changes in skin barrier function. We found
that the AhR target gene CYP1A1, previously identified in human
skin and keratinocytes, was reduced by CH223191, indicating inhi-
bition of the AhR pathway. Previous studies have shown that
AhR-deficient mice exhibit enhanced inflammation in
praziquantel-induced psoriasis-like skin inflammation [55].
Similarly, coal tar has been shown to induce epidermal differenti-
ation, restore filaggrin protein expression, and improve skin barrier
proteins in an AhR-dependent manner by activating AhR [56].
Other studies also demonstrated that Lactobacillus metabolizes
Trp to produce AhR ligands such as indole-3-formaldehyde, which
stimulates interleukin-22 production [57].
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Fig. 6. The effects of a simultaneous intervention with the CH223191 antagonist and Trp/ILA in aged mice. (a) Schematic showing the study design. (b) Skin content in groups
(n = 6). (c) TEWL in groups (n = 6). (d) HE and Masson staining images showing the skin in different groups. Scale bar = 100 pum. (e) Epidermal thickness results in mice
(n = 6). (f) Collagen volume ratio results (n = 6). (g) Immunohistochemical cytokeratin10 (green), loricin (yellow), and desmoglein-1 (red) staining. Scale bar = 100 pum. (h) FI

quantification (n =

6). (i-

expression results (n = 3). One-way ANOVA analysis of variance. ** p < 0.01.

5. Conclusions

In conclusion, our results demonstrated that skin aging can be
alleviated by fecal microbiota transplantation (FMT) from young

k) Representative Western blots showing AHR, CYP1A1, collagen I, collagen III, ZO1, occludin, and claudin-1 expression. (1-n) Relative protein

mice to aged mice. Trp and ILA metabolites, produced by probiotics
such as Lactobacillus and Lactococcus, trigger communication
between the gut and the skin. Thus, replenishing Lactobacillus,
Trp, and ILA can achieve similar effects to FMT. Both Trp and ILA
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improve skin epidermal differentiation via the AhR pathway.
Therefore, supplementation with probiotics or their metabolic
products may be a potential strategy for improving skin aging.
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