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Abstract: As we are facing an aging society, anti-aging strategies have been pursued to reduce the negative impacts of

aging and increase the health span of human beings. Gut microbiota has become a key factor in the anti-aging

process. Modulation of gut microbiota by fecal microbiota transplantation (FMT) to prevent frailty and unhealthy

aging has been a hot topic of research. This narrative review summarizes the benefits of FMT for health span and

lifespan, brains, eyes, productive systems, bones, and others. The mechanisms of FMT in improving healthy aging are

discussed. The increased beneficial bacteria and decreased pathological bacteria decreased gut permeability and

systemic inflammation, increased short-chain fatty acid (SCFA) and SCFA-producing bacteria, and other factors are

listed as mechanisms of FMT to improve healthy aging. The points that need to be considered to ensure the optimal

outcomes of FMT are also discussed, such as recipients’ age, sex, genetic background, and gut microbiota after FMT.

Although this field is still in its infancy, it has shown that FMT has great potential to improve healthy aging.

Introduction

The aging population is a social and economic problem
worldwide. In the next 30 years, the number of people aged
265 years is estimated to more than double, reaching 1.5
billion globally, with the majority in less-developed
countries. As a result, the costs of health care will escalate
enormously [1]. Reducing the negative impacts of advanced
age and increasing health span has therefore been an
important goal of anti-aging research. The human gut
microbiota which is composed of approximately 10 to 100
trillion microorganisms is estimated to be almost equal to
the number of human body cells [2]. Gut microbiota has
been proposed as an additional organ of the human body
[3-6], shifting with age [1,7] and influencing not only the
digestive systems [8] but also other organs such as the brain
[9], muscles [10], eye [11], bones [12], reproductive systems
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[13], etc. Microbiome disturbance has been suggested as a
new hallmark of aging [14] in addition to the original nine
hallmarks of aging proposed by Lopez-Otin and colleagues
in 2013 [15]. The idea of modulating gut microbiota to
improve healthy aging is captivating. Methods of gut
microbiota modulation include dietary intervention,
prebiotics, probiotics, postbiotics, synbiotics, and fecal
microbiota transplantation (FMT) [16,17]. FEMT is the
process of transplanting fecal bacteria from healthy donors
to those with gut dysbiosis to restore the community and
function of gut microbiota [18]. The main indication for
FMT is antibiotic-refractory Clostridium difficile infection
(CDI), with a satisfactory cure rate of 87%-90% [19]. FMT
has also been applied in treating other digestive diseases
such as inflammatory bowel diseases, irritable bowel
syndrome, constipation, colon cancer, etc. Beyond the
digestive tract, FMT has been proven beneficial for
problems with metabolism, autoimmunity, and nervous
system development [20,21]. In 2017, researchers found that
feeding middle-aged African turquoise killifish with gut
contents from young donors resulted in lifespan extension
and delayed behavioral decline [22,23], which has
encouraged enthusiasm for application of FMT to improve
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healthy aging. There was a surge of research in applying FMT
to reverse aged-related pathology, such as cognitive
impairment, inflammation, decreased reproductive
functions, age-related macular degeneration, osteoporosis,
etc. In this review, we define transplanting gut microbiota
from young donors to aged ones as yFMT, and the reverse
one as aFMT. This review highlights the beneficial effects of
young feces and the detrimental effects of old feces, the
mechanisms of yFMT to improve healthy aging, and key
points to achieve optimal FMT outcomes. Considering the
progress in simplified FMT procedures and deep
understanding of the mechanisms of FMT, the promising
results of applying FMT in improving healthy aging may
show an alternative way of anti-aging strategies.

Beneficial Effects of Young Feces

Extend lifespan

African turquoise killifish is a naturally short-lived vertebrate,
transplanting the gut microbiota from young donors to
middle-aged individuals resulted in a 41% increase in the
median lifespan, compared to transplanting the gut
microbiota from the same age [22]. FMT from wild-type
mice to progeroid mice enhanced the health span and
lifespan of progeroid mice [24].

Benefits for brain functions

Stroke is a disease predominately associated with aging, yFMT
to aged mice before a stroke can decrease the mortality rate
after experimental stroke, with decreased neurological
deficits, and increased hang times and activities. The
inflammatory cytokines in plasma were decreased [25].
Another study validated that yFMT to aged mice before
stroke can decrease neurological deficits and infarct volume
in the brain after stroke, the decreased interleukin-17 (IL-
17) in serum, colon, and brain might be the mediated factor
of neuroprotective effects of yFMT [26]. yYFMT to aged mice
after stroke can rescue behavioral impairment, and reduce
brain and gut inflammation, suggesting yFMT may be a
“post-stroke bacteriotherapy”. Transplanting short-chain
fatty acids (SCFAs)-producing bacteria to aged mice after
stroke can also alleviate post-stroke neurological deficits and
inflammation, which suggests the effect of yFMT was
mediated by SCFAs [27]. yFMT to aged mice can decrease
the portion of activated microglia in the hippocampus, and
restore the aged hippocampal metabolome, with glutamine
as a potential driver. For aging-associated behavioral deficits,
yEMT can improve aging-associated impairments in long-
term spatial memory and learning and also show a potential
anxiety-alleviating therapeutic effect [28]. yFMT to middle-
aged Kkillifish can delay motor decline. This effect can last
for 16 weeks after FMT, which shows the long-lasting effects
of FMT [22]. To sum up, YFMT to aged mice can decrease
stroke symptoms and mortalities when used before stroke or
after stroke, and yFMT to aged mice can improve memory
impairments and alleviate anxiety.

Benefits for reproductive organs

yEMT to aged zebrafish promoted oocyte growth, decreased
the blood concentration of estradiol, and returned the
balance of sex hormones in the elderly [29]. This effect was
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associated with reestablishing youth-like transcriptomic
phenotype in the elderly gonads, thus attenuating the
functional decline [30]. yFMT to aged female mice can
decrease follicle atresia and apoptosis in ovaries, and
increase cellular proliferation in the ovaries. Besides, the first
litter size of FMT mice after pregnancy was much bigger
than non-FMT mice [31]. Vulvovaginal atrophy is a
common menopause-related symptom in middle-aged
women, transplanting feces of ovary-intact fecund mice to
ovariectomized mice can alleviate vaginal epithelial atrophy
and enhance vaginal regeneration [32].

Benefits for gut

Numerous studies have shown that yFMT can restore the aged
gut microbiota to young-like gut microbiota [27,33,34]. yFMT
to aged mice can enhance intestinal barrier function, with
increasing occludin, claudin, and zonula occludens-1 (ZO-1)
expression in the intestine 24 weeks after FMT, the intestinal
structure showed less swelling mucosa, sub-epithelial space
expansion, and well-arranged villi compared to non-FMT
mice [35]. Regulatory T (Treg) cells in the intestinal lamina
propria are anti-inflammatory and suppress immune
responses [36]. YFMT to aged mice increased CD4+Foxp3+
Treg cells in the small intestine. The mucins are produced by
goblet cells in the intestine and are protective of the host.
yFEMT to aged mice can enhance the number of mature
goblet cells and increase mucin gene expression in large
intestines. The intestinal integrity was increased by yFMT
[27]. Germinal center reaction in Peyer’s patches of the small
intestine is diminished in aged mice, yFMT or co-housing
with young mice can rescue the reduced germinal center
reaction in aged mice [37]. M cells are specialized enterocytes
in Peyer’s patches of the small intestine, which can transport
antigens and show immunosurveillance function. Aging
causes a decline in functional M cell maturation. However,
housing aged mice on used bedding from young mice was
sufficient to enhance the functional maturation of M cells in
Peyer’s patches of aged mice [38]. Aging is characterized by
disordered bile acid homeostasis. Intermittent co-housing
with young mice for ten weeks can decrease the ratios of
primary to secondary bile acids in the liver, serum, and
intestinal segments in aged mice, thus rescuing the
disordered bile acids homeostasis [39]. Housing aged mice in
dirty cages of young mice for one week can protect aged
mice from subsequent CDI infection, with decreased
mortality rate and increased early innate immune responses
[40,41]. To conclude, these findings suggest that yFMT can
restore the aged gut microbiota to young-like gut microbiota,
increase intestinal barrier function, and rescue the disordered
bile acids homeostasis.

Benefits for eyes

Eyes are sensitive and vulnerable to age-related functional
decline and inflammatory damage. As age advances, the
complement protein C3 and pro-inflammatory cytokines
increase in the retina which causes retina degeneration.
yEMT to aged mice significantly reduced C3 and pro-
inflammatory cytokines in the eyes of aged mice. Retinal
pigment epithelial protein RPE65, which is critical for
retinal visual pigment regeneration in photoreceptors, was
increased after yFMT in aged mice [34]. The lacrimal glands
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are highly susceptible to aging, with increased inflammation,
lipid deposition, and disturbed rhythmic transcriptomic
profiling. yFMT to aged mice can reduce chronic
inflammation and lipid deposition, improve rhythmic
transcriptomic profiling, and change the aberrant neural
response of the aging lacrimal glands in aged mice [33].
yEMT to aged zebrafish can diminish the areas of all retinal
layers and re-organize the histological assembly of aged
eyes. Proteome perturbation of aged eyes caused by
perfluorobutane sulfonate can be effectively shifted by the
yEMT towards the control phenotype, suggesting the high
ameliorative potential of yFMT along the gut-retina axis
[42]. In sum, these findings indicate that yFMT can reduce
inflammation of the aged eyes, and improve rhythmic
transcriptomic profiling of the aging lacrimal glands.

Benefits for bone

yEMT can alleviate bone loss in aged rats with senile
osteoporosis [35]. Transplanting the gut microbiota of
young children to osteoporotic mice can prevent bone loss,
enhance bone growth, and maintain bone strength, while
the gut microbiota of aged people could not induce bone
protective effects in osteoporotic mice [43].

Other benefits
yEMT to aged zebrafish can alleviate the hyperglycemia
symptom in the elderly by stimulating the secretion of

o hyperglycemia §

e hepatic inflammation §
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insulin [44]. YFMT to aged zebrafish can increase body
weights, and decrease vacuolization structure defects in aged
livers. The digestive activity of lipids was improved, which
was associated with activating mitochondrial p-oxidation
of fatty acids in the liver of aged zebrafish [45]. Older
BALB/c mice receiving FMT from younger BALB/c mice
showed increased tight junction-related genes in the colon,
and increased Salmonella infection survival compared to
control mice [46]. Co-housing with young mice can reduce
hepatic inflammation and splenomegaly in old mice
(Fig. 1) [39].

Clinical studies of yEMT for healthy aging

Four frail older patients with CDI were treated at home using
nasojejunal tube-delivered or encapsulated donor feces. All
patients aged more than 80 years and improved clinically
with one FMT. No adverse events related to FMT were
observed. This case report shows that frail older people may
benefit from FMT both for clinical cure and for palliation
[41]. Another study demonstrated that FMT can palliate CDI
symptoms and improve cognitive functions for older patients
with both CDI and dementia when compared to those who
did not receive FMT. FMT led to changes in the gut
microbiota composition, alanine, aspartate, and glutamate
metabolism pathways were also changed by FMT. The
authors suggest that FMT may effectively delay cognitive
decline in patients with dementia [47].

o oocyte growth f

e follicle atresia and
apoptosis in ovaries §

o vaginal epithelial atrophy §

FIGURE 1. Benefits of yFMT for healthy aging. The benefits of yFMT are summarized, including extending lifespan, improving brain
functions and bone health, rejuvenating reproductive organs, and benefits for the eyes, gut, liver, and pancreas. Created with BioRender.Com.
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Detrimental Effects of Old Feces

Decrease lifespan

FMT from older progeroid mice to younger progeroid mice
caused reduced survival with a reduction in median lifespan
[24]. Flies that were fed with aged-fly homogenate showed
significantly decreased lifespan, compared to flies that were
fed with young-fly homogenate [48].

Detrimental for brain function

Five studies have shown that aFMT in young ones causes
cognitive impairment [49-53]. aFMT to young mice causes
decreased spatial learning and memory but does not affect
anxiety-like behavior or motor activity [49]. FMT from aged
people or aged mice to young mice can induce cognitive
impairment [50,52]. aFMT to young rats also caused
cognitive impairment [51]. aFMT to young germ-free (GF)
mice induced depressive-like behavior, and impaired short-
term memory and spatial memory [53]. The mechanisms for
this cognitive impairment include changed brain structure
[49,51,52], increased pro-inflammatory cytokines and
oxidative stress [51], decreased SCFA-producing bacteria
[49,53], and decreased vagus ascending activity [52]. aFMT to
young mice decreased neurogenesis and novelty-induced
neuronal activation [52], altered expression of proteins
involved in synaptic plasticity and neurotransmission in the
hippocampus, and changed microglia to an aging-like
phenotype [49]. aFMT to young rats decreased the regional
homogeneity in the medial prefrontal cortex and
hippocampus, changed synaptic structures and decreased
dendritic spines, and reduced protein expression of synaptic
plasticity [51]. However, one study indicated healthy old gut
microbiota transplanted to young GF mice have beneficial
effects with increased adult neurogenesis, which may be
associated with increased butyrate-producing microbes and
pro-longevity hormone fibroblast growth factor 21 (FGF21)
[54]. Another study showed that transplanting gut microbiota
from centenarians to mice can reduce age-related indices and
increase probiotic bacteria and SCFA-producing bacteria [55].
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This difference shows that aged gut microbiota may be a
double-edged sword. During healthy aging, the gut
microbiota may support the health of the host, but when in
gut dysbiosis, the microbiome may elicit typical aging
characteristics.

Promote inflammaging

aFMT to young GF mice can promote inflammation, with
an increased translocation of inflammatory bacterial
products into the circulation, and enhanced CD4+ T cell
differentiation in the spleen. This effect was associated
with lower levels of Akkermansia and higher levels of TM7
bacteria and Proteobacteria [56]. Cohousing aged specific-
pathogen-free (SPF) mice with young GF mice can
increase levels of plasma tumor necrosis factor (TNF) in
young GF mice more than cohousing with young SPF
mice [57].

Increase gut permeability

Cohousing aged SPF mice with young GF mice can increase
gut paracellular permeability of GF mice, compared to
cohousing young SPF mice with young GF mice, which
suggests that aFMT increases gut permeability [57].

Other functions

aFMT to young GF mice can transfer the obese phenotypes of
aged mice to GF mice, which shows that gut microbiota alone
is sufficient to induce some of the manifestations of obesity
[58]. Transplanting the gut microbiota of senile osteoporotic
rats to young female rats can cause osteoporosis. The
changed gut microbiota and the impaired intestinal barrier
contributed to the pathogenesis of osteoporosis [59].
Transplanting gut microbiota of aged people to mice can
exacerbate acute pancreatitis during both the early and
recovery stages, which may be caused by the absence of
multiple types of non-dominant species in aged gut
microbiota compared to the young gut microbiota, thus
decreasing antimicrobial peptides in the pancreas and ileum
of recipient mice (Table 1 and Fig. 2) [60].

TABLE 1

Application and function of aFMT

Donors, Recipient Antibiotics Fecal slurry Frequency and Endpoint Function
references preparation dosage

Aging

Old female Young germ- Not mentioned 100 mg/mL in PBS. 200 pL were given 4 weeks ~ Promote
C57BL/ free (GF) female by oral gavage to inflammaging.
6JRccHsd mice mice (12-14 GF mice.

(17 months) weeks)

[56]

Long-living Male C57BL/6  Mice were treated for

100 mg/ml in PBS

200 uL by gavage 12 weeks  Gut

person (101 mice (11 2 weeks with 1 g/L containing 15% glycerol once a day for microbiota
years, L group  months) ampicillin neomycin (v/v). The mixed 2 weeks. from long-
mice); Elderly trisulfate salt hydrate material was then living people
person (70 and metronidazole, and suspended by vortex, can slow down
years, E group 0.5 g/L vancomycin in  and stored at —80°C after aging.

mice) [55] their drinking water. split charging.
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Table 1 (continued)

Donors, Recipient Antibiotics Fecal slurry Frequency and Endpoint Function
references preparation dosage
Brain
C57Bl/6]Rj Germ-free C3H/ Not mentioned 100 mg/mL in PBS. 200 pL of fresh 60 days Impact brain
mice (24 HeN male mice fecal sample at 8 and liver lipid
months) [61] (8 weeks) weeks of age. metabolisms.
Healthy old Young germ- Not mentioned Not mentioned Daily gavage. 8 weeks  Confer
mice (24 free recipient neurogenic
months) [54] mice (5-6 and pro-
weeks) longevity
signatures,
and improves
intestinal
growth.
Aged male Adult male Day 1-3 daily with 100 mg/mL in sterile Oral gavage six Not Impairs spatial
C57BL/6 mice  C57BL/6 mice  antifungal treatment; saline solution with times on days 24- mentioned learning and
(24 months) (3 months) day 4-17 daily gavage of 12.5% glycerol. 28 and 35 from the memory.
[49] metronidazole beginning of the
100 mg/kg while the antibiotic regime.
antibiotic mix; day 18-
24 daily oral gavage with
ampicillin 1 g/L
vancomycin 0.5 g/L,
neomicin 1 g/L,
metronidazole
100 mg/kg,
amphotericin B mg/kg.
Aged male SD  Young male SD An antibiotic mixture = The fresh fecal contents FMT once a day for 2 months Impairs
rats (20-24 rats (3 months) consisting of ampicillin ~ were surgically three days, then cognitive
months) [51] (180 mg/kg/d), extracted, pooled, and  twice a week for behavior.
vancomycin diluted with PBS, two months.
(72 mg/kg/d), centrifuged at 800
metronidazole rpm for 5 min, took
(90 mg/kg/d), and supernatant.
imipenem (90 mg/kg/d),
twice daily (12 h
interval) for three
consecutive days.
Aged male mice Young adult Ampicillin (1 mg/mL), 200 mg/mL in PBS. (300 pL per mouse) 7 weeks  Impairs
(18-20 months) male mice streptomycin by oral gavage at 1- hippocampus-
[52] (10-12 weeks) (5 mg/mL), and colistin and 3 days dependent
(1 mg/mL) in drinking following memory.
water for 7 days antibiotics
combined with oral discontinuation.
gavage of vancomycin
(0.1 mg/mL) and
metronidazole
(0.5 mg/mL) on day
3 and 5.
Gut
Non-Smurf Animals Antibiotic cocktail in Homogenate feeding. Three days of 10 to 33 Increased
w1118 females (9 days) others to prevent homogenate days age  incidence of
(10 days or 30 intestinal bacterial feeding (9-12 d). intestinal
days) [48] growth from 10 days of barrier
adulthood. dysfunction.

(Continued)
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Table 1 (continued)

Donors, Recipient Antibiotics Fecal slurry Frequency and Endpoint Function
references preparation dosage
Old C57BL/6  Young C57BL/6 Not mentioned Co-housing Co-housing 6 weeks  Alter
germ-free mice GF mice (10-14 intestinal
(18-22 months) weeks) permeability,
[57] and enhance
systemic
inflammation.
Others
FVB/N mice GF Swiss- Not mentioned Fecal pellets are kept in 200 pL of the 10 days Cause
adult (100-300 Webster mice —-80°C until used. Fecal supernatant was obesogenic
days); Aged (8 weeks) samples from 8 adult transferred characteristics.
mice (550-750 and 5 aged mice were  through oral
days) [58] selected randomly and ~ gavage into 8-
each pellet was week-old GF male
suspended in 5 mL Swiss-Webster
sterile PBS. mice.
Wild-type aged Male C57BL/ Not mentioned 120 mg/mL in PBS 100 pL of the fecal 90 days Decrease
Male mice (18- 6-GF mice followed by supernatant was SCFAs and
20 months) [53] (12 weeks) centrifugation at 800 g  gavaged on arrival produce
for 3 min at 4°C. and at days 7, 14, cognitive
30, and 60. decline.
Female SD rats Female SD rats  Not mentioned 100 mg/mL in sterile FMT was 12 or 24 It causes GM
(18 months) (3 months) saline and thoroughly ~ performed by oral weeks dysbiosis,
[59] homogenized for 10 s by gavage of 1 mL/rat impairs the
vortex. The suspension  three times a week. intestinal
was centrifuged at 800 g barrier, and
for 3 min and the induces
supernatant was osteoporosis.
collected and frozen at
-80°C.

e cause osteoporosis
e exacerbate acute
pancreatitis

eplasma TNF and
bacterial products#

o gut permeability
oo o e 0

FIGURE 2. Detrimental effects of aFMT. Detrimental effects of aFMT are summarized, including decreasing lifespan, inducing obese
phenotype, causing memory impairment, systemic inflammation, osteoporosis, and increasing gut permeability. Created with BioRender.Com.
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Mechanisms of yFMT and aFMT

Increased pathogenic bacteria in old feces and increased
beneficial bacteria in young feces

Paenalcaligenes hominis is frequently detected in the elderly,
but not in children and young adults. Paenalcaligenes
hominis and its extracellular vesicles (EVs) can induce
cognitive impairment in SPF mice and GF mice. The EVs
may penetrate the brain through the blood as well as the
vagus nerve [50]. Akkermansia muciniphila (Akk), is a
Gram-negative, anaerobic mucin-degrading bacterium that
belongs to the phylum Verrucomicrobia and resides in the
gastrointestinal tract of humans and animals. The
abundance of Akk is reduced in aged humans and mice
[62,63]. A higher abundance of Akk is associated with
decreased systemic inflammation, increased gut integrity,
and a healthier metabolic status [64,65]. Transplanting gut
microbiota from children (CGM) but not from the elderly
(EGM) prevents decreases in bone mass and bone strength
in osteoporotic mice. The higher abundance of Akk in CGM
than that in EGM, which can rescue the reduction of Akk in
osteoporotic mice, can explain the beneficial effect of CGM.
Direct replenishment of Akk or Akk EVs is sufficient to
increase bone mass and bone strength in osteoporotic mice.
Inhibiting EVs’ secretion of CGM or Akk abolishes the
beneficial effect of CGM [43]. Transplanting gut microbiota
of wild-type mice to progeroid mice can extend lifespan,
while Akk supplementation to progeroid mice can also
extend lifespan [24]. Cage switching with young mice can
improve CDI outcomes for aged mice, as three signature
bacteria, Bacteroides, Alistipes, and rc4-4 genera, were
replenished in aged mice by cage switching [40]. Bacteroides
and Alistipes have been associated with protection against
CDI in human studies [66-68]. yFMT to osteoporosis rats
can alleviate bone loss in aged rats, with increased Blautia
and decreased Helicobacter and Prevotella in the recipient
gut of aged rats [35]. Blautia is a SCFA-producing
bacterium, which is beneficial for bone health [69], while
Prevotella is associated with inflammatory bone loss [70].

SCFAs and SCFA-producing bacteria

SCFAs, primarily butyrate, propionate, and acetate, are almost
exclusively derived from bacterial metabolism in the gut, and
play a significant role in stabilizing the gut epithelial barrier.
SCFAs can promote the secretion of mucus and
immunoglobulin A, enhance Treg cell responses, and have
anti-inflammatory effects in the gut [71]. Additionally,
SCFAs can mediate the maturation of brain microglia and
influence the blood-brain barrier [72,73]. SCFAs were lower
in aged mice compared to young. yFMT to aged mice can
increase SCFAs, which is associated with a better outcome
of experimental stroke in aged mice [25]. The replenishment
with SCFA-producing bacteria and prebiotic inulin
reproduces the beneficial effects of yFMT on stroke recovery
in aged mice, which suggests SCFAs played a significant role
in yFMT [27]. aFMT to young GF mice can increase
butyrate-producing bacteria. Fecal butyrate, neurogenesis,
and intestinal growth were also increased. This phenotype
can be replicated by treating young GF mice with sodium

butyrate, which suggests the significant role played by
butyrate in the mechanism of FMT [54]. Other studies
showed that aFMT to young GF mice [27] or young SPF
mice [49] decreased SCFA-producing bacteria and SCFA
production, and impaired spatial memory. aFMT to young
SPF  mice also decreased SCFA-producing bacteria,
accelerated central nervous system (CNS) inflammation and
retinal inflammation, and increased intestinal barrier
permeability [34]. Transplanting gut microbiota from
centenarians to mice can increase SCFA-producing bacteria
and intestinal vill length, and decrease age-related indices
[55]. However, these studies only show the association
between SCFAs after FMT and age-related phenotype, the
casual relationship needs further investigation.

Gut barrier function and systemic inflammation

Aging is associated with declined gut barrier function and
increased gut permeability [74], which is manifested in
decreased thickness of the gut mucus layer [75] and
decreased tight junction protein expression in colons [76].
The increased gut permeability allowing translocation of
commensal microbes, microbial debris, and/or luminal
metabolites to systemic dissemination may explain the
chronic inflammation with advancing age [77]. The gut
microbiota plays a significant role in gut barrier function. It
is intricate that increased antimicrobial peptide expression
can identify gut barrier dysfunction in individual flies [78],
and gut dysbiosis precedes and predicts the onset of
intestinal barrier dysfunction in aged flies [48]. The aFMT
to young GF mice [56,57] or SPF rats [59] can increase gut
permeability and serum inflammatory cytokines. aFMT to
young SPF mice can also increase serum inflammatory
cytokines in young SPF mice [25,51], while the yFMT to
aged SPF mice improved intestinal structure and barrier
function [34,35], decreased serum inflammatory cytokines
[27,31] and translocation of bacterial products [25,34].
Together, these results show that aFMT promotes the
breakdown of the gut barrier, the translocation of bacterial
products, and the elevated serum levels of pro-inflammatory
cytokines, while yFMT has the opposite function. This may
explain the beneficial effect of yFMT on stroke outcome
[25,27], osteoporosis [35], ovary functions [31], and
impaired memory [51] in aged ones.

Other mechanisms

aFMT to young mice reduced neuronal activity in the
ascending-vagus nerve output brain structure, compared to
yEMT to young mice, thus impairing hippocampus-
dependent memory. Increasing vagal ascending activity
alleviated the adverse effects of aFMT on hippocampal
functions [52]. Secondary bile acids which are produced by
the gut microbiota can regulate metabolism and anti-
inflammatory signals. The restoration of secondary bile
acids by FMT might contribute to extending lifespan in
progeroid mice [24]. yFMT to middle-aged zebrafish
increased a distinct signature of defense response to bacteria
in the recipient gut, which may explain the lifespan
extension effect of yFMT. While aFMT to middle-aged
zebrafish increased hyaluronic acid metabolism, which has
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been associated with increased inflammation and deregulated
immune response [22]. Aging is associated with metabolic and
immune alterations that lead to perturbation of brain function
and behavior, yFMT to aged mice can modulate age-induced
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peripheral and brain immunity, as well as the hippocampal
metabolome and transcriptome, which may explain the
attenuation of impaired learning in aging (Table 2 and

Fig. 3) [28].

TABLE 2

Application, function and mechanism of yFMT to promote healthy aging

Donors,  Recipient Antibiotics Fecal slurry Frequency  Endpoint Functions Mechanisms
references preparation and dosage
Extends lifespan
Young fish Aged fish (9.5 A combination of  Fish were incubated Once and 16 weeks Improves lifespan Young gut
(6 weeks)  weeks) vancomycin (0.01  overnight with the kept and and decreases microbiota was
[22] g/L), metronidazole donor fish intestinal overnight. longer behavioral enriched for
(0.5 g/L), neomycin contents at a ratio of decline. bacteria associated
(0.5 g/L) and 1 donor fish with carbohydrate
ampicillin (0.5 g/L) intestine/2 recipient metabolism and
for overnight. fish before being DNA repair.
returned to the Increased key
main recirculating bacteria can
system and produce
individually housed. metabolites capable
of maintaining
immune system
health.
C57BL/6n  Progeroid Three consecutive  2-5 fresh feces Twice a week After Enhance Enrichment in

wild-type  phenotype
(wt) mice mice
(24]

Benefits for brain functions

Young Aged male
male C57BL/6
C57BL/6  mice (18-20
mice (8-  months)

12 weeks)

(25]

Non- Aged male
stroke mice with
young experimental
mice (2-3 stroke (18-20
months)  months)

(27]

days with 200 pL of
an antibiotic-
cocktail each day
which contained 1
¢/L ampicillin, 0.5
g/L neomycin,

0.5 g/L vancomycin
and 1 g/L
metronidazole.

50 uL antibiotic
gavages containing
25 mg streptomycin
HClI for 2
consecutive days.

50 uL antibiotic
gavages containing
25 mg streptomycin
HClI for 2
consecutive days.

pellets (80-100 mg)
Were resuspended
with a vortex in 600
uL of reduced PBS
(PBS with 0.5 g/L
cysteine and 0.2 g/L
na2s). After
resuspension, tubes
containing the feces
in reduced PBS
were centrifuged at
2,500 rpm (500 g)
for 1 min.

120 mg/mL in PBS
and homogenized
for 5 min until a
paste-like
consistency was
achieved. Vortexed
for 1 min and
centrifuged 800 g
for 3 min.

120 mg/mL in PBS
and homogenized
for 5 min until a
paste-like
consistency was
achieved. Vortexed
for 1 min and
centrifuged 800 g
for 3 min.

for 2 weeks, 2 weeks,

then once a  until

week until death

death.

50 uL daily 7 days or

for 5 days.  until
death

On days 3 14 days

and 4 after  after

stroke, 100  stroke

uL of the

fecal

supernatant

was gavaged.

healthspan and
lifespan in
progeroid mouse
models.

Improves stroke
outcomes and
decreases
systemic
inflammation.

Reverses fecesr
stroke recovery in
aged mice after
stroke.

secondary bile acid
synthesis and
Akkermansia
muciniphila.

SCFAsT

protective
cytokinesT

proinflammatory
cytokines!

Gut integrityT
Treg cellsT

IL-17+ y8 T cells!
SCFAsT
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Table 2 (continued)

Donors,  Recipient Antibiotics Fecal slurry Frequency  Endpoint Functions Mechanisms
references preparation and dosage
Young Aged male  Not mentioned 100 mg/mL in PBS 100 uL once 4 weeks  Counteracts Modulate
adult male C57BL/6 with 20% glycerol  per day for selective age- peripheral and
C57BL/6  mice (19-20 (w/v) and filtered  the first three associated hippocampal
mice months) through a 70-um  days, twice behavioral immunity.Shape
(10-12 strainer to remove  per week deficits. hippocampal
weeks) large particles. thereafter. metabolome.
(28]
Male Male C57BL/ Not mentioned 120 mg/mL in 100 pL fecal 30 days  Alleviates IL-17 expression of
C57BL/6 6 mice saline, centrifuged  slurry were cerebral Ischemia the serum, colon,
mice (2 (8 months) at 800 RPM for 3  transplanted reperfusion injury and brain tissuel
months) min, take the by enema in aged mice.
[26] supernatant. every day for
30 days.
Young Aged male 3-day combined Feces collected 100 pL fecal 24 days  Microglia Gut integrityT
male C57BL/6 oral gavage of before antibiotics  slurry activationd circulating pro-
C57BL/6 mice (24 antibiotics (1.00 puL  treatment. preparation inflammatory
mice (3 months) of vancomycin, 5 at each cytokinesl
months) ¢/L; metronidazole, gavage at day .
[34] 10 g/L), with others 6 and day 8. alter lip l,d
in drinking water metabolism
pathways.

(ampicillin 1 g/L,
neomycin 0.5 g/L).

Benefits for reproductive organs

Young
mice
whose
ovaries
were
functional
[32]
Female
C57BL/6
mice (5
weeks)
[31]

Zebrafish
(4
months)
[29,30]

Young female Not mentioned

Sham group
and bilateral
ovariectomy

group

Female
C57BL/6
mice (42
weeks)

Zebrafish (3
years)

Benefits for gut
Aged C57BL/ Not mentioned

Adult
C57BL/6
mice (10-
14 weeks)
[37]

6 mice (90—
105 weeks)

Antibiotic drinking
water (ampicillin, 1
¢/L; vancomycin,
0.5 g/L; gentamicin,
0.1 g/L;
erythromycin, 0.01
g/L; neomycin, 0.5
g/L) for two weeks

Not mentioned

1000 mg/mL in
sterile saline, then
the suspension was
filtered by a fertile
30 mesh sieve
before lavage.

Fresh feces from the
young mice were
mixed with PBS,
vortexed, and
centrifuged to
collect the
supernatant.

Feces samples were
freshly collected
from young
zebrafish and
freeze-dried,
supplemented the
lyophilized young
feces at 5% w/w
ratio in food, then
fed to aged fish.

300 mg/mL in PBS.
After pelleting
larger particles by
centrifugation at
500 x g for 5 min,
the supernatant was
collected.

200 pL every 8 weeks
3 days for
8 weeks.

100 puL each 8 weeks
time by oral

gavage, three

times one

week for

eight weeks.

Not 28 days
mentioned

150 uL for 23 days
once by oral

gavage.

Mitigates vaginal
atrophy.

Improves ovarian
function.

Promote oocyte
growth.

Restore balance of
sex hormones.

Boosts gut
germinal centers
in aged mice.

ESRI in vaginal
cellsT

regeneration in
vagina®

anti-inflammatory
cytokine IL-4T

pro-inflammatory
cytokine IFN-y!
cellular
proliferation in the
ovariesT

the immune
microenvironment

1

mRNAs encoding
vitellogenin,
activinBA, and
membrane bound
progestin
receptorsT
establish a youth-
like transcriptomic
phenotype.

Young gut
microbiota may
enhance gut
germinal centers.

(Continued)
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Table 2 (continued)

Donors,  Recipient Antibiotics Fecal slurry Frequency  Endpoint Functions Mechanisms
references preparation and dosage
Female Aged female Not mentioned 100 mg/mL in 1000 pL/rat. 12 or 24 Mitigates bone Improve gut
rats (3 rats (18 saline. The Three times weeks loss. microbiome
months)  months) suspension was per week. composition and
[35] vigorously vortexed gut barrier
for 10 s before function.
centrifugation at
800 g for 3 min. The
supernatant was
collected and frozen
at —80°C.
Benefits for eyes
Young Old male Not mentioned two to five 80-100 100 pL fecal 4 weeks Improves aging- Chronic
male C57BL/6 mg particles added slurry three driven lacrimal  inflammation, lipid
C57BL/6  mice without to 600 uL PBS and  times a week gland circadian  deposition of aging
mice (7-8 eye diseases fully suspended by for four dysfunction. lacrimal glands!
weeks) (20 months) vortex. weeks. the secretion
[33] Centrifugation for 1 response and
min (500 X g) to neuronal activity of
remove the aging lacrimal
insoluble substance. glands?
Young Aged male  3-day combined Feces collected 100 uL fecal 24 days  Complement C3  Alter vitamin B
male C57BL/6 oral gavage of before antibiotics  slurry in retinal synthesis pathways
C57BL/6  mice (24 antibiotics (100 pL  treatment. preparation PRE 65 in retinal Gut integrity?
mice (3 months) of vancomycin, 5 at each .
months) g/L; metronidazole, gavage at day Prom.ﬂamllnatory
[34] 10 g/L), with others 6 and day 8. cyt.okmes mn
in drinking water retinal
(ampicillin 1 g/L, Neuroprotective
neomycin 0.5 g/L). cytokine in
retinal
Zebrafish ~ Zebrafish (3 ~ Not mentioned Feces samples were Not 28 days  re-organize the  Lipid peroxidation
(4 years) freshly collected mentioned histological in retinal
months) from young assembly of aged Lo ostablishment of
[42] zebrafish and eyes. a dynamic gut
freeze-dried, microbiota and gut
supplemented the ecology, thereby
lyophilized young .
feces at 5% w/w restore proteome conveying benefits
o perturbation of  to visual system via
ratio in food, then 8 )
fed to aged fish. aged eyes. the gut-retina axis.
Benefits for bone
Healthy  osteoporotic ~Not mentioned Fecal sample was 7.5 x 10° 2 months Prevents bone Akkermansia
children ~ mice homogenized with  CFUs of loss and alters muciniphila®
[43] saline at ratio of 1:5. feces led bone metabolism. gy (1 cellular
Slurry was children gut vesicles from child
centrifuged at 6000 microbiota gut microbiota
x g for 15 min at  twice a week. preserves bone
4°C. After removing mass and growth.
the supernatant,
GM was
resuspended to a
final concentration
of 10%.
3-month- Aged female Not mentioned 100 mg/mL in one mL/rat, 12 weeks Reduce bone The intestinal
old female rats saline. Vortexed for three times and 24  turnover and structure and
rats [35] 10 s before per week. weeks alleviate bone barrier function?

centrifugation at
800 g for 3 min. The
supernatant was
collected.

loss.

improve gut
dysbiosis.
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Table 2 (continued)

Donors,  Recipient Antibiotics Fecal slurry Frequency  Endpoint Functions Mechanisms
references preparation and dosage
Other benefits
Zebrafish ~ Zebrafish Not mentioned Feces samples were Not 28 days  Improves lipid ~ Mitochondrial -
(4 (3 years) freshly collected mentioned metabolism, oxidation of fatty
months) from young glucose acids was
[44,45] zebrafish and metabolism. consistently
freeze-dried, activated in the
supplemented the liver [45],
lyophilized young stimulating the
feces at 5% w/w secretion of insulin
ratio in food, then [44].
fed to aged fish.
Four- 24-month-  No antibiotics Co-housing for 2 Co-housing 10 weeks Reverses aging- ~ Not mentioned
week- old  old C57BL/6 weeks and followed associated
C57BL/6 ] ] mice by 2 weeks of inflammation and
mice [39] separation. Then dysregulation of
co-housing for 4 systemic bile acid
weeks and followed homeostasis.
by 2 weeks of
separation.
3 weeks 23 weeks Ampicillin in 100 mg/mL in 200 pL once 3 weeks increased tight =~ Not mentioned
BALB/c BALB/c mice drinking water at 1 saline. per week for junction-related
mice [46] g/L, 50 mg/kg of up to 3 genes in the
vancomycin, 100 weeks. colon, and
mg/kg of neomycin, increased
and 100 mg/kg of Salmonella
metronidazole by infection survival.
oral gavage daily for
2 weeks.
Discussion mice, suggesting that the gut microbiota of young mice has

The recipients’ age

It seems that the recipients’ age is critical for the effect of FMT.
For instance, middle-aged fish receiving gut microbiota from
young donors showed increased lifespan compared to the
same age without FMT, but young-aged fish receiving gut
microbiota from old donors did not have a different lifespan
compared to the same age without FMT. The effect of
recipients’ age may lie in the composition of recipients’ gut
microbiota and immune function. The middle-aged gut
microbiota composition might be primed to induce damage
in the host and its removal is therefore beneficial. While for
young recipients, the strong immune function can maintain
gut homeostasis even when colonized with old gut
microbiota [22]. Young GF mice receiving gut microbiota
from healthy old mice showed increased neurogenesis in the
hippocampus of the brain and increased intestinal growth,
but this effect was lost in old GF recipient mice. This
recipients’ age-related difference suggested that the early life
response to microbial cues may differ considerably from
that later in life and that both recipients’ age and donor
microbiota signatures play a role in the effect of FMT [54].
Cage switching between aged mice and young mice can
improve the clinical outcome of subsequent CDI infection
in aged mice, but did not worsen clinical outcome in young

colonization resistance towards aged gut microbiota, or that
aged gut microbiota lost the capacity for colonization in
young mice [79].

The recipients’ sex

The recipients’ sex also determines the effect of FMT. Co-
housing with young mice of the same sex increased hepatic
genes related to bile acids homeostasis in old male mice, but
there was no significant change in old female mice.
Moreover, the intestinal concentrations of bile acids were
divergently altered upon co-housing in the jejunum, ileum,
cecum, and colon in a sex-dependent manner [39]. This
recipients’ sex-specific difference was also shown in
zebrafish. yFMT to aged zebrafish caused more metabolic
pathways activation in aged testes than in aged ovaries [30].
This recipients’ sex difference highlights the potential of sex-
specific strategies to prevent or treat aging-related disorders.

The recipients’ genetic background

The choice of recipients’ strains seems important for the effect
of FMT. In the same strains, yFMT to aged mice in both
C57BL/6 background and BALB/c background can rescue
the defective germinal center reaction in Peyer’s patches of
aged mice. However, cross-strain FMT, FMT from
3-month-old BALB/c mice into 3-month-old C57BL/6 mice
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FIGURE 3. Mechanisms of yFMT for healthy aging is summarized, including modulating bacteria, enhancing gut barrier structure and
function, reducing systemic inflammation, restoring secondary bile acids, increasing a distinct signature of defense response to bacteria,
and modulating periphery and brain immunity. tumor necrosis factor (TNF); interleukin 6 (IL-6); interferon-Gamma (IFN-y);
lipopolysaccharide binding protein (LBP); regulate upon activation normal T cell expressed and secreted (RANTES); mucin 2 (muc2);
mucin 4 (muc4); granulocyte colony-stimulating factor (G-CSF). Created with BioRender.Com.

could not enhance germinal center reaction, which shows that
host genetics might impact the cross-talk between the gut
microbiota and the germinal center reaction [37]. yFMT to
aged mice can improve more survival rate of Salmonella
infection in BALB/c background than in C56BL/6
background [46], which shows that the recipients’ strains
play a role in FMT.

The recipients’ gut microbiota after FMT

It is interesting that among the aFMT studies on the effect of
the brain [49-52,54], only one study by Kundu et al. showed
increased neurogenesis and pro-longevity signatures [54],
other studies showed decreased neurogenesis [52], decreased
hippocampal  synaptic  plasticity ~ [49,51], increased
astrogliosis [52] and microgliosis [49], and deterioration of
memory [49-52]. This contradictory result may be
explained by the recipient’s gut microbiota after FMT. In
Kundu’s study, although the aged donors’ gut microbiota
showed decreased Akkermansia and Alistipes genera which
can produce SCFAs compared to young donors’ gut
microbiota, the recipients’ gut microbiota with aFMT
showed increased butyrate-producing bacteria compared to
yEMT [54]. But in D’Amato’s study, the aged donors’ gut

microbiota showed decreased Lachnospiraceae and
Ruminococcaceae which can produce SCFAs compared to
young donors’ gut microbiota, and recipients’ gut
microbiota with aFMT showed decreased SCFA-producing
bacteria compared to yFMT [49]. Together, it seems that
both the recipient and the donor microbiota signatures play
a critical role in the effect of FMT.

Conclusions and Future Perspectives

The idea of a microbiota-based modulation to influence
human health and longevity is captivating, even if
improbable at present. This review summarized the recent
findings of FMT to improve healthy aging, including
benefits for lifespan and health span, brain functions,
reproductive organs, gut, eyes, bones, and others. The
possible mechanisms of this beneficial effect were
highlighted, including the increased beneficial bacteria and
decreased pathological bacteria, decreased gut permeability
and systemic inflammation, increased short-chain fatty acid
(SCFA) and SCFA-producing bacteria, increased vagal
ascending activity, restored bile acids homeostasis, etc. The
recipients’ age, sex, genetic background, and gut microbiota
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after FMT, were all influencing factors of FMT. This review
also has limitations. The potential hazards of FMT should
be discussed in the future research. And mechanisms of
FMT should be further explored.

Based on the above benefits of yFMT, an idea of
rejuvenating the human gut microbiome was proposed.
Similar to cord blood banking for an autologous transplant,
autologous FMT, which means collecting the hosts’ stool
samples at a younger age when they are disease-free and
cryopreserving the samples in a stool bank, then
transplanting the stool samples for the hosts’ future use,
may be an alternative solution. The potential applications
may include recurrent CDI, obesity, inflammatory bowel
disease, allogeneic hematopoietic stem-cell transplantation,
and aging [80].
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