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HIGHLIGHTS

� SCFAs alleviate the progression of AAA in

both Ca3(PO4)2- and elastase-induced

mouse AAA models.

� Propionate expands the pool of Tregs in

the cLP and enhances the cell-intrinsic

ability of cLP-Tregs to recirculate by

downregulating CD69 expression on the

surface of cLP-Tregs.

� Propionate facilitates the recirculation of

cLP-Tregs from the cLP through colonic

dLNs and circulating blood to the

inflamed aneurysm to mitigate AAA.
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SUMMARY
AB B
AND ACRONYM S

AAA = abdominal aortic

aneurysm

ANOVA = analysis of variance

CCR = C-C chemokine receptor

cLP = colonic lamina propria

DEREG = depletion of

regulatory T cell

dLN = draining lymph node

DT = diphtheria toxin

EVG = Elastica van Gieson
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Emerging evidence supports that intestinal microbial metabolite short-chain fatty acids (SCFAs) increase the

pool of regulatory T cells (Tregs) in the colonic lamina propria (cLP) and protect against nonintestinal in-

flammatory diseases, such as atherosclerosis and post-infarction myocardial inflammation. However, whether

and how SCFAs protect the inflamed aortas of subjects with abdominal aortic aneurysm (AAA) remains unclear.

Here, the authors revealed the protective effect of SCFAs on AAA in mice and the expansion of Tregs in the cLP,

and propionate exerted Treg-dependent protection against AAA by promoting the recirculation of cLP-Tregs

through colonic draining lymph nodes (dLNs) to the inflamed aorta. (J Am Coll Cardiol Basic Trans Science

2022;7:934–947) © 2022 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
immunoglobulin G
IgG =
MMP = matrix

metalloproteinase

PBS = phosphate-buffered

saline

phC = photoconversion

SCFA = short-chain fatty acid

SI-LP = small intestinal lamina

propria

SPF = specific pathogen-free

= regulatory T cell
A bdominal aortic aneurysm (AAA) refers to the
deterioration and dilatation of the abdominal
aorta and manifests as a diameter increase of

more than 50%. Clinically, aortic deterioration and
expansion progress asymptomatically until lethal
rupture, which results in a mortality rate of 85% to
90%.1 The pathology of AAA involves chronic inflam-
mation, apoptosis of vascular smooth muscle cells,
and degradation of the extracellular matrix. Inflamma-
tion triggers deterioration of the aorta, whereas frag-
ments of the degraded aortic wall in turn recruit
proinflammatory monocytes/macrophages and T
cells, which produce proteases, especially matrix met-
alloproteinase (MMP)-2 and -9, causing further dam-
age to the aortic wall.2,3 Among infiltrating immune
cells, regulatory T cells (Tregs) modulate inflamma-
tion by secreting anti-inflammatory cytokines and
inhibiting proinflammatory macrophages.4,5 Despite
recent advances in pathophysiology, AAA remains a
threat in the elderly population. However, no medica-
tion can be prescribed to prevent the progression of
AAA.6 Inhibiting chronic and excessive inflammation
in subjects with AAA may be a strategy for restricting
aortic expansion.

Increasing evidence suggests that the intestinal
microbiota plays a role in inflammatory cardiovascular
diseases.7 The microbiota regulates the host immune
system by producing active metabolites in the intes-
tine, among which short-chain fatty acids (SCFAs) are
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attracting interest.8 SCFAs, mainly acetate,
propionate, and butyrate, which are products
of bacterial fermentation of dietary fiber in the
colon, have been reported to alleviate inflam-
matory bowel diseases by expanding Tregs.9-11

Beyond the actions reported in intestinal im-
mune homeostasis, SCFAs have been found to
play critical roles in nonintestinal inflamma-
tory disorders, such as hypertension,12,13
atherosclerosis,14,15 and myocardial infarction.16

However, whether and how SCFAs modulate AAA re-
mains unclear.

In the present study, we aimed to identify whether
and how SCFAs influence AAA. We confirmed the
protective effect of SCFAs in both Ca3(PO4)2-induced
and elastase-induced mouse models of AAA and
subsequently elucidated the underlying mechanisms
by focusing on how a representative and potent
SCFA, propionate, mitigated AAA. Our results high-
light the prominent role of SCFAs in aortic inflam-
mation and provide a basis for the development and
translation of prebiotic-based therapeutics for human
AAA.

METHODS

ETHICS. All mice studies were approved by the Ani-
mal Care and Utilization Committee of Huazhong
University of Science and Technology (number [2017]-

Treg
e, Huazhong University of Science and Technology,

ation, Wuhan, China; bDepartment of Immunology,

f Science and Technology, Wuhan, China; and the

n Hospital, Tongji Medical College, Huazhong Uni-

contributed equally to this work.

es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

22, accepted May 3, 2022.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.jacc.org/author-center


FIGURE 1 SCFAs Alleviate the Progression of Ca3(PO4)2-Induced AAA

Continued on the next page
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S100). All procedures were conducted in accordance
with the National Institutes of Health guidelines.

AAA MODELS. Male mice were used. Mice were
anesthetized with isoflurane. Elastase-induced AAA
was performed as previously described.17 Briefly, the
infrarenal region of abdominal aorta was exposed
under stereomicroscope, and a small piece of gauze
soaked with 10 mL of porcine pancreatic elastase
(E1250, Sigma-Aldrich) was applied around the aorta
for 10 minutes. Ca3(PO4)2-induced AAA was also
established as previously described.18 Similarly, a
piece of gauze soaked with 0.5 mol/L calcium chloride
solution was applied around the aorta for 10 minutes
and replaced by a piece of phosphate-buffered saline
(PBS)-soaked gauze for 5 minutes. After rinsing the
peritoneal cavity twice, the incision was closed with
interrupted sutures. Additional details are provided
in the Supplemental Appendix.

STATISTICAL ANALYSIS. Statistical analyses were
performed using GraphPad Prism software version
8.0 (GraphPad Software). The Kolmogorov–Smirnov
test was used to assess normality, and if the data
met a normal distribution, a 2-tailed unpaired Stu-
dent’s t-test was used for comparisons between 2
groups. One-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s multiple comparisons test or
2-way ANOVA followed by Bonferroni’s multiple
comparisons test was used for experiments with more
than 2 groups. For data that were not normally
distributed, a nonparametric Mann-Whitney U test
was used. For continuous variables that were nor-
mally distributed, results are presented as mean �
SEM. For continuous variables that were not normally
distributed, results are presented as box-whisker
plots, where the boxes indicate the median values
and the interquartile ranges (25th to 75th percentiles),
and the whiskers represent the minimum and
maximum values. A value of P < 0.05 was considered
statistically significant.
FIGURE 1 Continued

(A) Study overview: C57BL/6J mice of SPF grade were administered sod

drinking water for 14 days before the induction of AAA by Ca3(PO4)2. The

induction. (B) Representative images of the aneurysms of mice in A. (C)

maximum external diameters were measured ex vivo (n ¼ 8-11). (E) The

from the EVG staining sections (n ¼ 6-8). The percentage of the (F)MMP

total aortic area) calculated from the immunohistochemistry staining sect

macrophages (n ¼ 4-7) per mm2 of the aortic area calculated from the

value from an individual mouse. For E to I, each symbol represents the m

mouse. Scale bars are depicted in the images. *P < 0.05, **P < 0.01. Er

Dunnett’s multiple comparisons test. Data shown are representative of 2

ANOVA ¼ analysis of variance; EVG ¼ Elastica van Gieson; SCFAs ¼ sho
Details regarding the extended methods are pro-
vided in the Supplemental Materials.

RESULTS

SUPPLEMENTATION WITH ACETATE, PROPIONATE,

OR BUTYRATE ATTENUATES Ca3(PO4)2-INDUCED

AAA. To demonstrate that SCFAs prevent the devel-
opment of AAA, we administered sodium acetate,
propionate, butyrate, or chloride (as a control) (each
at 200 mmol/L) to specific pathogen-free (SPF) mice
via the oral route throughout the experiment. Four-
teen days after SCFA administration, AAA was
induced with Ca3(PO4)2, and the mice were sacrificed
7 days later to evaluate AAA severity (Figure 1A). No
significant differences in body weights were found
among the groups after SCFA treatment for 3 weeks,
indicating that the mice had good SCFA tolerance
(Supplemental Figure 1A). Serum triglyceride, total
cholesterol, and lipoprotein levels were not altered by
SCFAs (Supplemental Figures 1B to 1E).

In comparison with sodium chloride treatment,
treatment with SCFAs significantly decreased the
maximum outer diameter of the aneurysm (Figures 1B
and 1D). Elastica van Gieson (EVG) staining showed
significantly less degradation of medial elastin in the
aortic wall in the SCFA groups than in the control
group (Figures 1C and 1E). The expression of MMP2
and MMP9 was down-regulated by SCFAs, as
measured by immunohistochemistry staining, and
fewer CD3þ T cells and CD68þ macrophages were
detected in SCFA-treated mice than in control mice
(Figures 1F to 1I, Supplemental Figures 2 and 3).

SUPPLEMENTATION WITH ACETATE, PROPIONATE, OR

BUTYRATE ALSO ATTENUATES ELASTASE-INDUCED

AAA. To corroborate the protective effect of SCFAs
against AAA, SCFAs were administered orally 14 days
before the induction of AAA with elastase. Fourteen
days after AAA induction, the mice were sacrificed to
evaluate AAA severity (Figure 2A). The maximum
ium chloride (control), acetate, propionate or butyrate via their

mice were sacrificed for the evaluation of severity 7 days after AAA

Representative EVG staining of the aneurysm sections. (D) The

percentage of the elastin area (of the total aortic area) calculated

2-positive (n ¼ 7-8) and (G)MMP9-positive (n ¼ 5-7) areas (of the

ions. The mean number of (H) CD3þ T cells (n ¼ 6-8) and (I) CD68þ

immunohistochemistry staining sections. Each symbol represents a

ean value of 4 to 8 consecutive sections acquired from an individual

ror bars represent the mean � SEM. One-way ANOVA followed by

to 3 independent experiments. AAA ¼ abdominal aortic aneurysm;

rt-chain fatty acids; SPF ¼ specific pathogen-free.
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FIGURE 2 SCFAs Alleviate the Progression of Elastase-Induced AAA

(A) Study overview: C57BL/6J mice of SPF grade were administered sodium chloride (control), acetate, propionate, or butyrate via their drinking water for 14 days before

the induction of AAA by elastase. The mice were sacrificed for the evaluation of severity 14 days after AAA induction. (B) Representative images of the aneurysms of

mice in A. (C) Representative EVG staining of the aneurysm sections. (D) The maximum external diameters were measured ex vivo (n ¼ 7-8). (E) The percentage of the

elastin area (of the total aortic area) calculated from the EVG staining sections (n ¼ 5). The percentage of (F)MMP2-positive (n ¼ 3-5) and (G) MMP9-positive (n ¼ 4-5)

areas (of the total aortic area) calculated from the immunohistochemistry staining sections. The mean number of (H) CD3þ T cells (n ¼ 4-5) and (I) CD68þ macro-

phages (n ¼ 4-5) per mm2 of the aortic area calculated from the immunohistochemistry staining sections. Each symbol represents a value from an individual mouse. For

E to I, each symbol represents the mean value of 4 to 8 consecutive sections acquired from an individual mouse. Scale bars are depicted in the images. *P < 0.05, **P <

0.01. Error bars represent the mean � SEM. One-way ANOVA followed by Dunnett’s multiple comparisons test. Data shown are representative of 2 to 3 independent

experiments. Abbreviations as in Figure 1.
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FIGURE 3 Propionate Modulates Tregs in the cLP and Colonic dLNs by Promoting Treg Differentiation
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J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 7 , N O . 9 , 2 0 2 2 Yang et al
S E P T E M B E R 2 0 2 2 : 9 3 4 – 9 4 7 Propionate Protects Against AAA

939



FIGURE

(A) The

(arrowh

sodium

of gatin

of Foxp3

Ki67þ T

in vitro f

mouse.

multiple

lymph n

Yang et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 7 , N O . 9 , 2 0 2 2

Propionate Protects Against AAA S E P T E M B E R 2 0 2 2 : 9 3 4 – 9 4 7

940
outer diameter of the aneurysm was significantly
decreased by SCFAs in comparison with sodium
chloride (Figures 2B and 2D). Moreover, EVG staining
also showed significantly less elastin degradation in
SCFA-treated mice than in control mice (Figures 2C
and 2E). Furthermore, immunohistochemistry stain-
ing indicated reduced MMP2 and MMP9 expression
and reduced CD3þ T cell and CD68þ macrophage in-
filtrations in SCFA-treated mice compared with con-
trol mice (Figures 2F to 2I, Supplemental Figures 4
and 5).

PROPIONATE PROMOTES TREG DIFFERENTIATION

IN THE COLONIC LAMINA PROPRIA. Because SCFAs
have been reported to expand Tregs.9-11 we adminis-
tered SCFAs to SPF mice without AAA induction for
4 weeks. As reported previously, Tregs are abundant
in gut-associated lymphoid tissue,19, which comprises
Peyer’s patches (PPs, in the small intestine), the small
intestinal lamina propria (SI-LP), the colonic lamina
propria (cLP), and mesenteric lymph nodes.20

Mesenteric lymph nodes include several lymph
nodes that are compartmentalized to drain lymph
from the colon and small intestine.20,21 To differen-
tiate the lymph drainage of the colon from small in-
testine, we injected Evans blue dye into the subserosa
of colon and localized the draining lymph nodes
(dLNs) of the colon (Figure 3A). Intriguingly, we found
that Tregs in the small intestine–associated lymphoid
system, including Peyer’s patches, SI-LP, and small
intestinal dLNs, were not changed after the oral
administration of SCFAs (Supplemental Figures 6A to
6C). Consistent with a previous report,9 SCFAs did not
increase the proportion of Tregs in the peripheral
blood and spleen (Supplemental Figures 6D and 6E).

We administered a representative propionate to
SPF mice without AAA induction for 4 weeks for
further study. We found that Tregs in the cLP (cLP-
Tregs) and colonic dLNs were significantly expanded
by propionate (Figures 3B and 3C). To elucidate the
mechanism by which propionate expanded cLP-Tregs,
3 Continued
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rom CD4þCD25-CD62LhiCD44- naive T cells at different conditions as indicated

*P < 0.05, **P < 0.01. Error bars represent the mean � SEM. Unpaired Stud

comparisons test (E). Data shown in B to D are representative of 2 indepen
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we examined the expression of the nuclear prolifera-
tion antigen Ki67 in cLP-Tregs by flow cytometry and
found no significant difference between groups
(Figure 3D). CD4þCD25-CD62LhiCD44� naive T cells
were cultured under Foxp3þ Treg polarization condi-
tions in vitro in the absence or presence of propionate.
The result showed that propionate promoted Treg
differentiation in the presence of transforming growth
factor-b and interleukin-2 (Figure 3E). These results
indicate that propionate did not promote in situ pro-
liferation of cLP-Tregs, but promote the differentia-
tion of Tregs.

TREG-DEPENDENT ALLEVIATION OF AAA BY PROPIONATE.

To determine whether the protection against AAA by
propionate is related to Tregs, we examined Treg
accumulation in the aneurysms of propionate- and
control-treated elastase-induced AAA mice. We
found that propionate increased both the percentage
and number of Foxp3þ Tregs in the aneurysms
(Figure 4A). To confirm this result, acetate, propio-
nate, or butyrate was administered to mice with
Ca3(PO4)2-induced AAA, and the percentage of
Foxp3þ Tregs in the aneurysm was found increased
(Supplemental Figure 7).

To determine whether the protection against AAA
by propionate was Treg-dependent, the mice termed
“depletion of regulatory T cell” (DEREG) expressing a
diphtheria toxin (DT) receptor under the control of
the foxp3 gene locus were used. We then intraperi-
toneally injected DT to selectively deplete Foxp3þ

Tregs or PBS as control (Figure 4B). DT-treated DEREG
mice showed more severe aneurysmal enlargement
than PBS-treated mice regardless of propionate or
sodium chloride treatment (Figure 4C). Moreover,
propionate attenuated aneurismal enlargement in
DEREG mice treated with PBS. However, propionate
did not attenuate aneurismal enlargement in DEREG
mice treated with DT (Figure 4C). Propionate did not
reduce elastin degradation in DEREG mice treated
with DT, either (Figure 4D).
dye was injected into the sub-serosal layer. The 3 colonic dLNs

l dLNs. (B to D) C57BL/6J mice of SPF grade were administered

uction for 4 weeks before sacrifice. (B) Representative contour plots

cLP (n ¼ 9-10) determined by flow cytometry. (C) The percentage

ytometry. (D) Representative contour plots and the percentage of

). (E) The percentage of Foxp3þ Tregs among CD4þ T cells induced

(n ¼ 4). Each symbol in B to D represents a value from an individual

ent’s t-test (B to D) or 2-way ANOVA followed by Bonferroni’s

dent experiments. cLP ¼ colonic lamina propria; dLNs ¼ draining
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FIGURE 4 Propionate Increases the Accumulation of Tregs in Aneurysms and Protects Against Elastase-Induced AAA in a Treg-Dependent Manner
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The anti-CD25 immunoglobulin G (IgG) (PC61),
which depletes CD25þ cells, including CD25þ Tregs,
was also used in this experiment. We intraperitone-
ally injected the anti-CD25 IgG or an isotype control
into elastase-induced AAA mice (Supplemental
Figure 8A). Tregs in the blood and aneurysm were
depleted effectively (Supplemental Figure 8B). In this
experiment, propionate did not attenuate aneurismal
enlargement in anti-CD25 IgG-treated mice, but
attenuated aneurismal enlargement in mice treated
with the isotype control (Supplemental Figure 8C).
Propionate did not reduce elastin degradation in anti-
CD25 IgG-treated mice, either (Supplemental
Figure 8D). Taken together, this Treg depletion
experiment with anti-CD25 IgG showed a congruent
result with the DEREG mice experiment, demon-
strating the Treg-dependent alleviation of AAA by
propionate.

PROPIONATE PROMOTES THE RECIRCULATION OF

cLP-TREGS. Because propionate only expands Tregs
in cLP and colonic dLNs, but not the small intestine,
blood, or spleen, we hypothesized that the increased
Tregs in the inflamed aorta are attributable to the
recirculation of cLP-Tregs. As reported previously,
lymphocytes exit from cLP to dLNs and then enter the
blood to fulfill the recirculation process.20 The recir-
culation of Tregs from cLP was detected using KikGR
transgenic mice, which universally express a photo-
convertible green fluorescent reporter protein (Kik-
greenþ) that turns red (Kik-redþ) after exposure to
405 nm UV light. The colons of KikGR mice were
exposed to UV light for 20 minutes. Tregs in adjacent
organs, including colonic dLNs, SI-LP, small intestinal
dLNs, and circulating blood, were analyzed immedi-
ately after exposure to UV light. As expected, very
few Tregs were converted to Kik-redþ cells in colonic
dLNs, SI-LP, small intestinal dLNs, and circulating
blood (Supplemental Figure 9A). To compare the ef-
ficacies of photoconversion (phC), mice treated with
the control or propionate were sacrificed immediately
4 Continued

BL/6J mice were administered sodium chloride (control mice), or propionate

. The mice were sacrificed 14 days after AAA induction for the analysis of Treg

d the absolute number of Tregs in the aneurysms of mice were determined b

tered sodium chloride or propionate from day �14 to day 14, and AAA was indu
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rs of the aneurysms measured ex vivo (n ¼ 5). (D) Representative EVG stainin

ea) (n ¼ 5) calculated from the EVG staining sections. Each symbol represen

tive sections was calculated. Scale bars are depicted in the images. *P < 0.0

’s t-test (A) or 2-way ANOVA followed by Bonferroni’s multiple comparisons

phtheria toxin; other abbreviations as in Figures 1 and 3.
after phC. More CD4þCD25þ Tregs in the cLP were
detected in the propionate group than in the control
group, but the percentage of Kik-redþ Tregs among
CD4þCD25þ Tregs did not differ between the 2 groups
(Supplemental Figure 9B).

To compare the recirculation of Tregs from the cLP
in propionate-treated and control mice, Kik-redþ

Tregs in the cLP, colonic dLNs, blood, and aneurysms
were examined 36 hours after phC (Figure 5A). We
found that fewer Kik-redþ Tregs were retained in the
cLP of propionate-treated mice than in that of control
mice (Figures 5B and 5C). In addition, more Kik-redþ

Tregs were observed in the colonic dLNs, blood, and
aneurysms of propionate-treated mice than in those
of control mice (Figures 5B and 5D). These results
indicate that propionate promotes Tregs migration
from the cLP to the aneurysm through the colonic
dLNs and blood.

Lymphocytes in the intestine have been reported
to move to and from the gut.22 We examined the cell-
intrinsic recirculation ability of cLP-Tregs. The
expression of C-C chemokine receptor (CCR) 7 on
lymphocytes has been reported to mediate lympho-
cyte egress from peripheral tissue to dLNs.23 Never-
theless, our results showed that the CCR7 expression
on cLP-Tregs was not altered by propionate
(Figure 5E).

Previous studies have revealed that in a proin-
flammatory environment, transmembrane C-type
lectin CD69, is rapidly induced by local inflammatory
mediators. CD69 restricts recirculation by inhibiting
sphingosine 1-phosphate receptor-1 (S1P1) on the
lymphocyte surface.24 We found that propionate
down-regulated CD69 expression on cLP-Tregs
(Figure 5F), indicating that it enhanced the recircula-
tion capability of cLP-Tregs.

SURGICAL REMOVAL OF COLONIC dLNs BLOCKS

THE RECIRCULATION OF cLP-TREGS. To further
confirm that propionate promotes the recirculation of
cLP-Tregs to the inflamed aorta via colonic dLNs, we
via their drinking water for 14 days before the induction of AAA by

s in the aneurysms. The percentage of Foxp3þ Tregs among CD4þ T

y flow cytometry (n ¼ 8). (B) Study overview: DEREG mice were

ced by elastase on day 0. The injection of DT or PBS was performed

e images of the aneurysms of mice in B and the maximum external

g of the aneurysms and the percentage of elastin area (of the total

ts a value from an individual mouse. In D, a mean value of 4

5, **P < 0.01. Error bars represent the mean � SEM. Unpaired

test (C and D). DEREG ¼ depletion of regulatory T cell;
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FIGURE 5 Propionate Facilitates the Recirculation of cLP-Tregs Through Colonic dLNs and Blood to the Aneurysm

Continued on the next page
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performed colonic dLN lymphadenectomy to block
the recirculating circuit in C57BL/6J mice (Figure 6A).
Two weeks after AAA induction and colonic dLN
lymphadenectomy, the percentage of Tregs in the cLP
of the propionate-treated mice was higher than that
of control mice (Figure 6B). However, the percentage
of Tregs infiltrating the aneurysms and the percent-
age of Tregs in blood did not change in propionate-
treated mice (Figure 6C). Evaluations of aneurysmal
enlargement and the relative expression of MMPs
and proinflammatory mediators in the aneurysms
revealed no differences between propionate and
control mice (Figures 6D and 6E). In conclusion, these
data demonstrate that the recirculation circuit of cLP-
Tregs is blocked and that the protective effect of
propionate against AAA is abolished after the removal
of colonic dLNs.

DISCUSSION

In the present study, we demonstrate that SCFAs
protect against Ca3(PO4)2-induced and elastase-
induced AAA in mice. Treg depletion experiments
verified Treg-dependent protection against AAA by
propionate. Tracing of cLP-Tregs in KikGR mice pro-
vided evidence of cLP-Treg recirculation to the
inflamed aorta. The surgical removal of colonic dLNs
blocked the recirculation of cLP-Tregs and abolished
the protective effects of propionate against AAA.
Apart from expanding the pool of cLP-Tregs, propio-
nate alters their cell-intrinsic recirculation ability by
down-regulating CD69. Taken together, our results
provide a novel perspective on the mechanism by
which propionate protects against AAA.

The intriguing finding of our study was the traf-
ficking of cLP-Tregs to dLNs, the bloodstream and the
aneurysm. Previous reports on the immunoregulatory
role of SCFAs have revealed their protective effects
against local colonic inflammation via cLP-Tregs.9-11

We herein demonstrated that cLP-Tregs were
FIGURE 5 Continued

(A) Study overview: AAA was induced with elastase in sodium chloride–tre

of the mice were exposed to UV light. Kik-redþ Tregs from the indicated

Representative contour plots of Kik-redþ Tregs in the cLP, colonic dLNs

percentage of Kik-redþ Tregs among CD4þCD25þ Tregs in the cLP and th

phC Treg pool (n ¼ 8-9). (D) The percentages of Kik-redþ Tregs among

aneurysms (n ¼ 6-7) 36 hours after the phC of mice treated as described

(control mice), or propionate via their drinking water for 14 days before

after AAA induction for the analysis of cLP-Tregs by flow cytometry. (E)M

percentage of CD69þ Tregs among Foxp3þ Tregs in the cLP (n ¼ 7-8). E

*P < 0.05, **P < 0.01. Error bars represent the mean � SEM. Unpaired

independent experiments. MFI ¼ mean fluorescence intensity; phC ¼ ph
capable of entering dLNs and accumulating in the
inflamed aorta by tracing UV-converted Kik-redþ

Tregs of KikGR mice. Removal of colonic dLNs sup-
ported the conclusion that colonic Tregs recirculate
via dLNs and blood circulation.

Researchers have revealed that cLP-Tregs are
tissue-resident Tregs with phenotypes, functions,
and local sustaining factors that differ from those of
circulating Tregs.19 Nonetheless, in addition to their
role in maintaining colon homeostasis, cLP-Tregs can
also recirculate to defend against excessive distant
inflammation.22 Emerging studies have suggested
that lymphocytes dynamically migrate from the gut to
distal inflamed organs such as the brain.25-27 Our work
adds additional evidence, demonstrating that propi-
onate expands the pool of cLP-Tregs and facilitates
the exit of cLP-Tregs from the cLP and the entry of
cLP-Tregs into dLNs and inflamed aneurysms.

It is now technically feasible to followa specific cell type
from 1 organ or tissue to another in genetically modified
mice, such as the KikGRmice used in our study. However,
clinically following the migration of Tregs is not currently
possible, and we herein propose possible directions for
development of novel methods. First, based on the fact
that rotavirus specifically infectsmatureenterocytes in the
small intestine and produces local antigen-specific B cells,
Rojas et al26 designed an elaborate ELISPOT experiment to
detect rotavirus-specific B cells in blood and other distal
tissue, and thereby follow B cells from the intestine to
other organs. This experiment is inspiring and suggests
that intestinal commensal-specific Tregs are present in the
blood, which would help us to clinically follow Tregs from
intestine to other organs. Second, the identification of or-
gan- or tissue-specific Treg markers will also facilitate the
clinical tracing of intestinal Tregs.

Intestinal microbial metabolites serve as tools for
communication between the commensal microbes
and the immune system. SCFAs are abundantly pro-
duced by microbes through fiber fermentation, and
this mechanism is related to the epidemiological
ated or propionate-treated KikGR mice, and 12 days later, the colons

tissues were examined by flow cytometry 36 hours after phC. (B)

, blood, and aneurysms of mice treated as described in A. (C) The

e percentage of Kik-redþ Tregs in the cLP normalized to the initial

CD4þCD25þ Tregs in colonic dLNs (n ¼ 7), blood (n ¼ 6-7), and

in A. (E and F) C57BL/6J mice were administered sodium chloride

the induction of AAA by elastase. The mice were sacrificed 14 days

ean fluorescence intensity of CCR7 on cLP-Tregs (n ¼ 6-8). (F) The

ach symbol represents a value acquired from an individual mouse.

Student’s t-test (C to F). Data shown are representative of 2 to 4

otoconversion; other abbreviations as in Figures 1 and 3.



FIGURE 6 Colonic dLNs Lymphadenectomy Abolishes the Protective Effect of Propionate on Elastase-Induced AAA

(A) Study overview: C57BL/6J mice of SPF grade were administered sodium chloride or propionate for 14 days before the induction of AAA by elastase along with

colonic dLNs lymphadenectomy. The mice were sacrificed 14 days after AAA induction. (B) The percentage of Foxp3þ Tregs among CD4þ T cells in the cLP of mice

(n ¼ 6-7). (C) The percentage of Foxp3þ Tregs among CD4þ T cells in the aneurysms and blood of mice (n ¼ 7). (D) Representative images of the aneurysms and the

maximum external diameters of the aneurysms (n ¼ 7). (E) Relative expression of inflammatory mediators in the aneurysms (n ¼ 8). Each symbol represents a value

from an individual mouse. *P < 0.05. Error bars represent the mean � SEM for B to D. Data are shown with box-whisker plots for E. Unpaired Student’s t-test

(B to D). Mann-Whitney U test (E). Data shown are representative of 2 independent experiments. Abbreviations as in Figures 1 and 3.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The

intestinal microbial metabolite propionate protects

mice against Ca3(PO4)2-induced and elastase-induced

AAA by promoting Tregs in cLP to recirculate to the

aneurysm.

TRANSLATIONAL OUTLOOK: Our study in mice

with AAA suggests that intestinal microbial metabo-

lites SCFAs might be a promising strategy for the

prevention of AAA progression.
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correlation of fiber intake with cardiovascular dis-
ease.28.29 Specific targets for the prevention or treat-
ment of AAA have not yet been identified. The
adoptive transfer of Tregs has been shown to
ameliorate vascular damage.18 Prebiotic-based treat-
ment may be an alternative to promote the accumu-
lation of Tregs in the inflamed aorta. Notably, under
physiological conditions, SCFAs are abundantly pro-
duced from high-fiber foods in the gut, which implies
their safety to humans. Direct supplementation of
SCFAs may be an effective and economical approach
to prevent AAA, as indicated in this study. Addition-
ally, the modification of starch created by chemically
linking acetate, propionate, or butyrate to high-
amylose maize starch to increase the content of
SCFAs has been demonstrated to protect against type
1 diabetes in mice.30 We propose that SCFA-enriched
starch can be used as a medicinal food for patients
at high risk of developing AAA.
STUDY LIMITATIONS. The limitations of our study
merit consideration. Epidemiological data show that
the incidence of AAA is approximately 4 to 5 times
higher among men than women. The incidence of
AAA in female mice is much lower than that in male
mice in all tested experimental AAA models.31

Therefore, we designed and performed the experi-
ments using only male mice, meaning that the re-
sults may not be fully generalizable to female mice.
Emerging studies show the distinct actions of im-
mune cells in male and female mice in cardiovas-
cular settings.32-33 Further studies including female
mice and comparing male and female mice
are warranted.

We performed Treg depletion experiments with
both DEREG mice and anti-CD25 IgG, which were
widely used in previous research. DEREG mice are
genetically modified to selectively and effectively
deplete foxp3þ Tregs with DT injection, and anti-
CD25 IgG also depletes Foxp3þ Tregs effectively in
our experiment. Though anti-CD25 IgG is also widely
used in Treg depletion experiment as reported, there
is a possibility that anti-CD25 IgG depletes, not only
CD25þFoxp3þ Tregs, but also activated effector CD8þ

and CD4þ T cells, which were reported to be involved
in the pathogenesis of AAA. Two Treg depletion
experiments showed congruent results and convinc-
ingly proved Treg-dependent protection against AAA
by propionate.

CONCLUSIONS

We herein revealed how SCFA-expanded colonic
Tregs, one of the largest Treg reservoirs in the body,
alleviate AAA. This finding has translational meaning
for the prevention and treatment of AAA with active
intestinal microbial metabolites.
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