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Abstract
Accumulating data support a crucial role of gut microbiota in Parkinson’s disease (PD). However, gut microbiota vary with 
age and, thus, will affect PD in an age-dependent, but unknown manner. We examined the effects of fecal microbiota trans-
plantation (FMT) pretreatment, using fecal microbiota from young (7 weeks) or aged mice (23 months), on MPTP-induced 
PD model. Motor function, pathological changes, striatal neurotransmitters, neuroinflammation, gut inflammation and gut 
permeability were examined. Gut microbiota composition and metabolites, namely short-chain fatty acids (SCFAs), were 
analyzed. Neurogenesis was also evaluated by measuring the number of doublecortin-positive (DCX+) neurons and Ki67-
positive (Ki67+) cells in the hippocampus. Expression of Cd133 mRNA, a cellular stemness marker, in the hippocampus 
was also examined. Mice who received FMT from young mice showed MPTP-induced motor dysfunction, and reduction of 
striatal dopamine (DA), dopaminergic neurons and striatal tyrosine hydroxylase (TH) levels. Interestingly and unexpectedly, 
mice that received FMT from aged mice showed recovery of motor function and rescue of dopaminergic neurons and striatal 
5-hydroxytryptamine (5-HT), as well as decreased DA metabolism after MPTP challenge. Further, they showed improved 
metabolic profiling and a decreased amount of fecal SCFAs. High-throughput sequencing revealed that FMT remarkably 
reshaped the gut microbiota of recipient mice. For instance, levels of genus Akkermansia and Candidatus Saccharimonas 
were elevated in fecal samples of recipient mice receiving aged microbiota (AM + MPTP mice) than YM + MPTP mice. 
Intriguingly, both young microbiota and aged microbiota had no effect on neuroinflammation, gut inflammation or gut 
permeability. Notably, AM + MPTP mice showed a marked increase in DCX+ neurons, as well as Ki67+ cells and Cd133 
expression in the hippocampal dentate gyrus (DG) compared to YM + MPTP mice. These results suggest that FMT from 
aged mice augments neurogenesis, improves motor function and restores dopaminergic neurons and neurotransmitters in 
PD model mice, possibly through increasing neurogenesis.
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Introduction

The gut microbiota, a significant microbiota in the host, 
not only affects intestinal physiology, but also modulates 
host immune and endocrine systems [1–4]. In last decade, 

a rapid growing body of studies have documented that the 
gut microbiota and their metabolites play important roles in 
central nervous system (CNS) development, including for-
mation of the blood–brain barrier, neurogenesis and matura-
tion of microglia [5–7], and shape the onset, severity and/or 
progression of a number of neurodegenerative disorders, for 
instance, Parkinson’s disease (PD) [8–11].

PD is a disease with high incidence in the elderly and 
characterized by the loss of dopaminergic neurons and neu-
rotransmitters. It is clinically characterized by motor symp-
toms (including bradykinesia, resting tremor, and rigidity) 
and non-motor symptoms (including dysphagia and gastroin-
testinal (GI) dysfunction, such as constipation and intestinal 
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microflora dysbiosis). Notably, non-motor symptoms occur 
frequently in PD and may even precede motor symptoms 
[12, 13]. Accumulating evidence shows that alterations in 
gut microbiota composition and microbial metabolites are 
closely related to the pathogenesis and clinical phenotype 
of PD [14, 15]. For instance, Keshavarzian et al. found a 
decrease in the abundance of Blautia, Coprococcus, and 
Roseburia in PD after analyzing the microbiota of sigmoid 
mucosal biopsies and stool samples in PD patients [16]. 
Moreover, the abundance of Enterobacteriaceae is posi-
tively correlated with severity of postural instability and 
gait difficulty, suggesting that dysbiosis in the microbiome 
of PD patients is related to the motor phenotype [10]. As 
for laboratory studies, Torres and colleagues found a lower 
phylogenetic diversity of microbiomes associated with 
MPTP-treated mice compared to saline-treated mice [17]. 
Additionally, Sampson et al. revealed that alterations in gut 
microbial metabolic, short-chain fatty acids, was sufficient 
to promote αSyn-mediated neuroinflammation [8]. These 
studies reveal a strong correlation between gut microbiota 
and PD, further demonstrating that gut microbiota plays an 
important role in neurological regulation.

Aging is usually characterized by inflammation and gut 
dysbiosis. Aging-related chronic inflammation, is a cardinal 
feature and a risk factor for the development of age-associated  
pathologies such as stroke, Alzheimer’s disease (AD), and 
PD. The pathophysiological implications of microbiota 
have expanded considerably in recent years. The transfer 
of aging microbiota to young germ-free mice promotes the 
inflammation in the small intestine of the germ-free mice 
and increases the abundance of TM7 and Proteobacteria 
[18]. Aged stroke mice receiving aged fecal transplant gav-
age have more behavioral impairment, and more brain and 
gut inflammation than those mice receiving young fecal 
transplant gavage [19], and young stroke mice receiving 
aged fecal transplant gavage show decreased performance 
on behavioral tests and increased mortality following MCAO 
[20], suggesting a negative role of microbiota from aged 
mice in neuroprotection. FMT of elderly donor mice trig-
gered phenotypic changes in glia cells of the hippocampus 
fimbria but did not affect gut permeability or levels of sys-
temic and brain cytokines [21]. Inconsistently, some stud-
ies imply that microbiota from older mice may be neuro-
protective. Kundu et al. found that transferring microbiota 
from old mice into young germ-free mice confers increased 
neurogenesis in the hippocampus of the brain, suggesting 
that gut microbiota transplants from aged hosts can confer 
beneficial effects in responsive young recipients [6]. How-
ever, it is completely unknown how microbiota from aged 
donors influence the brain and gut in PD. Given the differ-
ence of gut microbiota between young and aged hosts, we 
propose that the extent, by which the microbiome affects the 

pathological features of PD, is dependent on the age of the 
host from which the microbiome is derived.

Here, we first give antibiotics by gavage to the recipient 
mice in order to deplete their gut microbiota. Then FMT, 
using fecal microbiota from young or aged donor mice (here-
after referred to as young or aged microbiota, respectively), 
was performed on the above recipient mice before MPTP 
modeling (PD mice) or saline injections (control mice). We 
found that FMT with aged microbiota could modify the 
MPTP-induced motor dysfunction, and rescue the loss of 
dopaminergic neurons, decrease the metabolism of striatal 
DA and elevate the striatal 5-hydroxytryptamine (5-HT) 
in PD mice. The impact of age-associated shifts of micro-
biota on PD mice was further confirmed by the observation 
that FMT using aged microbiota, prior to induction of PD, 
improved gut microbial dysbiosis and promoted neurogen-
esis of the hippocampus, as well as lowered fecal concentra-
tions of SCFAs in PD mice. Unexpectedly, these changes 
occurred in the absence of an overt increase of both striatal 
and colonic levels of pro-inflammatory cytokines and intes-
tinal permeability, indicating aged microbiota confers resist-
ance to MPTP in a neurogenesis-dependent, inflammation-
independent manner.

Materials and Methods

Animals and Experimental Groups

Young (7 weeks) and aged (23 months) male C57BL/6 J 
mice served as fecal microbiota donor mice, adult (8 weeks) 
male C57BL/6 J mice served as fecal microbiota recipient 
mice. Mice (Vital River Laboratory Animal Technology 
(Pinghu, China)) arrived at 6 weeks of age and were accli-
matized for 7 days. All mice were maintained under specific 
pathogen-free (SPF) conditions (temperature, 24 ± 2 °C; 
humidity, 55 ± 10%) with a 12:12 light/dark cycle. Com-
mercial chow (Jiangsu Xietong Organism, Nanjing, China) 
for SPF mice and autoclaved water were available ad libi-
tum. All experimental procedures had been approved by the 
Animal Care and Use Committee of Jiangnan University.

In order to explore the effects of gut microbiota on MPTP-
resistance of mice, all recipient mice were randomly assigned 
into four groups with 15 mice each in YM (young microbiota) 
and AM (aged microbiota) group, and 17 mice each in the 
YM + MPTP and AM + MPTP groups. Groups were treated 
as follows: (1) YM group: mice received microbiota from 
young mice for 7 days and remained untreated with MPTP; 
(2) AM group: mice received microbiota from aged mice for 
7 days and remained untreated with MPTP; (3) YM + MPTP 
group: mice received microbiota from young mice for 7 days 
followed by MPTP treatment; (4) AM + MPTP group: mice 
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received microbiota from aged mice for 7 days followed by 
MPTP treatment.

FMT and MPTP Treatment

Donor mice and harvesting feces: male C57BL/6 J mice at the 
age of 7 weeks (young donors) or 23 months (aged donors) 
were used as donors for FMT in this study. Briefly, all donors 
were placed individually into sterile empty mouse cages and 
allowed to defecate freely. Fresh fecal pellets from donor mice 
were collected and dissolved in phosphate-buffered saline 
(PBS) immediately by homogenization (1 fecal pellet/ ~ 1 mL 
of PBS) once they were excreted. After centrifugation at 439 
rcf for 10 min at 4 °C, the supernatant was collected and 
transferred to a clean tube and resuspended in sterilized PBS 
solution. After centrifugation at 7025 rcf for 5 min, the super-
natant was discarded. The obtained microbiota was suspended 
in PBS containing 20% glycerin (108 CFU/ml, the OD value 
determined with a microplate reader at 600 nm) and stored at 
-80 °C until transplantation.

Recipient mice and FMT: Mice were first acclimated 
under SPF conditions for 7 days (day 1 ~ day 7). Recipi-
ent mice were administered by oral gavage with 200 μl of 
broad-spectrum antibiotics (1 mg/ml bacitracin (M06179, 
MERYER, Shanghai, China), 0.5  mg/ml gentamycin 
(405947, J&K, Shanghai, China), 0.2 mg/ml ciprofloxacin 
(M81368, MERYER, Shanghai, China), 1 mg/ml neomycin 
(HY-B0470, MedChemExpress, NJ, USA), 1 mg/ml penicil-
lin (A70909, Sigma-Aldrich, St. Louis, MO, USA), 1 mg/ml 
metronidazole (HY-B0318, MedChemExpress, NJ, USA), 
0.5 mg/ml ceftazidime (C3809, Sigma-Aldrich, St. Louis, 
MO, USA), 0.5 mg/ml vancomycin (V105495, Aladdin, 
Shanghai, China) and 2 mg/ml streptomycin (346858, J&K, 
Shanghai, China) dissolved in sterilized water) for 7 con-
secutive days (day 8 ~ day 14). Forty-eight hours after the 
seventh antibiotic gavage (day 15 ~ day 16), recipient mice 
were given 200 μl of the fecal bacterial stock daily for 7 
consecutive days (day 17 ~ day 23) by gavage.

MPTP modeling: On day 24, the MPTP-induced PD 
model was initiated. Mice received 15 mg/kg (intraperito-
neal injection, i.p.) MPTP-HCl (M0896, Sigma-Aldrich, St. 
Louis, MO, USA) every two hours for a total of four injec-
tions. The experimental timeline is shown in Fig. 2A.

Behavioral Analysis

The rotarod test was utilized to access mouse coordination of 
movement and balance. Mice were placed on a rotarod (ZB-
200, Shanghai XinRuan Information Technology Co. LTD, 
Shanghai, China) and trained with a speed of 4 rpm for 300 s 
for 3 days before modeling (Fig. 2A, days 20 to 22). During 
the test (5 min), mice were placed on the accelerating rod 
with a speed of 4 to 40 rpm and the average time of latency 

to fall was recorded. Each mouse was tested for three rounds 
with 15 min intervals.

The pole-descent test and traction test were used to eval-
uate motor coordination and balance of mice as reported 
in previous studies [22]. After three consecutive behavio-
ral training sessions on days 29 to 31, behavior tests were 
performed on day 32 (Fig. 2A). All tests were performed 
between 08:30 am and 12:00 pm (noon). In the pole-descent 
test, a rough pole, 50 cm long and 1 cm in diameter, with a 
2 cm diameter ball fixed on the top was placed vertically in 
the cage. Mice were placed head down on the ball and the 
time taken to return to the cage was recorded. Pole tests for 
each mouse were conducted three times (15-min intervals) 
and the average time was calculated for further analysis. For 
the traction test, mice were hung by their forepaws on a hori-
zontal wire. Scoring was conducted as follows: grabbing the 
wire with both front paws and both hind paws scored 4, grab-
bing the wire with two front paws and only one hind paw 
scored 3, grabbing the wire with only two front paws scored 
2, and grabbing the wire with only one front paw scored 1. 
The test was conducted three times with 15 min intervals, 
and the average score was calculated.

Feces Sample Collection

16S rRNA assay and gas chromatography-mass spectrom-
etry (GC–MS): mice were placed individually into empty 
autoclaved cages and allowed to defecate freely in the morn-
ing of the 8th day after MPTP treatment, then 6 to 10 pieces 
of feces per mouse were collected in individual sterile EP 
tubes on ice and stored at minus 80 °C immediately until 
further examination.

Intestinal Transit and Colon Length

Intestinal transit and colon length were evaluated before tis-
sue collection on the thirty-second day. Thirty minutes before 
euthanizing the mice, a solution of 2.5% Evans blue (E2129, 
Sigma-Aldrich, St. Louis, MO, USA) in 1.5% methylcellu-
lose (0.3 mL per animal) was intragastrically administered 
[23]. After euthanasia, intestinal transit was measured as the 
distance from the pylorus to the most distal point of migra-
tion. In addition, the length of the colon was measured.

Tissue Collection

Mice, under deep anesthesia with isoflurane (2 ~ 3%; 
S190815, Yuyuan, Shanghai, China), were transcardially 
perfused with ice-cold sterilized saline, and then were dis-
sected. Fresh striatum, colon, hippocampus and serum of each 
mouse were obtained and rapidly stored at minus 80 °C before 
further analysis.
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16S rRNA Sequencing

Fresh fecal pellets were collected from donor mice (young or 
old mice), and from recipient mice at the end of experiment 
(seven days after MPTP treatment). Detailed procedures for 
microbiota analysis are described as follows.

	 I.	 Extraction of genomic DNA: DNA was extracted 
using HiPure Stool DNA kits (D3141, Magen, 
Guangzhou, China) according to the manufacturer’s 
protocol. The concentration and purity of DNA 
were measured by using a Thermo NanoDrop One 
(Thermo Fisher Scientific, Waltham, MA, USA).

	 II.	 Amplicon generation: 16S rRNA genes were ampli-
fied using specific primers (806R/515F) with a 12 bp 
barcode. Primers were synthesized by Invitrogen (Inv-
itrogen, Carlsbad, CA, USA). PCR reactions (contain-
ing 25 μl 2 × Premix Taq (TaKaRa, Dalian, China), 
1 μl each primer (10 μM) and 3 μl DNA (20 ng/μl) 
template)), in a total volume of 50 µl, were amplified 
by thermocycling: 5 min at 94 °C for denaturation, 30 
cycles of 30 s denaturation at 94 °C, 30 s annealing 
at 52 °C, and 30 s extension at 72 °C, followed by 
10 min final elongation at 72 °C. The PCR instrument 
was a Bio-Rad S1000 (Bio-Rad, Hercules, CA, USA).

	 III.	 PCR product detection, pooling and purification: the 
length and concentration of the PCR product were meas-
ured by 1% agarose gel electrophoresis. Samples with a 
bright main strip (e.g. 16S V4: 290-310 bp/16S V4V5: 
400-450 bp) would be used for further analysis. PCR 
products were mixed in equidensity ratios according to 
the GeneTools analysis software (Version4.03.05.0, Syn-
gene). After that, the mixture of PCR products was fur-
ther purified with an E.Z.N.A. gel extraction kit (D2500, 
Omega, Norcross, Georgia, USA).

	 IV.	 Library preparation and sequencing: sequencing librar-
ies were generated using an NEBNext Ultra II DNA 
Library Prep kit for Illumina (New England Biolabs, 
MA, USA) according to the manufacturer’s instruc-
tions, and index codes were added. Library quality 
was determined with a Qubit 2.0 Fluorometer (Thermo 
Fisher Scientific, Waltham, MA, USA). Finally, the 
library was sequenced on an Illumina Nova6000 plat-
form and 250 bp paired-end reads were generated 
(NeoBiotech, Guangzhou, China). 16S rRNA gene 
sequence libraries were generated using the V4 region 
on the Illumina MiSeq platform. Data analysis was 
performed using the QIIME v1.9.1 platform.

GC–MS Analysis

Fecal SCFAs were detected by GC–MS as previously 
reported [24]. First, 50  mg of fresh fecal pellets were 

ultrasonicated with 100 μl of sterile deionized water in a 
bath ultrasonicator for 5 min. They were then homogenized 
for another 2 min. After centrifugation at 4 °C, 20817 rcf 
for 15 min, 100 μl of the supernatant was acidified with 
50 μl of sulfuric acid (50% v/v). After 10 min of vortexing 
and 2 min of standing, 225 μl of n-hexane was added to the 
above solution and the supernatant was obtained after cen-
trifugation at 4 °C, 20817 rcf for 5 min [25, 26]. Standards, 
including acetic acid (A116165, Aladdin, Shanghai, China), 
propionic acid (P110443, Aladdin, Shanghai, China), butyric 
acid (B110439, Aladdin, Shanghai, China), isobutyric acid 
(I103521, Aladdin, Shanghai, China), valeric acid (V108269, 
Aladdin, Shanghai, China), isovaleric acid (I108280, Alad-
din, Shanghai, China) were prepared freshly by diluting the 
stock solutions in n-hexane. The linear range of these SCFAs 
was measured by serial dilution of standards before detec-
tion. The gas chromatography–mass spectrometry was per-
formed using a Trace 1300/Exactive GC apparatus (Thermo 
Fisher Scientific, Waltham, MA, USA) equipped with 
flame electron impact ionization and an Rtx-WAX column 
(30 m × 0.25 mm × 0.25 μm, Bellefonte, PA, USA).

Assessment of Neurotransmitters and Metabolites 
by High‑Performance Liquid Chromatography (HPLC)

In order to test the contents of striatal neurotransmitters, includ-
ing dopamine (DA), 5-hydroxytryptamine (5-HT) and their 
metabolites, including dihydroxy-phenylacetic acid (DOPAC), 
homovanillic acid (HVA) and 5-hydroxyindoleacetic acid 
(5-HIAA), HPLC, with a fluorescence detector (Waters 2475, 
Milford, MA, USA), a separation system (Waters 2695) and 
an Atlantis T3 column (150 mm × 4.6 mm, 5 μm, Waters) 
were used. For chromatographic conditions, ultra-pure water, 
acetonitrile and 0.01 M phosphate buffer (adjusted to pH 4 
with phosphoric acid) were selected as mobile phases. For 
testing, fresh striatum was homogenized in 0.1 M perchloric 
acid (10 μl/mg striatum) by sonication on an ice bath. After 
centrifugation at 17949 rcf for 10 min at 4 °C, the supernatants 
were carefully collected and filtered through a 0.22 μm filter. 
Then, 25 μl of each sample was added into the column for test-
ing. The standards, including DA (H8502, Sigma-Aldrich, St. 
Louis, MO, USA), 5-HT (H9523, Sigma-Aldrich, St. Louis, 
MO, USA), DOPAC (850217, Sigma-Aldrich, St. Louis, MO, 
USA), HVA (69673, Sigma-Aldrich, St. Louis, MO, USA) and 
5-HIAA (H8876, Sigma-Aldrich, St. Louis, MO, USA), were 
prepared freshly by diluting the stock solutions in methanol. 
The linear range of these neurotransmitters was detected by 
serial dilution of standards before detection.

Western Blotting

Total protein was extracted by homogenizing 20 mg tissue in 
200 μl radio immunoprecipitation assay lysis buffer (RIPA; 
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P0013C, Beyotime, Shanghai, China) with 2 μl phenylmeth-
anesulfonyl fluoride (PMSF; ST506, Beyotime, Shanghai, 
China) and 4 μl phosphatase inhibitors (P1081, Beyotime, 
Shanghai, China). After centrifugation at 17949 rcf for 5 min 
at 4 °C, the supernatant was collected and protein concentra-
tion was determined with a BCA protein assay kit (BL521A, 
Biosharp, Hefei, China). The protein samples were boiled 
in a metal heat block for 15 min before further assay. Then, 
30 μg of total protein was separated by sodium dodecyl sul-
fate–polyacrylamide electrophoresis-polyacrylamide gel 
electrophoresis (SDS-PAGE), and transferred to polyvi-
nylidene difluoride membranes (PVDF; ISEQ00010, Mil-
lipore, Billerica, MA, USA). After blocking with 5% (w/v) 
skim milk (36120ES76, Yeasen Biotech, Hong Kong, China) 
dissolved in Tris-buffered saline containing 0.1% Tween-20 
(P1379, Sigma-Aldrich, St. Louis, MO, USA) (TBST), the 
membrane was probed with the following antibodies: rabbit 
anti-tyrosine hydroxylase (TH, 1:1000; MAB152, Millipore, 
Billerica, MA, USA), rabbit anti-occludin (1:1000; 27260-1-
AP, Proteintech Group, Chicago, IL, USA) and mouse anti-
GAPDH (1:8000; 60001-1-Ig, Proteintech Group, Chicago, 
IL, USA) overnight at 4 °C. After washing with TBST, mem-
branes were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-mouse or goat anti-rabbit IgG (1:1000; 
BA1050, Boster, Wuhan, China). After washing three times 
with TBST, protein bands were visualized with a chemilu-
minescent detection kit (P90720, Millipore, Billerica, MA, 

USA) and imaged by a Gel Image System (Bio-Rad, Hercu-
les, CA, USA). Densitometry was performed by using ImageJ 
software (NIH, Bethesda, MA, USA). Data are shown as rela-
tive intensity following normalization to GAPDH.

Enzyme‑Linked Immunosorbent Assay (ELISA)

For ELISA, total protein was extracted by homogenizing 
striatal tissue in 200 μl RIPA buffer (P0013C, Beyotime, 
Shanghai, China) with 2 μl phenylmethanesulfonyl fluo-
ride (PMSF; ST506, Beyotime, Shanghai, China) and 4 μl 
phosphatase inhibitors (P1081, Beyotime, Shanghai, China). 
After centrifugation at 17949 rcf for 5 min at 4 °C, superna-
tant was collected and measured with a BCA protein assay 
kit (BL521A, Biosharp, Hefei, China). According to the 
manufacturer’s instructions, striatal cytokine levels were 
assessed by commercial ELISA kits for TNF-α (FEK0527, 
Boster, Wuhan, China), IL-1β (EK0394, Boster, Wuhan, 
China), IL-10 (EK0417, Boster, Wuhan, China) and IL-6 
(EK0411, Boster, Wuhan, China). Cytokine levels are pre-
sented as pg/ml protein.

Quantitative Real Time PCR (qRT‑PCR)

Total RNA from the proximal colon or hippocampus was 
extracted with TRIzol (15596018, Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instructions. The 

Table 1   Primer sequences used 
for qRT-PCR

Gene ID Gene name Sequence (5’-3’) Fragment 
size (bp)

21926 Tnf-α Forward: CGT​CAG​CCG​ATT​TGC​TAT​CT
Reverse: CGG​ACT​CCG​CAA​AGT​CTA​AG

206

16176 Il-1β Forward: GCA​ACT​GTT​CCT​GAA​CTC​AACT​
Reverse: ATC​TTT​TGG​GGT​CCG​TCA​ACT​

89

16193 Il-6 Forward: TAG​TCC​TTC​CTA​CCC​CAA​TTTCC​
Reverse: TTG​GTC​CTT​AGC​CAC​TCC​TTC​

76

18126 iNos Forward: CCT​CCT​CCA​CCC​TAC​CAA​GT
Reverse: CAC​CCA​AAG​TGC​TTC​AGT​CA

160

16173 Il-18 Forward: GAC​AGC​CTG​TGT​TCG​AGG​AT
Reverse: TGG​ATC​CAT​TTC​CTC​AAA​GG

188

16153 Il-10 Forward: GCT​CTT​ACT​GAC​TGG​CAT​GAG​
Reverse: CGC​AGC​TCT​AGG​AGC​ATG​TG

105

16189 Il-4 Forward: ATG​CTG​CTT​CGA​CAT​CTC​CT
Reverse: AAC​CAA​TGC​GAG​ATC​CTG​AC

196

21803 Tgf-β Forward: CTC​CCG​TGG​CTT​CTA​GTG​C
Reverse: GCC​TTA​GTT​TGG​ACA​GGA​TCTG​

133

18260 Occludin Forward: TTG​AAA​GTC​CAC​CTC​CTT​ACAGA​
Reverse: CCG​GAT​AAA​AAG​AGT​ACG​CTGG​

129

19126 Cd133 Forward: GAA​AAG​TTG​CTC​TGC​GAA​CC
Reverse: CTC​GAC​CTC​TTT​TGC​AAT​CC

169

11461 β-Actin Forward: CTG​TAT​TCC​CCT​CCA​TCG​TG
Reverse: CCT​CGT​CAC​CCA​CAT​AGG​AG

87

14433 Gapdh Forward: AGG​TCG​GTG​TGA​ACG​GAT​TTG​
Reverse: TGT​AGA​CCA​TGT​AGT​TGA​GGTCA​

123
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purity and integrity of the obtained RNA (A260/A280 ratio 
was used as an indicator) assessed with a NanoDrop 1000 
Spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA). Then, a two-step first-strand cDNA synthesis 
reaction was performed with a PrimeScript RT reagent kit 
(RR036A, TaKaRa, Otsu, Japan). The expression of mRNAs 
was determined by quantitative real-time PCR using SYBR 
Pre-mix Ex Taq II (RR820A, TaKaRa, Otsu, Japan) on a 
Light-Cycler 480 II (Roche, Basel, Switzerland). The mRNA 
quantification was calculated by the 2−ΔΔCt method. The 
mRNA of the target gene was normalized to the Gapdh 
expression level or, in the case of Cd133, normalized to the 
β-Actin expression level. Primer sequences applied in this 
study are listed in the following (Table 1).

Immunofluorescence Staining

For immunofluorescence (IF) staining, mice were transcar-
dially perfused with PBS followed by 4% paraformaldehyde 
(PFA) in PBS. Brain tissues were removed carefully and 
post-fixed in 4% PFA at 4 °C overnight, then transferred 
to 20% sucrose at 4 °C overnight and next to 30% sucrose 
at 4 °C overnight, and finally embedded in optimal cut-
ting temperature compound (O.C.T. Compound, Tissue-
Tek, USA). Each brain was cut into ten micrometer-thick 
coronal slices with a cryostat microtome (CM1950, Leica, 
Germany). Sections, containing the substantia nigra pars 
compacta (SNpc, from bregma -2.92 mm to -3.52 mm), 
were incubated with mouse anti-tyrosine hydroxylase (TH, 
1:1000; MAB318, Millipore, Billerica, MA, USA) antibody 
after being blocked with 5% goat serum for 1 h at 37 °C, 
followed by incubation with fluorescein isothiocyanate 
(FITC)-conjugated goat anti-mouse IgG (1:1000; A0568, 
Beyotime, Shanghai, China). For glia analysis, slices con-
taining the striatum were incubated with rabbit anti-Iba1 
(1:1000; 019–19741, Wako, Osaka, Japan), or rabbit anti-
GFAP (1:2000; Z033429, Dako, Glostrup, Denmark) pri-
mary antibodies after being blocked with 5% goat serum 
for 1 h at 37 °C. Subsequently, sections were incubated 
with appropriate secondary antibodies, FITC-conjugated 
goat anti-mouse IgG (1:1000; A0568, Beyotime, Shanghai, 
China) and Cy3-conjugated goat anti-rabbit IgG (1:1000; 
A0516, Beyotime, Shanghai, China) and counterstained 
with DAPI.

Brain slices containing the hippocampal dentate gyrus 
(DG) from bregma -1.46 mm to -2.46 mm were collected. 
Three representative slides (5 brain slices/slide, spaced 
100 μm apart) were chosen for DCX staining. Briefly, DCX 
was labeled with a rabbit polyclonal antibody (1:250; 13925-
1-AP, Proteintech Group, Chicago, IL, USA) and visualized 
using Cy3-conjugated goat anti-rabbit IgG, and nuclei were 
labeled with DAPI. Hippocampal DG imaging was then 
recorded with a fluorescence microscope (Olympus, Tokyo, 

Japan). Total DCX+ cells in whole DG images were counted. 
The slices were imaged using an Axio Imager Z2 fluores-
cence microscope (Carl Zeiss LSM880, Zeiss, Germany).

Nissl Staining

Sections containing the SNpc were washed twice with dis-
tilled water for 2 min each wash. After that, sections were 
incubated with Cresyl violet stain (G1430, Solarbio, Beijing, 
China) at room temperature for 1 h. The sections were rinsed 
twice with distilled water, followed by ~ 2 min differentia-
tion with Nissl differentiation solution (G1430, Solarbio, 
Beijing, China). Differentiation was terminated when the 
background was close to colorless or light blue). The sec-
tions were dehydrated with ethanol, cleared in xylene and 
sealed with neutral gum. Slices were placed under a micro-
scope for observation and imaging. Nissl-stained body areas 
in the SNpc were calculated by ImageJ software.

Immunohistochemistry

After antigen retrieval (45 min at 99 °C), brain sections con-
taining the hippocampal dentate gyrus were treated with 3% 
H2O2 (Reagent 1 in PV-9005, ZSGB-Bio, Beijing, China) at 
room temperature for 20 min. After washing in PBS three 
times for 3 min each, sections were blocked with 5% goat 
serum (SL038, Solarbio, Beijing, China) at 37 °C for 30 min 
and then incubated overnight at 4 °C with rabbit anti-Ki67 
antibody (1:500, ab15580, Abcam, UK). Antibody binding 
was amplified with reaction enhancement solution (Rea-
gent 2 in PV-9005, ZSGB-Bio, Beijing, China) at 37 °C for 
20 min. After washing in PBS three times for 3 min each, 
sections were subsequently incubated with biotinylated goat 
anti-rabbit antibody (PV-9000, ORIGENE, China) at room 
temperature for 20 min. After washing in PBS three times for 
3 min each, the sections were subjected to an AEC staining 
kit (ZLI-9036, ORIGENE, China) at room temperature for 
5–8 min until color developed. Finally, water-soluble sealant 
(AR1018, Boster, Wuhan, China) was used to seal the slides. 
Positive antibody expression in the sections was dark brown 
and all sections were viewed using digital slide scanners 

Fig. 1   Comparison of the fecal microbiota of young and aged mice. 
A α-Diversity (Ace index) comparison of the gut microbiota. B Venn 
diagram of shared/unique OTUs in the fecal microbiota. C Principal 
component analyses (PCA) plots of the weighted UniFrac distances 
using the relative abundance of OTUs. Each point represents a sam-
ple from the young or aged group. D β-Diversity is depicted using a 
weighted Unifrac distance. E Overall representation of bacterial pro-
files by linear discriminant effect size (LEfSe) analysis; F histogram 
of bacterial taxa that significantly varied between the two groups 
(LDA > 3.0 and p < 0.05). G Relative abundance of Ruminococcaceae 
UCG-014, Eubacterium xylanophilum group and Lactobacillus at the 
genus level based on 16S rRNA sequencing. N = 6 in the young group 
and n = 4 in the aged group. *: P < 0.05 and **: P < 0.01
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(Pannoramic MIDI, Hungary). The number of Ki67+ cells 
in the dentate gyrus of the hippocampus was counted using 
CaseViewer software.

Statistical Analyses

Differences among groups were assessed using one-way 
ANOVA followed by a Bonferroni’s post hoc test when vari-
ance was uniform, and Dunnett’s T3 analysis when variance 
was not uniform, by using SPSS 25.0 software. Statistical 
analyses were performed using GraphPad Prism 6.0 software 
(GraphPad Software, Inc. La Jolla, CA, USA). P < 0.05 was 
set as the threshold for significance (*P < 0.05, **P < 0.01 
and ***P < 0.001).

Results

Gut Microbiota Diversity Between Aged  
and Young Mice

Given the recent evidence that the composition and 
diversity of gut microbiota varies with age [27], we first 
determined whether gut microbiota displayed different 
characteristics between young mice (7 weeks) and aged 
mice (23 months). Alpha and beta diversity analysis offer 
a comprehensive view of gut microbiota and focus on the 
abundance and diversity, as well as distribution of gut 
microbiota. The alpha diversity of gut microbiota was indi-
cated by the Ace index and Venn diagram, representative 
of community richness and principal components. The Ace 
index tended to be slightly decreased in aged mice, but 
there was no statistical difference between the two groups 
(Fig. 1A). We further established a Venn diagram, based 
on shared operational taxonomic units (OTUs), to observe 
the composition of gut microbiota. The number of shared 
bacterial genera in the two groups was 329. There were 
85 and 59 unique OTUs in the young and aged groups, 
respectively, indicating that a distinct composition of the 
gut microbiota exists in mice at different ages (Fig. 1B). 
Principal components (PCs) 1 and 2 explain 37.43% and 
24.47% of the variance, respectively. Principal component 
analyses (PCA) of the UniFrac distance revealed that sig-
nificant separation occurred between the two groups, sug-
gesting the degree of similarity of gut microbiota, in terms 
of both the presence and relative abundance of bacterial 
taxonomies, changes in profile with host age (Fig. 1C). 
Beta diversity was further evaluated with UPGMA cluster-
ing. A clear separation between the two groups is shown in 
Fig. 1D, indicating differences in microbial composition 
between the two groups of mice. In addition, linear discri-
minant analysis effect size (LEfSe) revealed that the com-
position of the gut microbiota between young and aged 

donor mice had significant differences, as shown in the 
cladogram and histogram. LEfSe analysis also showed that 
a higher abundance of the Proteobacteria phylum and its 
lower taxonomic level were notable in the aged donor mice 
(Fig. 1E and F). Remarkably, we found that significant 
differences existed in aged mice and involve decreases in 
Ruminococcaceae UCG-014, which are potential SCFA-
producing bacteria [28–30] and Eubacterium xylanophi-
lum group [31], and an increase in Lactobacillus (known 
as beneficial genera/species [32]) (Fig. 1G). These results, 
in line with previous studies showing that differences 
exist between aged and young gut microbiota populations 
[20], indicate that the gut microbiota undergo age-related 
changes with the host aging process.

FMT from Aged Mice to MPTP‑Treated Mice Improves 
Locomotor Function

To assess the influence of microbiota donor age as a fac-
tor on the ability of gut microbiota to confer resistance 
to MPTP, we transplanted gut microbiota from young 
(7 weeks) or aged (23 months) donor mice into adult recipi-
ent mice (8 weeks), followed by MPTP injection (Fig. 2A). 
Body weights were monitored daily and behavioral tests 
were performed. MPTP injection markedly decreased the 
body weight in both YM + MPTP and AM + MPTP groups 
(Fig. 2B), but body weights returned to normal levels on the 
4th day after MPTP administration. The pole test, rotarod 
test and traction test were used to measure motor functions. 
YM + MPTP mice had a longer descent time and a decreased 
fall latency than YM mice due to the toxicity of MPTP. 
AM + MPTP mice exhibited a significantly shorter descent 
time and an extended running duration than YM + MPTP 
mice, suggesting that FMT from aged mice could improve 
the locomotor function of adult mice (Fig. 2C). However, in 
the traction test, there was no difference in mice among four 
groups (Fig. 2D). These results indicate that FMT from aged 
mouse donors was able to partially resist the motor dysfunc-
tion caused by MPTP.

FMT from Aged Donors Increases Neurotransmitters 
in the Striatum of PD Mice

PD is characterized by the degeneration of dopaminergic 
neurons, resulting in reduced striatal dopamine (DA) levels, 
leading to motor and non-motor symptoms. As expected, 
striatal DA levels were dramatically decreased in MPTP-
treated mice (mice in YM + MPTP and AM + MPTP groups) 
compared with control mice (mice that received FMT from 
young or aged mice followed by saline injection, denoted YM 
mice and AM mice, respectively) (Fig. 3A), and striatal DA 
did not differ between AM + MPTP mice and YM + MPTP 
mice, indicating FMT could not inhibit MPTP-induced DA 
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reduction, regardless of fecal microbiota donor age. Also, 
no significant difference in DA levels was observed between 
YM and AM mice (Fig. 3A), suggesting young microbiota 
and aged microbiota do not cause different effects on DA 
levels. Moreover, striatal DOPAC/DA and HVA/DA ratios 
increased in MPTP-treated mice (YM + MPTP mice and 
AM + MPTP mice) compared with control YM mice and 
AM mice, respectively, indicating increased DA turnover 
caused by MPTP. Intriguingly, AM + MPTP mice exhibited 
decreased DOPAC/DA and HVA/DA ratios, suggesting a 
reduction in dopaminergic turnover rate of aged microbiota 
in PD mice. There was no difference between YM and AM 
mice, indicating no effect of aged microbiota on DA turnover 
in control mice (Fig. 3B, C).

5-HT is another key neurotransmitter and signaling mol-
ecule that might be associated with the ability of gut micro-
biota to increase neuroactive metabolites [33]. Similarly, 
there was a clear decrease in 5-HT levels in MPTP mice 
(both YM + MPTP and AM + MPTP mice) compared with 
control mice (YM mice and AM mice). However, the 5-HT 
levels in AM + MPTP mice were significantly higher than 
that in YM + MPTP mice. Unexpectedly, AM mice showed 
a significant increase of 5-HT than YM mice (Fig. 3D), 
suggesting aged microbiota promote 5-HT production in 
recipient mice. Compared to control YM and AM mice, 
the turnover of 5-HT was increased in MPTP-treated mice 
(both YM + MPTP mice and AM + MPTP mice) (Fig. 3E). 
Unlike the DA turnover, 5-HT turnover shown no difference 

Fig. 2   Effects of FMT from 
young and aged donors on body 
weight and locomotor functions. 
A Schematic representation of 
the procedure of animal experi-
ments and schematic diagram 
of the FMT experiment. B 
Changes in body weight over 
time. C Pole descent test. D 
Rotarod test. E Traction test. 
For C and E tests: N = 10 
in the YM and AM groups, 
n = 12 in the YM + MPTP and 
AM + MPTP groups; For D test: 
N = 5 in each group. *: P < 0.05, 
**: P < 0.01 and ***: P < 0.001
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between YM + MPTP mice and AM + MPTP mice. There-
fore, FMT from aged mice could ameliorate the reduction 
of striatal 5-HT content induced by MPTP and slow down 
the turnover of DA.

FMT from Aged Donors Suppresses the Loss 
of Dopaminergic Neurons and Does Not Affect TH 
Expression in MPTP‑Induced PD Mice

The number of dopaminergic neurons in the SNpc was exam-
ined to evaluate the effect of aged microbiota on PD mice by 
immunofluorescence and Nissl staining. As we expected, the 
MPTP-treated groups (YM + MPTP mice and AM + MPTP 
mice) showed a sharp loss of TH-positive (TH+) cells, when 
compared with control mice (YM mice and AM mice). How-
ever, AM + MPTP mice had 53.9% less loss in the num-
ber of TH+ cells than YM + MPTP mice (Fig. 4A and B). 
Similarly, the percentage of Nissl body area dramatically 
decreased in the MPTP-treated groups (Fig. 4C–D). How-
ever, AM + MPTP mice had a larger amount of Nissl-stained 
bodies when compared to that in YM + MPTP mice. These 
findings suggest that aged microbiota suppresses the loss of 

dopaminergic neurons caused by MPTP toxicity. Addition-
ally, striatal TH expression was dramatically decreased in 
MPTP-treated mice (YM + MPTP mice and AM + MPTP 
mice) compared to control mice (YM mice and AM mice) 
(Fig. 4E and F). Yet, no increase in TH expression was found 
in AM + MPTP mice when compared with YM + MPTP 
mice, implying that FMT from aged donors had no effect 
on striatal TH expression.

FMT Modulates Gut Microbiota in PD Mice

The composition of gut microbiota of mice after 21 days of 
FMT were analyzed by using 16S rRNA gene sequencing. 
In order to explore the effect of FMT from aged mice on 
PD mice, alpha and beta diversities of gut microbiota were 
performed to analyze the abundance, diversity and distribution 
of gut microbiota. The Shannon index and Simpson index, 
two indices of alpha diversity, comprehensively reflect the 
richness and evenness of species. Unexpectedly, the Shannon 
and Simpson indices indicated that the intracommunity 
variations were similar among the four groups (Fig. 5A, B). 
We further evaluated the extent of similarity of gut microbial 

Fig. 3   Effects of FMT from young and aged mice on neurotransmit-
ters and their metabolism. A Striatal DA concentration. B Ratio of 
DOPAC/DA. C Ratio of HVA/DA. D Striatal 5-HT concentration. 

E Ratio of 5-HIAA/5-HT. N = 7 in the YM group, n = 6 in the AM 
group, n = 9 in the YM + MPTP and AM + MPTP groups. *: P < 0.05; 
**: P < 0.01 and ***: P < 0.001
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Fig. 4   Effect of FMT from young and aged mice on brain dopamin-
ergic neurons and TH expression. A Immunostaining of TH in the 
SNpc region of mouse brains in the different groups. B Quantifica-
tion of TH-positive neuronal cell bodies with representative immu-
nofluorescence images of SNpc sections. C Nissl staining of the SN 

of mice in different groups under the microscope. D Quantification 
of Nissl body area percent, as exhibited in (C). N = 5 in each group. 
Scale bar: 100 μm. E Western blotting for TH protein expression. F 
Quantification of TH expression in the striatum. N = 7 in each group. 
*: P < 0.05; **: P < 0.01 and ***: P < 0.001
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communities among the four groups by using PCA based 
on the weighted UniFrac distance. A distinct separation of 
microbiota community was observed between AM + MPTP 
(red) and YM + MPTP (purple) groups, indicating that the 
overall structures of the bacterial communities between 
these two groups were significantly different (Fig.  5C). 
We explored the composition of gut microbiota to identify 
the potential bacterial groups responsible for microbial 
alterations. As previously reported [34, 35], the composition 
of gut microbiota strongly shifted in the MPTP-treated 
groups compared to the MPTP-untreated groups (YM 
vs. YM + MPTP; AM vs. AM + MPTP), as shown in the 
heatmap (Fig. 5D). Interestingly, changes in gut bacterial 
communities were more subtle between YM + MPTP mice 
and AM + MPTP mice (Fig. 5D). We also established a Venn 
diagram based on shared taxa to evaluate the overall structure 
of gut microbiota. We observed 26 bacterial taxa that were 
shared between YM and AM mice, and 23 bacterial taxa 
between YM + MPTP and AM + MPTP mice. Additionally, 
only one taxon (Virgibacillus dakarensis) was found in AM 
mice, while three taxa (Ileibacterium valens, Lactobacillus 
johnsonii Fl9785, Pseudomonas sp BL33) were found in 
YM mice. Two bacterial taxa (Lactobacillus sp CR-6AS, 
Pediococcus acidilactici) and only one taxon (TM7 phylum 
sp oral clone CW040) were found in the fecal microbiota of 
YM + MPTP and AM + MPTP mice, respectively. Unlike 
Ruminococcus flavefaciens, which was shared only in 
mice receiving FMT with young microbiota, Lactobacillus 
salivarius was shared between AM and AM + MPTP mice. 
We also observed that Blautia coccoides was presented in all 
groups except in AM + MPTP mice. Similarly, Akkermansia 
muciniphila and Shigella sonnei were presented in all 
groups except in YM + MPTP mice (Fig. 5E). The taxa that 
discriminated between YM + MPTP and AM + MPTP mice 

were filtered by using the LEfSe method, and their effect sizes 
were also calculated to further analyze the effect of young or 
aged microbiota on the composition of the fecal microbiota of 
PD mice. There was an overrepresentation of Alloprevotella 
and Parabacteroides sp YL27 in YM + MPTP mice, and a 
relatively higher abundance of the species Desulfovibrio 
fairfieldensis, the genera Eubacterium coprostanoligenes 
group, Parvibacter, Desulfovibrio and Odoribacter, and the 
family Marinifilaceae in AM + MPTP mice. The biomarkers 
of the top 10 genera distinguishing between the YM + MPTP 
group and AM + MPTP group are shown in Fig. 5G. Notably, 
Desulfovibrio, Akkermansia, Candlcatus Saccharimonas and 
Rikenellaceae RC9 gut group were significantly enriched in 
the AM + MPTP group compared with YM + MPTP mice 
(Fig. 5H). Functional prediction analyses revealed significant 
differences between YM + MPTP and AM + MPTP groups, 
which were associated with geraniol degradation, apoptosis, 
protein digestion and absorption, caprolactam degradation, 
carotenoid biosynthesis and fluorobenzoate degradation 
(Fig. 5I). These findings suggest that the response of aged 
microbiota to MPTP treatment is different from that of young 
microbiota.

FMT from Aged Donors Promotes the Restoration 
of Normal Fecal SCFA Levels in Mice

Given gut microbiota metabolites, for example, SCFAs, have 
been linked to the pathophysiology of PD, GC–MS was used to 
examine the fecal concentrations of certain SCFAs (including 
acetic acid, propionic acid, butyric acid, isobutyric acid, valeric 
acid and isovaleric acid). The aim was to evaluate differences 
of fecal SCFA concentrations among the four treatment groups 
and provide clues about the relationship between fecal SCFAs 
and pathological features associated with PD. Among the tested 
fecal SCFAs, butyric acid content was altered to the greatest 
extent, a significant increase was found in YM + MPTP mice 
compared to control YM mice and AM + MPTP mice, which 
did not differ from AM mice (Fig. 6A). Similar differences 
were found for fecal concentrations of iso-SCFAs (isobutyric 
acid and isovaleric acid) (Fig. 6B–C) and valeric acid concen-
tration (Fig. 6D). The same trends were also observed for pro-
pionic acid or acetic acid (Fig. 6E–F).

Furthermore, we performed correlation analyses between 
SCFAs and three highly affected parameters associated 
with PD disease progression, namely motor dysfunction 
(pole test), striatal 5-HT concentrations and DA metabo-
lism (HVA/DA ratios). Remarkably, we observed significant 
positive correlations between SCFAs and motor dysfunction, 
as well as between SCFAs and DA metabolism. However, 
no significant association was found between SCFAs and 
striatal 5-HT. Taken together, these data suggest that SCFAs 
might play a key role in mediating host pathophysiological 
changes in PD mice receiving FMT with aged microbiota.

Fig. 5   Effects of FMT from  young and aged mice on fecal bacte-
rial diversity, composition and functionality of the gut microbiota in 
MPTP-treated mice. Analysis of α-diversity-predicted diversity of 
gut microbiota by A Shannon index and B Simpson index. C Prin-
cipal component analyses (PCA) plots of the weighted UniFrac dis-
tances using the relative abundance of OTUs. The position and dis-
tance of each points indicates the degree of similarity in terms of 
both the presence and relative abundance of bacterial taxonomies. 
D Heatmap showing 16S rRNA expression pattern in different treat-
ment groups. Bacterial species are shown on the right and the heat-
map scale is -1.5 ~ 1.5. E Venn diagram of shared/unique species in 
the fecal microbiota. F LEfSe was calculated to assess the functions 
of the gut microbiota that more strongly discriminated YM + MPTP 
and AM + MPTP mice. G Top 10 biomarkers at the genus level 
between YM + MPTP and AM + MPTP groups are presented in the 
bubble plot. H Relative abundance of fecal microbiota (Desulfovibrio, 
Akkermansia, Candlcatus Saccharimonas and Rikenellaceae RC9 gut 
group) changed significantly at the genus level based on 16S rRNA 
sequencing. I Functional prediction analyses based on OTU species 
annotation and abundance information in microbiota among the four 
treatment groups (those with abundance > 1% are presented). N = 6 in 
each group. *: P < 0.05; **: P < 0.01 and ***: P < 0.001

◂
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Fig. 6   Effects of FMT from young and aged mice on fecal SCFA lev-
els. A Contents of fecal butyric acid. B Contents of fecal isobutyric 
acid. C Contents of fecal valeric acid. D Contents of fecal isovaleric 
acid. E Contents of fecal propionic acid. F Contents of fecal ace-

tic acid. G Correlation between SCFAs and PD phenotype among 
the YM, AM, YM + MPTP and AM + MPTP groups. N = 8 in each 
group. *: P < 0.05; **: P < 0.01 and ***: P < 0.001
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FMT from Aged Donors Does Not Alleviate Striatal 
Neuroinflammation

To elucidate the role of FMT from aged mice in the number 
of glial cells in the present study, we examined glial cells 
in the striatum by immunofluorescence staining for Iba1 
(microglia marker). A higher number of Iba1-positive (Iba1+) 
microglia was observed in the striatum of MPTP-treated mice 
(YM + MPTP mice and AM + MPTP mice) compared with 
control mice (YM mice and AM mice), but numbers were 
comparable between AM + MPTP mice and YM + MPTP 
mice (Fig. 7A and C). The mean fluorescence intensity of 
GFAP in the striatal astrocytes increased in MPTP-treated 
mice compared with control mice, with astrocytes in 
AM + MPTP mice tending to be slightly, but not significantly 
increased compared with YM + MPTP mice (Fig. 7B and D).

To further confirm whether neuroinflammation is involved 
in aged microbiota-mediated neuroprotection in PD mice, we 
characterized the striatal cytokines, including TNF-α, IL-1β, 
IL-10 and IL-6, by ELISA. Of note, no differences among the 
four treatment groups was observed (Fig. 7E–H). Therefore, 
these results together indicate that FMT from aged donors 
does not trigger phenotypic changes in striatal glia cells or 
affect striatal cytokine expression of PD mice.

FMT from Aged Donors Does Not Affect Levels 
of Colonic Inflammation

Several aspects of intestinal dysfunction are presented in PD. 
However, there was no difference in the transport distance of 
Evans blue dye in the small intestine among the four groups 
(Fig. 8A). YM + MPTP mice showed a reduction in colon 
length compared with that in YM mice (Fig. 8B). However, 
there was no change in colon length between YM + MPTP 
and AM + MPTP mice, implying that any effect of microbiota 
on colon length was not dependent on microbiota donor age.

The association between intestinal permeability and inflam-
mation is bidirectional and remains relevant. As is well known, 
dysbiotic microbiota may reduce epithelial barrier proteins, 
such as claudin-1 and occludin, by secreting metabolites, and 
disrupt cell-to-cell connections, which compromises intesti-
nal permeability [36]. In order to evaluate gut permeability, 
we characterized the expression of tight junction proteins, 
including claudin-1 and occludin, by western blotting and 
qRT-PCR. Yet, neither occludin (Fig. 8C–E) nor claudin-1 
(data not shown) was altered in the colons of mice from any 
of the four groups. Furthermore, the expression of inflamma-
tory cytokines, including Tnf-α, Il-1β, Il-6, iNos, Il18, Il10, 
il4 and Tgf-β, showed no significant change among all groups 
(Fig. 8F). These results confirm that FMT from an aged host 
does not affect intestinal barrier permeability or the intestinal 
inflammatory response caused by MPTP treatment.

FMT from Aged Donors Triggers Neurogenesis 
in the Hippocampus

Different studies have shown the influence of gut micro-
biota in neurogenesis [6, 37–39]. Inspired by a study from 
Parag Kundu and coworkers in 2019, showing neurogenesis 
and pro-longevity signaling in young germ-free mice trans-
planted with gut microbiota of old mice [6], we first detected 
neurogenesis in each of the four treatment groups by detect-
ing the number of DCX+ (a marker for migrating neuronal 
cells) hippocampal neurons in the DG of mice. As shown 
in Fig. 9, MPTP treatment markedly increased DCX+ neu-
rons in the DG of PD mice (YM + MPTP and AM + MPTP 
group), which might be a compensative mechanism for 
MPTP-induced cell death, as reported before [40]. Nota-
bly, AM + MPTP mice had more DCX+ neurons in the DG 
than YM + MPTP mice (Fig. 9A–B). We further investigated 
adult neurogenesis by detecting the number of Ki67-positive 
(Ki67+, a marker for cell proliferation) hippocampal cells 
in the DG. Consistently, AM + MPTP mice exhibited more 
Ki67+ cells in the DG than YM + MPTP mice (Fig. 9C–D). 
In addition, there was a significant increase in the expression 
of the cellular stemness marker (CD133) in the hippocam-
pus of AM + MPTP mice compared to YM + MPTP mice 
(Fig. 9E). All these results collectively indicate that FMT 
from aged donors enhances MPTP-induced neurogenesis in 
the hippocampus.

Discussion

We demonstrate a distinct difference of gut microbiota 
between young and aged mice. For example, there is 
decrease in SCFA-producing bacteria, including Rumino-
coccaceae UCG-014 [28–30] and Eubacterium xylanophi-
lum group [31], as well as an increase of beneficial gen-
era Lactobacillus in aged mice than those in young mice. 
Ruminococcaceae UCG-014 are reported to be related with 
the combination of quercetin and resveratrol in relieving 
high-fat diet-induced obesity [41] and have been associated 
with ameliorating dextran sodium sulfate-induced colitis 
[42]. Lactobacillus probiotics alleviate neurodegeneration 
in a Drosophila melanogaster AD model [43] and exhibit 
therapeutic potential for improving memory deficits in aged 
SAMP8 mice [44]. Studies have increasingly suggested that 
the effects of age-related microbiota on a young host include 
changes in host immunity, neurogenesis and cognition [6, 
20, 21, 45]. We have found that gut microbiota modulation 
by fecal microbiota transplantation could affect both motor 
symptoms and neurotransmitter loss in MPTP-induced PD 
mice [35]. Considering the important role of gut microbiota 
in PD, age-related gut microbiota may have an impact on 
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the occurrence of PD. Hence, the purpose of this study was 
to uncover the influence of transplanting the gut microbiota 
from an aging host on PD mice. Although transplantation 
of gut microbiota from aged mice could not upregulate the 
striatal DA content or TH protein, it significantly suppressed 
the loss of dopaminergic neurons in the SNpc of PD mice. 
We also found that transplantation of gut microbiota from 
aged mice could significantly resist MPTP-induced motor 

Fig. 7   Effects of FMT from young and aged mice on neuroinflam-
mation. A Immunostaining of Iba1 for microglia in the striatum. B 
Immunostaining of GFAP for astrocytes in the striatum. C Quantita-
tive analysis of the number of Iba1-positive microglia in each group. 
D Quantitative analysis of the mean fluorescence intensity of GFAP 
in astrocytes in each group. N = 3 in each group. Scale bars in images 
with 40 × are 50 μm, and 10 × magnification are 200 μm. ELISA anal-
ysis of striatal E TNF-α, F IL-1β, G IL-10 and H IL-6 expression. 
N = 5 in each group. *: P < 0.05 and **: P < 0.01

◂

Fig. 8   Effects of FMT from young and aged mice on gastrointestinal 
physiology and inflammation. A Left: intestinal transit distance; Right: 
representative image of intestines containing Evans blue dye. B Colon 
length, n = 7 for YM and AM groups, and n = 9 for YM + MPTP and 
AM + MPTP groups (exception: n = 6 in the YM group in the intestinal 
transit test). C Western blotting for occludin protein expression detec-

tion. D Quantification of occludin expression in the colon. E Occlu-
din mRNA in the colon, determined by qRT-PCR. F Relative mRNA 
expression of various inflammatory cytokines in the colon. For WB: 
n = 7 in each group. For qRT-PCR: n = 6 ~ 7 in each group. *: P < 0.05
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dysfunction (indicated by the shorter descent time in the 
pole test and an extended running duration in the rotarod 
test), decline of striatal 5-HT content and higher metabolic 
rate of DA (indicated by the decreased HVA/DA ratio). Our 
findings imply that transplanting gut microbiota from an 
aged host may have a neuroprotective effect in PD.

Changes in gut microbiota composition are strongly 
associated with age-related neurodegenerative diseases, 
including PD and AD [46, 47]. Given the fact that distinct 
differences in fecal microbiota exist between young and 
aged hosts, we further explore the underlying mechanism 
of the effect of aged microbiota on the occurrence of PD 
by high-throughput sequencing. No significant difference 
was observed in α-diversity, suggesting few structural dif-
ferences among the four groups. However, β-diversity, as 
indicated by the clear separation, shows a remarkable change 
in the composition of microbiota between YM + MPTP and 
AM + MPTP groups. Additionally, the Akkermansia and 
Candidatus Saccharimonas abundance were decreased 
in the YM + MPTP group and dramatically increased in 
AM + MPTP mice, indicating their potential role in the pro-
tective effects of aged microbiota on PD. Akkermansia, a 
potential next-generation probiotic, is associated with the 
host mucus turnover, which improves gut barrier function, 
and is also decreased in a PD mouse model [48]. According 
to previous studies, Akkermansia could effectively improve 
symptoms in several diseases, such as ulcerative colitis 
[49], obesity [50] and amyotrophic lateral sclerosis [51], 
by protecting gut barrier function and reducing levels of 
inflammatory cytokines (TNF-α, IL-1β, IL-6) in the colon. 
Luo et al. found that the relative abundance of Candidatus 
Saccharimonas is reduced in db/db mice, and this change 
is reversed in db/db mice treated with inulin-type fructans 
[52]. Although a study has shown that there is a greater 
abundance of Rikenellaceae RC9 gut group at the genus 
level in fecal samples from PD patients [53], we detected no 
significant change in PD mice in this study, but AM + MPTP 
mice exhibited a higher abundance of Rikenellaceae RC9 
gut group. The same trend was observed in sulfate-reducing 
bacteria Desulfovibrio in AM + MPTP mice.

Thus, how does FMT from aged mice contribute to the 
resistance to MPTP in mice? Among the potential changes 
associated with aging microbiota, SCFAs in the gut may 
be one of major mediators [19, 20]. It is well known that 

SCFAs play a crucial role in regulating central nervous sys-
tem processes (such as neurotransmitter levels, brain glia 
activation, as well as expression of genes related to inflam-
matory response, intestinal barrier, and oxidative stress). 
Further experiments by GC–MS revealed that transplanta-
tion of the gut microbiota from aged donor mice decreased 
the abnormal elevation of fecal SCFAs in adult recipient 
mice. As reported before, Lee and colleagues found that 
aging of host decreased the concentration of primary 
SCFAs in fecal samples of young (2–3 months) and aged 
(18–20 months) mice [19]. This is consistent with results 
from Fig. 1G showing decreases in SCFA-producing bac-
teria in aged mice. The abnormal elevation of SCFAs in 
YM + MPTP mice is also in line with our previous study 
showing that sodium butyrate exacerbated PD through 
aggravating neuroinflammation and colonic inflammation 
of PD mice [54]. FMT from aged donors could promote the 
restoration of normal fecal SCFA levels in mice. Further-
more, we performed correlation analyses and found that the 
fecal SCFAs were positively correlated with motor dysfunc-
tion and DA metabolism, and negatively correlated with 
striatal 5-HT content.

It is well accepted that neuroinflammation, character-
ized by activation of microglia and astrocytes, is responsi-
ble for the loss of dopaminergic neurons in the SNpc, and 
the reduction of striatal dopamine content of PD patients 
[55, 56]. Neuroinflammatory processes also play a cru-
cial role in aging, and there has been increasing attention 
paid to the role of microglia and astrocytes [57]. Erny 
et al. found that activation of microglia is under constant 
regulation by the gut microbiome [58]. A sharp increase 
was observed in the number of microglia and astrocytes in 
the striatum of YM + MPTP mice and AM + MPTP mice. 
Unexpectedly, the number of microglia and astrocytes in 
AM + MPTP mice did not change significantly compared 
with that in the YM + MPTP group. To further confirm 
whether the neuroprotective effect mediated by FMT with 
aged microbiota is related to the alleviation of neuroin-
flammation, we measured the content of striatal TNF-α, 
IL-1β, IL-10 and IL-6 by ELISA. There were no signifi-
cant changes in these cytokines among the four groups, nor 
were there statically significant differences in gut perme-
ability or gut inflammation. This partly suggests that the 
neuroprotective effect of aged microbiota transplantation 
acts in a neuroinflammation-independent manner.

Aging is usually associated with reduced neurogenesis 
in the adult brain [59]. Impaired adult neurogenesis [60, 61] 
and decreased expression of neurogenic markers are also 
present in PD [62]. Moreover, the number of DCX-positive 
neurons in the DG is also reduced in PD model animals [63, 
64]. All these suggest that impaired hippocampal neurogen-
esis may be one of the causes of PD. Recently, Kundu et al. 
found that transplantation of old donor gut microbiota into 

Fig. 9   Effects of FMT from young and aged mice on hippocam-
pal neurogenesis. A Representative images showing DCX staining 
of neurons (red) and DAPI (blue) in the DG. Scale bars is 100 μm. 
B Quantification of DCX+ neurons in the DG. C Representative 
images showing Ki67 staining. The enlarged image boxed in red is 
shown underneath. D Quantification of Ki67+ cells in the DG, n = 5 
in each group. Scale bar: 100 μm (up) and 20 μm (down). E Relative 
expression of hippocampal Cd133 mRNA, n = 6 ~ 9 in each group. *: 
P < 0.05; **: P < 0.01 and ***: P < 0.001
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young germ-free recipient mice could enhance neurogen-
esis in the hippocampus of the brain and promote intestinal 
growth [6]. Inspired by their work, we focused on the neuro-
genesis in both young and aged FMT recipients in our study. 
Surprisingly, our data are consistent with the notion that 
neurogenesis is increased in PD animal models, as reported 
by Ryu’s group [40]. This might be due to a compensative 
mechanism induced by MPTP-induced cell death. One novel 
finding of the current study is that transplantation of gut 
microbiota of aged mice enhances hippocampal neurogen-
esis after MPTP treatment. This unexpected finding empha-
sizes the current limited understanding of alterations of the 
gut microbiota, as well as the complex interplay between 
the host and the microbiota during aging. The present study 
implies that fecal microbiota transplantation protects against 
motor dysfunction, dopaminergic neuron loss, neurotrans-
mitter decline and DA metabolism of MPTP-treated mice 
by inhibiting abnormal elevation of SCFA production and 
increasing endogenous adult neurogenesis in the DG.

Yet, several limitations exist in the current study, 
including the inherent limitations of FMT into antibiotic-
treated, pseudo-germ-free mice, as antibiotic treatment 
can only maximize the removal of gut microbiota, which 
cannot be completely equivalent to germ-free mice. In this 
regard, future investigations based on germ-free mice will 
be needed to elucidate the effect of aged microbiota on PD 
pathology. Another limitation of our research is the lack 
of dynamic detection of gut microbiota changes during 
the experiment.

Conclusions

In summary, our findings, including recovery of motor 
function, alleviating loss of dopaminergic neurons in the 
SNpc, increasing striatal 5-HT content, inhibiting DA 
metabolism, restoring fecal SCFA levels and promoting 
neurogenesis in the DG of the hippocampus of PD mice, 
suggest that aged microbiota could effectively aid in resist-
ance to the pathological features of PD in an inflammation-
independent and neurogenesis-dependent manner. This 
research provides fundamental evidence that the gut micro-
biota should be considered as a potential therapeutic target 
for treating aspects of aging-associated neurodegenerative 
disease. Future studies should further elucidate the direct 
mechanistic underpinnings of how specific gut microbes, 
or specific metabolites, drive these changes in rejuvenating 
functions of the CNS.
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