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ARTICLE INFO ABSTRACT

Keywords: Age-related gastrointestinal decline contributes to whole-organism frailty and mortality. Genistein is known to
Agi‘fg sut have beneficial effects on age-related diseases, but its precise role in homeostasis of the aging gut remains to be
Genistein elucidated. Here, wild-type aging mice and Zmpste24”~ progeroid mice were used to investigate the role of
Healthspan a1 . . . . 3 .

Lachnospira genistein in lifespan and homeostasis of the aging gut in mammals. A series of longitudinal, clinically relevant

measurements were performed to evaluate the effect of genistein on healthspan. It was found that dietary
genistein promoted a healthier and longer life and was associated with a decrease in the levels of systemic in-
flammatory cytokines in aging mice. Furthermore, dietary genistein ameliorated gut dysfunctions, such as in-
testinal inflammation, leaky gut, and impaired epithelial regeneration. A distinct genistein-mediated alteration in
gut microbiota was observed by increasing Lachnospira abundance and short-chain fatty acid (SCFA) production.
Further fecal microbiota transplantation and dirty cage sharing experiments indicated that the gut microbiota
from genistein-fed mice rejuvenated the aging gut and extended the lifespan of progeroid mice. It was demon-
strated that genistein-associated SCFAs alleviated tumor necrosis factor alpha-induced intestinal organoid
damage. Moreover, genistein-associated propionate promoted regulatory T cell-derived interleukin 10 produc-
tion, which alleviated macrophage-derived inflammation. This study provided the first data, to the authors’
knowledge, indicating that dietary genistein modulates homeostasis in the aging gut and extends the healthspan
and lifespan of aging mammals. Moreover, the existence of a link between genistein and the gut microbiota
provides a rationale for dietary interventions against age-associated frailty.

Short-chain fatty acid
Progeroid mice

of life, is unclear [4]. The Frailty Index (FI) was developed to measure
the healthspan in aging studies, which is critical for evaluating the aging

1. Introduction

Early life mortality has been decreasing worldwide since the 1950 s,
resulting in a dramatic increase in the aging population. It is predicted
that the number of elderly people aged > 65 years will more than double
and reach 1.5 billion in the next 30 years, which will lead to a sharp rise
in the costs of healthcare worldwide [1]. Therefore, there is an urgent
need to address the determinants of delayed age-related decline or
healthspan in the elderly. Aging is inevitable, leading to an increased
vulnerability to chronic diseases, multiple organ dysfunction, and
pharmacological interventions [2]. Longevity can be promoted by
virous factors, such as exercise, caloric restriction, and medication [3],
but the relationship to healthspan, the disease-free and functional period
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state of mammals rather than just focusing on lifespan [5-7]. Using the
FI, here, a series of longitudinal, clinically relevant healthspan mea-
surements were undertaken to precisely evaluate health during an aging
intervention. Although age-related characteristics are quite diverse,
many studies have indicated that chronic low-grade inflammation is one
of the most consistent biological features of aging [8-10]. Even in the
absence of illness, elevated levels of inflammatory markers, such as
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a), have been
consistently reported in aging population studies [11].

The mammalian gut is the core organ involved in nutrient digestion
and absorption in the body. Intestinal health is closely related to the
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host’s health status, defense system, and nutrition during the aging
process [12]. A large amount of evidence has shown that gut aging is
associated with a decline in gut function at both the organ and cellular
levels, including impaired intestinal epithelial barrier function, immune
function disorders, and gut dysbiosis [13,14]. Integrity of the intestinal
epithelial barrier is crucial for health and to prevent disease. However,
intestinal epithelial barrier functions decline in the elderly, leading to
various issues, such as intestinal inflammation, leaky gut, intestinal stem
cell (ISC) exhaustion, and impaired epithelial regeneration [12,14].
Moreover, an increased inflammatory state is a hallmark of gut aging
[15]. Aging induces an imbalance between inflammatory and
anti-inflammatory cytokines, favoring the excessive production of
macrophage-derived IL-6 and TNF-a and directly affecting intestinal
homeostasis [15,16].

Over the last few decades, emerging evidence has shown that the gut
microbiota plays a critical role in the developmental programming of
human health and disease. Age-related changes in gut microbiota
composition include a decline in microbiota diversity, decreased abun-
dance of beneficial microorganisms, increased abundance of potential
pathogenic bacteria, and an increase in the ratio of Bacteroides to Fir-
micutes [12,17]. Moreover, the aging gut microbiota shows a loss of
genes involved in the production of short-chain fatty acids (SCFAs) and
secondary bile acids; a reduced representation of starch, sucrose,
galactose, glycolysis, and gluconeogenesis metabolism pathways; and a
concomitant loss of cellulolytic microorganisms [12,18].

Nearly a century of research has shown that nutritional intervention
can delay aging and age-related diseases. Widely studied interventions
include caloric restriction, protein restriction, and phytochemical sup-
plements [3,19]. Natural polyphenols, which are found in commonly
consumed food plants such as tea, cocoa, fruits and beans, exert many
health benefits on aging [20]. For example, quercetin, resveratrol, and
anthocyanin play important roles in the treatment of aging-related dis-
eases [21-23]. Genistein, a polyphenol compound, belongs to the cate-
gory of isoflavones, and has been found almost all leguminous plants
including soybeans and coffee beans [24]. Many studies have indicated
that genistein can alleviate inflammation, modify the gut microbiota,
and improve epithelial barrier function in several animal models of in-
testinal diseases [25-28]. Moreover, genistein is known to have bene-
ficial effects on age-related diseases, such as neurodegenerative and
cardiovascular diseases, bone loss, and skin aging, but its precise role in
homeostasis of the aging gut remains to be elucidated [29]. Laboratory
mice, Drosophila, and Caenorhabditis elegans are common models for the
study of aging and age-related diseases [30]. Previous studies have
demonstrated that genistein prolongs the lifespan of Drosophila and
C. elegans [31,32]. However, no systematic study concerning the life-
span- and healthspan-extending activity of genistein in mammals has
been published, to the authors’ knowledge.

The use of humans in aging research is complicated by many factors,
including ethical issues, environmental and social factors, and perhaps
most importantly, their long natural lifespan. Although cellular models
of human diseases provide valuable mechanistic information, they are
limited in that they may not replicate in vivo biology. Almost all or-
ganisms age; thus, animal models can be useful for studying aging [33].
In this study, wild-type (WT) aging mice and Zmpste24”~ progeroid mice
were used to investigate the role of genistein in homeostasis of the aging
gut. Zmpste24”” progeria mice, which are characterized by gut dysbiosis
and accelerated aging, are ideal models for studying the relationship
between healthspan and gut microbiota [18]. Based on these animal
models, the results of this study provided further evidence on
age-associated frailty and mortality, gut dysbiosis, and intestinal phys-
iology, providing valuable insights into how dietary genistein affects
healthspan and lifespan, gut microbiota composition and functionality,
intestinal epithelial barrier function, and biomarkers of inflammation in
aging and progeria mammals. More importantly, considering the
abundance of genistein in the human diet, the findings of this study
point to a potential dietary intervention that improves the quality of life
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in the elderly population. However, clinical longevity trials are required
to establish the safety and efficacy of genistein in humans.

2. Materials and methods
2.1. Animals

Male C57BL/6 J (WT and specific pathogen-free [SPF]) mice were
purchased from Vital River Laboratories (Vital River Laboratory Animal
Technology Co. Ltd, Beijing, China) at 4 weeks of age. Progeroid
Zmpste24*/~ mice (SPF, C57BL/6 background) were purchased from the
Shanghai Model Organisms Center, Inc. Zmpste24 /~ mice were gener-
ated by crossing Zmpste24"/~ mice. All mice were housed on a 12 h light
/ dark cycle and maintained at 20-22 °C with free access to food and
water. All mice were maintained on a regular mouse diet (SPF, Beijing
Keao Xieli Feed Co. Ltd) and sterile water. Genistein (absin) was ho-
mogeneously mixed during the manufacture of the regular mouse diet
prior to irradiation and pelleting (400 mg genistein per 1 kg regular
mouse diet). Genistein-treated animals were subjected to lifelong gen-
istein supplementation in a regular mouse diet (400 mg/kg), while the
control group was maintained on a regular mouse diet. C57BL/6 mice
were fed regular chow and switched to a diet containing genistein at 18
months of age. The mice were housed in groups of four-to-five per cage.
The mice were inspected daily, and treated for non-life-threatening
conditions, as directed by veterinary staff. Health screening was per-
formed four times per year at 3-month intervals. Diagnostics consisted of
serological screening and fecal and fur analyses for internal and external
parasites. Mice were maintained in accordance with the Guide for the
Care and Use of Laboratory Animals (Institute for Learning and Animal
Research at China Agricultural University; SYXK-2015-0028). All pro-
cedures were approved by the Chinese Agricultural University Labora-
tory Animal Welfare and Animal Experimental Ethical Committee
(AW82402202-1-1).

2.2. Survival and aging index (FI)

The end point of the lifespan study was natural death, and the age at
which the mice died was recorded. The protocol for assessing the mouse
aging index was largely based on that of previous studies [6,7]. These
assessments indicated age-associated deterioration of health and
included evaluation of the animals’ musculoskeletal system, respiratory
system, signs of discomfort, ocular and nasal systems, vestibulocochlear
/ auditory systems, digestive system, urogenital system, body weight,
and body surface temperature. A value of 0 was assigned if no sign of
frailty was observed and the animal was healthy for that phenotype.
Moderate and severe phenotypes were scored as 0.5 and 1, respectively.
A loss of temperature and weight was scored using the standard devia-
tion. Briefly, the average and standard deviations (STDEV) were calcu-
lated sex-specifically using the baseline datasets (data collected before
the start of the treatment for mice aged 18 months). A decrease in
temperature or weight within one STDEV was scored as 0, a decrease
larger than one STDEV but smaller than two STDEV was scored as 0.5,
and any decrease of more than two STDEV was scored as 1. All mea-
surements were completely blinded to subjective assessments. All mice
(18 months old) were scored before grouping, and all 31 scores were
applied to assign animals into different groups. A balanced partitioning
of mice was performed; for any given mouse in any given group, there
were similar mice in all other groups. This allowed any outcome of the
study to be more related to experiments or treatments than to the
inherent properties of a group. The mice were housed in groups of
four-to-five per cage.

2.3. Histological analysis

The mice were euthanized with CO,, the intestinal tissues were
removed immediately, and the length of the intestine was measured. The
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proximal colonic tissues (2 cm) were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) and stored in 50% ethanol. Fixed tis-
sues were embedded in paraffin using standard procedures. The blocks
were sectioned (5 pm) and analyzed using a hematoxylin and eosin
staining kit (Beijing Leagene Biotechnology Co., Ltd.). Histological
scoring of the colon was performed under the following criteria, as
described previously [34,35]. Cell infiltration: occasional inflammatory
cells in the lamina propria (LP) = 0, increased infiltration in the LP
predominantly at the base of crypts = 1, confluence of inflammatory
infiltrate extending into the mucosa = 2, and transmural extension of
infiltrate = 3; tissue damage: no mucosal damage = 0, partial (up to
50%) loss of crypts in large areas = 1, partial-to-total (50-100%) loss of
crypts in large areas and epithelium intact = 2, and total loss of crypts in
large areas and epithelium lost = 3. Histological scoring was performed
in a blinded fashion.

2.4. Intestinal permeability assay

The intestinal permeability assay was performed as described in the
authors’ previous study [36]. Briefly, mice were denied access to food
but allowed water for 3 h prior to gavage with 0.2 mL saline containing
8 mg fluorescein isothiocyanate (FITC) and 70 kDa dextran (Sigma). The
serum was harvested after 5 h and added to enzyme-linked immuno-
sorbent assay (ELISA) plates (NEST Biotechnology). FITC fluorescence
was measured at excitation wavelengths of 495 and 555 nm.

2.5. DNA extraction and 16 S rRNA gene sequencing

Fecal DNA was extracted using a QlAamp DNA Stool Mini Kit (Qia-
gen, Germany). The V3-V4 variable regions of intestinal bacterial 16 S
DNA were amplified using universal primers of the forward 338 F (5’-
ACTCCTACGGGAGGCAGCAG-3’) and reverse 806 R (5-GGAC-
TACHVGGGTWTCTAAT-3’). Each sample was labeled with a unique
barcode using a polymerase chain reaction (PCR). The PCR product was
separated on a 2% agarose gel, and the relative concentration of the
target band was measured. PCR products of equal quality from each
sample according to their relative concentrations were pooled together
to build a library. Sequencing was performed on an Illumina MiSeq
platform (San Diego, CA, USA), according to the manufacturer’s in-
structions, to generate paired-end reads of 250 bases.

2.6. Microbiota data analysis

Raw paired-end reads were processed using the QIIME 2 platform
(version 2020.2) [37]. Sequence quality controls were performed using
DADA2: raw reads were filtered, trimmed, denoised, and dereplicated;
forward and reverse sequences were merged; and chimeras were
removed. Determinations of alpha and beta diversities were also con-
ducted using QIIME 2. Alpha diversity and statistical data were calcu-
lated using the Shannon index. Beta diversity was measured using
Bray-Curtis dissimilarity. Differentially abundant genera between
groups were identified using linear discriminant analysis effect size
(LEfSe) [38]. Predictions of the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) metabolic pathways of the microbiota data were made
using Tax4Fun [39]. Bar plots and correlations between differentially
presented bacterial taxa and concentrations of cytokines or SCFAs were
calculated using Spearman’s correlation analysis.

2.7. Fecal microbiota transplant

Fecal microbiota transplants (FMTs) were largely performed ac-
cording to the methods of a previous study [18]. The effects of the FMTs
were assessed using four different groups of progeroid mice: untrans-
planted Zmpste24'/ " mice; Zmpste24'/ " mice transplanted with empty
buffer; Zmpste24”~ mice transplanted with fecal microbiota from aged
control WT mice; and Zmpste24”~ mice transplanted with fecal
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microbiota from genistein-fed WT mice. Eight-week-old Zmpste24”
mice were used as recipients. Before transplantation, Zmpste24‘/ " mice
were administered 100 pL of an antibiotic cocktail (1 g 17! neomycin, 1
g 17! vancomycin, 2 g 17! ampicillin, and 2 g 1-! metronidazole) by oral
gavage for five consecutive days. Subsequently, mice were administered
100 pL of the microbiota suspension twice a week for 1 month. After this
1-month period, the mice received the microbiota suspension once a
week until natural death or euthanasia. For the microbiota suspension
preparation, fresh feces pellets (30-60 mg of feces per mice) were
collected from control or genistein-fed aging mice from every cage in the
euthanasia group (n = 8, Fig. 1A) and resuspended with a homogenizer
in reduced PBS with 0.5 g 17! cysteine and 0.2 g 1! NayS (200 mg of
feces per 1 mL of PBS) to avoid cage effects. The fecal homogenate was
then filtered through a 40 um cell strainer (Jet Biofil). The filtrate was
centrifuged at 500 x g for 1 min to remove insoluble material, and 100
uL of the supernatant was administered to the mice by oral gavage. The
mice in the empty transplant group received the same antibiotic treat-
ment and were transplanted with reduced PBS only.

2.8. Dirty cage-sharing experiment

Dirty cage-sharing experiments were performed according to the
methods of a previous study [40]. Dirty cages containing feces and
bedding from age-matched controls or genistein-fed aged mice in the
euthanasia group (Fig. 1A) were collected every week. Eight-week-old
SPF Zmpste24”~ mice (recipients) were kept in dirty cages and trans-
ferred to new dirty cages weekly over a span of 8 weeks.

2.9. Quantification of SCFA profiles

SCFAs, including acetate, propionate, butyrate, valerate, isobutyrate,
and isovalerate, in fecal samples or culture medium of Lachnospiraceae
(purchased from BeNa Culture Collection) were quantified using gas
chromatography (GC2010pro, Shimadzu, Japan). Briefly, 100 mg of
fecal samples was weighed, homogenized in sterile PBS (1:5), and then
centrifuged at 3000 x g for 10 min. The supernatant was filtered
through a 0.22 pm sterile membrane, kept in a 2 mL screw-cap vial, and
then subjected to SCFA analysis with an Ion Chromatography System.

2.10. ELISA

A portion of frozen colonic tissues (1 cm) was harvested and ho-
mogenized in 0.5 mL of radioimmunoprecipitation assay lysis buffer
(Shanghai WellBio technology Co., Ltd, WB0101) with 1 mM phenyl-
methylsulfonyl fluoride (Life-iLab, China). Samples were then centri-
fuged for 15 min at 12,000 x g. Total protein was extracted using the
InniExt™ Mammalian Total Protein Extraction Kit (InniBio.GuangZ-
hou). The protein concentration was quantified using a PikoOrange
Protein Quantitation Kit (Life-iLab, China). The supernatant (0.5 mg
protein in 0.1 mL) was assayed for cytokines. Cytokines in the super-
natant and serum were detected using mouse IL-la (BlueGene), IL-2
(Boster), IL-1f (Jiangsu Meimian industrial Co., Ltd), IL-6 (Shanghai
Zcibio Technology Co. Ltd.), IL-4 (NeoBioscience), IL-10 (FineTest), IL-
13 (ShenZhen ZiKer Biological Technology Co. Ltd), IL-15 / IL-15Ra
(Invitrogen™), IL-17 (Invitrogen™), IL-22 (Jianglaibio), TNF-a (Xinyu
Biology), C-C motif chemokine ligand 2 (CCL2) (RD systems), CCL5 (RD
systems), C-X-C motif chemokine ligand 1(CXCL1) (RD systems), and
CXCL5 (RD systems) ELISA kits, according to the manufacturer’s
instructions.

2.11. Immunofluorescence assay

Sections of the colon (2 cm each) were collected from mice in
different groups, fixed overnight in 4% paraformaldehyde, embedded in
optimal cutting temperature compound, cut into 8 um-thick slices, and
rinsed in Hanks’ balanced salt solution (HBSS). Tissue sections were
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Fig. 1. Dietary genistein extends the lifespan and alleviates age-associated frailty in aging mice. (A) Experimental design, related to Figs. 1-3. The male C57BL/6 J
mice were fed genistein (400 mg/kg) or a standard diet at 18 months of age. The study consisted of two natural death groups (Control [n = 29] and Genistein
[n = 24]) and two sacrifice groups (Control [n = 8] and Genistein [n = 8]). Mice in the natural death groups were used for measuring 31 clinically relevant aging
phenotypes and the lifespan, and were also used for collecting blood, intestinal content, and tissue samples. (B) Survival proportions of the Control (n = 29) and
Genistein (n = 24) mice. Survival curve comparisons were performed using the Log-rank test; * **p < 0.001. (C) The lifespan of the Control (n = 29) and Genistein
(n = 24) mice. Data are the mean + standard deviation (SD) of the group, * *p < 0.01 (two-tailed t test). (D) Total frailty index scores during the lifespan, comparing
control mice to those fed genistein from 18 months of age. Each dot indicates the total score of one animal at a specific age as indicated; n = all live animals in the
study at each time point. Data are the mean + SD, * **p < 0.001 (two-tailed t-test). (E) All individual frailty phenotypes (total of 31 phenotypes), n = all animals
alive at each measurement time. Data are the mean + SD, *p < 0.05, * *p < 0.01, * **p < 0.001 (two-tailed t-test). (F) Body weight trajectories of Control and
Genistein mice; n = all live animals in the study at each time point. Data are the mean =+ SD, *p < 0.05, * *p < 0.01 (two-tailed t-test). (G) Age-matched control (left)

and genistein-fed (right) mice. Animals were 26 months old in the image. (H) The expression of eight cytokines from the serum of the middle-aged control (18 months

old), aged control (26 months old), and genistein-fed (26 months old) mice (n = 6). Data are the mean + SD, *p < 0.05, * *p < 0.01, *

analysis of variance).
<
<

**p < 0.001 (one-way

permeabilized with 0.5% Triton X-100 for 20 min, washed three times
with HBSS, and incubated for 1 h in 5% bovine serum albumin in HBSS
to reduce nonspecific background signals. For immunofluorescence
staining, tissue sections were incubated overnight with primary anti-
bodies (anti-Ki-67, 1:50; ZENBIO, 261202). The samples were then
incubated with DyLight 594 (1:200, Abcam, ab150080)-conjugated
secondary antibodies for 1h, followed by incubation with 4,6-dia-
midino-2-phenylindole (1:5000, Invitrogen™, D1306) for 5 min at
25 °C. The mean fluorescence intensity (MFI) of Ki-67 or Muc2 was
analyzed using ImageJ software.

2.12. Mouse intestinal organoid culture

Colonic organoid culture was performed according to the methods of
the authors’ previous studies [35,41]. Briefly, colon tissues were
removed immediately after euthanizing mice with CO,. Organs were
opened longitudinally in a 100 mm cell culture dish (CellVis), washed
with sterile PBS, and cut into pieces. Colon pieces were incubated in
colonic crypt isolation buffer (5.6 mM NapyHPO4, 8 mM KH5POy,
9.8 mM NaCl, 1.6 mM KCl, 44 mM sucrose, 24.8 mM D-sorbitol, 5 mM
ethylenediaminetetraacetic acid [EDTA], and 0.5 mM DL-dithiothreitol
in distilled water) in 50 mL tubes (LABLEAD Inc.). The mixture was
passed through a 70 um cell strainer, and the colonic crypt fractions
were isolated and purified by centrifugation. Matrigel (VivaCell, Vitro-
Gel® ORGANOID, VHMO04-K) was added to a pellet of crypt fractions,
and 50 pL drops of crypt-containing Matrigel were added to the wells of
a 24-well plate. For colonic organoid culture, IntestiCult™ Organoid
Growth Medium (STEMCELL) supplemented with epidermal growth
factor (Novoprotein) was used. The culture medium was replaced every
3-4 days.

2.13. Regulatory T cell and macrophage isolation and culture

Colon tissues were collected from the mice, opened longitudinally,
and washed with PBS. Epithelial cells were removed by incubating with
Dulbecco’s phosphate-buffered saline containing 5mM EDTA,
0.154 mg/mL dithiothreitol, 5% fetal bovine serum (FBS) (Shanghai
Lian Shuo Biotechnology Co., Ltd.), and 100 U/mL penicillin-0.1 mg/
mL streptomycin for 30 min in a 37 °C shaker. For the isolation of LP
lymphocytes (LPLs), the remaining intestinal tissues were washed twice
in PBS, cut into 1 mm-long sections, and digested in a collagenase so-
lution (Roswell Park Memorial Institute [RPMI] 1640 medium, 10 mM
4-[2-hydroxyethyl] —1-piperazineethanesulfonic acid, 100 U/mL peni-
cillin-0.1 mg/mL streptomycin, 1% glutamine, 5% certified FBS [Viva-
Cell, Shanghai], 0.5 mg/mL collagenase/dispase [Roche], 1 U/mL
DNase 1 [Roche], and 0.5 mg/mL enterokinase [Hangzhou Putai
Biotechnology Co., LTD]) for 30 min in a 37 °C shaker. The digested
tissues were strained (40 um) and washed twice with PBS. The LPL
fractions were purified using a 40% / 80% Percoll gradient (Solarbio).
To sort regulatory T (Treg) cells and macrophages, colonic LPLs were
obtained from six mice per sorting session. Treg cells (CD4"CD25™) were
isolated from the LPL suspension using a CD4"CD25" Treg cell Isolation

Kit (Miltenyi, 130-092-984) according to the manufacturer’s in-
structions. To activate and maintain Treg cells in culture, anti-CD3 (1 g/
mL; Bioss), anti-CD28 (1 g/mL; Sangon biotech), and rmIL-2 (1000 U/
mL; CUSABIO, https://www.cusabio.com/) were added to the complete
RPMI 1640 medium (BioChannel Biological Technology Co., Ltd.). In
some experiments, Treg cells were stimulated with genistein (0.1 mM),
acetate (1 mM), propionate (1 mM), butyrate (1 mM), or anti-IL-10
antibody (1 pg/mL; BOSTER) for 24 h. Macrophages (F4 / 80" cells)
were isolated from the LPL suspension using the Macrophage Isolation
Kit (Miltenyi, 130-110-434) according to the manufacturer’s in-
structions. To stimulate macrophages, cells were incubated with
100 ng/mL lipopolysaccharide. The cell samples and their culture su-
pernatants were harvested for flow cytometry and ELISA.

2.14. Flow cytometry

To assess the frequency of apoptosis (Annexin V / propidium iodide)
and proliferating (5-ethynyl-2 “deoxyuridine [EdU]) cells in colonic
organoids, single cells were isolated from organoids incubated in
1 x TrypLE express (Beijing T&L Biological Technology Co., Ltd.) sup-
plemented with 0.8 kU mL ! DNasel (Roche). Single cells were stained
using an Annexin V-FITC Apoptosis Detection Kit (Beyotime). Single
cells were fixed with 4% paraformaldehyde. After obtaining a single-cell
suspension of stimulated and fixed cells, the samples were filtered
(40 pM) and permeabilized with ice-cold (—20 °C) methanol. The fixed
and permeabilized cells were rehydrated with PBS, thoroughly washed
with PBS before staining, and stained using a Cell-Light EQU DNA Cell
Proliferation Kit (Shanghai Zcibio Technology Co. Ltd.).

For surface marker staining, cells were stained with anti-mouse CD3
APC (17A2, BD Pharmingen™, 565643), anti-mouse CD4 Pacific Blue
(RM4-5, BD Pharmingen™, 558107), anti-mouse CD25 APC (3C7, BD
Pharmingen™, 558643), anti-mouse CD11b PE-Cy7 (M1/70, Bio-
Legend, 101216), anti-mouse CD11b Pacific Blue (M1/70, BioLegend,
101224), and anti-mouse CD11c FITC (N418, Biolegend, 117305) anti-
bodies. For intracellular cytokine staining, Treg cells or macrophages
were stimulated with PMA (50 ng/mL) and ionomycin (1000 ng/mL) in
the presence of Brefeldin A (5 pg/mL; Molnova Chemicals [Shanghali,
China]) for 6 h. The cells were fixed, permeabilized, and stained with
anti-mouse IL-6 PE (MP5-20F3, BioLegend, 504503), anti-mouse IL-10
PE (JES5-16E3, BioLegend, 505007), anti-mouse IL-10 PE-Cy7
(JES5-16E3, BioLegend, 505025), and anti-mouse TNF-a PE (MP6-
XT22, BioLegend, 506305) antibodies. To analyze intracellular signaling
in Treg cells, sorted colonic Treg cells were fixed with a Fixation/Per-
meabilization Solution Kit (BD) and stained with anti-mouse RORyt FITC
(Q21-559, BD Pharmingen™, 563621) and anti-mouse GATA-3 PE
(L50-823, BD Pharmingen™, 560074) antibodies. Samples were
detected with a BD FACSCanto™ II (BD) and analyzed with FlowJo
software, with isotype or unstained controls to determine the gating.

2.15. Quantitative reverse transcription PCR

Total RNA from the intestinal tissues, contents, and organoids was
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extracted using an automated nucleic acid extractor (Scientz-NP-2032).
Reverse transcription of RNA was performed using an Evo M-MLV RT Kit
(Accurate Biotechnology [Hunan] Co. Ltd.). Then, 2 pL of template RNA
was reacted with SYBR PCR Master Mix (Genstar) for a final volume of
20 pL. Reagents were added to 96-well PCR plates (NEST Biotech-
nology). The thermal cycling conditions were as follows: 5 min at 95 °C,
followed by 40 cycles of 15 s at 95 °C and 34 s at 60 °C using an Applied
Biosystems 7500 real-time PCR system. The primers used are listed in
Table 1.

2.16. Statistical analysis

The results are expressed as mean + SD from two or three indepen-
dent experiments, unless otherwise stated. One-way analysis of variance
was used to identify significant differences among multiple groups, and
the t-test was used to identify significant differences between the two
groups. For nonparametric distributions, Wilcoxon rank-sum and Krus-
kal-Wallis tests were performed for comparisons between two groups or
three or more groups, respectively. Survival analysis was performed
using the Kaplan-Meier method, and statistical differences were
analyzed using the Log-rank (Mantel-Cox) test (GraphPad Prism 6.0 and
survival R package).

2.17. Availability of data and materials

Data supporting the findings of this study are available from the
corresponding author upon reasonable request. The datasets supporting
the conclusions of this article are available from the NCBI Sequence
Read Archive repository under accession numbers PRINA872038 and
PRJNAS872108.

3. Results

3.1. Dietary genistein extends the lifespan and alleviates age-associated
frailty in aging mice

To assess the efficacy of genistein on longevity, male C57BL/6 J mice
were subjected to lifelong genistein supplementation (400 mg/kg
normal chow diet) at 18 months of age (Fig. 1A). Interestingly,
genistein-fed mice showed improved survival compared to control mice,
with a 9.3% increase in median lifespan (987 vs. 903 days, respectively)
and a 9.2% increase in maximum lifespan (1144 vs. 1048 days,
respectively) (Fig. 1B and Table 2). Genistein-fed mice also exhibited a
10.0% increase in mean lifespan (983 versus 894 days, respectively)
(Fig. 1C and Table 2). A clinically relevant FI consisting of 31 pheno-
types has been widely used to assess healthspan in the field of aging
research [6,7,42]. The total frailty score, which is the average of 31
frailty phenotypes, was calculated for each animal at every time point
(Fig. 1D) and indicated a state of increased vulnerability to adverse
health outcomes comparable to morbidity. It was demonstrated that
genistein decreased the incidence and severity of the aging phenotypes
and delayed morbidity (Fig. 1D). Moreover, genistein treatment
decreased the severity of multiple age-dependent phenotypes, including
poor coat condition, fur color loss, and tail stiffening (Fig. 1E). Genistein
treatment did not improve these phenotypes. However, no significant
adverse effects were detected following genistein treatment (Fig. 1E).

Table 1
Primer sequences used for qRT-PCR.
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Table 2

The effect of genistein treatment on lifespan.
Median Mean Maximum
lifespan lifespan lifespan

Wild-type Control (days) 903 894 1048
aging mice Genistein (days) 987 983 1144

Percentage 9.3% 10.0% 9.2%
extension (%,

Genistein vs.

Control)

Zmpste24”” Control (days) 182 172 220
progeroid ET (days) 182 179 223
mice A-FMT (days) 144 133 194

GA-FMT (days) 217 211 293
Percentage -20.9% -29.3% -11.8%
extension (%, A-FMT

vs. Control)

Percentage 19.2% 22.7% 33.2%
extension (%, GA-

FMT vs. Control)

Percentage 50.7% 58.6% 51.0%

extension (%, GA-
FMT vs. A-FMT)

Moreover, genistein-fed mice manifested delayed loss of body weight
(Fig. 1F) and visible signs of aging (Fig. 1G). Age-associated diseases are
accompanied by chronic low-grade inflammation, which is defined as
‘inflammaging’ [43]. Inflammaging is characterized by increased levels
of blood inflammatory markers that indicate high susceptibility to
chronic frailty, morbidity, and premature death [11]. The levels of
critical inflammation-related cytokines were measured in the sera of
middle-aged control (18 months old), aged control (26 months old), and
genistein-fed (26 months old) mice. In aged control mice, the levels of
most pro-inflammatory cytokines (IL-1a, IL-2, IL-6, TNF-a, CCL2, CCL5,
CXCL1, and CXCL5) were higher than those in the middle-aged control
mice (Fig. 2H). However, genistein treatment for 8 months reduced the
levels of a large proportion of pro-inflammatory cytokines (IL-1a, IL-2,
IL-6, TNF-a, CCL2, CCL5, CXCL1l, and CXCL5) in aged animals
(Fig. 2H). Collectively, these findings demonstrated that dietary genis-
tein extended the lifespan and alleviated age-associated frailty in aging
mice.

3.2. Dietary genistein ameliorates gut dysfunction in aging mice

Aging is associated with alterations in gut functions, including in-
testinal inflammation, leaky gut, ISC exhaustion, and impaired epithelial
regeneration [12,14]. Here, it was found that aging mice exhibited
enhanced intestinal permeability (Fig. 2A) and increased histological
scores of the colon (Fig. 2B) compared with middle-aged mice. Inter-
estingly, genistein treatment decreased intestinal permeability (Fig. 2A)
and reduced the histological scores of the colon (Fig. 2B) in aging mice
compared with controls. Previous studies have shown the accumulation
of senescent cells in different tissues of aging mice [44].
Cyclin-dependent kinase inhibitors p21 and p16 are markers of cellular
senescence in various tissues [44]. Therefore, here, senescent markers in
different tissues of mice were examined, and no significant changes in
those of the heart, liver, lungs, or kidneys were detected (Fig. SIA-1D).
Nevertheless, mRNA levels of p16 and p21 were downregulated in the
colon of genistein-fed mice compared to those in the colon of the control

Target genes Primer sense (5°—3")

Primer antisense (5°—3") Product size (bp)

mLgr5 CCTACTCGAAGACTTACCCAGT
mAscl2 CGCTCTTCTGCCTCCTACCT
mpl6 TGGTCACTGTGAGGATTCAGC
mp21 TATCCAGACATTCAGAGCCACA
mGAPDH GGCTGTATTCCCCTCCATCG

TGCATTGGGGTGAATGATAGCA 165
GTCCGAGAGAGGGTCCGAAT 164
GTTGCCCATCATCATCACCTGG 192
CACGGGACCGAAGAGACAAC 100

CCAGTTGGTAACAATGCCATGT 154
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Fig. 2. Dietary genistein ameliorates gut dysfunction in aging mice. (A, B) Fluorescein isothiocyanate-dextran concentration from the serum (A) and representative
histological images and scores of the colon (B) of middle-aged control (18 months old), aged control (26 months old), and genistein-fed (26 months old) mice (n = 6,
asterisks mark inflammatory sites); scale bar, 1000 um. Data are the mean =+ standard deviation (SD), *p < 0.05, * *p < 0.01, * **p < 0.001 (one-way analysis of
variance). (C) Reverse transcription quantitative polymerase chain reaction (QRT-PCR) analysis of the markers of cellular senescence (p16 and p21) of the colon from
aged control (26 months old) and genistein-fed (26 months old) mice (n = 6). Data are the mean + SD, *p < 0.05 (two-tailed t-test). (D) The expression of 12
cytokines of the colon (n = 4). Data are the mean + SD, *p < 0.05, * *p < 0.01 (two-tailed t-test). (E) Immunostaining of Ki-67 (red), Muc2 (green), and 4',6-
diamidino-2-phenylindole (blue) of the colon (n = 6); scale bar, 100 pm. Data are the mean + SD, *p < 0.05 (two-tailed t-test). (F) Organoid frequency of colonic
crypts (n = 6); scale bar, 1000 um. Data are the mean =+ SD, * *p < 0.01 (two-tailed t test). (G) qRT-PCR analysis of the markers of ISCs (Lgr5 and Ascl2) of colonic
crypts (n = 6). Data are the mean + SD, *p < 0.05 (two-tailed t-test).
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mice (Fig. 2C). Moreover, genistein treatment inhibited the expression
of pro-inflammatory cytokines (TNF-a, IL-6, CCL1, and CXCL1), but
enhanced the expression of the anti-inflammatory cytokine (IL-10) in
the colonic tissues of aging mice (Fig. 2D). The mucus layer overlying
the epithelium is secreted by goblet cells, which represent the first line of
defense against physical and chemical injury [45]. Genistein treatment
increased the expression of Muc2 in the colons of aging mice compared
to in the colons of the control mice (Fig. 2E). The intestine is constantly
challenged and requires a high renewal rate that relies on ISCs to replace
damaged cells to maintain its barrier function [46]. Subsequently,
whether genistein accelerates intestinal epithelial regeneration in aging
mice was assessed. Interestingly, the number of Ki-67" proliferating
cells increased in the colons of genistein-fed mice (Fig. 2E). Moreover,
genistein treatment resulted in more crypt-formed organoids in aging
mice (Fig. 2F). ISC exhaustion occurred in aging mice [47]. Neverthe-
less, mRNA levels of the markers of ISCs (Lgr5 and Ascl2) were upre-
gulated in the colonic crypts (Fig. 2G) of genistein-fed mice compared to
those in the colonic crypts of control mice. Collectively, these data
suggest that dietary genistein ameliorates age-related gastrointestinal
(GI) decline in aging mice.

3.3. Dietary genistein regulates the composition and SCFA production of
the gut microbiota in aging mice

The precise etiology of chronic intestinal inflammation in aging or-
ganisms is currently unclear. Some evidence has indicated that the gut
microbiome plays a critical role in age-related inflammation [12,13].
Therefore, the impact of genistein on the gut microbiota of aging mice
(26 months old) was explored using 16 S rRNA gene sequencing. A total
of 929 and 938 operational taxonomic units (OTUs) were identified in
the control and genistein groups, respectively (Fig. S2A). Alpha diversity
was shown by Shannon’s index (a proxy for diversity that takes into
account both richness and evenness). A higher Shannon’s index was
observed in the genistein group than in the control group (Fig. 3A). Next,
the beta-diversity across mouse groups was evaluated using principal
coordinates analysis (PCoA) with Bray—Curtis dissimilarity (qualitative
measure). PCoA revealed a separation in the gut microbiota structure
between genistein-fed mice and normal control mice (Fig. 3B). Firmi-
cutes, Bacteroidetes, and Actinobacteriota were the predominant phyla
(Fig. 3C and S2B). Genistein treatment increased the ratio of Firmicutes
to Bacteroides (Fig. 3C). At the genus level, the fecal microbiota was
dominated by Lachnospiraceae NK4A136, Alloprevotella, Dubosiella, and
Lactobacillus (Fig. 3D and S2C). Next, the proportion of bacterial taxa in
each group was calculated using LEfSe analysis. An increase in the
amount of the genera Lachnospiraceae NK4A136 from the family Lach-
nospiraceae (class Clostridia), Lactobacillus from the family Lactoba-
cillaceae, Lactobacillus johnsonii, and Helicobacter was observed in the
genistein group, while the other two bacterial genera, Dubosiella and
Alloprevotella, were enriched in the control group (Fig. 3E and S2D).

Lachnospiraceae NK4A136 can ferment dietary polysaccharides to
synthesize SCFAs in the GI tract [40,48]. SCFAs play a critical role in
maintaining intestinal epithelial barrier homeostasis [49]. The KEGG
enrichment analysis was predicted using 16 S rRNA sequencing results.
Analysis of the KEGG metabolic pathways showed that dietary genistein
principally enhanced SCFA synthesis-related metabolic pathways,
including pyruvate, starch and sucrose, fructose and mannose, and
carbohydrate metabolism (Fig. 3F). To further explore the effect of di-
etary genistein on SCFA production, the fecal concentrations of acetate,
propionate, butyrate, valerate, isobutyrate, and isovalerate were
measured. Notably, the production of acetate, propionate, and butyrate
was increased in aging mice in response to genistein (Fig. 3G), whereas
the production of the other three SCFAs was not significantly increased
(Fig. S2E). Moreover, genistein enhanced the production of
Lachnospiraceae-derived SCFAs (acetate, propionate, and butyrate) in
vitro (Fig. S3A). Spearman’s correlation analysis was performed to un-
derstand the association between differentially enriched microbes and
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SCFA profiles or inflammatory parameters. Correlation analysis
revealed that Lachnospiraceae NK4A136 was enriched in the genistein
group and had a strong positive correlation with the levels of SCFAs in
the feces and IL-10 in the colon, but a significantly negative correlation
with the levels of pro-inflammatory cytokines in the colon (Figs. 3H, 3I).
Overall, it was evident that dietary genistein ameliorated gut dysbiosis
and promoted SCFA production in the gut microbiota of aged mice.

3.4. The gut microbiota from genistein-fed mice extends the lifespan and
rejuvenates the aging gut in progeroid mice

Zmpste24”" progeria mice, characterized by gut dysbiosis and
accelerated aging, are ideal models for studying the relationship be-
tween aging and the intestinal microbiota [18]. Based on the afore-
mentioned results, it was hypothesized that genistein-mediated changes
in the gut microbiota might accompany improved gut health and an
extended lifespan in aging mice. To explore this possibility, an FMT was
performed on four different mouse groups. Aging control mice and aging
genistein-fed mice were used as microbiota donors and Zmpste24” mice
(8 weeks old) were used as recipients: untransplanted Zmpste24”~ mice
(hereafter referred to as Control); Zmpste24”~ mice transplanted with
empty buffer (herein referred to as ET); Zmpste24”~ mice transplanted
with fecal microbiota from aged control mice (hereafter referred to as
A-FMT); Zmpste24”" mice transplanted with fecal microbiota from
genistein-fed mice (hereafter referred to as GA-FMT) (Fig. 4A). Mice in
the GA-FMT group showed improved survival compared to mice in the
control group, with a 19.2% increase in median lifespan (217 versus 182
days, respectively), 33.2% increase in maximum lifespan (293 versus
220 days, respectively), and 22.7% increase in mean lifespan (211 vs.
172 days, respectively) (Figs. 4B, 4C, and Table 2). In contrast, mice in
the A-FMT group showed reduced survival compared to mice in the
control group, with a 20.9% decrease in median lifespan (144 versus 182
days, respectively), 11.8% decrease in maximum lifespan (194 versus
220 days, respectively), and 29.3% decrease in mean lifespan (133 vs.
172 days, respectively) (Figs. 4B, 4C, and Table 2). Mice in the ET group
did not show survival or lifespan differences when compared to mice in
the control group (Figs. 4B, 4C). GA-FMT mice showed a delayed loss of
body weight (Fig. 4D). Intestinal permeability, typically enhanced in
aging mice, was lower in GA-FMT mice but higher in A-FMT mice than in
control mice (Fig. 4E). Moreover, the inflammatory pathology in the
colon was attenuated in GA-FMT mice (Fig. 4F). An increase in the levels
of intestinal inflammation markers (TNF-a and IL-6) in the colon of
A-FMT mice was also noted, which was recovered in GA-FMT mice
(Fig. 4G). Surprisingly, the levels of IL-10 in the colon were increased in
GA-FMT mice (Fig. 4G).

The composition of the gut microbiota in progeroid mice after A-FMT
or GA-FMT was also analyzed. The number of OTUs in the Control, ET,
A-FMT, and GA-FMT groups was 1072, 908, 931, and 1013, respectively
(Fig. S3A). Antibiotic treatment decreased the Shannon index of intes-
tinal microbiota in progeroid mice (Fig. 4H). Moreover, a higher Shan-
non index was observed in the GA-FMT group than in the A-FMT group
(Fig. 4H). PCoA revealed a separation in the gut microbiota structure
among the four groups (Fig. 4I). Firmicutes, Bacteroidetes, Proteo-
bacteriota, and Actinobacteriota were the predominant phyla in the A-
FMT and GA-FMT groups (Fig. 4J and S3B). At the genus level, the fecal
microbiota was dominated by Lachnospiraceae NK4A136, Bifidobacte-
rium, Ileibacterium, Allobaculum, Dubosiella, and Ligilactobacillus in the A-
FMT and GA-FMT groups (Fig. 4K and S3C). Next, the proportion of each
bacterial taxa in each group was calculated using LEfSe. Four bacterial
genera: Lachnospiraceae NK4A136, Bifidobacterium, Ileibacterium, and
Ligilactobacillus, were enriched in the GA-FMT group, whereas Allobac-
ulum was enriched in the Control group (Fig. 4L and S3D). In the
aforementioned studies, dietary genistein increased Lachnospiraceae
NK4A136 abundance and promoted SCFA production in the gut micro-
biota of aging mice. To further explore the effect of FMT on SCFA pro-
duction, the fecal concentrations of the SCFAs were measured. Notably,
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Fig. 3. Dietary genistein regulates the composition and short-chain fatty acid (SCFA) production of the gut microbiota in aging mice. (A-G) Gut microbiota analysis
of aged control (26 months old) and genistein-fed (26 months old) mice (n = 8). (A) Comparison of alpha diversity of the gut microbiota using Shannon’s index
(diversity). (B) Principal coordinates analysis of beta diversity using the Bray—Curtis dissimilarity metric. Each dot represents an individual mouse. PCol and PCo2
represent the percentage of variance explained by each coordinate. (C, D) Average relative abundance of prevalent microbiota at the phylum (C) and genus (D) levels
in different groups. (E) Analysis of differences in microbial taxa shown by linear discriminant analysis effect size. (F) Analysis of differences in the Kyoto Ency-
clopedia of Genes and Genomes metabolic pathway. (G) Concentrations of acetate, propionate, and butyrate in feces from aged control (26 months old) and genistein-
fed (26 months old) mice (n = 6). Data are the mean + SD, *p < 0.05, * *p < 0.01 (two-tailed t-test). (H) Spearman’s correlation between the gut microbiota and
SCFAs in aged control (26 months old) and genistein-fed (26 months old) mice. Red denotes a positive correlation, whereas blue denotes a negative correlation. The
intensity of the color is proportional to the strength of Spearman’s correlation; *p < 0.05, * *p < 0.01. (I) Spearman’s correlation between the gut microbiota and
cytokines in the serum or colon of the Zmpste24”~ mice transplanted with fecal microbiota from aged control mice and Zmpste24”~ mice transplanted with fecal
microbiota from genistein-fed mice. Red denotes a positive correlation, whereas blue denotes a negative correlation. The intensity of the color is proportional to the

strength of the Spearman’s correlation; *p < 0.05, * *p < 0.01.

the production of acetate, propionate, butyrate, and isobutyrate
increased in the GA-FMT group (Fig. 4M, S3E). Spearman’s correlation
analysis was performed to understand the association between differ-
entially enriched microbes and SCFA profiles or inflammatory parame-
ters. Correlation analysis revealed that Lachnospiraceae NK4A136 and
Bifidobacterium enriched in the GA-FMT group had a strong positive
correlation with lifespan, SCFA levels in feces, and IL-10 levels in the
colon, but a significantly negative correlation with TNF-a and IL-6 levels
in the colon (Fig. 4N).

To investigate more stringently the contribution of the microbiota to
healthy aging, a “co-housing” experiment was performed. Fecal micro-
biota samples were passively transferred from genistein-fed aging mice
through a dirty cage-sharing experiment (Fig. S5A). A traditional co-
housing approach with young Zmpste24”~ progeria mice may lead to
fighting and injury in older mice. Instead, dirty cages containing fecal
material and bedding from genistein-fed or age-matched control aging
mice were used to house Zmpste24'/ " progeria mice. Consistent with the
FMT experiment, mice in the Gen-Recip group showed improved sur-
vival compared to mice in the Con-No dirty cage group, with a 30.3%
increase in median lifespan (224 versus 168 days, respectively), a 38.7%
increase in maximum lifespan (301 versus 217 days, respectively), and a
35.6% increase in mean lifespan (221 versus 163 days, respectively)
(Fig. S5B, S5C, and Table 3). In contrast, mice in the Con-Recip group
showed reduced survival compared to mice in the Con-No dirty cage
group, with a 14.3% decrease in median lifespan (144 versus 168 days,
respectively), a 16.1% decrease in maximum lifespan (182 versus 217
days, respectively), and a 16.0% decrease in mean lifespan (163 vs. 221
days, respectively) (Fig. S5B, S5C, and Table 3). Gen-Recip mice showed
a delayed loss of body weight (Fig. S5D). Consistent with the genistein-
fed experiments, these results demonstrated that the gut microbiota
alleviated aging-related phenotypes in genistein-fed aging mice.

3.5. Genistein-associated SCFAs protect TNF-a-induced intestinal
organoid damage

Gut microbiota-derived SCFAs exert many beneficial effects on the
intestinal epithelial barrier [50]. It was found that genistein or the gut
microbiota of genistein-fed mice promoted the enrichment of
SCFA-producing bacteria and the production of SCFAs in aging or pro-
geroid mice, respectively. These findings prompted the investigation of
how genistein ameliorates the dysfunction of the aging gut.
TNF-a-treated colonic organoids were used to simulate inflammatory
gut ageing in vitro. The dose selection of acetate (1 mM), propionate
(1 mM), and butyrate (1 mM) in vitro was based on the physiological
concentration of each metabolite detected in the intestinal contents. The
results indicated that these concentrations in the feces were 0.5-3,
0.2-0.6, and 0.2-0.7 mM, respectively (Figs. 3G, 4M). In addition, the
physiological concentration of acetate, propionate, and butyrate in the
colonic lumen of mice was approximately 1 mM, as reported previously
[51]. The doses of SCFAs used in other studies were also referred to [52,
53]. It was found that TNF-a treatment led to the disruption of normal
organoid morphology (Fig. 5A), upregulation of cellular senescence
marker genes (P16 and P21) (Fig. 5B), more apoptotic cells (Fig. 5C),
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and fewer proliferating cells (Fig. 5D) compared to the control group.
Interestingly, genistein had no effect on ameliorating TNF-a-induced
organoid damage, as it did not protect normal organoid morphology,
intestinal epithelial apoptosis and proliferation, or cellular senescence
(Fig. 5A-5D). Instead, SCFA (propionate and butyrate) treatment pro-
tected intestinal organoids from TNF-a-induced damage, allowing them
to maintain normal morphology (Fig. 5A). Moreover, propionate and
butyrate treatment downregulated the mRNA levels of p16 and p21 in
TNF-a-treated organoids (Fig. 5B). It was also noted that propionate and
butyrate treatment induced more Annexin VPI live cells and EdU™"
proliferating cells in TNF-a-treated organoids (Fig. 5C, 5D). Overall, by
using the intestinal organoid model, it was demonstrated that the
beneficial effects of genistein on the intestinal epithelial barrier are
mediated to some extent by gut microbiota-derived SCFAs.

3.6. Propionate-mediated enhancement of Ty, cell function alleviates
macrophage-derived inflammation

Previous studies have demonstrated that IL-10 is a key anti-
inflammatory cytokine produced by activated immune cells and has
the potential to defer organism aging [7,54]. Here, it was confirmed that
genistein enhanced IL-10 production in both the serum and colonic
tissues of aging mice. These findings raise the question of how genistein
accelerates IL-10 production in aging guts. IL-10 is expressed by many
gut resident immune cells, including T cells, B cells, dendritic cells, and
macrophages [55]. Here, it was found that genistein increased the fre-
quency of IL-10-secreting colonic LPLs in aged mice (Fig. 6A). Subse-
quently, the frequency of IL-10-secreting CD11b™ macrophages, CD11c™
dendritic cells, CD19" B cells, and CD4" T cells was detected in the
colonic LP. It was found that genistein did not alter the frequency of
IL-10" macrophages, dendritic cells, and B cells in the colonic LP
(Fig. 6A). Interestingly, the frequency of IL-10" cytokines increased in
CD47" T cells in the colonic LP (Fi g. 6A). In the intestinal mucosa, IL-10 is
mainly produced by CD4" T cells, including T helper 2 (Ty2), Ti17, and
Treg cells. Subsequently, the frequency of IL-10-secreting CD4*GATA-3*
Tu2, CD4TRORyt" Ty17, and CD4TCD25™ Treg cells from the colonic LP
was detected in aging mice (Fig. 6B). Genistein did not alter the fre-
quency of IL-10" Ty2 and IL-10" Tyl7 cells (Fig. 6B); however, it
increased the number of IL-10" Treg cells (Fig. 6B). To investigate the
mechanism involved in the increase in Tyeg cell-derived IL-10 induced by
genistein, Tyeq cells from colonic LPs were sorted and stimulated in vitro
with genistein and genistein-associated SCFAs (acetate, propionate, and
butyrate). Notably, only propionate increased the number of IL-10" and
EdU* Treg cells (Fig. 6C, 6D). These results demonstrated that
genistein-associated propionate enhances colonic Tyeg cell function.

Aging-associated gut dysbiosis promotes macrophage dysfunction,
favoring excessive production of macrophage-derived IL-6 and TNF-a,
directly affecting intestinal homeostasis [15]. Here, it was confirmed
that genistein ameliorates gut dysbiosis and decreases IL-6 and TNF-a
production in the colonic tissues of aging mice. These findings raise the
question of whether genistein relieves macrophage dysfunction in aging
guts. In this study, it was found that dietary genistein decreased the
frequency of IL-6" and TNF-o" CD11b" macrophages in colonic LPs in
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Fig. 4. The gut microbiota from genistein-fed mice extends the lifespan and rejuvenates the aging gut in progeroid mice. (A) Scheme of the experimental design, in
which the effects of the fecal microbiota transplant (FMT) were assessed using four different groups of progeroid mice: untransplanted Zmpste24”~ mice (Control),
Zmpste24'/ " mice transplanted with empty buffer (ET); Zmpste24‘/ " mice transplanted with fecal microbiota from aged control (26 months old) wild-type (WT) mice
(A-FMT); Zmpste24'/ " mice transplanted with fecal microbiota from genistein-fed (26 months old) WT mice (FA-FMT). Eight-week-old Zmpst624'/ " mice were using as
recipients. (B) Percentage survival of Control, ET, A-FMT, and GA-FMT mice (n = 12). Survival curve comparisons were performed using the Log-rank test; *p < 0.05,
* *¥%p < 0.001. (C) The lifespan of Control, ET, A-FMT, and GA-FMT mice (n = 12). Data are the mean + standard deviation (SD), *p < 0.05, * **p < 0.001 (one-way
analysis of variance). (D) Body weight trajectories of Control, ET, A-FMT, and GA-FMT mice; n = all live animals in the study at each time point. Data are the mean
+ SD, *p < 0.05, * *p < 0.01, * **p < 0.001 (two-tailed t-test). (E-G) Fluorescein isothiocyanate-dextran concentration from the serum (E), representative histo-
logical images and scores of the colon; scale bar, 1000 pm (F), and the expression of cytokines (tumor necrosis factor alpha, interleukin (IL)— 6, and IL-10) of the
colon (G), (n = 5). Data are the mean =+ SD, *p < 0.05, * *p < 0.01, * **p < 0.001 (one-way analysis of variance). (H-L) Gut microbiota analysis of Control, ET, A-
FMT, and GA-FMT mice (n = 5). (H) Comparison of alpha-diversity of the gut microbiota using Shannon’s index (diversity). (I) Principal coordinates analysis of beta-
diversity using the Bray—Curtis dissimilarity metric. Each dot represents an individual mouse. PCol and PCo2 represent the percentage of variance explained by each
coordinate. (J, K) Average relative abundance of prevalent microbiota at the phylum (J) and genus (K) levels. (L) Taxonomic cladogram obtained from linear
discriminant analysis effect size showing bacterial taxa that were differentially abundant in A-FMT and GA-FMT mice. (M) Concentrations of acetate, propionate,
butyrate, and isobutyrate in feces from Control, ET, A-FMT, and GA-FMT mice (n = 5). (N) Spearman’s correlation between the gut microbiota and lifespan, fecal
short-chain fatty acids, or colonic cytokines in A-FMT and GA-FMT mice. The red color denotes a positive correlation, while the blue color denotes a negative
correlation. The intensity of the color is proportional to the strength of Spearman’s correlation; *p < 0.05, * *p < 0.01.
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Table 3
The effect of FMT on lifespan in the dirty cage-sharing experiment.
Median Mean Maximum
lifespan lifespan lifespan
Zmpste24”” Con-No dirty cage 168 163 217
progeroid (days)
mice Con-Recip (days) 144 137 182
Gen-Recip (days) 224 221 301
Percentage extension -14.3% -16.0% -16.1%
(%, Con-Recip vs.
Con-No dirty cage)
Percentage extension 30.3% 35.6% 38.7%

(%, Gen-Recip vs.
Con-No dirty cage)

aging mice (Fig. 6E). It was hypothesized that the decreased inflam-
mation in macrophages could be due to the propionate-mediated
enhancement of Treg cell function. To test this, Tyeg cells and macro-
phages from colonic LPs were sorted, and a Ty cell-macrophage
coculture model was built in vitro (Fig. 6F). LPS was used to induce
macrophage-derived inflammation in vitro. Notably, coculture with
IL-10 and Tyeg cells decreased the number of IL-6% macrophages
(Fig. 6G). Moreover, coculture with Tyeg cells stimulated with propionate
further reduced the frequency of IL-6" macrophages, which could be
reversed by the anti-IL-10 antibody (Fig. 6G). Collectively, these data
demonstrated that the beneficial effects of genistein on
macrophage-derived inflammation, to some extent, are mediated by
propionate-mediated enhancement of Treg cell function.

4. Discussion

With the dramatic rise in the global aging population, addressing the
determinants of delayed age-related decline or increased healthspan in
elderly people has become an urgent matter. A large amount of evidence
has shown that aging is associated with a decline in gut function at both
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the organ and cellular levels, including gut dysbiosis, chronic inflam-
mation, and leaky gut [13,14]. Age-related GI decline contributes to
whole-organism frailty and mortality [56]. Therefore, rejuvenating the
aging gut is a key strategy for promoting health in the elderly popula-
tion. Besides lifestyle, host genetics, and environmental factors, dietary
preference and gut microbiota are tightly associated with the aging
process [1,57,58]. Moreover, nutrition is the major factor that shapes
the host’s gut microbiota throughout life [59]. Natural plant extracts
have gained wide interest for their few side effects and extraordinary
health benefits in aging population healthcare [60]. Genistein is an
isoflavone found in almost all leguminous plants, including soybeans,
fava beans, and coffee beans [24]. Genistein is known to have beneficial
effects on age-related diseases, such as neurodegenerative diseases,
cardiovascular diseases, and osteoporosis [29]. However, the precise
role of genistein in homeostasis of the aging gut has not yet been iden-
tified. Furthermore, no studies have addressed the effects of genistein on
delayed age-related decline in mammals. In the present study, a
long-term feeding trial was designed to determine the effects of genistein
on age-related frailty and mortality. This study also aimed to assess the
consecutive effects of genistein on the gut microbiota and gut homeo-
stasis in aging mammals.

The primary aim of clinical trials targeting human aging is to eval-
uate the maintenance of function and health [61]. Various FIs, such as
‘Fried frailty phenotype’ and ‘Rockwood FI,” have been developed to
quantify the human healthspan [5,62,63]. A clinically relevant FI con-
sisting of 31 phenotypes was used to assess the healthspan of aging mice
in the present study [6,7,42]. Here, it was demonstrated that genistein
treatment extended lifespan and, more to the point, decreased the
severity of multiple age-dependent phenotypes, including poor coat
condition, fur color loss, and body weight loss, in aging mice. Genistein
treatment did not improve these phenotypes; however, no significant
adverse effects were detected following genistein treatment.
Age-associated diseases are accompanied by chronic low-grade inflam-
mation, which is defined as ‘inflammaging’ [43]. Inflammaging is
characterized by increased levels of blood inflammatory markers that
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Fig. 5. Genistein-associated SCFAs protect against TNF-a-induced intestinal organoid damage. (A-D) Colonic organoids were treated with tumor necrosis factor
alpha (100 ng/mL), genistein (0.1 mM), acetate (1 mM), propionate (1 mM), butyrate (1 mM), or their combinations for 24 h. (A) The morphology of the organoids
in different groups was observed with a light microscope; scale bar, 200 um. The relative number of disrupted organoids (red arrow) in the different groups (n = 5) is
shown. Data are the mean =+ standard deviation (SD), * **p < 0.001 (one-way analysis of variance). (B) qRT-PCR analysis of the markers of cellular senescence (p16
and p21) of colonic organoids in different groups (n = 5). Data are the mean + SD, *p < 0.05, **p < 0.01, * **p < 0.001 (one-way analysis of variance). (C) Flow
cytometry analysis of PI'Annexin V- (live), PI' Annexin V' (apoptotic’, and PI* Annexin V* ‘necrotic) cell frequency of colonic organoids in different groups (n = 5).
Data are the mean + SD, *p < 0.05, * *p < 0.01, * **p < 0.001 (one-way analysis of variance). (D) Flow cytometry analysis of EdU" cell frequency of colonic
organoids in different groups (n = 5). Data are the mean + SD, * *p < 0.01, * **p < 0.001 (one-way analysis of variance).
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Fig. 6. Propionate-mediated enhancement of regulatory T (Tyeg) cell function alleviates macrophage-derived inflammation. (A) Flow cytometry analysis of inter-
leukin (IL)— 107, IL-107CD11b™ (macrophage), IL-107CD11c¢™ (dendritic cell), IL-107CD19% (B cell), and IL-107CD4™ (T cell) frequency in colonic lamina propria
lymphocytes (LPLs) of aged control (26 months old) and genistein-fed (26 months old) mice (n = 5). Data are the mean =+ standard deviation (SD), *p < 0.05,
* w%p < 0,001 (two-tailed t-test). (B) Flow cytometry analysis of IL-10"CD4"GATA-3" (Th2 cell’, IL'10"CD4 RORyt™ (Th17 cell’, and IL-10*CD4*CD25* (Treg cell)
frequency in colonic LPLs of aged control (26 months old) and genistein-fed (26 months old) mice (n = 5). Data are the mean + SD, * **p < 0.001 (two-tailed t-test).
(C, D) Colonic Tyeg cells were treated with genistein (0.1 mM), acetate (1 mM), propionate (1 mM), or butyrate (1 mM) for 24 h. (C) Flow cytometry analysis of
colonic IL-10" Tyg cell frequency (n = 5). Data are the mean =+ SD, * **p < 0.001 (one-way analysis of variance). (D) Flow cytometry analysis of colonic EQU" Treg
cell frequency (n = 5). Data are the mean + SD, *p < 0.05, * **p < 0.001 (one-way analysis of variance). (E) Flow cytometry analysis of IL-6"CD11b" and tumor
necrosis factor alphatCD11b™ frequency in colonic LPLs of aged control (26 months old) and genistein-fed (26 months old) mice (n = 5). Data are the mean + SD,
*p < 0.05, * **p < 0.001 (two-tailed t-test). (F) Schematic of the experimental setting. Macrophages (80% confluent) of colonic LPLs were inoculated with lipo-
polysaccharide (1 pg/mL) for 24 h. Next, the Transwell insert containing macrophages was cultured with IL-10 (100 ng/mL), Ty cells, genistein (0.1 mM), pro-
pionate (1 mM), IL-10 antibody (1 ug/mL), or their combination for 24 h. (G) Flow cytometry analysis of colonic IL-6* macrophage frequency (n = 5). Data are the
mean + SD, * **p < 0.001 (one-way analysis of variance).

are highly susceptible to chronic frailty, morbidity, and premature death 48]. SCFAs play a critical role in maintaining intestinal epithelial barrier
[11]. Consistent with previous reports [64,65], here, it was found that homeostasis [49]. Evidence has shown that Lachnospiraceae could be a
aged mice had significantly higher levels of blood inflammatory universal signature of longevity and a healthy microbiome [71]. A
markers. However, 8 months of genistein treatment decreased the levels recent study showed that Lachnospiraceae could protect against
of pro-inflammatory cytokines in the serum of aging mice. Notably, chemotherapy-induced gut injury, aging-like frailty, and mortality [40].
genistein administration started at 18 months of age. This is valuable, as Here, it was found that dietary genistein significantly enhanced SCFA
human clinical studies are likely to be initiated at a similar relative age. synthesis-related metabolic pathways in the gut microbiota and subse-
If translated to humans, this effect would be highly desirable as it would quently promoted SCFA production. Moreover, correlation analysis
not only extend the lifespan, but, more importantly, reduce the debili- suggested that the relative abundance of Lachnospiraceae was positively
tating period of functional decline and disease management. correlated with the production of SCFAs and anti-inflammatory cyto-
Homeostasis of the intestinal barrier is closely related to the health kines, but negatively correlated with pro-inflammatory cytokines. These
status, defense system, and nutrition of the host [12]. However, a large outcomes indicated that the altered gut microbiota and its metabolites
amount of evidence has shown that intestinal barrier functions decline derived from genistein intervention may play a central role in the
in elderly people, including intestinal inflammation, leaky gut, ISC improvement of age-associated frailty and gut dysfunction.
exhaustion, and impaired epithelial regeneration [12,14]. Consistent Based on the aforementioned results, here, it was hypothesized that
with previous studies, here, it was found that the integrity of the in- genistein-mediated changes in the gut microbiota might accompany
testinal barrier was impaired in aging mice. Senescent cells occur in improved intestinal homeostasis and an extended healthspan and life-
different tissues of aging mammals and contribute to age-associated span in aging mice. To explore this possibility, Zmpste24”~ progeria mice
inflammation, and their removal extends the lifespan [66,67]. In this were used as recipients, and a FMT from normal controls or genistein-fed
study, no consistent significant decrease in the levels of p16 and p21 aging mice was performed. Zmpste24”" progeria mice, which are char-
were observed in the heart, liver, lungs, and kidneys of genistein-fed acterized by gut dysbiosis and accelerated aging, are ideal models for
aged mice. However, genistein treatment downregulated the levels of studying the relationship between healthspan and gut microbiota [18].
p16 and p21 in the colon. Moreover, dietary genistein decreased intes- Interestingly, the gut microbiota from control donors shortened the
tinal permeability and inflammation in genistein-fed aging mice lifespan and increased intestinal permeability and inflammation in
compared with age-matched controls. The mucus layer overlying the progeria mice. In contrast, the gut microbiota from genistein-fed donors
epithelium is secreted by goblet cells, which represent the first line of to progeroid recipients increased survival and improved intestinal bar-
defense against physical and chemical injury [45]. The expression of rier function. The composition of the gut microbiota in progeroid mice
Muc2 in the colon was increased in genistein-fed aging mice. The in- after A-FMT or GA-FMT was also analyzed. Antibiotic treatment
testine is constantly challenged and requires a high renewal rate that significantly reduced bacterial diversity in progeroid mice, indicating
relies on Lgr5" ISCs to replace damaged cells to maintain its barrier that antibiotics cleared the gut microbiota of mice to some extent.
function [46]. ISC exhaustion occurs in aging mice [47]. Interestingly, Moreover, GA-FMT induced a significant increase in the microbiota di-
genistein promotes ISC-mediated intestinal epithelial renewal in elderly versity and the ratio of Firmicutes to Bacteroides. Consistent with the
animals. Collectively, these results suggest that dietary genistein im- genistein-fed experiments, enriched Lachnospiraceae NK4A136 and
proves the intestinal barrier function in aging mice. increased SCFA production were induced by GA-FMT. Moreover, Lach-
Over the last few decades, emerging evidence has shown that the gut nospiraceae NK4A136 enriched in the GA-FMT group had a strong pos-
microbiota plays a critical role in health and disease in elderly people itive correlation with the levels of SCFAs in the feces and the level of
[12,13]. Age-related changes in gut microbiota composition include a IL-10 in the colon, but a significantly negative correlation with the
decline in microbiota diversity, decreased abundance of beneficial mi- levels of IL-la and IL-6 in the colon. Based on the FMT and ‘dirty
croorganisms, increased abundance of potential pathogenic bacteria, cage-sharing’ experiments as well as the authors’ previous studies, the
and an increase in the ratio of Bacteroides to Firmicutes [12,17]. It has altered gut microbiota and its metabolites derived from genistein
previously been reported that dietary genistein increases the abundance intervention have been found to play a central role in healthspan
of Lactobacillus and Lachnospiraceae and SCFA production in animal extension and aging gut health in mammals.
models and humans [27, 68-70]. Moreover, the aging gut microbiota Many studies have indicated that genistein can alleviate inflamma-
shows a loss of genes involved in the production of SCFAs and secondary tion, modify the gut microbiota, and improve the epithelial barrier
bile acids; a reduced representation of starch, sucrose, galactose, function in several animal models of intestinal diseases [25-28]. How-
glycolysis, and gluconeogenesis metabolism pathways; and a concomi- ever, the underlying mechanisms remain unclear. Here, it was found
tant loss of cellulolytic microorganisms [12,18]. In this study, a that genistein treatment promoted the enrichment of SCFA-producing
consistent significant increase in microbiota diversity; the abundance of bacteria and the production of SCFAs in the aging gut. Gut
Lachnospiraceae, Lactobacillus, and Bifidobacterium; and the ratio of Fir- microbiota-derived SCFAs (acetate, propionate, and butyrate) exert
micutes to Bacteroides was observed in genistein-fed aging mice many beneficial effects on intestinal homeostasis [50]. These findings
compared with age-matched controls. Lachnospiraceae has the ability to prompted us to investigate how genistein ameliorates the dysfunction of
ferment dietary polysaccharides to synthesize SCFAs in the intestine [40, the aging gut. The complex nature of the intestinal environment in
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animal models renders it challenging to study the underlying mecha-
nisms of the beneficial effects of genistein on the aging gut. In recent
years, intestinal organoid culture systems have been widely used in in-
flammatory models and in vitro studies of intestinal epithelial function
[72]. In this study, TNF-o-treated colonic organoids were used to
simulate inflammatory gut aging in vitro. Interestingly, genistein did not
ameliorate TNF-a-induced organoid damage. Previous studies have
demonstrated that propionate and butyrate induce autophagy in intes-
tinal epithelial cells as a protective response against cell apoptosis
[73-75]. Many studies have indicated that microbial-derived propionate
and butyrate promote the epithelial barrier function through the
remodeling of tight junctions [76-80]. A previous study demonstrated
that gut microbiota-derived propionate induced Reg3 expression in in-
testinal organoids and ameliorated experimental colitis in mice [53]. A
recent study reported that propionate exerts protective effects against
radiation-induced intestinal epithelial injury [40]. This study also
demonstrated that genistein-associated SCFAs, such as propionate and
butyrate, repressed epithelial inflammation in a TNF-a-induced intesti-
nal organoid damage model.

Aging-associated gut dysbiosis promotes macrophage dysfunction,
favoring the excessive production of macrophage-derived IL-6 and TNF-
a, directly affecting intestinal homeostasis [15]. This study confirmed
that genistein ameliorates gut dysbiosis and decreases IL-6 and TNF-«
production in the colonic tissues of aging mice. These findings raise the
question of how genistein relieves macrophage dysfunction in aging
guts. In this study, it was found that dietary genistein decreased the
frequency of IL-67 and TNF-o™ CD11b™ macrophages in colonic LPs in
aging mice. Previous studies have demonstrated that IL-10 is a key
anti-inflammatory cytokine produced by activated immune cells and has
the potential to defer organism aging [7,54]. Here, it was confirmed that
genistein enhanced IL-10 production in both the serum and colonic
tissues of aging mice. Moreover, Treg cells were the main source of
genistein, which promoted IL-10 production in vivo. Interestingly, only
propionate increased the number of IL-10" and EdU" Treg cells in vitro.
These results demonstrated that genistein-associated propionate
enhanced colonic T,eg cell function. Previous studies have reported that
commensal bacteria-derived propionate regulates Treg cell function,
thereby exerting anti-inflammatory effects [81,82]. Here, it was hy-
pothesized that the decreased inflammation in macrophages could be
due to the propionate-mediated enhancement of T cell function. To
test this, Tyeq cells and macrophages were sorted from colonic LPs and a
Treg cell-macrophage coculture model was built in vitro. LPS was used to
induce macrophage-derived inflammation in vitro. Notably, coculture
with IL-10 and Treg cells decreased the frequency of IL-6" macrophages.
Moreover, co-culture with Tyeg cells stimulated propionate and further
reduced the frequency of IL-6" macrophages, which could be reversed
by an anti-IL-10 antibody. The results of these in vitro experiments
suggested that the beneficial effects of genistein on anti-inflammatory
effects, to some extent, are mediated through SCFA-producing bacte-
ria, such as Lachnospiraceae, and subsequent production of functional
SCFAs, such as propionate and butyrate. However, in vivo experiments
treating aging mice with SCFAs will make these conclusions more
robust.

5. Conclusions

In summary, the present study showed that dietary genistein
extended the healthspan and lifespan and modulated homeostasis of the
aging gut by promoting changes in the composition and metabolites of
the gut microbiota, which was translated into improved intestinal bar-
rier functions, including decreased intestinal inflammation and perme-
ability and increased epithelial regeneration. Given the alleviated effect
of the microbiota of genistein-fed aging mice on aging-related pheno-
types in progeria mice, the beneficial roles of genistein in healthspan and
intestinal homeostasis are believed to be mediated mainly through
SCFA-producing bacteria, such as Lachnospiraceae, and subsequent
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production of functional SCFAs. Furthermore, the mechanism by which
genistein rejuvenates the aging gut was revealed at the cellular level:
genistein-associated SCFAs maintain the integrity of the intestinal
epithelial barrier in the inflammatory state, and propionate-mediated
enhancement of T,y cell function alleviates macrophage-derived
inflammation. This study provided the first data, to the authors’
knowledge, to indicate that dietary genistein modulates homeostasis in
the aging gut and extends the healthspan and lifespan of aging mam-
mals. The existence of a link between genistein and the gut microbiota
provides a rationale for dietary interventions against age-associated
frailty and gut dysfunction. More importantly, considering the abun-
dance of genistein in the human diet, the present study’s findings point
to a potential dietary intervention that would improve the quality of life
of elderly people.

This study had some limitations, and further research is needed to
determine the specific mechanism by which genistein regulates the
microbiota function. Although the results support the longevity effects
of genistein in male animals, they lack validation in female animals.
Moreover, the applied FI is subjective and lacks the power to assess
cognitive function and behavior. Future studies are needed to distin-
guish between in vivo supplementation with genistein and direct sup-
plementation with SCFAs, such as propionate and butyrate. Another
limitation is that this study lacked clinical data. There is still a long way
to go to establish the safety and efficacy of genistein in clinical longevity
trials.
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