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Gut Microbiota–Derived Short-Chain Fatty Acids 
Promote Poststroke Recovery in Aged Mice
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RATIONALE: The elderly experience profound systemic responses after stroke, which contribute to higher mortality and more 
severe long-term disability. Recent studies have revealed that stroke outcomes can be influenced by the composition of gut 
microbiome. However, the potential benefits of manipulating the gut microbiome after injury is unknown.

OBJECTIVE: To determine if restoring youthful gut microbiota after stroke aids in recovery in aged subjects, we altered the gut 
microbiome through young fecal transplant gavage in aged mice after experimental stroke. Further, the effect of direct enrichment 
of selective bacteria producing short-chain fatty acids (SCFAs) was tested as a more targeted and refined microbiome therapy.

METHODS AND RESULTS: Aged male mice (18–20 months) were subjected to ischemic stroke by middle cerebral artery occlusion. 
We performed fecal transplant gavage 3 days after middle cerebral artery occlusion using young donor biome (2–3 months) 
or aged biome (18–20 months). At day 14 after stroke, aged stroke mice receiving young fecal transplant gavage had less 
behavioral impairment, and reduced brain and gut inflammation. Based on data from microbial sequencing and metabolomics 
analysis demonstrating that young fecal transplants contained much higher SCFA levels and related bacterial strains, we 
selected 4 SCFA-producers (Bifidobacterium longum, Clostridium symbiosum, Faecalibacterium prausnitzii, and Lactobacillus 
fermentum) for transplantation. These SCFA-producers alleviated poststroke neurological deficits and inflammation, and 
elevated gut, brain and plasma SCFA concentrations in aged stroke mice.

CONCLUSIONS: This is the first study suggesting that the poor stroke recovery in aged mice can be reversed via poststroke 
bacteriotherapy following the replenishment of youthful gut microbiome via modulation of immunologic, microbial, and 
metabolomic profiles in the host.

GRAPHICAL ABSTRACT: A graphical abstract is available for this article.
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Recent demonstration of bidirectional communica-
tions between the brain and the gut have opened 
new areas of investigation for stroke and other 

neurological diseases. This bidirectional communication, 
termed the microbiota-gut-brain axis, provides novel ave-
nues for both the prevention and treatment of stroke.1–6 
Following stroke, communications from the brain to the 
gut (top-down signaling) via the microbiota-gut-brain axis 

likely occur through sympathetic and parasympathetic 
efferent fibers that innervate the gut directly or indirectly 
through the enteric nervous system.3,5,6 Although the 
exact mechanism is not well understood, it is increas-
ingly evident that stroke alters gut motility, increases gut 
permeability, activates resident immune cells in the gut, 
and shifts the gut microbiome to one that is more toxic, a 
state that we designate as dysbiotic.1–4,6,7
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A dysbiotic gut microbiome, in turn, appears to communi-
cate to the brain through the microbiota-gut-brain axis (bot-
tom-up signaling) to exacerbate the detrimental effects of 
the stroke.2,3 This bottom-up signaling likely involves migra-
tion of proinflammatory cells from the gut to the brain via 
the blood. Other potential mechanisms to signal the brain 
include afferent parasympathetic and sensory networks 
originating in the gut, or by bacteria, bacterial toxins, or bac-
terial metabolites that gain access to the blood through a 

disrupted gut barrier.2,3 Regardless of the signaling mecha-
nisms for the bidirectional microbiota-gut-brain communi-
cation, a feedforward mechanism is thought to occur where 
the stroke brain is responsible for gut dysbiosis and gut 
inflammation, and subsequently the gut dysbiosis feeds 
back to promote neuroinflammation following stroke.2,3 This 
cycle hinders recovery once a stroke has occurred.

Interfering with this cycle by altering the gut microbi-
ome through fecal transplant gavage (FTG) or antibiotics 
before or at the time of experimental stroke can signifi-
cantly affect recovery.3,4 However, it is not known if an 
anti-inflammatory FTG is efficacious in improving out-
come when conducted hours to days after stroke, a time 
when the critical window for other treatments has passed. 
If poststroke alteration in the gut microbiome were effica-
cious, then individuals lacking a healthy or anti-inflamma-
tory gut microbiome at the time of stroke could benefit 
from therapy. The study of stroke and the gut microbiome 
is especially significant in the aged, a population that is 
at risk for stroke.8,9 Outcomes after stroke are also worse 
in aged mice compared with young mice.1 Complicating 
matters even more, aging alone is accompanied by gut 
dysbiosis.4 Thus, it is important to conduct studies in aged 
animals to target those conditions most relevant to the 
human stroke population. To this end, we conducted all 
studies in aged (18–20 months) mice. Given the above, 
we tested the hypothesis that less toxic microbiota from 

Nonstandard Abbreviations and Acronyms

Abx	 streptomycin
AMP	 antimicrobial peptide
EC	 epithelial cell
FTG	 fecal transplant gavage
LI	 large intestine
LP	 lamina propria
Muc	 mucin
Reg	 regenerating islet-derived protein family
SCFA	 short-chain fatty acid
SI	 small intestine
TCR	 T-cell receptor
Treg	 regulatory T cell

Novelty and Significance

What Is Known?
•	 Aging is a major risk factor for stroke.
•	 Both stroke and aging induce gut dysbiosis.
•	 Gut microbiota and microbial-derived metabolites 

are implied in various neurological diseases including 
stroke.

What New Information Does This Article  
Contribute?
•	 Poststroke microbiota reconstitution in aged mice 

using fecal transplant gavage (FTG) from young mice, 
which contains higher levels of short-chain fatty acid 
(SCFA)-producing bacteria, improves functional, and 
behavioral outcomes.

•	 Young FTG enhances gut integrity, expands regulatory 
T cells in the gut and brain, and diminishes IL-17 (inter-
leukin-17) production by brain γδ T cells after stroke.

•	 Transplantation of selective SCFA-producing bacte-
ria with the prebiotic inulin reproduces the beneficial 
effects of young FTG on stroke recovery in aged stroke 
mice.

Ischemic stroke is a leading cause of morbidity and mor-
tality in the elderly. Recent studies have emphasized the 
importance of understanding the cross-talk between 
the microbiota, the gut, and the brain in stroke. Here, 
we manipulated the gut microbiota after stroke to test 
our hypothesis that gut microbiota rejuvenation even at 
a delayed time-point after stroke would improve func-
tional recovery in aged animals. Poststroke restoration of 
youthful microbiota in aged mice using FTG from young 
donor mice (young FTG) improved behavioral recov-
ery. Young FTG enhanced gut integrity and conferred a 
protective phenotype in both gut and brain T cells, as 
reflected by the increase in regulatory T cells. Interest-
ingly, young FTG reduced proinflammatory IL-17 in brain 
γδ T cells. To test if the beneficial effects of young FTG 
are mediated by SCFAs, we transplanted a cocktail of 4 
bacterial strains of SCFA-producers. Transplantation of 
SCFA-producers in combination with inulin significantly 
reduced functional impairment and neuroinflammation in 
recipient aged stroke mice. Enrichment of the gut with 
SCFA-producers increased SCFA levels in the brain and 
plasma. This is the first demonstration that bacteriother-
apy is a viable poststroke treatment option in the aged.
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young mice could improve outcomes in aged mice even 
when FTG is delayed for 3 days after experimental stroke.

A second component of this study investigates 
short-chain fatty acid (SCFA)-producing bacteria and 
the SCFAs they produce. SCFAs, which are gener-
ated by bacteria metabolizing nondigestible fiber in the 
gut,10 serve to stabilize the gut through activation of 
G protein-coupled receptors and inhibition of histone 
deacetylases.11 We have previously shown that fecal 
SCFAs decrease ≈70% in aged mice and in the feces 
of young mice after FTG with a fecal suspension from 
aged mice.4 Therefore, we tested the hypothesis that we 
could restore SCFAs concentrations through probiotics 
and prebiotics and improve outcomes in aged mice fol-
lowing experimental stroke.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Detailed methods are available in the Data Supplement.

RESULTS
Gut Bacterial Profiles in Recipient Aged Stroke 
Mice Replicate the Donor Profile
Aged male mice (18–20 months) were subjected to a 
60-minute transient middle cerebral artery occlusion and 
gavaged with Abx (streptomycin) for 2 consecutive days. 
On days 3 and 4 after stroke (days 1 and 2 after Abx treat-
ment), fresh fecal microbiota from nonstroke young mice 
(2–3 months; young FTG) or nonstroke aged mice (18–20 
months; aged FTG) were transplanted by oral gavage. Anti-
biotics were used to reduce the bacterial load allowing for 
more efficient colonization of newly introduced bacteria 
(P=0.0002; Figure I in the Data Supplement). Behavioral 
testing was conducted on days 3, 7, and 14 after stroke.

First, we profiled the gut bacterial composition after 
both FTGs using 16S rRNA sequencing. Linear discrimi-
nant effect size analysis revealed that the composition 
of the gut microbiota between young and aged donor 
mice had significant differences as shown in the clado-
gram (Figure 1A). Additionally, we found that members 
of Bifidobacteriaceae, a family in the Actinobacteria class 
(eg, Bifidobacterium and Bifidobacteriaceae), and mem-
bers of Clostridiaceae, a family in the Clostridia class 
(eg, Clostridium and Clostridiaceae), were enriched in 
young microbiota. Importantly, data including principal 
coordinates analysis plots on unweighted and weighted 
UniFrac revealed that the microbiome of transplanted 
mouse recipients reflected the microbiome of the 
donors 10 to 11 days after FTG (Figure 1B [P=0.042 
for unweighted and P=0.007 for weighted UniFrac] and 
Figure  1C); whereas FTG without antibiotics did not 
affect gut microbiota profiles in recipient mice (Figure 

I in the Data Supplement). Aged stroke mice colonized 
with young microbiome contained lower abundances of 
Bacteroides and Prevotella, potential pathobionts,12–14 
when compared with those gavaged with aged FTG 
(Figure I in the Data Supplement).

Poststroke Restoration of Youthful Microbiota 
Improves Behavioral Recovery in Aged Mice 
Independent of Infarct Size
To assess the impact of a youthful gut microbiota, we first 
evaluated the physiological changes in aged recipient mice 
engrafted with young or aged FTG by day 14 after stroke 
(Figure  2A). Patients with stroke and mice after middle 
cerebral artery occlusion experience physiological changes 
such as weight loss.1,15 Mice in our study lost weight (≈11%) 
by day 3 after stroke. By day 14 after middle cerebral artery 
occlusion, aged mice with young biome exhibited recovery 
to their prestroke body weight (≈3% weight gain), while 
aged FTG mice did not return to their original body weight 
after 14 days (Figure 2B). However, no statistical differ-
ence between the groups was observed.

To test whether a young microbiota improved out-
comes after stroke in aged mice, we performed a bat-
tery of behavioral tests including: (1) open field test 
for spontaneous locomotor activity; (2) novel objective 
recognition test for cognitive function; (3) tail suspen-
sion test for poststroke depressive-like phenotypes; 
(4) hang wire test for grip strength; and (5) neuro-
logical deficit score as a measure of overall poststroke 
deficits. At day 14 after stroke, we did not observe a 
significant difference in the neurological deficit score 
or in the hangwire test between the groups (Figure II 
in the Data Supplement). However, aged stroke mice 
with young FTG demonstrated improved locomotor 
activity in open field test (P=0.0265; Figure 2C) and 
better poststroke cognition in the novel objective rec-
ognition test (P=0.0022; Figure 2D) as compared with 
aged mice transplanted with aged FTG. We further 
determined the effect of FTG on poststroke depressive 
phenotypes, which is a common psychiatric comor-
bidity after stroke.15,16 Interestingly, young microbiota 
significantly reduced immobility in the tail suspen-
sion test, which is suggestive of anti-depressive-like 
effect (P=0.0386; Figure 2E). Importantly, there was 
no significant difference in infarct damage, as mea-
sured by brain atrophy at 14 days poststroke, between 
the young FTG (19.7±3.1%) compared with aged FTG 
mice (20.3±2.5%; Figure II in the Data Supplement). 
These findings demonstrate that the improved stroke 
outcomes seen in aged mice with young FTG in terms 
of activity (open field test), memory (novel objective 
recognition test), and depression-like behavior (tail 
suspension test) are independent of infarct size.
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Poststroke Young FTG Confers a Protective 
Phenotype in Intestinal T Cells and Enhances 
Gut Integrity
In the gut, microbes shape the local immune system by 
communicating with several types of T lymphocytes espe-
cially the regulatory T (Treg) cells found in the intestinal 
lamina propria (LP), which are anti-inflammatory and sup-
press immune responses.17–20 To determine if externally 
transplanted microbiome can modulate intestinal Treg cells, 
we first analyzed LP of small (SI) and large intestines (LI) 
after FTG in stroke mice. Flow cytometry analysis revealed 
that aged stroke mice with young FTG did not have a sig-
nificant statistical difference in the frequency of CD4+ 
T cells in either the SI or LI LP. However, we found that 
young FTG significantly increased CD4+Foxp3+ (Fork-
head box P3) Treg cells in the SI LP (P=0.0362), but not 
the LI LP, as compared with aged stroke mice with aged 
FTG (Figure 3A and 3B). Levels of CD3+ T cells (T-cell 
lineage), CD8+ cytotoxic T cells, CD19+ B cells, NK1.1+ 
natural killer cells, Th17 cells, and γδ T cells did not differ 
between young and aged FTG groups (Figure III in the 
Data Supplement). These data indicate that intestinal T 
cells in aged stroke mice acquired a regulatory phenotype 
after the introduction of youthful microbiota via FTG.

Next, we sought to elucidate interactions between trans-
planted microbiome and the intestinal epithelial cell layer 

in aged stroke mice as this layer is in contact with luminal 
microbiota. In the intestine, these epithelial layers maintain 
homeostasis and play a central role in inflammation by 
allowing the host’s immune cells to interact with the micro-
biota in the lumen.21,22 The mucus layer, a protective net-
like polymer formed by goblet cell-producing Muc (mucins), 
covers the gut epithelium to protect the host.23 Histochemi-
cal staining using Alcian blue and periodic acid-Schiff 
showed that young FTG enhanced the number of mature 
goblet cells in upper crypts which produce mucins in the LI 
(P=0.0138; Figure 3C). Further, we found that the intestinal 
barrier integrity at poststroke day 14 was increased in mice 
with young FTG compared with aged FTG, as reflected by 
decreased efflux of circulating fluorescein isothiocyanate-
dextran (P=0.0131; Figure 3D). Next, we isolated epithelial 
cells (ECs) from the LI from mice that received FTG from 
young and aged donors. We examined mucin gene expres-
sion by investigating Muc2 and Muc4, which are responsible 
for inner and outer layers of mucus, respectively. Compared 
with aged stroke mice that received aged FTG, aged stroke 
mice with young FTG showed a significantly higher level 
of Muc2 (3.4-fold increase, P=0.0286) and Muc4 expres-
sion (44.8-fold increase, P=0.0286; Figure 3E). Next, we 
examined changes in epithelial-AMPs (antimicrobial pep-
tides), since transplanted fecal material including poten-
tial pathogens can provoke unwanted immune responses 
in the host epithelium. We isolated LI ECs and tested the 

Figure 1. Composition of the fecal microbiota of young and aged donor mice and clustering in recipient aged stroke mice.
A, Overall representation of bacterial profiles in young (2–3 mo) and aged (18–20 mo) donor mice at the baseline, by linear discriminant effect 
size (LEfSe) analysis (n=4 per group). B, Principal coordinates analysis (PCoA) of fecal microbiota from the donor (young: 2–3 mo, aged: 18–20 
mo) and recipient stroke mice (18–20 mo) with fecal transplant gavage (FTG) using unweighted (R2=0.2567) and weighted (R2=0.4562) UniFrac 
distances (n=4 per group). C, Bacterial composition at the family level in transplanted recipients cluster according to the donor profiles at day 14 
post middle cerebral artery occlusion (n=4 per group).D
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gene expression of Reg (regenerating islet-derived pro-
tein) family-specific AMP proteins Reg3β and Reg3γ. We 
observed no significant difference in Reg3 gene expres-
sion between young and aged FTG groups (Figure 3E). 
Taken together, these data suggest that young FTG trans-
plantation was protective in both the SI and LI of aged 
animals after stroke.

Poststroke Young FTG Increases Treg Cells and 
Decreases IL-17+ γδ T Cells in the Aged Brain
Next, we addressed whether young FTG can alter popu-
lations of Treg cells in the aged stroke brain, which we 
observed in the SI. Interestingly, flow cytometry analysis 
showed that young FTG significantly enhances Foxp3 
expression in CD4+ T cells in the ipsilateral stroke hemi-
sphere of aged stroke mice compared with aged FTG 
groups (P=0.0190; Figure 4A and 4B). This data indi-
cates a potential role of youthful microbiome in regulat-
ing neuroinflammation after stroke in aged mice.

A recent study has shown that the meninges contain 
a repertoire of immune cells, especially γδ T cells, which 
are involved in stroke-induced brain inflammation.2 
γδ T cells play a pivotal role in aggravating injury after 
brain ischemia by secreting IL-17  (interleukin-17).24,25 
Thus, we asked whether FTG altered γδ T cells in the 
brain after stroke. At day 14 after stroke (ie, post-FTG 
day 10), we did not observe any difference in the fre-
quency of γδ T cells (CD45highCD11b−TCRβ−TCRγδ+) in 
the ipsilateral stroke hemisphere of aged stroke mice that 
received young FTG as compared with aged stroke mice 
that received aged FTG (Figure 4C and 4D). However, the 
IL-17 protein expression of γδ T cells (CD45highCD11b−T
CRβ−TCRγδ+IL-17+) was lower in aged stroke mice with 
young FTG compared with aged mice treated with aged 
FTG (2.6-fold, P=0.0301; Figure 4E). No significant dif-
ferences in the frequency of other brain cells, including 
microglia (CD45intCD11b+ cells) and myeloid-lineage cells 
(CD45+CD11bhigh cells; Figure IV in the Data Supplement) 
were observed. However, the immunohistochemistry analy-
sis revealed the reduction of microglial activation, that is, 

Figure 2. Poststroke transplanting of young fecal microbiome improves behavior in aged mice.
A, The experimental protocol for fecal transplant gavage (FTG) from young (2–3 mo) and aged (18–20 mo) donor mice into recipient aged stroke mice 
(18–20 mo). Changes of body weight (B), total locomotor activity using open field test (OFT, C), cognitive function using novel objective recognition test 
(NORT, D), and depression-like behaviors using tail suspension test (TST, E) after young (n=5) and aged FTG (n=7) on day 14 following middle cerebral 
artery occlusion (MCAO). Throughout, error bars represent mean±SEM. For the repeated measurement study, a linear mixed model was used to account 
for within-subject correlation (B and C). Group comparisons were further performed at each time adjusted for multiple testing. For 2-group comparisons, 
Student t test was used after the normality of data was confirmed by the Shapiro-Wilk normality test (D and E). Abx indicates streptomycin.
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decreased Iba1 (ionized calcium-binding adaptor molecule 
1)  and increased P2RY12 (purinergic receptor P2Y12) 
expression, in the young FTG group compared with aged 
FTG-treated mice brains (Figure IV in the Data Supple-
ment). The observed sensitivity of P2RY12 expression in 
our young and aged FTG groups is consistent with prior 
studies reporting a downregulation of P2RY12 by activated 
microglia in response to various central nervous system 
injury models in mice and humans.26–29 Future investiga-
tions will be required to elucidate molecular mechanisms 
that mediate the effects of aged microbiome on P2RY12 
expression by microglia. Taken together, our data supports 
that the beneficial effects of young FTG in aged stroke 
mice is mediated through peripheral (ie, gut-related) mech-
anisms and through modulation of central immunity by 
regulating the inflammatory response in the brain.

Poststroke Oral Gavage With SCFA-Producers 
Improves Recovery in Aged Mice
Based on our previous findings showing that pretreatment 
of young biome containing higher SCFAs contributes to 

better stroke outcomes in recipient mice compared with 
an aged biome with less SCFAs,4 we hypothesized that 
increasing SCFAs poststroke could improve recovery. To 
this end, we first determined if SCFAs differed in fecal 
samples used for FTG in this study. We measured fecal 
SCFA concentrations in naïve young mice (2–3 months) 
and aged mice (18–20 months) and assessed the con-
centrations of primary metabolites including acetate, 
propionate, and butyrate. Mass spectrometry analysis 
revealed an inverse relation between aging and SCFA 
concentrations: the amount of some fecal SCFAs including 
acetate (P=0.0010), propionate (P=0.0002), and butyrate 
(P=0.0133) significantly decreased with age (Figure 5A). 
These data prompted us to test if augmentation of selec-
tive SCFA-producing bacteria (SCFA-producers) could be 
a viable poststroke treatment option to reduce functional 
impairments in aged mice.

To increase SCFA concentrations, we treated mice 
poststroke with a prebiotic (inulin) and a cocktail of 4 
primary SCFA-producing bacterial strains (Bifidobacte-
rium longum, Clostridium symbiosum, Faecalibacterium 
prausnitzii, and Lactobacillus fermentum). Notably, 2 

Figure 3. Young fecal transplant gavage (FTG) increases intestinal regulatory T (Treg) cells in the lamina propria (LP) and 
enhances mucin productions in the epithelium of aged stroke mice.
A, Representative flow cytometry plots to identify Treg cells in the intestinal LP of aged stroke mice. CD45+CD4+Foxp3+ (Forkhead box P3) cells 
in the LP of both small intestine (SI) and large intestine (LI) were gated and analyzed as Treg cells. An amine-reactive Live/Dead Aqua viability 
stain was used to identify live and dead cells. Only live cells were gated for the analysis. Graphs represent percentages of Foxp3+ cells of CD4+ T 
cells in the SI LP. B, Flow cytometric analysis of CD4+ T cells and Treg cells in the intestinal LP of aged stroke mice at day 14 after middle cerebral 
artery occlusion (MCAO; n=5 per group). C, Alcian blue and periodic acid-Schiff (AB-PAS) staining of the LI of aged stroke mice at post-MCAO 
day 14 (n=4 per group) and the number of mature goblet cells per 10 upper crypts/mouse are quantified. The bracket indicates the upper crypt 
possessing mature cells. Scale bars, 50 μm. D, FITC-dextran intestinal permeability assay at day 14 after MCAO in aged mice with aged (n=4) 
and young FTG (n=5). Data were normalized to aged FTG controls. E, The relative mRNA abundance for epithelial mucin (Muc) genes and Reg3 
genes of the LI in aged stroke mice at post-MCAO day 14 (n=4 per group). Throughout, error bars represent mean±SEM. Student t test (B, 
C, and D) and Mann-Whitney U test (E)  were used based on the normality of data assessed by the Shapiro-Wilk normality test. FSC indicates 
forward scatter; and SSC, side scatter. 
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genera, Bifidobacterium and Clostridium, were identi-
fied as a microbial signature for young microbiome, 
compared with aged microbiome (Figure  1A). Inulin, 
a soluble fiber that can reach the colon in an intact 
state due to its resistance to enzymatic degradation 
in the upper gut and SI, is a substrate that supports 
enhanced SCFA production by the above bacteria.30 
We employed a similar protocol (Figure  5B) to that 
used for the FTG studies (Figure 2A).

To test our hypothesis, we first examined the effects 
of inulin and SCFA-producers on behavioral outcomes 
after stroke, using 4 separate groups of mice treated 
with: (1) vehicle (sterile culture media), (2) inulin alone, 
(3) SCFA-producers alone, and (4) the combination 
of inulin+SCFA-producers. Aged stroke mice with 
inulin+SCFA-producers had significantly improved 
neurological deficit scores by day 14 poststroke 
compared with the vehicle-treated control animals 
(P=0.0016; Figure 5C). In addition, this group of mice 
had significant improvements in their motor coordina-
tion and strength in the hangwire test, when compared 

with vehicle controls (P=0.0016; Figure  5D). Similar 
to the effect seen after young FTG, SCFA-producers 
with inulin had a significant antidepressive effect in 
aged stroke mice (P=0.0486; Figure 5E). Interestingly, 
we did not find significant behavioral benefits in aged 
stroke mice given either inulin alone or bacteria alone 
suggesting a synergistic effect of inulin with bacteria.

Brain IL-17+ γδ T Cells Are Reduced in Aged 
Stroke Mice With SCFA-Producers and Inulin
Next, we assessed whether the oral gavage with SCFA-
producers and inulin had a similar anti-inflammatory effect 
in the brain of aged stroke mice to that seen in young FTG-
treated mice. We focused on the change in IL-17+ γδ T cells 
and analyzed brain immune cells using flow cytometry with 
the same gating strategy used in the FTG study (Figure 4C 
and 6A). Interestingly, we found that bacteria and inulin 
treatment significantly reduced the IL-17+ γδ T cells, not γδ 
T cells, at poststroke day 14 (Figure 6B through 6D). Brain 

Figure 4. Young fecal transplant gavage (FTG) increases regulatory T (Treg) cells and reduces IL-17 (interleukin-17) production of 
γδ T cells in the brain of aged stroke mice.
A, Representative flow cytometry plots to identify Treg cells (CD45+CD4+Foxp3+ [Forkhead box P3]) in the brain of aged stroke mice. B, Flow 
cytometric analysis of Treg cells in the brain of aged stroke mice at day 14 after middle cerebral artery occlusion (MCAO; n=5 per group). C, 
Representative flow cytometry plots to identify γδ T cells (CD45highCD11b−TCRβ−TCRγδ+) in the brain of aged stroke mice. IL-17+ γδ T cells (C
D45highCD11b−TCRβ−TCRγδ+IL-17+) were analyzed at post-MCAO day 14. An amine-reactive Live/Dead Aqua viability stain was used to identify 
live and dead cells. The ipsilateral stroke hemisphere was used for the cell isolation, and only live cells were gated for the analysis for both (A) 
and (C). Flow cytometric analysis of brain γδ T cells (D) and IL-17+ γδ T cells (E) of aged stroke mice at day 14 after MCAO (n=5 per group). 
Throughout, error bars represent mean±SEM. Student t test (B, D, and E) was used after the normality of data was confirmed by the Shapiro-Wilk 
normality test.
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atrophy at 14 days poststroke was not different between 
the groups (19.2% versus 16.1%, data not shown).

Enhanced Gut SCFAs Alter Systemic and Brain 
SCFA Profiles in Aged Stroke Mice
We hypothesized that the beneficial bacterial strains 
directly contributed to the maintenance of intestinal 
integrity. Mice treated with SCFA-producing bacteria and 
inulin had a healthier anatomic profile compared with 
stroke-induced gut injury occurring in the absence of 
SCFA-producing bacteria (Figure V in the Data Supple-
ment). We then tested if SCFAs could stimulate ECs 
including goblet cells to synthesize protective mucins.31,32 
Immunohistochemistry for Muc2 proteins showed that 
aged stroke mice receiving SCFA-producers and inulin 
had significantly enhanced Muc2 proteins expressed 
in goblet cells of the LI, along the epithelial lining in 
the crypts, compared with the vehicle-treated group 
(P=0.0339; Figure V in the Data Supplement).

Finally, we profiled changes in SCFAs in the gut of 
aged stroke mice that received SCFA-producers and 
inulin by metabolomic analysis from fecal samples. The 
primary metabolites that were increased in this group 
were acetate (P=1.2×10−8), propionate (P=0.0003), 
butyrate (P=0.0140), isobutyrate (P=0.0033), and 
2-methylbutyrate (P=8.9×10−6), when compared with 
the vehicle group (Figure  7). In addition, as shown in 
Figure VI in the Data Supplement, treatment with 
SCFA-producing bacteria and inulin increased the 
fecal concentrations of valerate (P=0.0205), isovaler-
ate (P=0.0071), 3-methylvalerate (P=0.0003), capro-
ate (P=2.0×10−9), and isocaproate (P=0.0003). Thus, 
we questioned whether this increase in gut SCFAs can 
result in a concomitant increase of brain and circulating 
blood SCFA levels. Surprisingly, the mice that showed 
increased fecal SCFAs had significantly higher levels of 
acetate (P=0.0212), butyrate (P=5.3×10−5), isobutyr-
ate (P=0.0025), 2-methylbutyrate (P=0.0025), valerate 
(P=0.0004), isovarelate (P=0.0025), 3-methylvalerate 

Figure 5. Fecal short-chain fatty acid (SCFA) concentrations decrease with age and the combined treatment of SCFA-producing 
bacteria and prebiotic inulin after stroke ameliorates behavioral disorders in aged mice.
A, Aging decreases the concentration of primary SCFAs in fecal samples of young (2–3 months) and aged (18–20 months) mice. Fecal samples 
were collected and analyzed using mass spectrometry. Graphs represent changes of individual SCFAs (young biome, n=9; aged biome, n=10). B, 
To examine the effect of inulin and SCFA-producers on stroke outcome, 4 separate groups of mice were orally gavaged with (1) vehicle, (2) inulin, 
(3) SCFA-producers, and (4) inulin+SCFA-producers. For SCFA-producers, the cocktail of Bifidobacterium longum (1×107), Clostridium symbiosum 
(5×106), Faecalibacterium prausnitzii (1×106), and Lactobacillus fermentum (1×109) were freshly cultured and gavaged to mice. Neurological 
deficit score (NDS; C), hangwire test (D), and tail suspension test (TST; E) were performed at day 14 after middle cerebral artery occlusion 
(MCAO; vehicle, n=5; inulin alone, n=3; SCFA-producers alone, n=4; inulin+SCFA-producers, n=5). For the TST, 2 mice from vehicle- and inulin-
treated group (one for each group) which showed spinning due to severe neurological deficits were excluded. Overall P value for NDS, hangwire 
test and TST was 0.0001, 0.0004, and 0.0036, respectively. Throughout, error bars represent mean±SEM. For group comparisons, Mann-Whitney 
U test (A) and ordinary 1-way ANOVA or Kruskal-Wallis test (C, D, and E) were used based on the normality of data assessed by the Shapiro-Wilk 
normality test, followed by Dunnett multiple comparison test. Abx indicates streptomycin.
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(P=0.0177), caproate (P=0.0019), and isocaproate 
(P=0.0248) in the brain (Figure  7 and Figure VI in 
the Data Supplement). In plasma from the same mice, 
the concentrations of acetate (P=0.0203), propionate 
(P=0.0246), butyrate (P=0.0003), 2-methylbutyrate 
(P=0.0059), isovalerate (P=0.0037), 3-methylvalerate 
(P=0.0093), and caproate (P=0.0140) were higher in 
the bacteria-treated group compared with the vehicle 
group (Figure 7 and Figure VI in the Data Supplement). 
Taken together, this suggests that SCFAs might be the 
key component from the young microbiome that ben-
efits poststroke recovery in aged mice.

DISCUSSION
In this study, we determined that FTG of young microbiota 
significantly improved outcomes in aged mice, even when 

the FTG was performed several days following experi-
mental stroke. This protection is related to the enhance-
ment of the integrity of the gut barrier and attenuation of 
the inflammatory response in both the gut and brain. A 
decrease in bacterially derived SCFAs in the aged micro-
biome is in part responsible for the enhanced immune 
state and poorer outcomes after stroke seen in aged 
mice. Supporting this idea is the finding that stroke out-
comes significantly improved after SCFAs were restored 
to the levels seen in the young microbiome using SCFA-
producing bacteria (probiotics) and a food source (pre-
biotic) for these bacteria. Of significance, these effects 
on outcome were not related to the chronological age of 
the mice but were related to the age of the microbiome.

We found that poststroke transplantation of youthful 
microbiota into aged mice had a number of beneficial 
effects on behavioral recovery. Importantly, to control for 
infarct volumes between groups, we delayed altering 

Figure 6. Transplanting short-chain fatty acid (SCFA)-producers reduces brain IL-17 (interleukin-17) production of γδ T cells in 
the aged stroke mice.
A, Representative flow cytometry plots to identify γδ T cells in the brain (ipsilateral stroke hemisphere) of aged stroke mice. The same gating 
strategy used in fecal transplant gavage study was employed. Brain γδ T cells (B) and IL-17+ γδ T cells (C) of aged stroke mice were analyzed 
at day 14 after middle cerebral artery occlusion (n=5 per group). The IL-17 median fluorescence intensity (MFI) was calculated (D). Throughout, 
error bars represent mean±SEM. Mann-Whitney U test (B, C, and D) was used because the normality of data was rejected by the Shapiro-Wilk 
normality test.
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the microbiota composition until 72 hours after stroke, 
at which point the histological infarct is mature in this 
model. This strategy specifically addressed the effects on 
recovery. Our data showed that these beneficial effects 
of young FTG were independent of infarct volume since 
no differences in infarct size was observed between the 
FTG groups at poststroke day 14. Second, the toxicity of 
an aged microbiome is related to an enhanced immune 
response by the host. Gut microbes are known to pro-
gram CD4+ T cells to differentiate into anti-inflammatory 
Treg cells or proinflammatory effector T cells.33–35 In our 
study, a young biome augmented the frequency of intes-
tinal Treg cells compared with an aged microbiome 14 
days after stroke.

An important finding of this study is the reduction 
of brain IL-17+ γδ T cells seen after young FTG in aged 
mice after stroke. Meningeal IL-17-producing γδ T cells 
of intestinal origin have been implicated in the severity 
of stroke outcome.2 They are normally present in small 
numbers in the circulating blood and account for 3% 
to 5% of all circulating T lymphocytes.36 γδ T cells also 
occupy highly unique niches both in innate and adap-
tive immunity; they respond to perturbations earlier than 
other types of T cells such as αβ T cells37 as they do 

not require specific TCR (T-cell receptor) activation. 
Strikingly, aged mice given young FTG had significantly 
decreased IL-17+ γδ T cells in the brain after stroke, 
indicating an attenuation of brain inflammation. We did 
not observe a reduction in proinflammatory γδ T cells in 
the gut after stroke, which has been reported previously 
in young mice.2 This discrepancy is possibly due to the 
different age of mice used in this study. Of note, we 
have shown that aging significantly alters the immune 
response to stroke.1,38 In conclusion, this data provides a 
proof-of-concept that targeting the aged gut by youth-
ful microbiota transplantation can improve both gut and 
brain health.

The gut epithelium consists of a single layer of 
ECs that are responsible for mucosal immunity and 
homeostasis and play an integral role in the dialogue 
with luminal bacteria and antigens.21 Goblet cells are 
a unique cell population in the epithelium and exclu-
sively produce mucins on the apical side of the gut to 
form a physical barrier between the lumen and host tis-
sues.23 Importantly, aging is associated with the altered 
production of mucus.39 Our previous finding has also 
shown the negative effects of age on gut permeability 
and stroke outcome.1 An intriguing finding in this study 

Figure 7. Short-chain fatty acid (SCFA) profiles in SCFA-producers-treated aged stroke mice.
At day 14 after middle cerebral artery occlusion and Abx (streptomycin; days 1 and 2) and inulin+bacteria (days 3 and 4) treatment, the samples 
were collected from aged stroke mice. Changes of fecal (vehicle, n=7; inulin+bacteria, n=8), plasma (vehicle, n=7; inulin+bacteria, n=8), and brain 
(vehicle, n=5; inulin+bacteria, n=7) metabolites were assessed using mass spectrometry. Throughout, error bars represent mean±SEM. Mann-
Whitney U test (fecal butyrate, plasma butyrate, isobutyrate and 2-methylbutyrate and brain isobutyrate and 2-methylbutyrate) and Student t test 
(other metabolites) were used based on the normality of data assessed by the Shapiro-Wilk normality test.
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was that the replenishment of youthful biome restored 
the capacity of aged mice to enhance expression of the 
mucin genes, Muc2 and Muc4, in ECs of the LI. Thus, 
restoring mucins with probiotics would be a promising 
therapeutic option in other age-related diseases to pro-
tect against bacterial challenge.

A decrease in bacterially derived SCFAs in the aged 
microbiome appears to be at least partially responsible 
for the enhanced immune state and poor outcomes after 
stroke. The conversion of luminal environments by anti-
biotics and dietary components (eg, nondigestible fiber) 
into metabolites is an important factor in mucosal immu-
nity and overall homeostasis of the gut.10,32,40 One class 
of these critical metabolites is the SCFAs, protective mol-
ecules which are decreased in aged mice or young mice 
with an aged microbiome. Thus, we chose to investigate 
microbiota-derived SCFAs as a potential mechanism by 
which youthful biome enhances recovery after stroke 
in aged mice. SCFAs and several other metabolites are 
known to be difficult to detect by currently available unbi-
ased metabolic screening assays,41 but targeted LC-MS 
metabolomics analysis can accurately measure changes 
in SCFA concentrations. We employed targeted LC-MS 
metabolomics to analyze the major SCFAs, butyrate, pro-
pionate, and acetate and found that the concentrations 
of these SCFAs were significantly reduced with age. This 
is consistent with clinical studies showing a decrease in 
acetate levels in fecal samples of patients with stroke.42 
We then determined if exogenous enhancement of 
SCFAs would replicate the benefits seen in aged mice 
given young biome transplants. To evaluate the effects 
of SCFAs on recovery, we transplanted a cocktail of 
SCFA-producing probiotics, B. longum, C. symbiosum, 
F. prausnitzii, and L. fermentum and inulin into aged 
mice 3 days after stroke and compared these to con-
trols given culture media and inulin or SCFA producers 
alone. SCFAs act locally at the mucosal layer to maintain 
gut function and barrier integrity, increase the protective 
mucus layer, alter T lymphocyte populations, modulate 
antibody secretion, and can potentially gain access to 
the systemic circulation to modulate cytokine secretion.10 
SCFAs are also known to regulate leukocyte trafficking 
from the gut to external-intestinal tissues, for example, 
the uvea.43 They have been reported to control brain 
microglia function and maturation and are instrumental 
in development and maintenance of the blood-brain bar-
rier.44 Furthermore, a recent study showed that SCFAs, 
for example, propionic acid, play a potent immunomodu-
latory role in multiple sclerosis, by regulating the balance 
of T cells.45 We found that SCFAs were increased in the 
gut with inulin+bacteria, and ameliorated stroke-induced 
intestinal damage by stimulating ECs to produce mucin, 
which supports gut barrier function.40,46 Importantly, 
transplanting bacteria with their substrate, inulin, into 
aged stroke mice was sufficient to improve neurologi-
cal deficits, motor function, grip strength and depressive 

phenotypes when compared with mice treated with inulin 
alone, SCFA-producing alone, or vehicle. This suggests 
that providing bacteria with an appropriate substrate is 
needed to enhance behavioral recovery. Of note, it fur-
ther indicates that newly introduced bacteria are viable 
in the recipient mice and are able to metabolize inulin. 
We then tested if bacteria from the gut can also alter 
brain levels of SCFAs. Strikingly, we found an increase 
in several SCFAs in both the brain and plasma of mice 
after gavage of SCFA-producers with inulin. Interest-
ingly, it was recently found that intraperitoneal delivery of 
acetate-encapsulated liposomal nanoparticles protected 
rats from ischemic stroke. This strategy allows for a lon-
ger half-life, as acetate, as with other SCFAs, has a short 
half-life in the blood.47 Our approach, which replaced the 
bacteria with SCFA-producers and provided them with 
the substrate needed to produce SCFAs, is likely a more 
translational approach to enhance the durability of the 
production of these beneficial metabolites. One limita-
tion of laboratory-based microbiome studies is that all 
mice are raised in a clean and tightly controlled environ-
ment, their microbiome may not accurately represent the 
diversity of gut microbes seen in wild animals. Another 
limitation is that although we have performed multiple 
testing adjustment for post hoc group comparisons, we 
did not adjust across the entire body of work, as this was 
an exploratory study.

In conclusion, our findings demonstrate that restora-
tion of a youthful gut microbiome, even days after stroke, 
can reduce inflammation and enhance stroke recovery in 
aged animals. This is mediated in large part by bacteri-
ally produced metabolites, specifically SCFAs. Our study 
strongly supports the idea that targeting bottom-up sig-
naling (gut to brain) can enhance poststroke recovery 
in aged subjects. Our results indicate that poststroke 
rejuvenation of gut microbiome in aged mice dramati-
cally improves gut integrity and enhances host immunity. 
Finally, the beneficial effects of SCFA/probiotics may 
have direct benefit in other acute neuronal injury mod-
els. This study thus provides the first direct experimental 
evidence that microbiota composition can be therapeuti-
cally exploited to improve recovery after stroke.
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