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Abstract

BACKGROUND: The gut microbiota-dependent metabolite phenylacetylgutamine (PAGIN) is
both associated with atherothrombotic heart disease in humans, and mechanistically linked

to cardiovascular disease (CVD) pathogenesis in animal models via modulation of adrenergic
receptor signaling.

METHODS: Here we examined both clinical and mechanistic relationships between PAGIn and
heart failure (HF). First, we examined associations among plasma levels of PAGIn and HF, left
ventricular ejection fraction (LVEF), and N-terminal pro B-type natriuretic peptide (NT-proBNP)
in two independent clinical cohorts of subjects undergoing coronary angiography in tertiary
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referral centers (an initial discovery US Cohort, n=3256; and a validation European Cohort,
n=829). Then, the impact of PAGIn on cardiovascular phenotypes relevant to HF in cultured
cardiomyaoblasts, and /n vivo were also examined.

RESULTS: Circulating PAGIn levels were dose-dependently associated with HF presence and
indices of severity (reduced LVEF, elevated NT-proBNP) independent of traditional risk factors
and renal function in both cohorts. Beyond these clinical associations, mechanistic studies
showed both PAGIn and its murine counterpart, phenylacetylglycine, directly fostered HF-relevant
phenotypes including decreased cardiomyocyte sarcomere contraction, and B-type natriuretic
peptide gene expression in both cultured cardiomyoblasts and murine atrial tissue.

CONCLUSION: The present studies reveal the gut microbial metabolite PAGIn is clinically and
mechanistically linked to HF presence and severity. Modulating the gut microbiome in general,
and PAGIn production specifically, may represent a potential therapeutic target for modulating HF.

REGISTRATION: URL.: https://clinicaltrials.gov/; Unique identifier; NCT00590200 and https://
drks.de/drks_web/; Unique identifier: DRKS00020915
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INTRODUCTION

The gut microbiome is known to contribute to a number of human diseases, including
cardiovascular disease (CVVD), and represents an as yet underappreciated endocrine organ
1-7, The mechanisms by which the gut microbial community contributes to disease processes
remain largely unknown. A critical step in addressing this knowledge gap is understanding
associations between gut microbiota-generated metabolites and clinical phenotypes, as well
as the activity of gut microbiota-derived metabolites, which can function as non-canonical
hormones. Moreover, with a better understanding of the molecular participants involved in
gut microbiome-linked diseases, we may be able to design effective therapeutic strategies to
combat modern lifestyle-related ailments like obesity, diabetes, and CVD.

Using untargeted metabolomics, our lab recently identified phenylacetylglutamine (PAGIn),
a microbiota-derived metaorganismal metabolite associated with CVD and major adverse
cardiovascular events (MACE: myocardial infarction, stroke, or death) 8. Both gain- and
loss-of-function studies utilizing a combination of genetic and pharmacological tools
showed that PAGIn signals within host cells via G-protein coupled receptors (GPCRS),
including adrenergic receptors 8. It is well established that sympathetic tone is elevated

in heart failure (HF), and sustained activation of the sympathetic nervous system is
thought to contribute to the poor prognosis associated with HF °. Moreover, incorporation
of beta blockers into HF treatment regimens is still recommended under the current
clinical guidelines 1011, Given the direct connection between PAGIn, CVD, and adrenergic
signaling, we sought to examine the clinical association between PAGIn and HF, and

to investigate whether PAGIn may foster or modulate HF relevant phenotypes. Here we
show that circulating PAGIn levels track with clinical HF risk and disease severity in two
independent cohorts (US and European). We expand on these clinical associations to show
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PAGIn, and its murine counterpart PAGly, directly contribute to physiological manifestations
of HF-relevant phenotypes, including B-type natriuretic peptide (BNP) induction, and
indirect myocardial suppressant effects (indirect because only observed in presence of a
sympathetic agonist). Taken together, our findings support the idea that the gut microbiota-
generated metabolite PAGIn is a candidate marker of and contributor to HF associated
phenotypes.

METHODS

Data availability

There are restrictions to the availability of some of the clinical data generated in the present
study because we do not have permission in our informed consent from research subjects
to share data other than in summary format outside our institution. Where permissible, the
datasets generated and/or analyzed during the present studies, or summary data, and all
methods used to conduct the research, are available from the corresponding author upon
reasonable request.

Study approval

All clinical study protocols and informed consent for human subjects complied with the
Declaration of Helsinki and received ethical approval by the Cleveland Clinic Institutional
Review Board, or by the ethics committee of Charité-Universitatsmedizin Berlin. Written
informed consent was obtained from all subjects. All animal model studies were approved
by the Institutional Animal Care and Use Committee at the Cleveland Clinic.

Genebank - US Cohort

Plasma samples and associated clinical data were collected as part of studies at a tertiary
care referral center. All subjects gave written informed consent and the Institutional Review
Board of the Cleveland Clinic approved all study protocols. Metabolomics studies were
performed on sequential samples from a large and well-characterized longitudinal tissue
repository with associated clinical database hamed GeneBank at the Cleveland Clinic:
Molecular Determinants of Coronary Artery Disease (GATC). GeneBank is registered under
ClinicalTrials.gov Identifier: NCT00590200. It is comprised of sequential stable subjects
without evidence of acute coronary syndrome (cardiac troponin I< 0.03 ng/mL) who
underwent elective diagnostic coronary angiography (cardiac catheterization or coronary
computed tomography) for evaluation of CAD. All subjects had extensive clinical and
longitudinal outcome data monitored, including adjudicated outcomes over the ensuing 3
to 5 years after enrollment. History of HF was detected by (a) directly asking patient

by research personnel, (b) reviewing medical records for confirmation (all patients were
seen by cardiologist at Cleveland Clinic before the left heart catheterization), and (c)

ICD codes and adjudication by research personnel 12. NT-proBNP levels were measured

in all GeneBank samples by the Preventive Research Lab (PRL) - a CAP and CLIA
reference lab. Measurements for NT-ProBNP were completed using the Elecsys proBNP

Il STAT assay on the Roche Cobas e601 analyzer. For the present studies, we leveraged
access to the previously reported PAGIn levels obtained using stable isotope dilution
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liquid chromatography tandem mass spectrometry (LC/MS/MS) from sequential consenting
subjects enrolled for whom PAGIn, LVEF and NT-proBNP data were available (n=3256) 8.

LipidCardio - European Cohort

Plasma samples (n=833) were also obtained from subjects enrolled in the LipidCardio at the
Charité-Universitatsmedizin Berlin: Role of lipoproteins in cardiovascular disease 13. The
study was approved by the local research ethics committee (approval number: EA1/135/16)
under an approved protocol registered under German Clinical Trial Register (drks.de);
Identifier: DRKS00020915. All participants provided written informed consent. Patients
aged 18 years and older undergoing cardiac catheterization at a single large academic

center (Department of Cardiology, Campus Benjamin Franklin, Charité-Universitatsmedizin
Berlin), except those with troponin-positive acute coronary syndromes (ACS), were eligible
for inclusion. HF was defined as New York Heart Association (NYHA) class =2. NT-
proBNP was measured in all samples from subjects in the European Cohort using the
Elecsys proBNP Il STAT assay on the Roche Cobas e601 analyzer.

LC/MS/MS analysis of PAGIn in human plasma samples and PAGly in mouse plasma

samples

Stable-isotope-dilution LC/MS/MS was used for quantification of PAGIn in human plasma
(European Cohort), and PAGIy in mouse plasma, as previously described 8. Briefly, ice
cold methanol containing internal standard (Ds-phenylacetylglutamine) was added to the
plasma samples, followed by vortexing and centrifuging (14,000 rpm; 4 °C for 15 min).
The clear supernatant was transferred to a to glass vials with microinserts and submitted

to LC/MS/MS analysis. LC/MS/MS analysis was performed on a chromatographic system
consisting of two Shimadzu LC-30 AD pumps (Nexera X2), a CTO 20AC oven operating
at 30 °C, and a SIL-30 AC-MP autosampler in tandem with a triple quadruple mass
spectrometer (8050 series, Shimadzu Scientific Instruments, Inc., Columbia, MD, USA).
For chromatographic separation, a Kinetex C18 column (50 mm x 2.1 mm; 2.6 um) (Cat

# 00B-4462-AN, Phenomenex, Torrance, CA) was used. Solvent A (0.1% acetic acid in
water) and B (0.1% acetic acid in acetonitrile) were run using the following gradient: 0.0
min(0% B); 0.0-2.0 min (0% B); 2.0-5.0 min (0%B—20%B); 5.0-6.0 min (20%B—60%B);
6.0-7.5 min (60%B—70%B); 7.5-8.0 min (70%B—100%B); 8.0-9.5 min (100%); 9.5-10
min (100%B—0%B); 10.0-15.0 min (0% B) with flow rate of 0.4 mL/min and an injection
volume of 1 pL. Electrospray ionization in the positive mode was used with multiple
reaction monitoring (MRM) for detection of endogenous and stable isotope labeled internal
standard. The following transitions were used: /7/z265.2—130.15 for PAGIn, m/z193.8—
76.1 for PAGly and m/z270.1—130.15 for D5-PAGIn. D5-PAGIn was used as internal
standard for both PAGIn and PAGIy. The following ion source parameters were applied:
nebulizing gas flow, 3 I/min; heating gas flow, 10 I/min; interface temperature, 300 °C;
desolvation line temperature, 250 °C; heat block temperature, 400°C; and drying gas flow,
10 I/min. Limit of detection (LOD) and limit of quantification (LOQ) for PAGIn were 0.010
and 0.033 pM, respectively. And LOD and LOQ for PAGIy were 0.021 and 0.073 uM,
respectively. Quality control samples were run with each batch of samples and inter-batch
variations expressed as coefficient of variation (CV) were less than 10% for all analytes
monitored. Data were collected and analyzed by LabSolution 5.91 software (Shimadzu).
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In vitro H9c2 studies

H9c2(2-1) cells (American Type Culture Collection, ATCC; Manassas, VA) were seeded
into 10 cm plates at 60% confluency. After seeding (24h), cells were then serum starved
for 18 hours. Cells were exposed to 100uM PAGIn, 100uM PAGIy, or equivalent volume of
vehicle control for 4 hours. Following exposure, media was removed, cells washed in ice
cold PBS, and 0.5 mL RNAIlater was added to the plate. Cells were removed by scrapping
and stored at —20 °C for RNA isolation. Prior to isolation, 1 mL of sterile PBS was added
to RNAlater samples to allow for the pelleting of cells. Cells were pelleted at 10,000xg for
3 minutes. After supernatant was removed, cells were lysed in 250 uL of TRIzol (Ambion,
Inc; Austin, TX) by vortexing. Chloroform (50 pl) was added to the TRIzol homogenate
and samples incubated at room temperature for 3 minute. Then, tubes were centrifuged at
10,000xg for 15 minutes at 4 °C for phase separation. The aqueous layer was removed,
being careful not to disturb the interface, and mixed with 150 pL isopropyl alcohol.
Samples were incubated at room temperature for 10 minutes. Tubes were centrifuged at
12,000xg for 10 minutes at 4 °C for pelleting. After the supernatant was removed, RNA
pellets were washed twice with 75% ethanol by vortexing and centrifuged at 7,500xg for

5 minutes at 4 °C. Supernatant was removed and pellets allowed to air-dry for 10 minutes
before resuspension in DPEC treated water. Ajppb (Natriuretic Peptide Precursor B gene)
expression was measured using 400 ng of total RNA using the TagMan RNA-to-Ct 1-step kit
(Applied Biosystems; Waltham, MA) on the Applied Biosystems StepOnePlus Real-Time
PCR System. Rn00580641 m1 (FAM) was used for detection of Ajgpband Rn01775763 gl
(VIC) was used for detection of Gapah (glyceraldehyde-3-phosphate dehydrogenase).

Animal husbandry

C57BL6/J male mice 6-10 weeks old were purchased from Laboratory (Bar Harbor, ME)

and housed in the Cleveland Clinic Biological Research Unit under strict 14:10 light:dark
cycles with food and water provided ad /ibitum. Only male mice were used to mitigate the
variable of female reproductive hormones on cardiac function.

In vivo cardiac gene expression

Animals were IP injected with pH neutralized PAGIn (50 mg/kg) (n=16), PAGly (50 mg/kg)
(n=16) or isotonic vehicle control (n=14). PAGIn and PAGIly were dissolved in normal saline
and neutralized with NaOH; the vehicle control solution consisted of equivalent amount

of NaOH/HCI added to the normal saline. Fifteen minutes after injection, animals were
euthanized by Ketamine/Xylazine overdose (300 mg/kg + 30 mg/kg); blood was collected
by cardiac puncture of the right ventricle. Right after blood collection, hearts were excised
from the animal and stored in RNAlater. At a later time the entire left atria was isolated

from each heart. Atria were lysed in 250 pL of TRIzol by bead beating with a single 5.0

mm zirconium oxide bead. Chloroform (50 uL) was added to the TRIzol homogenate and
samples incubated at room temperature for 3 minute. Tubes were centrifuged at 10,000xg for
15 minutes at 4 °C for phase separation. The aqueous layer was removed, being careful not
to disturb the interface, and mixed with 150 L isopropyl alcohol. Samples were incubated
at room temperature for 10 minutes. Tubes were centrifuged at 12,000xg for 10 minutes at

4 °C for pelleting. After the supernatant was removed, RNA pellets were washed twice with
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75% ethanol by vortexing and centrifuged at 10,000xg for 8 minutes at 4 °C. Supernatant
was removed and pellets allowed to air-dry for 10 minutes before resuspension in DPEC
treated water. Ajppb expression was measured using 1.5 pL total RNA using the TagMan
RNA-to-Ct 1-step kit (Applied Biosystems; Waltham, MA) on the Applied Biosystems
StepOnePlus Real-Time PCR System. Mm00435304_g1 (FAM) was used for detection of
Nppband Mm99999915 g1 (VIC) was used for detection of Gapdh. The investigators were
not blinded for these studies.

Mouse cardiomyocytes contractility studies

Statistics

Adult wildtype mouse cardiomyocytes were isolated and contractility studies were
performed utilizing the lonOptix System (Myopace, Milton, MA) as previously described
1415 Briefly, myocytes were isolated and plated on a glass chamber slides which was
placed on a Leica microscopic stage connected to field stimulator specifically designed for
driving isolated myocytes (MyoPace, lonOptix). Cardiomyocytes were stimulated at 3 Hz
and imaged with a variable field-rate camera (MyoCam, lonOptix) using edge-detection
and sarcomere length technology. Myocytes were treated with 10 uM of epinephrine and
cardiomyocytes contractility transients were recorded in the presence or absence of 100
UM PAGIn or PAGly, and pre-incubated for 15 min, before addition of epinephrine. Single
sarcomere contraction cycles were recorded with time as contractility transients. Sarcomere
length (um) and sarcomere shortening (um) were measured considering five different
scanning windows.

Human studies—The Wilcoxon rank sum test or Student’s t-test for continuous variables
and chi-square test for categorical variables were used to examine the difference between the
groups. Odds ratio (OR) for binary HF and corresponding 95% confidence intervals (95%
Cl) according to PAGIn quartiles in the US Cohort and the European Cohort were calculated
using both univariable (unadjusted) and multivariable (adjusted) logistic regression models.
Logistic regression model was adjusted for traditional cardiac risk factors in a multivariable
model including age, sex, smoking status, systolic blood pressure (SBP), low-density
lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), triglycerides
(TG), high sensitive C-reactive protein (hs-CRP), diabetes and obesity (in the US Cohort).
Additional adjustment for estimated glomerular filtration rate (eGFR) (mL/min per 1.73

m?2) is calculated on the basis of the Chronic Kidney Disease Epidemiology Collaboration
2021 CKD-EPI Creatinine equation 18, The classification of heart failure (HF), according

to left ventricle ejection fraction (LVEF) (HF with preserved (HFpEF; LFEF=50%), mildly
reduced (HFmMrEF; 40%<LVEF<50%) and reduced (HFrEF; LVEF<40%) ejection fraction)
was defined according to the 2022 AHA/ACC/HFSA guideline for the management of HF
17 The presence of coronary artery disease (CAD) was defined by luminal stenosis of

at least 50% in any major coronary artery, any history of myocardial infarction, history

of percutaneous coronary intervention and/or known coronary artery bypass graft in the

US cohort. In the European Cohort, CAD was defined by a luminal reduction of a major
epicardial vessel >50%.
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Association between PAGIn and clinical measurement including LVEF or NT-proBNP levels
was statistically assessed by Kruskal-Wallis test and Spearman correlation after normality
testing.

Murine and cell culture studies—Murine and cell culture gene expression were
assessed by one-way ANOVA test followed by Tukey’s multiple comparison post hoc
for comparing vehicle control vs PAGly and vehicle control vs PAGIn. In the ionotropy
experiments, Kruskal-Wallis test was used for multiple comparisons and nonparametric
Mann-Whitney (M.W.) test for pairwise comparisons between vehicle control with Epi,
PAGIy or PAGIn treatments.

All analyses were performed with RStudio-R version 4.1.2. (2021-11-01) (Vienna, Austria),
Stata 17.0 (Stata Corp, College Station, TX), or GraphPad Prism 9. A P-value of <0.05 was
considered statistically significant.

PAGIn is elevated in patients with HF and independently associated with HF risk.

We previously reported that plasma levels of PAGIn are associated with cardiovascular
disease (CVD) and incident major adverse cardiovascular events (myocardial infarction,
stroke, or death) &. In this same study, we showed through a variety of mechanistic
investigations that PAGIn signaled via adrenergic receptors. Since altered sympathetic tone
is a key contributor to the development of HF 1819 we sought to assess if systemic PAGIn
levels show clinical association with HF risk and severity. For initial analyses, we leveraged
access to previously reported PAGIn data (US Cohort; see Methods for details), in order

to examine the association between PAGIn levels, HF, LVEF, and NT-proBNP. Subject
(n=3256) clinical characteristics, demographics, and laboratory values are provided in Table
1, and reveal a middle-aged cohort with high prevalence of CVD and related risk factors.
Subjects with the adjudicated diagnosis of HF (characterized in Supplemental Table 1) had
higher systemic levels of PAGIn compared to non-HF subjects (P<0.0001; Fig. 1A). Further,
individuals with HF without coronary artery disease (CAD) had higher levels of PAGIn then
control subjects (no-HF and no-CAD) (Fig. S1A) and individuals with CAD and HF had
higher levels of PAGIn than subjects with CAD alone (Fig. S1A). Moreover, an increased
risk for HF was observed among those with higher circulating levels of PAGIn (e.g. 41"
versus 15t quartile), even following adjustments for traditional CVD risk factors and indices
of kidney function (Fig. 1B).

We next sought to validate the observed association between circulating PAGIn levels and
HF risk using an independent cohort. For these analyses, we measured serum PAGIn levels
from subjects enrolled in a similar registry of sequential cardiology patients undergoing
coronary angiography at a tertiary referral center in Europe (European Cohort; see Methods
for details). Subject clinical characteristics, demographics, and laboratory values are
provided in Table 2, and reveal an elderly cohort with high CVD risk factor prevalence.

As observed in the US Cohort, subjects with HF in the European Cohort (characterized

in Supplemental Table 1) had significantly higher serum levels of PAGIn compared to
those without HF (Fig. 1C). Further, individuals with HF without coronary artery disease
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(CAD) had higher levels of PAGIn than control subjects (no-HF and no-CAD) (Fig. S1B)
and individuals with CAD and HF had higher levels of PAGIn than subjects with CAD
alone (Fig. S1B). Moreover, circulating PAGIn levels were again associated with increased
risk of HF (4t vs 15t quartile), even after multivariable logistic regression adjustments

for both traditional CVD risk factors and measures of kidney function (Fig. 1D). The
association between elevated levels of PAGIn and HF risk observed within both the US and
European Cohorts also appears to hold true when individuals (combined cohort analysis)
are categorized by left ventricular ejection fraction (LVEF) status (i.e. HF with preserved
ejection fraction, (HFpEF) LVEF=50; HF with mildly reduced ejection fraction, (HFmEF)
40<LVEF<50; or HF with reduced ejection fraction, HFrEF, LVEF <40; Fig. 2).

Increased PAGIn levels are dose-dependently associated with reduced left ventricular
systolic function and subclinical indices of myocardial strain.

In both the US and European Cohorts, increasing plasma levels of PAGIn were dose-
dependently associated with declining LVEF (Fig. 3A, B; p=—0.144 (P<0.0001) and
p=-0.185 (P<0.0001)). Similarly, increasing levels of PAGIn in both the US and European
Cohorts showed a dose-dependent association with increasing serum levels of N-terminal
prohormone of BNP (NT-proBNP), a cardiac hormone generated in response to subclinical
myocardial strain 20 (Fig. 3C,D; p=0.293 (P<0.0001) and p=0.324 (P<0.0001)). Of interest,
we found that the association of PAGIn with NT-proBNP remained significant in both

the US and European Cohorts, when looking at the subsets of subjects with preserved

left ventricular systolic function (e.g. LVEF = 50; P<0.0001 (K.W.) for both cohorts, Fig.
S2A,B), as well as in the subsets with normal renal function (e.g. eGFR =90 mL/min/1.73
m?2; P<0.0001 and P=0.001 (K.W.) for US and EU Cohorts, respectively; Fig. S3). Moreover,
an increased risk for HF was observed among those with higher circulating levels of PAGIn
(e.g. 4™ versus 15t quartile), even following adjustments for traditional CVD risk factors,
indices of kidney function and LVEF and NT-proBNP (Fig. S4).

PAGIn, and PAGIy, rapidly induce myocardial BNP gene expression.

Given the striking association observed between PAGIn and NT-proBNP levels in

the two clinical cohorts, we sought to determine if PAGIn, or its rodent counterpart
phenylacetylglycine (PAGIy) &, could directly induce BNP (Ajppb) gene expression. To
initially test this hypothesis /n vitro, we used the immortalized rat cardiomyoblast cell
line, H9c2. Following 4 h of exposure to pathophysiologically relevant levels of either
PAGIn or PAGIly (Methods), Njppb (BNP) expression (normalized to Gapdlh) was observed
to be significantly increased (3.71-fold for PAGIn [P=0.03], 3.66-fold for PAGIly [P=0.03])
compared to vehicle treated cells (Fig. 4A). Advancing next to /n vivo studies, we observed
that when systemic levels of either PAGIn or PAGIly were acutely elevated following
intraperitoneal injection (versus vehicle control), Njppb expression (normalized to Gapah)
in the left atria was significantly increased compared to vehicle treated animals (1.66- and
1.46-fold increase, P=0.01 and P=0.02, 15 min following injection of PAGIn or PAGly,
respectively, Fig. 4B). Intraperitoneal injection of PAGly also lead to increased Nppb
expression within left ventricle (1.5 fold, P=0.001; data not shown).
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PAGIn promotes a negative inotropic effect in the presence of sympathetic stimulation.

Having observed a clinical association between PAGIn and reduced LVEF, we next
examined the effect of PAGIn or PAGIly on cardiomyocyte function. When examining freshly
isolated primary murine cardiomyocytes, PAGIn or PAGIly treatment alone did not alter

the baseline shortening of cardiomyocyte sarcomere length in response to repetitive field
stimulation compared to vehicle treatment (Fig. 5A-D, black vehicle versus blue line,

PAGIn or PAGIy). Epinephrine (Epi) treatment alone resulted in significant increase in
inotropic response of the primary adult murine cardiomyocytes (Fig. 5A-D, green line, Epi).
However, when cardiomyocytes were incubated with both Epi and either PAGIn or PAGly,
the positive inotropic effect of Epi was significantly blunted, as indicated by the reduction in
Epi-induced increase in contraction (sarcomere shortening) (Fig. 5A-D, red line, Epi+PAGIn
or Epi+PAGly). These results are consistent with PAGIn (and PAGIly) fostering an overall
myocardial depressant effect during sympathetic stimulation.

DISCUSSION

Over the past decade growing attention has been paid to a potential mechanistic link
between the gut microbiome and HF development. While most studies thus far have
focused either on alterations in gut microbial inhabitants in HF vs non-HF subjects

21-23 or enhanced gut leakiness that accompanies bowel wall edema, fostering systemic
inflammation and potentially adverse remodeling 24, there is accumulating evidence that
generation of bioactive metabolites by the intestinal microbiota can directly impact vascular
and myocardial phenotypes and function 25-27, The present study adds to this latter body

of evidence, and shows clinically that systemic levels of PAGIn, a gut microbiota dependent
metabolite, dose-dependently track both with HF risks and multiple indices of HF severity,
in two independent clinical cohorts, regardless of adjustments for multiple comorbidities
(Fig. 6). The association between PAGIn level and HF risk held true independent of CAD
status, and across the spectrum of HF phenotypes. In fact, the associations with CVD,
LVEF, and NT-proBNP were also observed among the subset of subjects showing normal
left ventricular systolic function and the subset with normal renal function, suggesting
association between PAGIn and these phenotypes occurs chronologically before clinically
overt HF development or comorbidities like renal dysfunction develop.

Our studies further show PAGIn (and PAGIy) can likewise foster HF relevant biological
activities that may contribute to the strong underlying clinical associations observed. Indeed,
the strong associations between PAGIn and NT-proBNP levels may arise because of the
direct ability of PAGIn to elicit transcription (enhanced Nppb RNA was observed in
cardiomyaoblasts in culture, and within myocardial tissues /n vivo following acute infusion).
Moreover, acute exposure to PAGIn altered sarcomere function. While exposure to PAGIn
alone had minimal effect, it significantly suppressed the effect of the known agonist
epinephrine, demonstrating an indirect negative ionotropic effect. In all cardiac muscles,

the relationship between rate and force generation depends on the abundance of proteins
involved in calcium cycling between the cytosol, myofilaments and sarcoplasmic reticulum
28 previous reports have demonstrated that changes in circulating BNP (and/or NT-proBNP)
can precede clinically overt changes in left ventricle function and serve as a strong clinical

Circ Heart Fail. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Romano et al.

Page 10

prognostic indicator associated with mortality in patients without (and with) HF 29-32,
While chronic sympathetic drive is thought to, in part, underlie the pathophysiology of

HF 9, epinephrine elicited effects are commonly blunted in HF myocardial tissues, as
indicated by reduced contractility and chronotropic responses 33. Interestingly, PAGIn did
not acutely alter the baseline sarcomere function in isolated murine cardiomyocytes, but
PAGIn altered sarcomere function by attenuating epinephrine-induced sarcomere shortening.
The mechanisms of how PAGIn fosters this effect are unclear, but deserve further attention
in future studies.

An improved understanding of how PAGIn interacts with adrenergic receptors, thereby
altering sympathetic signaling, at biochemical and molecular levels, should prove
informative in future investigations. Similarly, while PAGIn is known to signal

through adrenergic receptors, and prior animal model studies showed that the adverse
atherothrombotic effects of PAGIn in a murine model could be attenuated with carvedilol 8, a
widely employed beta blocker in clinical practice, the role of the multiple distinct adrenergic
receptors in transmitting the phenotypes observed with PAGIn in cell culture, and /n vivo,
remains to be explored. Indeed, there are 9 distinct adrenergic receptors with differential
expression on multiple cells present in myocardial and vascular tissues. Thus far, every
adrenergic receptor examined (alpha 2A, 2B, B2) has shown interaction and signaling via
PAGIn 8. Further studies dissecting out the contribution of distinct adrenergic receptors to
different PAGIn effects similarly deserves attention.

This study has several limitations. Although our clinical findings were replicated in

two geographically distinct cohorts and show remarkable consistency in associations

and findings, these studies still require further validation. The clinical cohorts examined
were enrolled at tertiary referral centers among sequential subjects undergoing coronary
angiography and are notable for their high cardiovascular risk factor burden. As
angiographic cohorts, they also likely show under-representation of subjects with non-
ischemic cardiomyopathies. In fact, another limitation of the present studies is that
neither cohort had HF with preserved ejection fraction (HFpEF) versus HF with reduced
ejection fraction (HFrEF) phenotypic characterization, nor did they have ability to
address the relationship between PAGIn and adverse myocardial remodeling, fibrosis,

or echocardiographic myocardial strain parameters. It is also worth noting that samples
measured in this study represent only fasting levels at a single time point. The role of
post prandial, or serial (cumulative exposure) levels of PAGIn to HF phenotypes and risks
remains to be seen. In addition, dietary records were not available for participants in either
cohort. As a product of microbial fermentation of dietary protein (Phe), it is tempting to
speculate that a diet low in protein in general, or protein Phe specifically (e.g. such as
used for treatment of subjects with phenylketonuria 34-36), might lower circulating levels
of PAGIn. However, virtually nothing is known about dietary patterns and their impact on
systemic PAGIn levels. Further, there are likely multiple microbial contributors within the
gut microbial community that have capacity to produce phenylacetic acid, the precursor
of PAGIn. The metabolic transformation catalyzed by the protein encoded by the gut
microbial porA gene has previously been shown to have the capacity to convert the Phe
derived metabolite phenylypyruvic acid into phenylacetic acid 8:37. However, whether other
gens/enzymes and to what capacity are involved in phenylacetic acid generation /in vivois
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currently unknown. In general, studies looking into the interactions between gut microbes,
diet and host genotype (nutrgenomics) to guide dietary interventions in the context of
cardiometabolic diseases remains an understudied area 38,

While the present studies show a strong association between PAGIn levels and both HF risk
and numerous HF associated phenotypes, the overall impact of PAGIn on HF development is
not clear. Indeed, while the negative ionotropic effect fostered by PAGIn observed may
underlie its association with reduced LV systolic function and reduced EF, one could

argue that PAGIn could have an overall beneficial effect, like beta blocker therapy in HF
subjects. Similarly, it is not clear if PAGIn induced BNP generation via expression of

Nppb (Natriuretic Peptide Precursor B gene) is an adaptive, or maladaptive process in HF.
Furthermore, the observation that PAGIn levels track with NT-proBNP levels in subjects
with preserved left ventricular systolic ejection fraction raises the intriguing possibility

of a potential contribution of PAGIn, and thus gut microbiota, in HFpEF. Finally, though
PAGIn is a gut-microbe dependent metabolite, its generation also relies on host conjugation
of phenylacetic acid within the liver. So it is feasible that impaired hepatic phenylacetic
acid conjugation among heart failure patients may contribute to observed differences in
circulating PAGIn levels.

The present studies raise the exciting possibility that the gut microbiome may be a
participant in - and thus an attractive target for - novel therapeutics in the management

of HF. Prior studies looking at an alternative gut microbial metabolite, trimethylamine- A
oxide (TMAO), showed chronic exposure (at high pathophysiological levels) contribute

to myocardial fibrosis, reduced LV function, and adverse remodeling; importantly, these
effects were also reversed by drugs that are specifically designed to target the gut microbial
pathways that generate TMAO 39, In an analogous fashion, the present study, coupled

with prior studies linking PAGIn to atherothrombotic adverse phenotypes both clinically
and mechanistically 8, suggest that subjects with elevated PAGIn levels may respond to
alternative interventions — such as those targeting microbial production of PAGIn (via dietary
changes or small molecule non-lethal drugs) or use of broad spectrum beta blockers. Further
studies to explore these and other potential interventions that can modulate PAGIn levels
directly or PAGIn elicited effects are warranted.

This study has several limitations. Although our clinical findings were replicated in

two geographically distinct cohorts and show remarkable consistency in associations

and findings, these studies still require further validation. The clinical cohorts examined
were enrolled at tertiary referral centers among sequential subjects undergoing coronary
angiography and are notable for their high cardiovascular risk factor burden. As
angiographic cohorts, they also likely show under-representation of subjects with non-
ischemic cardiomyopathies. It is worth noting that we observed no significant effects on
the overall association of PAGIn with HF risk when including metrics of obesity (BMI)
within the overall model. Moreover, in separate analyses, we have looked at the relationship
between PAGIn levels and obesity within the US Cohort, where BMI data is available, and
noted there was an inverse association (p=—0.04, P=0.028), whereby subjects with higher
PAGIn levels tend to have lower BMI. We therefore see no evidence that the presence of
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obesity affects PAGIn generation, nor that the relationship between PAGIn and HF risk is
linked to obesity.
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eGFR estimated glomerular filtration rate
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GPCR G-protein coupled receptor

HDL high-density lipoprotein cholesterol

HF heart failure

HFmrEF heart failure with mid-range ejection fraction
HFpEF heart failure with preserved ejection fraction
HFrEF heart failure with reduced ejection fraction
hs-CRP high sensitive C-reactive protein
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Commentary
WHAT IS NEW?

. Circulating levels of phenylacetylglutamine (PAGIn), a small molecule
produced by gut microbes from dietary proteins (phenylalanine specifically),
is associated with heart failure, and heart failure associated indices of severity,
in clinical cohorts from both the USA and Europe

. The association between PAGIn levels and heart failure are independent of
cardiovascular risk factors, renal function, ejection fraction, and NT-proBNP

. PAGIn decreases cardiomyocyte contraction 7 vitro

. PAGIn increases expression of B-type natriuretic peptide, a marker of heart
failure severity, in vitroand in vivo

WHAT ARE THE CLINICAL IMPLICATIONS?

. The present studies further establish the growing link between diet, gut
microbiome, and heart failure (HF) risk.

. Plasma levels of PAGIn dose-dependently track both with heart failure risks
and multiple indices of heart failure severity, independent of CAD status, and
across the spectrum of HF phenotypes, in two independent clinical cohorts,
regardless of adjustments for multiple comorbidities.

. Measurement of PAGIn levels may provide clinical prognostic value for
predicting heart failure risk independent of traditional risk factors, renal
function, and NT-proBNP levels.

. The associations between PAGIn and HF was observed among subjects
showing normal left ventricular systolic function, or normal renal function.
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. 1. The association of PAGIn with heart failure (HF).

Odds ratio (95% CI)

Box whisker plots of circulating PAGIn levels in (A) US Cohort subjects (n=3256) or

(C) European Cohort subjects (n=829) without (n=2544 and n=276, respectively) and with
(n=712 and n=553, respectively) HF. Data are represented as boxplots: middle line is the
median, the lower and upper hinges are the first and third quartiles, the whiskers represent
10t and 90™ percentile; P values were calculated using Wilcoxon rank sum test. (B/D)

Risk of HF among all test subjects according to PAGIn quartile levels using a multivariable
logistic regression models. Unadjusted odd ratio (blue), adjusted model 1 [age, sex, smoking
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status, SBP, LDL, HDL, TG, hs-CRP, diabetes and obesity (BMI=30 kg/m?), black]; and
adjusted model 2 [model 1 plus indices of renal function (eGFR=60, or <60 mL/min per
1.73 m3), red]. Symbols represent odds ratios, and the 5%-95% confidence intervals (Cl) are
indicated by the line length.
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Fig. 2. Box-whisker plots showing circulating PAGIn levels stratified by heart failure status in the
merged US and European Cohort (n=4085).

Whiskers represent 5 and 95t percentile, P values were calculated using Kruskal - Walls
(K.W.) test with Dunn’s test. The classification of heart failure (HF), according to left
ventricle ejection fraction (LVEF): HF with preserved ejection fraction, (HFpEF), LVEF=50;
HF with mildly reduced ejection fraction, (HFmEF), 40<LVEF<50; or HF with reduced
ejection fraction, HFrEF, LVEF<40).
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B LVEF: European Cohort
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Fig. 3. PAGIn tracks with reduced ejection fraction and increased circulating levels of NT-

proBNP.

Left ventricle ejection fraction (%; LVEF) broken down by PAGIn quartile in (A) US
Cohort subjects (n=3256) or (B) European Cohort subjects (n=829). Circulating NT-proBNP
(pg/ml) levels broken down by PAGIn quartile in (C) US Cohort subjects (n=3256) and

(D) Europe Cohort subjects (n=829). Data are represented as boxplots: middle line is the
median, the lower and upper hinges are the first and third quartiles, the whiskers represent
10t and 90™ percentile; P values were calculated using Kruskal-Wallis (K.W.) test.
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Mouse Left Atria
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Fig. 4. PAG rapidly induces BNP gene expression in vitro and in vivo.
(A) Fold-change of BNP (Nppb) gene expression in H9c2 rat cardiomyoblasts, normalized

to GAPDH, after 4 h exposure to 100 uM PAGIn or PAGIly measured in the indicated
number of replicates (h=10-12 as indicated). (B) Fold-change of BNP (Nppb) gene
expression in isolated left atria, normalized to GAPDH, 15 min after IP injection of PAGIn
(50 mg/kg), PAGIy (50 mg/kg), or vehicle control measured in the indicated number of
animals (n=14-16 as indicated). Circulating plasma levels of PAGIn and PAGly (mean +
SEM pM) are indicated below the graph. One-way ANOVA followed by Tukey’s multiple
comparison test listed. All bars represented the mean = SEM and dots indicate single data

points.

Circ Heart Fail. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Romano et al.

A
—~ 18F PAGIn
E
3
=
[=)]
@
|
o
@ 1.65
£
S
o
&
1.55 .
~1 |
. 057 ~. 1.0
Fd b
P Time (s) el
frE=Serisnssh oF SEiaRs R =R
I 18r :
I E i
I R I
- -
, 2 - Vehicle !
9 I
1 a, 1
I g 1eeF Epi+PAGIn !
15 i Epi [
u [$) '
[ 1
v “@155L -
X 1 1 1 ] |
I 0.0 0.1 0.2 0.3 |
i Time (s) ;
g P=0.0009
(KW, P=0.008 P=0.008
0.2 (M.W.) (M.W.)
i )
P=02
(MW.)

arcomere Shortening (um)
o o
o &
|| 1

T S
5
m
o572
=3
)
+ O
+ o
+ +

Fig. 5. PAGIn elicits negative ionotropic effect.
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(A, C) Myograph of sarcomere contraction over ~1 second interval. Sarcomere contraction
tracings of vehicle, epinephrine (Epi), PAGIn, PAGly, Epi+PAGIn, and Epi+PAGIly were
recorded over time. All tracings were trimmed so contractions were overlaid. Expanded
single sarcomere contraction cycle. (B, D) Relative contraction distance represented as
sarcomere shortening, was calculated considering five different scanning windows of a
single sarcomere contraction cycles shown in panels A and C (n=5). Data shown represents
mean + SEM of the average maximal shortening per contraction. Nonparametric Mann-
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Whitney (M.W.) test was used for non-pairwise comparisons and Kruskal-Wallis (K.W.) test
for multiple comparisons.

Circ Heart Fail. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Romano et al. Page 25

Microbial Host
Dietary protein ‘ l l

Andrenergic Receptors

i\ l Il

Ca':rdiomyoce

9

Representative isolated
cardiomyocyte contractility

mﬁlu: AN ARnane
g5 2 "”ﬂ'lﬂuﬂ.
g;‘:_. .,_.'JJ.»-JJJILF |a..|’|ui=|.i'r
0o |
: 1
ég 3 (7L I :l/-.f. L \\\ I
0,7 1 2% 8
7 Time (Sec) ~
£ 1.601
2
5 1.55- - PAG
A - Vehicle
o _ IS0+
(0] g 1.50+ PAG
- - 8 ---1S0
Phenylpyruvic acid 314

5+—r——
0 0.306 0.9
Time (Sec)

OH ’
m ) Heart Failure (HFpEF & HFrEF)
Phenylacetic acid

Fig. 6. Scheme showing relationship between gut microbial PAGIn pathway and heart failure.
Following dietary ingestion of protein, phenylalanine is metabolized by the gut microbiome

to produce phenylacetic acid. Upon absorption into the host and further conjugation,
phenylacetyl glutamine (PAGIn) is produced. An obligate gut-microbial metabolite, PAGIn
is shown to be clinically associated with heart failure presence, severity, and numerous heart
failure associated phenotypes, including decreased cardiomyocyte contraction via adrenergic
receptors.
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Table 1.

Baseline characteristics of the participants stratified by heart failure (HF) status in the US Cohort (GeneBank)

(n=3256)
Characteristics All participants (n=3256)  Participants without HF Participants with HF (n=712) P value

(n=2544)

Age, mean * SD, years 62.8+10.8 61.9+10.8 66.1+10.5 <0.001
Male sex, n (%) 2091 (64.2) 1670 (65.6) 421 (59.1) <0.01
Current smoking, n (%) 435 (13.4) 354 (13.9) 81 (11.4) 0.092
Systolic blood pressure, mm Hg ~ 132.0 (119.0-146.0) 133.0 (120.0-147.0) 130.0 (116.0-145.0) <0.001
Diastolic blood pressure, mm Hg ~ 74.0 (67.0-82.0) 76.0 (68.0-83.0) 71.0 (63.0-80.0) <0.001
BMI, kg/m? 28.7 (25.6-32.5) 28.7 (25.7-32.4) 28.1(25.1-32.9) 0.20
Diabetes, n (%) 1031 (31.7) 744 (29.2) 287 (40.3) <0.001
CAD, n (%) 2494 (76.7) 1909 (75.1) 585 (82.2) <0.001
HDL, mg/dL 34.1(28.2-41.1) 34.6 (28.7-41.4) 31.7 (26.0-39.7) <0.001
LDL, mg/dL 96. 0(78.0-118.0) 98.0 (80.0-119.0) 91.0 (72.8-112.0) <0.001
TG, mg/dL 119.0 (86.0-171.0) 119.0 (85.0-174.0) 118.5 (87.0-165.0) 0.49
hs-CRP, mg/L 2.47 (1.08-6.03) 2.22 (0.97-5.36) 3.90 (1.57-9.01) <0.001
LVEF, % 55.0 (45.0-60.0) 55.0 (50.0-65.0) 40.0 (25.0-55.0) <0.001
NT-proBNP, pg/mL 239.3 (88.3-742.2) 175.2 (71.8-453.5) 895.0 (348.8-2040.2) <0.001
eGFR, mL/min/1.73 m? 91.2 (76.4-100.2) 93.1 (80.6-101.3) 79.8 (61.5-94.3) <0.001

The cohort is comprised of sequential stable subjects without evidence of acute coronary syndrome (cardiac troponin I< 0.03 ng/mL) who

underwent elective diagnostic coronary angiography (cardiac catheterization or coronary computed tomography) for evaluation of coronary artery

disease (CAD).

Continuous data are presented as median (interquartile range or 25th percentile - 75th percentile), categorical variables are presented as %; BMI =
body mass index HDL = high-density lipoprotein; LDL= low-density lipoprotein; TG = triglyceride; hs-CRP = high-sensitivity C-reactive protein;
LVEF = left ventricular ejection fraction; NT-proBNP = N-terminal pro B-type natriuretic peptide; eGFR = estimated glomerular filtration rate.

The Wilcoxon-rank sum test or Welch two sample t-test for continuous variables and the X2 test for categorical variables were used to determine
significant difference between groups.

Estimated glomerular filtration rate (eGFR) (mL/min per 1.73 m2) is calculated on the basis of the Chronic Kidney Disease Epidemiology

Collaboration 2021 CKD-EPI Creatinine equation 16,
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Table 2.

Baseline characteristics of the participants stratified by heart failure (HF) status in the European Cohort

(LipidCardio) (n=829)
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Characteristics All participants (n=829) Participants without HF (n=276)  Participants with HF (n=553) P value
Age, mean + SD, years  72.8+10.9 66.2+10.5 76.1£9.5 <0.001
Male sex, n (%) 582 (70.2) 170 (61.6) 412 (74.3) <0.001
Smoking, n (%) 140 (16.9) 71(25.7) 69 (12.5) <0.001
Hypertension, n (%) 667 (80.4) 207 (75.0) 460 (83.2) <0.01
Diabetes, n (%) 231 (27.9) 57 (20.7) 174 (31.5) <0.01
CAD, n (%) 573 (69.1) 113 (40.9) 460 (83.6) <0.001
HDL, mg/dL 48.0 (39.0-60.0) 51.0 (40.0-63.0) 47.0 (39.0-58.0) 0.012
LDL, mg/dL 92.0 (69.0-122.0) 104.0 (77.0-134.0) 87.0 (66.0-114.0) <0.001
TG, mg/dL 118.0 (89.0-167.0) 120.0 (91.0-166.0) 117.0 (89.0-167.0) 0.77
hs-CRP, mg/L 1.9 (0.8-5.1) 1.6 (0.8-3.75) 2.1(0.8-5.6) 0.059
LVEF, % 60.0 (52.0-66.0) 65.0 (62.0-70.3) 56.0 (48.0-63.0) <0.001
NT-proBNP, pg/mL 313.0 (108.0-1024.0) 126.0 (57.0-358.5) 501.0 (173.0-1421.0) <0.001
eGFR, mL/min/1.73m2  74.0 (60.3-90.7) 84.7 (67.0-95.8) 69.0 (56.8-85.6) <0.001

The cohort is comprised of sequential stable subjects without evidence of acute coronary syndrome (cardiac troponin I< 0.03 ng/mL) who
underwent elective diagnostic coronary angiography (cardiac catheterization or coronary computed tomography) for evaluation of coronary artery

disease (CAD).

Continuous data are presented as median (interquartile range or 25th percentile - 75th percentile), categorical variables are presented as %; HDL =
high-density lipoprotein; LDL = low-density lipoprotein; TG = triglyceride; hs-CRP = high-sensitivity C-reactive protein; LVEF = left ventricular
ejection fraction; NT-proBNP = N-terminal pro B-type natriuretic peptide; eGFR = estimated glomerular filtration rate.

The Wilcoxon—rank sum test or Welch two sample t-test for continuous variables and the XZ test for categorical variables were used to determine

significant difference between groups.

Estimated glomerular filtration rate (eGFR) (mL/min per 1.73 m2) is calculated on the basis of the Chronic Kidney Disease Epidemiology

Collaboration 2021 CKD-EPI Creatinine equation16.
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