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ABSTRACT Cardiac allograft rejection remains a major factor limiting long-term engraft-
ment after transplantation. A novel phosphoinositide 3-kinase (PI3K)/mTOR dual inhibitor,
BEZ235, prolonged cardiac allograft survival by effectively suppressing activation of the
PI3K/serine/threonine kinase (AKT)/mTOR pathway. However, long-term usage of pharmaco-
logical immunosuppressant drugs can cause intestinal microbiota dysbiosis. We established
mouse models of allogeneic heterotopic heart transplantation with different treatments.
Fecal samples were collected and subjected to 16S rRNA sequencing and targeted fecal
metabolomic analysis. Graft samples were taken for immune cell detection by flow cytome-
try. Inflammatory cytokines in serum were quantified by enzyme-linked immunosorbent
assay (ELISA). Compared to single-target approaches (IC-87114 and rapamycin), BEZ235
more efficiently prolongs cardiac transplant survival. Interestingly, BEZ235 reduces the diver-
sity and abundance of the intestinal microbiota community. We demonstrated that
Lactobacillus rhamnosus HN001 rescues the intestinal microbiota imbalance induced by
BEZ235.

IMPORTANCE Our data confirmed that the combination of BEZ235 and Lactobacillus
rhamnosus HN001 significantly prolongs cardiac transplant survival. A main metabolic
product of Lactobacillus rhamnosus HN001, propionic acid (PA), enriches regulatory T
(Treg) cells and serves as a potent immunomodulatory supplement to BEZ235. Our
study provides a novel and efficient therapeutic strategy for transplant recipients.

KEYWORDS allograft rejection, BEZ235, intestinal microbiota dysbiosis, probiotic
supplementation, propionic acid

Acute rejection is the most important factor for long-term graft outcome, and it rep-
resents a significant therapeutic challenge (1). Small-molecule inhibitors of p110d

and p110a, such as IC-87114, prevent acute heart allograft rejection in a murine heart
transplantation model by reducing proinflammatory factor expression (2). Rapamycin,
a mammalian target of rapamycin (mTOR) inhibitor, has been used in acute heart allo-
graft rejection (3). Rapamycin binds first to FKBP12, a prolyl isomerase, and then the
rapamycin-FKBP12 complex binds to mTOR. The class IA phosphoinositide 3-kinase
(PI3K) isoform p110d is preferentially expressed in leukocytes and is crucial for CD4-
positive (CD41) T-cell growth and differentiation (4, 5). IC87114 is a selective inhibitor
of PI3Kd . Although single-target approaches (IC-87114 and rapamycin) have been
developed to treat allograft rejection, their efficacy is not very satisfactory. Therefore, it
is urgent to identify novel and effective treatments for preventing acute heart allograft
rejection.

BEZ235, an imidazo(4,5-c) quinoline derivative, inhibits PI3K (p110-a, -b , -g, and -d
isoforms) and mTOR kinase activity by binding to the ATP-binding cleft of these
enzymes (6). BEZ235, with its dual PI3K-mTOR inhibitor activity, has been shown to
have a significant antitumor effect on many cancers (7, 8). BEZ235 has been found to
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inhibit the proliferation of multiple myeloma and contribute to apoptosis by inducing
autophagy (9). In addition, BEZ235 showed its potential use in graft-versus-host dis-
ease prophylaxis by improving the survival of the allogeneic hematopoietic stem cell
transplant (10). BEZ235 is therefore a promising antirejection agent. Our previous study
showed that, compared to single-target approaches (IC-87114 and rapamycin), BEZ235
efficiently prolongs cardiac transplant survival. However, BEZ235 also has adverse
effects. It has been suggested that BEZ235 exerts detrimental effects via metabolic dis-
turbances through mTOR pathway inhibition (11). At present, the mechanisms of
BEZ235-induced metabolic disorders remain unclear.

The intestinal microbiota (IM) is involved in many physiological processes, such as
nutrient absorption and substrate metabolism (12–14). Moreover, the IM plays a critical
role in shaping systemic immune responses (15–17). The IM composition affects host
immunity, so it is important to have a balanced IM. Probiotics have shown beneficial
effects on the host immune response by manipulating the intestinal ecosystem (18,
19). Lactobacillus rhamnosus HN001 is a safe probiotic strain that has anti-inflammatory
effects and modulates host immunity, thus showing health-promoting efficacy (20–22).
The strain has specific functions related to gut barrier integrity (23), microbial commu-
nity structure (24), and host metabolism (25). Supplementation with Lactobacillus
rhamnosus HN001 has been found to significantly restore IM balance and reduce intes-
tinal inflammation (26). It would be interesting to know whether a microbiota-targeted
therapy could ameliorate metabolic disturbances induced by mTOR pathway inhibi-
tion. Nevertheless, the underlying mechanism of microbiota-targeted therapy is insuffi-
ciently understood.

Short-chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate, are
products of the microbial fermentation of dietary fibers. Several empirical studies have
suggested that SCFAs have potential beneficial effects on host metabolism and cardiac
health (27, 28). Propionic acid (PA) has been shown to modulate the disease course in
autoimmune diseases by modulating the functions of regulatory T (Treg) cells (29, 30).
This finding raises the hypothesis that a microbiota-targeted therapy may work by
modulating metabolite production by the microbiota.

In this study, we observed that supplementation with Lactobacillus rhamnosus
HN001 could rescue the IM imbalance induced by BEZ235 and reduce serum interleu-
kin-6 (IL-6) levels in transplant recipient mice. Moreover, the combination of BEZ235
and Lactobacillus rhamnosus HN001 significantly prolonged cardiac transplant survival.

A main metabolic product of Lactobacillus rhamnosus HN001, PA, can enrich Treg
cells and serve as a potent immunomodulatory supplement to BEZ235. These results
demonstrated that there is a close relationship between cardiac allograft rejection,
BEZ235-induced metabolic disorders, and gut microbial metabolism.

RESULTS
Impact of BEZ235 treatment on allograft survival. To investigate the effect of

BEZ235 on allograft survival, we established mouse models of allogeneic heterotopic
heart transplantation. As shown in Fig. 1A, we established three groups, the IC-87114
(15 mg/kg/day, intraperitoneal injection), rapamycin (2 mg/kg/day, intraperitoneal
injection), and BEZ235 (15 mg/kg/day, intragastric administration) groups. We found
that treatment with IC-87114 and rapamycin prolonged allograft survival in the corre-
sponding treatment groups compared with that in the allograft group to some extent.
Compared to the corresponding treatments (IC-87114 and rapamycin), BEZ235 more
efficiently prolonged cardiac transplant survival. BEZ235 treatment significantly pro-
longed allograft survival compared with that with allograft treatment (mean survival
time [MST], 21.0 6 2.530 versus 7.667 6 1.366 days, P = 0.0006) (Fig. 1B). Hematoxylin
and eosin (H&E) staining revealed that the allografts from the three groups displayed
reduced inflammatory infiltration in the myocardium compared with that of the con-
trol group (Fig. 1C). Of these interventions, BEZ235 treatment significantly alleviated
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acute rejection in the corresponding BEZ235-treated groups compared with that in the
IC-87114 and rapamycin groups on day 7 posttransplantation (Fig. 1C).

BEZ235 disturbed the intestinal microbiome. We next characterized the altera-
tion of the 16S rRNA gene sequences in fecal samples to assess the influences of
BEZ235 on the intestinal microbiome. Analysis of similarity (ANOSIM) showed a signifi-
cant difference between the BEZ235 group and the control group (ANOSIM, R = 1,
P = 0.008) (Fig. 2A). Figure 2B depicts a Krona visualization of the types and abundan-
ces of all bacteria in the two groups. Compared to the control group, the BEZ235
group had significantly lower bacterial richness and diversity. The bar graph and

FIG 1 Impact of BEZ235 treatment on allograft survival. (A) IC-87114 (15 mg/kg/day, intraperitoneal injection),
rapamycin (2 mg/kg/day, intraperitoneal injection), and BEZ235 (15 mg/kg/day, intragastric administration)
were administered to the recipient mice at the indicated times. (B) Survival of the cardiac allografts in the
mice. (C) Cardiac allografts were harvested on day 7 after transplantation, and the tissue sections were stained
with hematoxylin and eosin (�100 or �400). The data are shown as the mean 6 SEM (*, P , 0.05; **, P , 0.01;
***, P , 0.001).
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differential abundance analysis were conducted to compare microbe abundance. In
the BEZ235-treated mice, the relative abundances of the bacterial species were signifi-
cantly decreased compared with those in the control mice (Fig. 2C and D).

Beneficial influence of probiotic supplementation on the intestinal microbiome
in BEZ235-treated mice. We supplemented BEZ235-treated mice with the probiotic
Lactobacillus rhamnosus HN001 and observed the relative abundances of the bacterial
species. The mice were treated by oral gavage with HN001 twice per day. The treat-
ment plan is shown in Fig. 3A.

ANOSIM showed a significant compositional difference between the BEZ235 group and
the combined group (R = 1, P = 0.006) (Fig. 3B). Differential abundance analysis was con-
ducted to identify the microbe abundance. The relative abundances of bacteria increased
in the combined group and were restored to the levels in the control group mice (Fig. 3C).
This phenomenon was additionally confirmed by Krona plot analysis (Fig. 3D).

The combination of BEZ235 and Lactobacillus rhamnosus HN001 attenuated al-
lograft rejection. To determine whether Lactobacillus rhamnosus HN001 influences allo-
graft rejection in the mouse heart transplant model, we supplemented BEZ235-treated

FIG 2 BEZ235 disturbed the intestinal microbiome. (A) Analysis of similarity (ANOSIM). Intergroup differences were compared through ANOSIM. (B) Krona
chart. Graphical displays were visualized using a Krona chart. (C and D) Relative abundances of bacteria in the gut microbial community in all samples at
the genus level.
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FIG 3 Beneficial influence of probiotic supplementation on the intestinal microbiome in BEZ235-treated mice. (A) Treatment plan for BEZ235 (15 mg/kg/day,
intragastric administration) and Lactobacillus rhamnosus HN001 (2 � 108 CFU, intragastric administration). (B) Analysis of similarity (ANOSIM). Intergroup
differences were compared through ANOSIM. (C) Relative abundances of the bacteria in the gut microbial community in all samples at the genus level. (D)
Krona chart. Graphical displays were visualized using a Krona chart.
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mice with the probiotic Lactobacillus rhamnosus HN001 to observe the survival time of car-
diac allografts. Interestingly, the combination of BEZ235 and HN001 significantly prolonged
allograft survival compared with survival with BEZ235 treatment alone (MST, 29.4 6 4.159
versus 21.0 6 2.530 days, P = 0.0034) (Fig. 4A). H&E staining showed that the number of
lymphocytes infiltrating the grafts was reduced in the probiotic administration group on
day 7 posttransplantation (Fig. 4B). We also wanted to determine whether Lactobacillus
rhamnosus HN001-attenuated allograft rejection was associated with decreased levels of
proinflammatory cytokines. We next determined the expression of proinflammatory cyto-
kines in serum and transplanted cardiac tissues. Probiotic supplementation significantly
decreased the levels of serum inflammatory cytokines such as IL-6 and MCP-1 in BEZ235-
treated mice (Fig. 4C). However, in the transplanted cardiac tissues of the two groups, the
induction of the inflammatory cytokine (IL-6) production was significantly decreased, while
that of the other cytokines was not changed (Fig. 4D).

Metabolomic investigation of probiotic supplementation in the intestinal micro-
biome. Given that we found that probiotic administration was able to attenuate allo-
graft rejection, we next explored the possible molecular mechanisms underlying the
beneficial effects of Lactobacillus rhamnosus HN001. As shown in Fig. 5A, the orthogo-
nal projections to latent structures-discriminant analysis (OPLS-DA) replacement test
showed that the original model had good robustness and no overfitting issues. A score
plot of the OPLS-DA comparing the metabolic differences revealed a clear segregation
between the probiotic administration group and the BEZ235-treated group (Fig. 5B).
We next used gas chromatography-mass spectrometry (GC-MS) to detect the concen-
trations of fecal SCFAs on day 7 posttransplantation and found that PA and hexanoic
acid (HA) were significantly more abundant in the probiotic administration group than
in the BEZ235-treated group (Fig. 5C). The levels of other metabolites did not show
statistically significant differences. Boxplot analysis also confirmed this phenomenon
(Fig. 5D). These data indicated that Lactobacillus rhamnosus HN001 may exert its effects
through PA and HA.

Propionic acid, not hexanoic acid, prolonged transplant survival. We further
investigated which metabolite was required for Lactobacillus rhamnosus HN001 to
exert its effects. We supplemented BEZ235-treated mice with 500 mg of PA or HA twice
daily over the course of the experiment. The treatment plan is shown in Fig. 6A. The
survival time of cardiac allografts in the two groups was calculated. The PA supplemen-
tation group had prolonged allograft survival compared with that of the BEZ235-
treated group (MST, 25.0 6 4.123 versus 21.0 6 2.530 days, P = 0.0351) (Fig. 6B). No
significant difference was observed in allograft survival times between the HA supple-
mentation group and the BEZ235-treated group (Fig. 6C). These results indicated that
PA was required for Lactobacillus rhamnosus HN001 to attenuate allograft rejection.

Propionic acid supplementation enhanced the number and suppressive func-
tion of regulatory T cells in BEZ235-treated mice. Given current insights into the
modulatory effects of PA on the immune system (31–33), we next assessed the impact
of PA on the proportion of immune cells in heterotopic cardiac graft tissues and spleen
tissues after cardiac transplantation. We found that there was a significantly higher
proportion of Treg cells (CD41 CD251) in heterotopic cardiac graft tissues and spleen
tissues isolated from PA-supplemented mice on day 7 posttransplantation than in
those from BEZ235-treated control mice (Fig. 7A and B). Next, we examined Treg sup-
pressive function with PA supplementation. The percentage of T effector cells (CD44hi

CD62Llow) among splenic CD41 and CD81 T cells was significantly lower in the PA sup-
plementation group than in the BEZ235-treated control group (Fig. 7C and D).
Intragraft CD41 and CD81 T cells from PA-supplemented mice showed lower expres-
sion of the activation marker CD69 than those from BEZ235-treated mice (Fig. 7E and
F). Taken together, these analyses suggested that PA supplementation enhanced the
frequency and function of Treg cells in BEZ235-treated mice.

Effect of PA supplementation on the neuron/IL-6 axis. There is some evidence
that IL-6 is released by enteric neurons (34). In the present study, we hypothesized that
intestinal microbial metabolites affect the release of IL-6 from enteric neurons.
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FIG 4 Combination of BEZ235 and Lactobacillus rhamnosus HN001-attenuated allograft rejection. (A) Survival of the cardiac allografts in
mice. (B) Cardiac allografts were harvested on day 7 after transplantation, and the tissue sections were stained with hematoxylin and

(Continued on next page)
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Immunofluorescent imaging was performed on colons from PA-supplemented mice
(nerve fibers were identified by anti-Tuj1 antibody staining). As we anticipated, PA sup-
plementation inhibited IL-6 release by enteric neurons (Fig. 8A).

DISCUSSION

The results presented in this study demonstrate that low-dose PI3K/mTOR dual inhibi-
tion (BEZ235) significantly prolongs murine cardiac allograft survival. Moreover, we found
that the low dose of BEZ235 disturbed intestinal homeostasis. The beneficial effects of pro-
biotic supplementation were observed in BEZ235-induced mouse models with IM disturb-
ance. Apart from the effects of regulating the IM and restoring homeostasis, beneficial
immunomodulatory effects have also been observed following probiotic supplementation.
Probiotics may serve as potent immunomodulatory supplements to BEZ235 therapy.
These findings provide a novel and efficient therapeutic strategy for treating transplant
recipients.

The effects of mTOR inhibitors on host intestinal homeostasis have been reported. As a
commercially available probiotic, Lactobacillus rhamnosus HN001 is known to regulate the
IM (26). To overcome the IM disturbance in BEZ235-treated mice, we selected Lactobacillus
rhamnosus HN001 as a potential regulator. Lactobacillus rhamnosus HN001 is well known
for its health-promoting properties in the gut (20–22, 25) and has been widely used in the
food industry as a probiotic therapy for children with acute infectious diarrhea (35).
Consistent with these findings, we observed that Lactobacillus rhamnosus HN001 markedly
protected against disorders of the IM in BEZ235-treated mice.

Although progress has been achieved in the treatment of allograft rejection, the
efficacy is not very satisfactory. Our data demonstrated that supplementation of
BEZ235-treated mice with the probiotic Lactobacillus rhamnosus HN001 signifi-
cantly prolonged allograft survival. However, the underlying mechanism by which
probiotic supplementation reduces allograft rejection remains unclear. Gut metab-
olites, which are jointly generated by the gut microbiota, are important modulators
of host physiologic functions and metabolism (36–38). SCFAs are important metab-
olites produced by intestinal bacteria and mediate beneficial effects on host meta-
bolic health (28, 39). Our data indicated that PA levels changed during probiotic
supplementation and that PA was required for Lactobacillus rhamnosus HN001 to
exert its function. Recent experimental studies have indicated that PA could pro-
tect against hypertensive and ischemic cardiac injury by maintaining immune ho-
meostasis (40). PA normalizes Treg cell mitochondrial function and serves as a
potent immunomodulatory supplement to multiple sclerosis drugs (30). In our
model of allogeneic heterotopic heart transplantation, PA supplementation led to
a simultaneous increase in both the proportion and function of Tregs. It has been
documented that microbial signals promote Treg cell generation via neuron-pro-
duced IL-6 (34). Therefore, our findings reveal a novel regulatory mechanism. As a
metabolite of Lactobacillus rhamnosus HN001, PA increases both the proportion
and function of Tregs via neuron-produced IL-6.

Relatively long-term graft survival remains a major concern in the transplanta-
tion field. We demonstrated that Lactobacillus rhamnosus HN001 combined with
BEZ235 prolonged murine cardiac allograft survival to some extent. The therapeu-
tic function of BEZ235, which inhibits PI3K (p110-a, -b , -g, and -d isoforms) and
mTOR kinase activity by binding to the ATP-binding cleft of these enzymes, has
been widely demonstrated in various cancers (41–43). The results from our experi-
ments suggest that inclusion of a low dose of BEZ235 with transplantation could
enhance the efficacy of treatment. There are concerns about its detrimental effect
on heart transplant recipients, which is thought to be due to its competitive inhibi-

FIG 4 Legend (Continued)
eosin (�100 or �400). (C) Serum proinflammatory cytokine levels. (D) IL-6, IL-17, MCP-1, and IFN-g staining of grafts from the BEZ235
treatment group and control group mice at day 7 after heart transplantation (�400 original magnification). Data are shown as the
mean 6 SEM (ns, P $ 0.05; *, P , 0.05; **, P , 0.01).
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FIG 5 Metabolomic investigation of the effects of probiotic supplementation on the intestinal microbiome. (A) Orthogonal projections to latent structures-
discriminant analysis (OPLS-DA) model overview. OPLS-DA was performed for multivariate group analysis. (B) Principal-coordinate analysis (PCoA) of the gut
microbiome composition at the genus level based on the weighted UniFrac matrix for each group. The colors of the spots indicate samples from each individual.
(C) Hierarchical clustering heatmap of differential metabolite expression between the probiotic administration group and the BEZ235-treated group. (D) Boxplot
analysis was used to present the data distribution and to detect outliers. The data are shown as the mean 6 SEM (*, P , 0.05; **, P , 0.01; ***, P , 0.001).
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tion of PI3K and mTOR. However, with the low dose of BEZ235, no severe adverse
side effects were found in our animal studies. Given the significant survival advant-
age seen in our combination therapy-treated mice, a combined therapy option for
transplant recipients is likely possible.

Our study demonstrated that probiotic supplementation is critical for the fine-tuning of
the immune response. However, a limitation of our study is that probiotic supplementation
is potentially causative of BEZ235-induced metabolic disorders in transplant recipient mice.
In our future investigations, antibiotic-treated or germfree mice will need to be applied to
clarify the connections between the gut microbiota and the immune system in the context
of transplantation. Furthermore, the availability of probiotic supplementation suggests that
this approach could be efficiently translated into novel and effective strategies for the pre-
vention of graft rejection.

MATERIALS ANDMETHODS
Animals and experimental design. Male C57BL/6 (B6; H-2b) and BALB/c (B/c; H-2d) mice (8 weeks

old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The
animal experiment was approved by the Institutional Animal Care and Use Committee of Zhejiang
University. To balance the IM among mice, all mice were housed under specific-pathogen-free condi-
tions on a 12-h light/12-h dark cycle with freely available food and water.

IC-87114 (catalog no. S1268; Selleckchem) was injected intraperitoneally (i.p.) at 15 mg/kg for
five doses into the recipients at the indicated times. Rapamycin (catalog no. S1039; Selleckchem)
was administered at the indicated times (2 mg/kg on days 0 to 10). BEZ235 (catalog no. S1009;
Selleckchem) was orally administered via gavage at 15 mg/kg on the indicated dates. Group alloca-
tion for the experiments was randomized and not blinded. BEZ235-treated mice were administered
PA (500 mg, intragastric administration) or HA (500 mg, intragastric administration) by gavage twice
per day for 2 weeks.

In the probiotic experiment, the mice were randomly assigned to the control group (n = 6), BEZ235
group (n = 5), and probiotics group (BEZ235 and 2 � 108 CFU of Lactobacillus rhamnosus HN001; n = 6).
Lactobacillus rhamnosus HN001 (provided by Nutrition & Biosciences, DuPont) was resuspended in
200 mL of phosphate-buffered saline and orally administered to the BEZ235-treated mice by gavage
twice per day for 2 weeks.

FIG 6 Propionic acid, not hexanoic acid, prolonged transplant survival. (A) Treatment plan of PA (500 mg twice daily, intragastric
administration) and HA (500 mg twice daily, intragastric administration). (B and C) Survival of the cardiac allografts in the mice. The
data are shown as the mean 6 SEM (ns, P $ 0.05; *, P , 0.05; **, P , 0.01).
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Animals were euthanized by dissecting the diaphragm under isoflurane anesthesia, after which
organs were harvested. The sacrifice respected the Declaration of Helsinki's rules. All experiments were
conducted in accordance with the guidelines of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals, and the study was approved by the Animal Care and Use Committee of the
Second Affiliated Hospital, School of Medicine, Zhejiang University (2020-109).

Vascularized heterotopic cardiac transplantation. The vascularized heterotopic heart transplanta-
tion model was established as previously described (44). Briefly, hearts harvested from male C57BL/6
donors (B6; H-2b) were transplanted into the subcutaneous space of the right neck of male BALB/c recip-
ient mice (B/c; H-2d). Cardiac grafts, peripheral blood, and spleens were harvested.

ELISA.Mouse interferon gamma (IFN-g), IL-6, IL-17, and MCP-1 enzyme-linked immunosorbent assay
(ELISA) kits (BioLegend; ELISA Max deluxe sets) were used for the analysis of cytokines in mouse serum.
Final calculations were based on a regression analysis of the log of the final optical density versus the
log of standard dilutions, and concentrations were reported in picograms per milliliter.

FIG 7 Propionic acid supplementation enhanced the number and suppressive function of regulatory T cells in BEZ235-treated mice. (A and B)
Representative flow cytometry plots showing an enriched Treg population in the propionic acid supplementation group in comparison to that in the
BEZ235-treated group at day 7 after heart transplantation. Heart (left) and splenocytes (right). (C and D) Propionic acid-supplemented mice showed a lower
frequency of CD41 T effector cells (left) and CD81 effector cells (right). (E and F) CD69 expression in graft-infiltrating CD41 T cells and CD81 T cells from
the two treatment groups (BEZ235, BEZ2351PA) on day 7 posttransplantation. The data are shown as the mean 6 SEM (**, P , 0.01; ***, P , 0.001).
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16S rRNA sequencing of the intestinal microbiota. Bacterial genomic DNA was extracted from
samples using a FastDNA Spin kit for soil according to the manuals. Bacterial diversity was characterized
via amplification of a PCR product that was excised from a 1.5% agarose gel, recovered using GeneClean
Turbo (MP Biomedicals), and quantified by a Quant-iT PicoGreen double-stranded DNA (dsDNA) assay
kit (Life Technologies, Grand Island, NY). The V3-V4 region of the bacterial 16S rRNA gene was amplified
by PCR using a multiplex approach with a primer pair. Prior to sequencing, the amount of input DNA
per sample was normalized using a SequalPrep normalization plate following the standard protocol
(Thermo Fisher Scientific, Wilmington, DE, USA).

Extraction and quantification of the gut microbiota metabolites in feces. Briefly, 10 mg of fecal
sample was homogenized using 2.8-mm Precellys ceramic beads (Bertin Technologies) with an extrac-
tion solution containing 100 mL of 100 mM crotonic acid (Sigma) as an internal standard, 50 mL of
HCl (Sigma), and 200 mL of ether (Sigma). Samples were homogenized for 10 min at room tempera-
ture at 1,500 rpm on a shaker (Eppendorf), followed by 10 min of centrifugation at 1,000 � g. From
the upper ether phase, 80 mL was transferred into a new glass vial containing 16 mL of N-tert-butyldi-
methylsilyl-N-methyltrifluoroacetamide (MTBSTFA; Sigma). The analytes were detected using the full
scan mode. The concentration of SCFAs was calculated using the external standard method and
expressed as micromole per gram sample.

Histopathology. Cardiac grafts were harvested 5 and 7 days after transplantation. Samples were trans-
versely sliced and fixed in 10% formalin (catalog no. SF98-4; Fisher) at 4°C until use. The fixed tissues were
dehydrated and processed for paraffin embedding, and 5-mm sections were stained with H&E.

Immunohistochemical (IHC) staining and immunofluorescence. Briefly, sections were incubated
with 0.3% hydrogen peroxide in methanol for 20 min to inhibit endogenous peroxidase activity and
heated in citrate buffer at 121°C for 30 min to determine antigenic activity. The slides were incubated
with rabbit polyclonal antibodies at 4°C overnight, followed by incubation with an Alexa Fluor-conju-
gated secondary antibody (Life Technologies) diluted in blocking buffer for 1 h at room temperature.
Slides were examined by using a laser scanning confocal microscope (Zeiss LSM 800).

Cell isolation and flow cytometric analysis. The grafts were incubated in RPMI 1640 medium
containing 0.5 mg/mL collagenase IV (Sigma-Aldrich, St. Louis, MO) for 30 min at 37°C. Tissue debris
was removed by a 70-mm cell strainer. After washing twice, viable mononuclear cells were separated
by Ficoll density gradient centrifugation. The cells were washed three times with RPMI 1640 me-
dium supplemented with 10% fetal bovine serum (FBS) and then subjected to fluorescence-acti-
vated cell sorting (FACS) staining. They were blocked, stained, and analyzed using FACSCalibur (BD)
and FlowJo software (Tree Star).

Statistical analysis. SPSS v23 (SPSS Inc., Chicago, IL) was used for experimental data analysis,
and data passed normality and equal variance tests. All experiments were independently repeated
at least three times. The sample size was calculated by using PASS 11 (NCSS Inc.). Statistical compar-
isons between 2 groups involved Student's t test and, otherwise, one-way analysis of variance
(ANOVA) and Bonferroni posttests. All data are expressed as the mean 6 standard error of the mean
(SEM). All statistical tests were two-tailed, and P values of ,0.05 were considered statistically
significant.

Data availability. All data generated in the study are included in this article. Raw sequence data are
accessible on the NCBI platform under accession no. PRJNA836559.
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