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Pressure-overloaded left ventricular remodeling in young population is progressive and readily degenerate into
heart failure. The aims of this study were to identify a plasma metabolite that predicts and is mechanistically
linked to the disease. Untargeted metabolomics determined elevated plasma kynurenine (Kyn) in both the
patient cohorts and the mice model, which was correlated with remodeling parameters. In vitro and in vivo
evidence, combined with single-nucleus RNA sequencing (snRNA-seq), demonstrated that Kyn affected both
cardiomyocytes and cardiac fibroblasts by activating aryl hydrocarbon receptors (AHR) to up-regulate hypertro-
phy- and fibrosis-related genes. Shotgun metagenomics and fecal microbiota transplantation revealed the ex-
istence of the altered gut microbiota-Kyn relationship. Supplementation of selected microbes reconstructed the
gut microbiota, reduced plasma Kyn, and alleviated ventricular remodeling. Our data collectively discovered a
gut microbiota—derived metabolite to activate AHR and its gene targets in remodeling young heart, a process

that could be prevented by specific gut microbiota modulation.

INTRODUCTION

Ventricular remodeling is a type of cardiac maladaptation that
occurs as a consequence of various cardiovascular etiologies. In
the absence of timely intervention, ventricular remodeling gradual-
ly leads to compromised cardiac function and eventual heart failure
(I). In pressure-overloaded left ventricular (poLV) diseases, espe-
cially in congenital heart malformations, ventricular remodeling
may present prenatally and becomes persistent, burdensome, and
progressive until surgical correction (2). Late intervention results
in irreversible myocardial hypertrophy and interstitial fibrosis,
which greatly increase the risks of heart failure and surgical mortal-
ity and worsen long-term outcomes (3—6). However, the optimal
timing for intervention is often difficult to determine because cur-
rently available indicators depend mainly on gradient progression
and/or the onset of symptoms, which do not indicate the degree
of internal damage and functional deterioration at the early
stages. Therefore, sensitive biomarkers and effective therapeutic
modalities are urgently required to detect and prevent heart
failure and improve prognosis.

Numerous pathological, metabolic, and molecular changes asso-
ciated with ventricular remodeling have been elucidated at heart
level (7), while the recent emergence of multi-omics methods has
enabled us to revisit cardiac disease in a more systematic way.
Heart failure is now recognized as a systemic process involving
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coordinated networks of different organs and multifactorial mech-
anisms. In addition to the circulatory system, heart failure affects
other organ systems through distant signaling. The latter may
itself exacerbate the disease. Metabolomics has disclosed a vast rep-
ertoire of plasma metabolites related to cardiovascular diseases
(CVDs) (8-11). These metabolites may either serve as biomarkers
or elicit their functions through cell receptors and signaling cas-
cades. This systemic disease model may be especially important in
children, as their organs are comparatively more sensitive to circu-
lating stimuli than those of adults (12). Prior research has demon-
strated gut hypoperfusion in multiple CVDs (13-15), followed by
the alterations of the gut microbiota and its metabolite leakage to
promote the disease progression (16, 17). However, the interking-
dom interaction between gut microbiota and poLV remodeling is
less defined.

In the present study, a multi-omics study was conducted on pe-
diatric human samples and a mouse model to discover a plasma me-
tabolite linked to ventricular remodeling in young heart and shed
light on its underlying mechanism via gut microbiota—heart com-
munication. Furthermore, the cardio-protective effect of supple-
mentation of specific microbes, targeting the altered gut
microbiota, was evaluated.

RESULTS

Plasma kynurenine is elevated and associated with
remodeling in polLV children and mice

To seek plasma biomarkers of poLV remodeling in children, we re-
cruited an age-matched pilot discovery cohort enrolling pediatric
patients diagnosed with LV outflow tract obstruction (LVOTO) dis-
eases (poLV group; n = 10). Those with small atrial/ventricular
septum defect served as controls (n = 10; table S1). We then con-
ducted untargeted metabolomics between their blood plasma. Prin-
cipal components analysis (PCA) disclosed substantial difference in
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plasma metabolites between groups (Fig. 1A). Numerous metabo-
lites significantly differed (adjusted P < 0.05; variable importance in
projection > 1; Fig. 1B and table S2). A primary analysis of the top
metabolites with clinical data demonstrated that kynurenine (Kyn)
was the most correlated with cardiac remodeling parameters, in-
cluding LV posterior wall thickness at end-diastole (LVPWd) Z
score, LV mass index (LVMI), relative wall thickness (RWT), and
ejection fraction (EF%; fig. S1A). To quantify the plasma Kyn con-
centrations, we conducted ultrahigh performance liquid chroma-
tography—tandem mass spectrometry (UHPC-MS/MS) using an
independent nonoverlapping validation cohort (n = 19 in poLV
group versus 25 in control group; table S3). The Kyn levels were
comparatively higher in the poLV group (Fig. 1C). There were
also significant correlations between the Kyn level and LVPWd Z
score (R* = 0.5674, P < 0.001), LVMI (R* = 0.6277, P < 0.001),
RWT (R? = 0.3121, P < 0.001), and EF% (R® = 0.5726, P < 0.001;
Fig. 1, D and E, and fig. S1, B and C). The cutoff value for Kyn is
2421.39 nM. Comparing to traditional blood indices, including
classic cardiac function parameter N-terminal pro—B-type natri-
uretic peptide (NT-proBNP), and myocardium injury parameter

i ' e

® Control ® polLV

3
T

cardiac troponin I (cTNI), the receiver operating characteristic
curve of Kyn in was higher [area under the curve (AUC) = 0.720;
Fig. 1F]. Hence, Kyn might more effectively discriminate remodel-
ing patients not presenting with declining cardiac function or severe
injury, showing great potential in the early prediction of poLV re-
modeling and might have a role in disease progression.

To assess whether Kyn is mechanistically linked to pressure-
overload induced remodeling, we established a neonatal mouse as-
cending aorta constriction (nAAC) model and simulated poLV in
young mice (movie S1). Echocardiography was first used to
measure the diameters of the ascending aortae in newborn mice.
It revealed that 28-, 30-, and 32-gauge needles induced 50 to 70%
constriction within 1 to 3 days after birth (fig. S2A). The 28-gauge
needle constriction was selected to increase survival, prolong life-
span, and study chronic remodeling from birth to pre-adult. The
ascending aorta was surgically constricted in newborn mice
within 24 hours after birth, and the model was evaluated at different
time points (fig. S2B). The efficacy of nAAC model was assessed by
echocardiology at postnatal day 28 (P28) and gross evaluation and
multiple histological staining at P7 to P28 (figs. S2, C to E, and S3 to
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Fig. 1. Untargeted metabolomics identifies elevation of plasma Kyn in poLV children. (A) Untargeted metabolomics was performed in a pilot discovery cohort (n =
20). PCA showed a clear separation of metabolite component between the two groups. (B) The heatmap of differential plasma metabolites with top significance. (C)
UHPC-MS/MS was performed to quantify plasma Kyn concentration in a nonoverlapping validation cohort (n = 19 in poLV group and n = 25 in control group). Unpaired
Student'’s t test was used. (D and E) Linear regression showed correlation between Kyn and LVPWd Z score (D) or LVMI (E). (F) AUC showed diagnosis efficacy of Kyn to
discriminate two groups, comparing to traditional blood biomarkers NT-proBNP and cTNI. Each data point represents the mean of an individual patient. **P < 0.01.
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S5). Myocardium hypertrophy could be obvious at P14, and fibrosis
became significant at P21. To verify the results for the patient
cohort, untargeted metabolomics was again conducted between
nAAC and sham mice (n = 10, respectively) at 4 weeks of age.
This time point represents both the young stage and the chronic pa-
thology covering the age range of the patient cohort. PCA results
indicated notable differences between sham and nAAC mice
plasma metabolites (fig. S6A). Kyn was among the most highly el-
evated metabolites in nAAC plasma (fig. S6B and table S4). Kyn is a
major intermediate bioactive catabolite of tryptophan metabolism,
which was among the most enriched pathways (fig. S6C). Phenylal-
anine, tyrosine, and tryptophan biosynthesis and the phenylalanine
metabolism pathway were also enriched, while other Kyn relating
pathways and their metabolites were less or not significant (table
S4). UHPC-MS/MS quantified excessive Kyn in 51 nAAC mice
versus 29 sham mice (fig. S7A). There were also significant correla-
tions between the mice Kyn level and LVEF% (R = 0.7676, P <
0.001), left ventricular diameter at end-diastole (LVDd; R* =
0.4623, P 0.001), and LV mass (R*> = 0.5114, P 0.001; fig. S7, B to
D), which substantiated the findings in human cohorts.

Excessive plasma Kyn activates AHR in cardiomyocytes and
cardiac fibroblasts

Kyn is a strong endogenous ligand that activates aryl hydrocarbon
receptors (AHRs) in tumor and immune cells (18-20). However, its
mechanisms and functions in heart were diverse. We found that the
Kyn membrane transporter SLC7A5 was transcriptionally up-regu-
lated in LV samples of 4-week-old nAAC mice (Fig. 2A), suggesting
a higher uptake of Kyn. Consistent with other studies (19, 21, 22),
we detected no transcriptional differences in AHR between the
sham and nAAC LV tissues (Fig. 2B), indicating that its activation
was not in the mode of up/down-regulation in nAAC heart.
However, AHR protein expression was decreased in the cytoplasm
and increased in the nucleus in nAAC LV (Fig. 2C). Thus, AHR was
here activated via nuclear translocation.

CM hypertrophy and interstitial fibrosis are principal poLV re-
modeling processes, which were reported to act independently (23).
To this end, we isolated mouse cardiac fibroblasts (mCFs) and car-
diomyocytes (mCMs) in 4-week mice models to identify which cell
types dominate this process. AHR nuclear translocation was verified
in both nAAC mCMs and mCFs (Fig. 2, D and E). To further
confirm this result in vitro, we cultured human CFs (hCFs) and
human induced pluripotent stem cell-derived CMs (hIPS-CMs)
that allows us to study human CMs at young, immature stages.
Adding Kyn induced decreased cytoplasmic and increased
nuclear AHR in both cell types, which was inhibited by adding
the Kyn transporter inhibitor 2-aminobicyclo [2.2.1] heptane-2-
carboxylic acid (BCH). The synthetic xenobiotic 2,3,7,8-tetrachlor-
odibenzo-p-dioxin (TCDD) directly bound AHR was used as a pos-
itive control (Fig. 2, F and G). A paralleled immunofluorescence of
AHR protein also confirmed the results (Fig. 2, H and I). Nuclear
AHR action was initiated by interacting with the core-binding
motifs of the dioxin-responsive elements (DREs) in the target
gene regulatory regions (24). Compared with the baseline, the
DRE luciferase activity was higher in the hIPS-CMs and hCFs
exposed to Kyn with stable significance at 500 uM (Fig. 2, ] and
K), suggesting that the nuclear AHR could regulate its target
genes after Kyn activates it.

Shi et al., Sci. Adv. 9, eadg7417 (2023) 14 July 2023

Kyn-AHR aggravates hypertrophy and fibrosis in poLV

We conducted an in vitro study to verify the phenotypes induced by
Kyn and AHR activation. Scratch and Cell counting kit-8 (CCK8)
assays revealed that Kyn treatment promoted hCF and mCF prolif-
eration and viability. These effects were ameliorated by adding the
AHR antagonist CH223191 (Fig. 3, A to C). Kyn induced hypertro-
phy in hIPS-CMs and mCMs by increasing their cell surface areas
(Fig. 3, D, F, and G) and protein/DNA ratios (Fig. 3E). Both of these
were rescued by CH223191 treatment.

For in vivo study, we developed and bred AHR knockout
(AHR™'7) mice. The sham and nAAC mice were administered daily
peritoneal injections of Kyn (50 mg/kg) for 4 weeks. In the wild-
type (WT) sham mice, the Kyn injections only increased the
heart and LV weights but did not alter cardiac function (Fig. 3H)
or histological structures (Fig. 3, I to L, and fig. S9, A to C). This
may represent physiological hypertrophy because markers
associated with cardiac stress and pathological hypertrophy (ANP,
BNP, and b-MHC) and fibrosis (CTGF) did not increase (ﬁ}g. S9, D
to G). Kyn failed to elicit detectable changes in the AHR™'~ sham
mice. In the WT nAAC mice, Kyn supplementation significantly
accelerated remodeling in gross evaluation, echocardiography
(Fig. 3H), and histological stainings, including hematoxylin and
eosin (H&E), Masson's trichrome, and Sirius Red staining and
wheat germ agglutinin (WGA) fluorescence staining (Fig. 3, I to
L, and fig. $9, A to C). However, AHR ™'~ knockout aborted the ag-
gravative effect of Kyn in the nAAC mice. Therefore, the AHR re-
ceptor is essential for Kyn to elicit its function.

Kyn-AHR axis targets the downstream hypertrophy and
fibrosis genes in poLV

To identify the downstream AHR targets in poLV, whole-transcrip-
tome sequencing was performed on LV samples from 4-week-old
sham (n = 5) and nAAC (n = 5) mice (fig. S10A). Consistent with
the preceding findings, transcriptive AHR was unaffected and was
not detected among the differentially expressed genes (DEGs) [ad-
justed P < 0.05 and log, fold change (FC) > 1]. Ingenuity pathway
analysis (IPA) was used to screen DEGs regulated by AHR (fig.
S10B). Most DEGs were associated with fibrosis and included
COLIAI, COLIA2, COL3A1, and FNI1. The roles of COLIAI and
FNI in heart failure were previously well explored (25, 26). We
also detected the DEG ADAMTS2, which was previously found to
participate in cardiac hypertrophy (27, 28). Plasma untargeted me-
tabolomics and RNA sequencing of the same mice revealed strong
correlations between the Kyn and COLIAI, FN1, and ADAMTS2
expression levels (fig. S10C). Chromatin immunoprecipitation
was used to verify the interactions between AHR and ADAMTS2
in Kyn-preconditioned hIPS-CMs (Fig. 4A), as well those
between AHR and FN1I and between AHR and COLIA1 in Kyn-pre-
conditioned hCFs (Fig. 4, B and C).

We subjected hIPS-CMs, mCMs, hCFs, and mCFs with Kyn and
the aforementioned compounds to illustrate the Kyn-AHR remod-
eling axis in vitro. ADAMTS2 in hIPS-CMs (Fig. 4, D and H, and fig.
S11, A and E) and mCMs (Fig. 4, E and I, and fig. S11, B and F) and
COLIAI and FNI in hCFs (Fig. 4, F and J, and fig. S11, C, G, and I)
and mCFs (Fig. 4, G and K, and fig. S11, D, H, and ]J) were up-reg-
ulated at the transcription and translation levels after treatment with
Kyn or TCDD. These effects were rescued with the uptake inhibitor
BCH or the AHR inhibitor CH223191.
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Fig. 2. Excessive plasma Kyn activates AHR in CMs and CFs in poLV. (A) Quantitative polymerase chain reaction (QPCR) quantification of the Kyn transporter SLC7A5
between sham and nAAC LV samples. n = 4 per group. (B) mRNA level of AHR between sham and nAAC LV samples. n = 4 per group. (C to E) Western blotting (left) and
quantification (right) of AHR protein in the cytoplasm and nucleus of LV samples (C), isolated mCMs (D), and isolated mice mCFs (E) from sham and nAAC mice. n = 3 per
group. Each lane represented one animal. (F and G) Representative Western blotting of AHR in the cytoplasm and nucleus of hIPS-CMs (F) and hCFs (G), after 48 hours of
treatment with 500 pM Kyn, 500 pM Kyn and 500 uM Kyn transporter inhibitor BCH, 500 uM AHR activator TCDD as positive control, or the same amount of dimethyl
sulfoxide (DMSO) as negative control. Each lane represented individual experiment. (H and I) Representative immunofluorescence staining of AHR (red) in hIPS-CMs (H)
and hCFs (1) treated by indicated compounds for 48 hours, with phalloidin staining (green) the F-actin in cytoplasm and 4’,6-diamidino-2-phenylindole (DAPI; blue)
staining the nucleus. Scale bars, 25 um. (J and K) DRE luciferase activity in hIPS-CMs (J) and hCF (K) treated with different dose of Kyn after 24 hours, each comparing
to the baseline. n = 3 to 4 per group. Representative images from individual experiment in vitro [(F) to (I); n = 3 in each group]. Unpaired t test was used in (A) to (E). One-
way analysis of variance (ANOVA) followed by the Bonferroni post hoc analysis was used in (J) and (K). ns, not significant; **P < 0.01.

In vivo, AHR-targeted genes were evaluated in mCMs or mCFs
isolated from LV tissues of 4-week-old WT or AHR™~ mice
exposed to aforementioned treatments. ADAMTS2 was up-regulat-
ed in the mCMs isolated from nAAC mice. Kyn injection signifi-
cantly up-regulated ADAMTS2 in WT nAAC mice, whereas this
effect was abolished in AHR™'~ mice (Fig. 4, L and N, and fig.
S12, A and C). Similar results were obtained for COLIAI and
FNI in isolated CFs (Fig. 4, M and O, and fig. S12, D to G). The
results of the foregoing in vitro and in vivo experiments indicated
that the Kyn-AHR axis up-regulated the fibrosis- and hypertrophy-
related genes in murine poLV remodeling.

Shi et al., Sci. Adv. 9, eadg7417 (2023) 14 July 2023

Single-nucleus RNA sequencing in pediatric poLV samples
confirmed the Kyn-AHR axis

Single-cell RNA sequencing is ideal for the analysis of heart diseases
attributed to various types of cells. Hence, we used this tool to val-
idate our findings in the human poLV heart. LV tissues were collect-
ed from four patients with LVOTO requiring surgical resection. On
the basis of their plasma Kyn levels, they were classified into mild
elevated Kyn group (mKyn, n = 2; Kyn < cutoff value) and the
highly elevated Kyn (hKyn, n = 2; Kyn > cutoff value) groups
(table S5). Transcriptomes were obtained for 40,986 cells, filtered,
and converged into a single data pool comprising 39,308 cells
(table S5). A Seurat cluster analysis defined 10 different cell types
(Fig. 5A and fig. S13A), where the proportion of CFs was substan-
tially greater in the hKyn group (Fig. 5B). Therefore, Kyn might
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Fig. 3. Increased Kyn and AHR
activation aggravate cardiac re-
modeling. (A and B) Representa-
tive scratch assay of hCFs (A) and
mCFs (B) treated with 500 uM Kyn,
500 uM Kyn and 500 uM AHR in-
hibitor CH223191, 500 uM AHR ac-
tivator TCDD as positive control, or
the same amount of DMSO as
negative control. Scale bars, 200
pm. (C) CCK8 activity to detect cell
viability in hCFs and mCFs after 48
hours of above treatment.n=4to 8
per group. (D) Cell surface area of
hIPS-CMs and mCMs measured
under bright fields after 48 hours of
treatment with the indicated com-
pounds. n = 3 to 4 per group. (E)
Protein/DNA ratio of hIPS-CMs and
mCMs after 48 hours of treatment
with the indicated compounds. n =
3 per group. (F and G) Representa-
tive immunofluorescence staining
of hIPS-CMs (F) and mCMs (G) to
illustrate the size of cells. cTNI in
hIPS-CMs (red) and actinin in mCMs
(green) were used to stain the cell
skeleton, while DAPI (blue) was
used to show nucleus. Scale bars,
10 pm. (H) Evaluation of cardiac
remodeling and cardiac function in
WT and AHR™'~ mice 4 weeks after
sham or nAAC surgery, with Kyn
peritoneal injection (50 mg/kg
daily) or saline as control. The as-
sessments included heart weight/
tibial length and LV weight/tibial
length at gross level and LVEF%, left
ventricular diameter at end-diastole
(LVIDd), left ventricular diameter at
end-systole (LVIDs), and estimated
LV mass by echocardiography (from
left to right). n = 6 to 10 per group.
(I to K) Representative histological
staining of LV samples in the cor-
responding groups. H&E (1) staining
illustrated the cell size, while
Masson staining (J) and Sirius red
staining (K) showed the degree of
fibrosis. Scale bars, 100 um. (L) WGA
fluorescence staining showed the
cell boundaries of CMs, indicating
the degree of hypertrophy. Scale
bars, 50 um. Representative images
from individual experiment in vitro
[(A), (B), (F), and (G), n = 3 in each
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Fig. 4. Kyn-AHR activation initiat-
ed the expression of hypertrophy
and fibrosis genes. (A to C) AHR
enrichment in comparing to immu-
noglobulin G in chromatin immuno-
precipitation of ADAMTS2 in hIPS-
CMs (A), FNT (B), and COL1AT (C) in
hCFs. n =3 per group. (D and E) gPCR
quantified mRNA level of ADAMTS2
in hIPS-CMs (D) and mCMs (E),
treated for 48 hours with 500 uM
Kyn, 500 pM Kyn and 500 uM BCH,
500 uM Kyn and 500 uM AHR inhib-
itor CH223191, 500 uM TCDD as
positive control, or the same amount
of DMSO as negative control. (F and
G) mRNA level of FNT and COL1AT in
hCFs (F) and mCFs (G) treated with
indicated compounds. (H and 1)
Representative Western blotting of
the protein expression ADAMTS2 in
hIPS-CMs (H) and mCMs (1) treated
with indicated compounds. Each
lane represented individual experi-
ment in vitro. (J and K) Representa-
tive Western blotting of FN1 and
COL1A1 in hCFs (J) and mCFs (K)
treated with indicated compounds.
Each lane represented individual ex-
periment in vitro. (L and M) qPCR
quantified mRNA level of ADAMTS2
in isolated mCMs (L) and FNT and
COLTAT in isolated mCFs (M) from
WT and AHR™'~ mice 4 weeks after
sham or nAAC surgery, with Kyn
peritoneal injection (50 mg/kg) or
saline as control. (N and O) Repre-
sentative Western blotting of the
protein expression of ADAMTS2 in
isolated mCMs (N) and FN1 and
COL1AT1 in isolated mCFs (O) from
indicated mice. Each lane represent-
ed individual animal. Two-tailed
Mann-Whitney U test was used in (A)
to (C). Kruskal-Wallis test and post
hoc Dunn test were used in (D) to (G),
(L), and (M). *P < 0.05 and **P < 0.01.

contribute to fibrotic tissue overgrowth in humans. AHR distribu-
ted in the majority of the cell types and most highly expressed in
cardiac glial cells (fig. S13B). AHR did not markedly differ
between groups. However, its target genes ADAMTS2, FN1, and
COLIAI were up-regulated in the hKyn group (Fig. 5C).

We partitioned the CMs into 14 subclusters and defined three
types (CM1 to CM3) based on their transcriptomes (Fig. 5D and
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fig. S13C). CM1 included canonical ventricular CMs, and CM2 pre-
sented characteristic of immature or atrial CMs. CM3 displayed en-
dothelial-derived fibroblast properties that participate
remodeling processes such as angiogenesis and extracellular
matrix (ECM) organization (fig. S13D). The hKyn group was abun-
dant in subclusters 3, 5, 7, and 12, mainly classified into CM2 and
CM3 (Fig. 5, E and G). For this reason, high Kyn may contribute to

in
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Fig. 5. Single-nucleus RNA sequencing of LV samples from pediatric poLV patients confirms Kyn-AHR effect. (A) Uniform manifold approximation and projection
(UMAP) of the four LV samples in single-nucleus RNA sequencing. Cells were marked by cell types. (B) Cell proportion of different types in two groups. (C) AHR, ADAMTS2,
COLAT, and FNT expression of the LV samples between the two groups. (D) UMAP of the subcluster of CMs. (E) Cell proportion of CM subclusters between groups. (F) AHR
and ADAMTS2 expression in total CMs between groups. (G) Cell proportion of CM types between groups. (H and 1) AHR and ADAMTS2 expression in different CM types (H)
and clusters (1) between groups. (J) UMAP of the subcluster of CFs. (K) Cell proportion of CF subclusters between groups. (L and M) AHR, FNT, and COLTAT expression in
total CFs (L) and subclusters (M) between groups. Significant differential expression was marked with “*” and under criteria of (i) InFC > 0.25, (ii) P < 0.05, and (iii) min.pct
> 0.1.
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CM immaturity and remodeling process. AHR did not differ among
total CMs, subclusters, or types. The AHR downstream remodeling
gene ADAMTS2 was up-regulated in the total CMs, subclusters 5
and 12, and CM3 (Fig. 5, F, H, and I). Subclusters 5 and 12 partic-
ipated in multiple remodeling processes (fig. S13, E and F). These
finding were consistent with the Kyn-AHR mechanism.

The CFs were categorized into nine subclusters (0 to 8; Fig. 5]
and fig. S14A). A proportion analysis revealed that subclusters 1
and 2 predominated in the mKyn group, whereas the hKyn group
was characterized by subclusters 5, 7, and 8 (Fig. 5K). These obser-
vations were corroborated by a pseudo-time analysis illustrating the
cell trace of transition, where the predominance of subclusters 1 and
2 gradually transitioned to subclusters 5, 7, and 8 in response to high
Kyn stimuli (fig. S14, B and C). AHR expression did not change in
the total CFs or any subclusters. FN1 and COL1A1 were up-regulat-
ed in the total CFs and subclusters 5 and 6 in the hKyn group (Fig. 5,
L and M). Subclusters 5 and 6 participated mainly in remodeling
processes such as cell adhesion and ECM organization and angio-
genesis, as well as muscle contraction processes closely related to
cardiac function (fig. S14, D and E). Therefore, the results of the
small nuclear RNA (snRNA) assays on the human samples
refined and validated our experimental findings.

To verify the above snRNA sequencing (snRNA-seq) results of
poLV Kyn-AHR on cardiac immaturity (proliferation and regener-
ation) and angiogenesis, we performed immunofluorescence stain-
ing of Ki67 (proliferation), Aurora B (cytokinesis), PH3 (mitosis)
with cardiac Troponin T (cTNT), and vascular endothelial growth
factor and CD31 with WGA of P7 mice LV samples (fig. S15). nAAC
mice presented with higher rates of myocyte regeneration and an-
giogenesis than those of the sham mice. The injection of Kyn sig-
nificantly promoted regeneration and angiogenesis, while knockout
of AHR abolished those effects. Moreover, because Kyn had a classic
role in immune modulation (18, 20) and none of the above subclus-
ters of CMs or CFs were enriched in immune process, we further
performed CD4 immunostaining and quantification of T cell in
4-week-old nAAC mice. Kyn injection slightly increased T cell
without statistical significance (fig. SI6A). The snRNA-seq result
also showed no significant difference in the composition of naive
T cell (Ty) and recently activated effector memory or effector T
cells (Temra/Terr; fig. S16B). The above findings validated the
snRNA-seq results in mice models.

Gut microbiota alteration in polLV disease contributes to
plasma Kyn accumulation

Both Kyn and tryptophan metabolism are closely associated with
the gut microbiota (29). Therefore, we suspected that the latter ex-
plained the excessively high plasma Kyn levels in poLV. Clinical
cohorts and mouse models already demonstrated that heart
failure induces hypoperfusion and structural interruption (14,
15), followed by alteration of the gut microbiota. Nevertheless,
this mechanism is poorly defined in pediatric poLV. Ultrasonogra-
phy detected a decrease blood flow in both abdominal aortae and
mesentery artery in nAAC mice, compared to those of sham mice
(fig. S17). H&E staining disclosed the structural changes in the
colons of nAAC mice including mucosal atrophy, interrupted epi-
thelium, and sparse intestinal villi (fig. S1I8A). We applied 16S RNA
sequencing to identify gut dysbiosis in 4-week-old nAAC mice (n =
6 versus 6). Beta-diversity and a principal coordinate analysis
(PCoA) by Bray-Curtis distance revealed significant alterations in
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the nAAC gut microbiota (fig. S18B). Shannon and Simpson
indices showed that the alpha diversity of the nAAC gut microbiota
had significantly decreased (fig. S18, C and D). A lower Firmicutes/
Bacteroidetes ratio, associated with inflammation, was observed in
the nAAC group (fig. SI8E). The mRNA expression of IDO/TDO
ratio, the key enzymes in the degradation of tryptophan to
produce Kyn, was higher in nAAC colon (fig. S18F), suggesting
the overproduction of Kyn in nAAC gut. The integrity of intestinal
barrier was also tested by ZO-1, Occludin, and Cdhl level, where
Occludin was significantly lower in nAAC colon (fig. S18G). We
then used a germ-free (GF) mouse model to validate Kyn-gut mi-
crobiota hypothesis and exclude any other variation. The baseline
plasma Kyn was lower in the GF mice than the C57BL/6 mice
(age, 4 weeks, n = 10 versus 39), suggesting that gut microbiota
were involved in physiological production of Kyn (Fig. 6A). We ad-
ministered nAAC and sham fecal microbiota transplantation (FMT)
to age- and gender-matched GF mice and elucidated the relation-
ships between gut microbiota and Kyn (fig. S19). While there was
also an increase of Kyn after FMT of the sham donors, the Kyn
levels were significantly higher in the plasma of GF mice transplant-
ed with nAAC gut microbiota (Fig. 6B). The above data indicated
the existence of the relationship between nAAC gut microbiota and
excessive plasma Kyn.

Supplementation of selected probiotics reconstructs the
gut microbiota and reduces plasma Kyn in nAAC mice

We identified plasma Kyn as a pathological signal between the gut
microbiota and poLV remodeling and then sought an efficacious
potential treatment to block this process. Reshaping the gut micro-
biota has demonstrated efficacy in ameliorating diabetes and hyper-
tension in adult humans (30, 31). The preceding 168 results revealed
a decreased abundance of several microbes at genus level in nAAC
mice (fig. S20A), where three microbes Bifidobacterium, Lactobacil-
lus, and Enterococcus have aroused our interests because specific
species under these genus have been reported to have potential pro-
tective role in CVDs (32). Given that, we constructed three stains
(Bifidobacterium longum 913, Lactobacillus acidophilus 145, and
Enterococcus faecalis ATCC19433) into a triple-probiotics suspen-
sion with more than 1.0 x 107 colony-forming units of each mi-
crobes and initiated daily gavage administration to nAAC mice.
The efficacy was firstly confirmed by a pilot quantitative reverse
transcription polymerase chain reaction study of the colonic con-
tents, where all three bacterial species reached stable colonization
by day 10 (fig. S20, B to D).

To characterize the effects of the probiotics suspension, we per-
formed shotgun metagenomics analysis on the 4-week-old sham
mice (n = 8), nAAC mice (n = 6), and nAAC mice administered
probiotics (n = 8). A PCoA by Bray-Curtis distance distinguished
the gut microbiota composition between the sham and nAAC
mice groups at the phylum, genus, and species levels (fig. S21A)
and was reshaped by the probiotics (Fig. 6C). Genus- and species-
level community richness was lower in the nAAC than the sham
mice and was restored at genus level to the normal range by the pro-
biotics (Fig. 6D). The Shannon index at genus and species level
showed a slightly higher trend in the nAAC mice but without stat-
istical significance (P > 0.05). However, it was significantly mitigat-
ed by the probiotics treatment (P = 0.038; Fig. 6D). The relative
abundances of the top 10 microbes are shown in Fig. 6E. Linear dis-
criminate analysis effect size analysis identified the specific
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microbial taxa characterizing each treatment group (Fig. 6F). A de- In the nAAC group, the foregoing taxa were nearly absent and
tailed evolutionary cladogram was plotted, and a Kruskal-Wallis  were replaced by Anaerotruncus_sp_G3_2012, Clostridium_-
rank sum test was run to demonstrate differential microbial abun-  sp_ASF502/356, Acutalibacter muris, Lachnospiraceae_bacterium_-
dances (Fig. 6G). The sham group had high abundances of the bac-  COE1/3_1/3_2, and Oscillibacter_sp_1_3. Nevertheless, probiotics
terial genera Lactobacillus, Bifidobacterium, Parasutterella, and supplementation suppressed these taxa to varying degrees. The
Enterorhabdus, consistent with 168 results. By contrast, Clostridium  oral probiotics also introduced the other species Anaerofutis stercor-
and Acutalibacter predominated in the nAAC group. The phyla Fir-  ihiminis and Alistipes indistinctus into the gut microbiota. The
micutes, Proteobacteria, and Actinobacteria were abundant in the = above metagenomics results illustrated how specifically the probiot-
sham group but virtually absent in the nAAC group. The probiotics  ics reshaped the gut microbiota of nAAC. To preliminarily explain
treatment restored Proteobacteria. The sham group had high abun-  why probiotics could reshape the microbiota, the bioinformatic in-
dances of Lactobacillus murinus, Enterorhabdus caecimuris, Para-  teraction between the microbes was analyzed. The nAAC abundant
sutterella excrementihominis, and Bifidobacterium pseudolongum. microbial genera and species were strongly correlated, and their
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Fig. 6. Probiotics reconstructs gut microbiota of nAAC mice and reduces plasma Kyn. (A) UHPC-MS/MS quantification of baseline Kyn concentration between the GF
mice (n = 10) and C57BL/6 mice (n = 39). (B) UHPC-MS/MS quantification of plasma Kyn concentration in GF mice before (pre-FMT) and after (post-FMT) 2 weeks of FMT
from nAAC or sham donor mice (n = 10). (C) PCoA by Bray-Curtis distance at phylum (R? = 0.224, P = 0.017), genus (R* = 0.180, P = 0.038), and species level (R* = 0.218, P =
0.002) in metagenomics sequencing among the feces of sham (n = 8), nNAAC (n = 6), and nAAC mice with probiotics (n = 8). Permutational multivariate ANOVA test was
used. (D) Community richness and homogeneity (Shannon index) at genus, phylum, and species level among the three groups. (E) The relative abundance of top 10
microbes at phylum (top), genus (middle), and species (bottom). (F) Linear discriminate analysis effect size (LEfSe) to illustrate the specific microbes with top abundance
that characterized each group. (G) Cladogram of the characterized microbes in each group, showing their evolutional and familial relationship (middle). Kruskal-Wallis
rank sum tests (outer circle) were also conducted to demonstrate differential abundance of the specific microbes. (H) UHPC-MS/MS quantification of plasma Kyn con-
centration among 4-week-old mice with sham (n = 15), nAAC surgery (n = 19), and nAAC and probiotics supplement (n = 20). (I) UHPC-MS/MS quantification of plasma Kyn
between GF mice with 2 weeks of FMT from nAAC donor mice (post-FMT) and after another 2 weeks of probiotics gavage (post-probiotics), n = 10. Two-tailed Mann-
Whitney U test was used in (A), (B), and (I). Kruskal-Wallis test and post hoc Dunn test were used in (G). One-way ANOVA followed by the Bonferroni post hoc analysis were
used for (H). *P < 0.05 and **P < 0.01.
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growth was mutually promoted (fig. S21B). Introducing probiotics,
especially Enterorhabdus caecimuris and Lactobacillus murinus,
into this environment might attenuate the interactions among the
nAAC microbial taxa.

Probiotics supplementation significantly reduced Kyn in the
nAAC mice (Fig. 6H). An additional 2 weeks of probiotics gavage
reduced plasma Kyn in the GF mice transplanted with nAAC feces
(Fig. 6I). Metagenomics and untargeted metabolomics joint analy-
ses disclosed strong positive correlations among plasma Kyn and
Acutalibacter muris, Clostridium, and Firmicutes. These microbial
taxa were abundant in the nAAC mice. A. indistinctus, Anaerofustis
stercorihominis, and E. faecalis were abundant in the probiotics
treatment group and were negatively correlated with Kyn (fig.
S22). Thus, these bacterial species might possibly play a role in re-
ducing plasma Kyn and are worth further mechanism research. The
aforementioned omics study demonstrated that probiotics effective-
ly reconstruct the gut microbiota and reduce its Kyn metabo-
lite content.

Reshaping gut microbiota protects the heart from poLV
remodeling by modulating Kyn-AHR-targeted genes

We measured the efficacy of probiotics at ameliorating cardiac re-
modeling at P7, P14, P21, and P28. Daily probiotics administration
was associated with a more favorable gross evaluation (Fig. 7, A and
B and figs. S16 and S23, A and B). Echocardiology at P28 demon-
strated that probiotics administration was associated with decreased
wall thickness, better cardiac function (LVEF%), and lower estimat-
ed mass of LV (Fig. 7, D to F). Probiotics administration signifi-
cantly alleviated CM hypertrophy in H&E staining from P21 to
P28 (Fig. 7G and figs. S23, C to F, and S24A). The degree of fibrosis
was also mitigated by Masson and Sirius Red staining since P21
(Fig. 7, H and I, and figs. S23, C to F, and $24, B and C). WGA fluo-
rescence represented relatively smaller CM areas in probiotics
nAAC mice (Fig. 7] and fig. S24D). The mRNA expression of the
heart failure markers BNP and ANP, the hypertrophy marker B-
MHC, and the fibrosis marker CTGF were all reduced in the LV
samples of the nAAC mice treated with probiotics (Fig. 7K). The
mRNA expression level and the protein content of the AHR-target-
ed hypertrophy gene ADAMTS2 were significantly reduced in CMs
isolated from the LV of the probiotics nAAC mice (Fig. 7, L and M).
FNI and COL1AI were down-regulated in CFs isolated from the LV
of the nAAC mice treated with probiotics as well (Fig. 7, L and M).
The foregoing results indicated that probiotics administration is po-
tentially an efficacious treatment for poLV remodeling.

DISCUSSION

In children with poLV, uncontrolled cardiac remodeling is associat-
ed with long-term exercise intolerance and poor quality of life (4-6).
Therefore, it is important to recognize and prevent cardiac remod-
eling at early stages. In the present study, we identified the circulat-
ing plasma metabolite Kyn and established that it is clinically and
mechanically linked to poLV remodeling in children. This gut mi-
crobiota metabolite promotes AHR nuclear translocation and acti-
vates hypertrophy/fibrosis genes in CMs and CFs. These processes
are alleviated by reshaping the altered gut microbiota. The findings
of the present study might provide insight into the mechanisms of
poLV remodeling and could help improve the diagnosis and treat-
ment efficacy of this condition. Moreover, the discoveries herein
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offer an accessible intervention and emphasized the importance
of therapeutic modulation, rather than, exclusively, the surgical cor-
rection, of preventing cardiac remodeling and heart failure in chil-
dren with LV obstruction.

In recent years, researchers strove to identify the functional me-
tabolites in various diseases through unbiased metabolomics (33).
Kyn is a major intermediate in tryptophan metabolism (34) and is
found up-regulated in tumorigenesis (35). It was subsequently de-
termined that Kyn is also vasoactive and proinflammatory (36) and
thus recently became promising in the cardiovascular entities (37).
However, its disease specificity still warrants investigations with dif-
ferent CVD models. The present study, using patient cohorts and
corresponding mouse model, established Kyn as a potential bio-
marker of poLV remodeling in children. Here, Kyn correlated
with multiple LV remodeling parameters. Kyn is superior as a bio-
marker (AUC = 0.720; P = 0.015), comparing to traditional heart
failure indicators NT-BNP and cTNI, for early recognition of the
remodeling in children with intact heart function or preclinical
heart failure. Some other metabolites of Kyn and tryptophan me-
tabolism may have different effects in cardiovascular landscape
(38, 39), yet none of these metabolites was found significant in
our metabolomics. Hence, Kyn appears also a more important me-
tabolite among the plasma tryptophan profile in poLV patients.

Intracellular Kyn is an endogenous AHR ligand. Nuclear AHR
translocation was identified in embryogenesis, transformation, tu-
morigenesis, and inflammation (24). Previous studies on oncology
(19, 21, 22) and the results of our animal model and human sample
revealed no transcriptional change in total AHR content. By con-
trast, in poLV tissues exposed to excessive Kyn from circulation,
nuclear translocated AHR initiates the transcription of the remod-
eling genes ADAMTS?2 (hypertrophy), FN1, and COLIA1 (fibrosis).
Hence, these conditions favored hypertrophic and fibrotic under
pressure-induced, chronic remodeling. However, the effects of
Kyn-AHR are diverse in different conditions. First reported in the
late 1990s, AHR™'~ mice spontaneously developed mild cardiomy-
opathy and slight fibrosis as they aged (40). However, in the present
study of young mice, neither fibrosis nor hypertrophy manifested in
the AHR™'~ sham mice. A very recent literature has shown regen-
erative effects of the cardiac self-derived Kyn including angiogene-
sis and CMs proliferation in the newborn mice with apical heart
resection (41). CM proliferation and angiogenesis are prominent
processes in apical resection or ischemic events that help reduce fi-
brosis and preserve function. It is well consistent with our single-
nucleus sequencing results of human poLV samples that high-
plasma Kyn promoted angiogenesis and CM immaturity (as prolif-
eration is one of the characteristics) in specific cell subclusters.
However, in pressure-induced chronic remodeling, the above two
processes might not be as prominent as that in direct injury. The
protective effect of cardiac Kyn might be overwhelmed or blocked
by hypertrophy and fibrosis induced by systemic circulating Kyn.
Moreover, the impact of different cardiac diseases (acute or
chronic, ischemic, or pre/afterload changes) on distant organs, es-
pecially gut microbiota, is divergent. This systemic influence might
be more prominent in chronic poLV model. Therefore, we hypoth-
esized that the effect of Kyn-AHR might have been age, ligand, and
disease dependent. The use of a cell-specific knockout for AHR in
CMs and CF might provide further information. These discoveries
provided mechanistic evidence to the clinical findings why Kyn is
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Fig. 7. Evaluation of the protective effect of probiotics on poLV remodeling. (A and B) Gross evaluation of heart weight/tibial length (A) and LV weight/tibial length
(B) in 4-week-old sham mice (n = 5), NnAAC mice (n = 10), and nAAC mice supplied with probiotics (n = 34). (C to F) Echocardiography of the cardiac function and structural
changes in 4-week-old mice of each group (n =5, 10, and 34 as above), including estimated LV mass (C), LVEF% (D), LVIDd (E), and LVIDs (F). (G) Representative H&E
staining of LV samples in corresponding groups, indicating the degree of myocardial hypertrophy. (H and I) Representative Masson staining (H) and Sirius Red staining (1)
of LV samples in three groups, showing the degree of fibrosis. (J) Representative WGA fluorescence indicating CM surface areas. Scale bars, 50 um. (K) gPCR analysis of the
relative mRNA expression of cardiac function indicators (ANP and BNP), hypertrophy marker (b-MHC), and fibrosis marker (CTGF) of LV tissues in three groups. n = 4 per
group. (L and M) qPCR [(L), n = 4], representative Western blotting and quantification [(M), n = 3] of ADAMTS2 in isolated CMs from the LV tissues of indicated mice, and
FNT and COL1AT in isolated CFs from the LV tissues of three groups. (N) Graphic illustration of the main findings in this study. Kruskal-Wallis test and post hoc Dunn test
were used in (A) to (F), (K), and (L). One-way ANOVA followed by the Bonferroni post hoc analysis were used in (M). *P < 0.05 and **P < 0.01. Each point represents the mean

of an individual animal.

related to poLV remodeling parameters and mechanistically sup-
ported Kyn to be potentially used for early recognition in the future.

Determining how Kyn is elevated in plasma stands, as the key
question in developing a target therapy to block it, which is also
one of the interesting findings of our research. As tryptophan is
an essential amino acid obtained exclusively from diet, it was sus-
pected that the gut microbiota was implicated in the poLV process.
Several studies have elucidated the relationships between the metab-
olites produced by gut microbiota and cardiovascular health (17).
Gut dysbiosis—associated trimethylamine/trimethylamine N-oxide
(TMAO) and phenylacetylglutamine were closely associated with
morbidity in cardiovascular events (9-11). Our young poLV
mouse model also presented this heart-gut interaction. This study
provided evidence for the relationships among poLV, gut microbio-
ta, and Kyn. Metagenomics depicted the gut dysbiosis in nAAC
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mice. We also subjected GF mice with minimal bias from other var-
iants to nAAC or sham feces. nAAC mice had significantly higher
Kyn levels than the baseline and sham FMT mice, indicating nAAC
gut microbiota as the potential source of excessive Kyn. Our find-
ings were consistent with those of the previous work, where the
altered gut microbiota tended to drive tryptophan in the direction
of Kyn biosynthesis (29, 42, 43). It is worthwhile in the future study
to investigate the Kyn synthesis pathways in the microbiota of
nAAC mice and determine which specific microbes contribute to
this process.

In our human and mouse metabolomics studies, none of the
classic metabolites including TMAO was detected at a high level.
Thus, there are wide differences between adult and children in
terms of their gut microbiota metabolite profiles. Dietary differenc-
es between these two population groups might account for this
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discrepancy. The essential amino acid tryptophan and its metabo-
lites are abundant in milk and vital in early life (44). Evidence had
shown that the breast feeding shaped the composition of the gut mi-
crobiota in infants and caused it to convert tryptophan to its deriv-
atives and activate AHR (45). It would be interesting to study what
influence of a tryptophan-excessive diet/milk might have on heart
failure and remodeling in children, which might provide evidence
for the feeding advice to these pediatric patients.

In translational perspectives, several attempts were made to
modulate tryptophan metabolism (18, 46). However, synthetic tryp-
tophan catabolism inhibitors (47) and Kyn-degrading enzymes (48)
either have limited efficacy, induce side effects, or are cytotoxic. It is
especially hard and restricted in its clinical application to children.
Here, reshaping gut microbiota by oral probiotics provided thera-
peutic efficacy and minimally triggered intolerance or rejection in
the mouse models. After treatment, the mice presented with health-
ier heart physiology and diminished expression of the remodeling
genes downstream from Kyn-AHR. WGS analysis showed that pro-
biotic supplementation introduced beneficial microorganisms into
the gut microbiome and suppressed the growth of various patho-
genic bacteria predominating in nAAC mice. In GF mice subjected
to nAAC FMT, probiotic supplementation reduced excessive Kyn.
In the joint analysis of metagenomics and metabolomics, probiotics
treatment lowered the Kyn level possibly through A. indistinctus, A.
stercorihominis, and E. faecalis. Therefore, specific microbes supple-
ment is an accessible, convenient, safe, and effective method in
treating poLV remodeling in our study, having promising transla-
tional value.

In conclusion, we observed that altered gut microbiota promoted
poLV remodeling through excessive Kyn production. These discov-
eries may help clarify the pathogenesis of this disease in a systemic
perspective. However, this study has some limitations. The patient
sample size in validation cohort was relatively small, and future
studies could use a larger cohort and a more age-matched or age-
specific study. The dosage of Kyn and other modulators was rela-
tively high in vitro studies. Investigation of the role of other
cardiac cells expressing AHR would be also worthwhile in future
studies. Cardiac- or cell-specific knockout would provide more in-
formation on Kyn-AHR axis. To accelerate clinical translation of
probiotics, its safety and efficacy should be validated in future
clinic trails. Together with the Kyn as a biomarker, our study may
help predict poLV remodeling at early stage, when therapeutic in-
tervention could be timely applied to prevent heart failure and
improve prognosis.

MATERIALS AND METHODS

Study design

The overall objective of this study was to determine a plasma me-
tabolite that is clinically linked to cardiac remodeling and heart
failure in children. We focused on understanding the mechanism
how this metabolite, Kyn, promotes remodeling and where it is
derived and further developed a targeted treatment that blocks its
action. We designed a pilot age-matched discovery cohort for un-
targeted metabolomics study (n = 10 versus 10; table S1) and a non-
overlapping validation cohort for quantification (n = 19 versus 25;
table S3). The sample size was calculated with Power Analysis and
Sample Size Software (PASS). For mechanism study, a correspond-
ing nAAC young mice model and AHR ™'~ mice were constructed in
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vivo, and using the CMs and CFs from both human and mice in
vitro, we identified the Kyn-AHR-remodeling axis in poLV. Next,
snRNA-seq was used to verify this mechanism in human heart. 16S
and WGS metagenomics sequencing, GF mice, and fecal transplan-
tation were used to identify that the excessive plasma Kyn was as-
sociated with altered gut microbiota in nAAC mice. On the basis of
these findings, selected probiotics were then used as a potential
treatment to reshape gut microbiota, reduce plasma Kyn, and
relieve remodeling. Please refer to Supplementary Methods for
further details on experimental procedures and detailed metabolo-
mics data.

Patients

Patient informed consent was obtained from all patients and their
families. All human projects were conducted under the principle
outlined in the Declaration of Helsinki and were approved by the
Ethics Committee at Shanghai Children’s Medical Center. All ex-
periments performed with patient samples were blinded. We de-
signed a pilot age-matched discovery study (n = 20) and a
validation study (n = 44) to evaluate the blood level of Kyn in pedi-
atric patients with poLV diseases. The sample size was calculated
with PASS. The enrollment criteria of poLV group were as
follows: (i) patients’ age under 18 years old and (ii) preoperational
diagnosed as poLV diseases by echocardiography and CT, including
coarctation of aorta, aortic valve stenosis, LVOTO due to hypertro-
phic cardiomyopathy, or endocardial fibroelastosis. The pressure
gradient of the stenosis site reached at least 45 mmHg in echocar-
diographys; (iii) sign of LV hypertrophy in echocardiography, com-
puted tomography (CT), or magnetic resonance imaging with
either preserved or reduced LVEF%; and (iv) no evidence of other
complex congenital heart disease, such as transposition of the great
arteries, tetralogy of Fallot, or other genetic syndromes and extrac-
ardiac defects. The enrollment criteria of control group were as
follows: (i) patients’ age under 18 years old; (ii) preoperational di-
agnosed as small (diameter less than 2 mm) atrial septum defect or
ventricular septum defect measured by echocardiography and CT;
(iif) no evidence of heart hypertrophy and remodeling with relative-
ly intact LVEF%; and (iv) no evidence of other congenital heart
disease, genetic syndromes, or extracardiac defects. The patients’
characteristics were shown in tables S1 and S3. Blood samples
were obtained through central vein before operation or any other
medical treatment. For single-nucleus RNA sequencing, LV
tissues were obtained during operation in four patients with
LVOTO, who needed surgical removal of the hypertrophied myo-
cardium. The patients’ characteristics were shown in table S5.

Mice

All animal experiments were conducted under National Institutes
of Health guidelines (NIH publication no. 85-23, revised 1996),
and the protocols were approved by the Animal Care and Use Com-
mittee at Shanghai Children’s Medical Center. The experimenters
were blinded to each allocation in mice experiments at final evalu-
ation. C57BL/6 mice (8 to 10 weeks old) were purchased from
Shanghai Jihui Laboratory Animal Care Co. Ltd., and global AHR
knock out (AHR~7) mice lacking exon 2 on a C57BL/6 background
(6 to 8 weeks old) were purchased from Shanghai Model Organisms
Center Inc. The WT and AHR ™~ mice were then mated in breeding
pairs to have AHR*'~ mice. The in vivo experiments used WT and
AHR™'~ mice bred from AHR"'~ mice of the same litters. All nAAC
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and sham mice were cohoused with their mothers and breast fed
until P27; the same standard sterilized water and irradiated fodder
were provided after to diminish the diet variation and its impact on
gut microbiota. Female and male mice were distributed in each
group at random because gender features were not obvious in neo-
natal surgery; the sex of the P21 and P28 mice was determined at
evaluation time points and was provided in table S7. All animals
were kept in a 12-hour light and dark circle at room temperature.
GF C57BL/6 mice (4 weeks old) were purchased from GemPharma-
tech Co. Ltd. and were housed in plastic flexible film gnotobiotic
isolators with high efficiency particulate air filter (HEPA) filters
and with access to sterilized water and food ad libitum. All experi-
ments containing GF mice were conducted in GemPharmatech
Gnotobiotic Facility.

Statistical analysis
Each point in the patient study represents the mean from individual
patient data or individual mice data. For in vivo and in vitro study,
at least three biological repetitive experiments were performed.
SPSS 16.0 software (SPSS Inc.) was used for statistical analysis.
The normality of the data was first assessed with Kolmogorov-
Smirnov test. Differences between two normally distributed
groups were examined using an unpaired, two-tailed Student's ¢
test. Differences among three more groups were analyzed with
one-way analysis of variance (ANOVA) followed by the Bonferroni
post hoc analysis. In the data not normally distributed, the unpaired
two-tailed Mann-Whitney U test (two groups) or Kruskal-Wallis
test (three or more groups), followed by Dunn post hoc test, was
used. Linear regression was used to calculate the correlations. The
statistical analysis in each multi-omics sequencing was provided in
Supplementary Methods under each section. Continuous variables
were presented as means + SD. All P values were two sided, and P <
0.05 was considered statistically significant.
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This PDF file includes:
Supplementary Methods

Figs. S1 to S24

Tables S1 to S9

Legend for movie S1
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