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Abstract

Background Heart failure with preserved ejection fraction (HFpEF) is associated with systemic inflammation, obesity,
metabolic syndrome, and gut microbiome changes. Increased trimethylamine-N-oxide (TMAQ) levels are predictive
for mortality in HFpEF. The TMAO precursor trimethylamine (TMA) is synthesized by the intestinal microbiome, crosses
the intestinal barrier and is metabolized to TMAO by hepatic flavin-containing monooxygenases (FMO). The intricate
interactions of microbiome alterations and TMAQ in relation to HFpEF manifestation and progression are analyzed
here.

Methods Healthy lean (L-ZSF1, n=12) and obese ZSF1 rats with HFpEF (O-ZSF1, n=12) were studied. HFpEF was
confirmed by transthoracic echocardiography, invasive hemodynamic measurements, and detection of N-terminal
pro-brain natriuretic peptide (NT-proBNP). TMAO, carnitine, symmetric dimethylarginine (SDMA), and amino acids
were measured using mass-spectrometry. The intestinal epithelial barrier was analyzed by immunohistochemistry,
in-vitro impedance measurements and determination of plasma lipopolysaccharide via ELISA. Hepatic FMO3 quantity
was determined by Western blot. The fecal microbiome at the age of 8, 13 and 20 weeks was assessed using 165 rRNA
amplicon sequencing.

Results Increased levels of TMAO (+54%), carnitine (+46%) and the cardiac stress marker NT-proBNP (+25%) as

well as a pronounced amino acid imbalance were observed in obese rats with HFpEF. SDMA levels in O-ZSF1 were
comparable to L-ZSF1, indicating stable kidney function. Anatomy and zonula occludens protein density in the
intestinal epithelium remained unchanged, but both impedance measurements and increased levels of LPS indicated
an impaired epithelial barrier function. FMO3 was decreased (— 20%) in the enlarged, but histologically normal

livers of O-ZSF1. Alpha diversity, as indicated by the Shannon diversity index, was comparable at 8 weeks of age,

but decreased by 13 weeks of age, when HFpEF manifests in O-ZSF1. Bray-Curtis dissimilarity (Beta-Diversity) was
shown to be effective in differentiating L-ZSF1 from O-ZSF1 at 20 weeks of age. Members of the microbial families
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Lactobacillaceae, Ruminococcaceae, Erysipelotrichaceae and Lachnospiraceae were significantly differentially abundant

in O-ZSF1 and L-ZSF1 rats.

Conclusions In the ZSF1 HFpEF rat model, increased dietary intake is associated with alterations in gut microbiome
composition and bacterial metabolites, an impaired intestinal barrier, and changes in pro-inflammatory and health-
predictive metabolic profiles. HFpEF as well as its most common comorbidities obesity and metabolic syndrome
and the alterations described here evolve in parallel and are likely to be interrelated and mutually reinforcing. Dietary

adaption may have a positive impact on all entities.
Graphical abstract

6 weeks 8 weeks

13 weeks 20 weeks

V/4 l
() .
& Arrival
at Facility g
il ) ¢

|
P

Obesity

|
"

=

Echocardiography Mass-Spectroscopy

$ §

LVEF > 50 % TMAO t
Diastolic NT-proBNP T
Dysfunction
Carnitine T

Altered Amino
Acid Balance

Immunohistochemistry
Impedance Measurements

16s RNA-Sequencing

LPS 1

Alpha-Diversity
4

Impaired Intestinal

atered Epithelial Barrier

Composition

Keywords HFpEF, TMAQ, Intestinal microbiome, Inflammation, Intestinal barrier, FMO3, ZSF1-rats

Background

Heart failure (HF) is commonly classified as HF with
reduced ejection fraction (HFrEF) or HF with preserved
ejection fraction (HFpEF). HFpEF is defined as HF with
a left ventricular ejection fraction (LVEF)>50%, diastolic
dysfunction, increased levels of brain natriuretic peptide
and/or relevant structural heart disease [1, 2]. HFpEF
patients account for 50% of HF patients, yet there are
few established prognostically beneficial treatments [1,
3]. While the survival rate for HFrEF has increased over
time, that of HFpEF patients has barely been improved.
This results in a more severe prognosis, with mortality
rates as high as 74% [4]. Various hypotheses have been
proposed regarding the underlying pathomechanisms,

but it is becoming more evident that HFpEF is linked
to metabolic changes and systemic inflammation [5]. To
elucidate the pathomechanistic background in HFpEF
manifestation robust preclinical models encompassing
cofactors and comorbidities are needed [6]. Here, ZSF1-
rats, an established HFpEF animal model, were used [7,
8]. Obese ZSF1 rats (O-ZSF1) develop diabetes, dyslipid-
emia and hypertension, culminating in HFpEF [7-9].
Increased trimethylamine-N-oxide (TMAO) plasma
levels have been linked to HFpEF as well as many of its
co-morbidities such as atherosclerosis, hypertension,
diabetes, and metabolic syndrome [10-15]. A positive
correlation between TMAO and indices of diastolic dys-
function, especially mitral and septal wall movement and
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left atrial volume index was described [12]. TMAQ is also
associated with significantly higher hospitalization rates,
renal dysfunction and cardiac death [16]. It enhances
atherosclerosis, promotes thrombosis potential, vas-
cular inflammation and inflammasome activation [17].
The TMAO precursor and rate-limiting synthesis factor,
trimethylamine (TMA), is produced by the gut microbi-
ome from dietary choline, phosphatidylcholine, betaine
and L-carnitine [18, 19]. When TMA passes the intesti-
nal barrier into portal blood circulation it is metabolized
to TMAO by hepatic flavin monooxygenases (FMO),
mainly FMO3 [10]. The absorption of TMA from the
gut is increased when permeability of the intestinal bar-
rier is higher [20]. Furthermore, the microbiome and its
metabolites are in a close bilateral relationship with the
intestinal epithelium [21]. In the context of intestinal bar-
rier dysfunction, an involvement of the zonula occludens
(ZO1) proteins was proposed [22]. These proteins, pri-
mary components of tight junctions, undergo continuous
assembly and disassembly and enable rapid adaptation
and preservation of the epithelial integrity while simulta-
neously facilitating the passage of molecules via the para-
cellular route [23]. Lipopolysaccharide (LPS) represents
the nexus between the microbiome, intestinal epithelial
barrier and systemic inflammation in HFpEF. LPS, as an
integral part of the outer membrane of gram-negative
intestinal bacteria, can be translocated to the circulation
as a consequence of intestinal barrier dysfunction. Simi-
lar to TMAQ, it exerts pro-inflammatory effects and has
been linked to HFpEF and multiple of its comorbidities
[24, 25]. Most importantly, dysbiosis has also been linked
to HFpEF [14, 26] and the gut microbiome as well as its
metabolites have been proposed as interventional targets
in HFpEF. Research on pathomechanisms in manifesta-
tion and progression of HFpEF in humans is currently
hampered by many obstacles (difficult diagnosis of early
progression stages, inaccessibility of tissue samples, het-
erogeneity of cohorts). Thus, our project aimed to char-
acterize the changes in HFpEF in the ZSF1 animal model
by analyzing gut barrier function, the gastrointestinal
microbiome and various metabolites in the trajectory of
HEFpEF progression.

Methods

Animals

All experiments and procedures were performed in
accordance with relevant guidelines and regulations and
were approved by the local Animal Research Council,
University of Leipzig and the Landesbehérde Sachsen
(TVV 30/18).

Animals were ordered from Charles River (India-
napolis, USA). ZSF1 rats are the result of cross breed-
ing female Zucker diabetes fatty (ZDF) rats with male
spontaneously hypertensive heart failure (SHHF) rats.
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ZDF and SHHEF rats both carry unique leptin receptor
mutations. Offspring, which is compound heterozygous
for the leptin receptor defect, develops the obese phe-
notype (O-ZSF1), and eventually HFpEF. Rats with none
or one mutant allele are of the lean phenotype (L-ZSF1)
and do not develop HFpEE. All animals were female lit-
termates. They were kept in identical conditions under
a 12:12 h light/dark cycle and were provided with food
and water ad libitum. Standard chow was rich in energy
and protein content (5008%, ssniff, Soest, Germany). The
chow contains 23% protein and 6.5% fat. Fish meal, por-
cine fat and meat are part of the recipe (Supplementary
Fig. 1). The animals were separated depending on their
phenotype (two obese or three lean animals per cage) at
the age of 6 weeks in order to avoid microbial transloca-
tion through coprophagy. Body weight and food intake
were recorded weekly. Noninvasive echocardiography
(Vivid-J, GE Healthcare, Chicago, USA) was conducted at
20 weeks of age to confirm HFpEF. Additionally, invasive
hemodynamic measurements were used to confirm the
diagnosis. Before sacrifice deep anesthesia was achieved
by intraperitoneal injection of 5 mg/kg xylazine hydro-
chloride, 100 mg/kg ketamine hydrochloride and 0.1 mg/
kg atropine sulfate, based on the individual body weight
and animals were killed by exsanguination and immedi-
ately dissected.

Sample processing

Samples of liver and colon located next to caecum were
excised and washed in phosphate buffered saline. Colon
samples were flash frozen in liquid nitrogen or fixed in
4% phosphate buffered paraformaldehyde. Fecal samples
were taken at 8 (baseline), 13 and 20 weeks of age. Base-
line samples were collected from the cages without indi-
vidual assignability, whereas all subsequent samples were
obtained individually while animals were under tempo-
rary inhalation anesthesia for echocardiographic exami-
nation. All samples were stored at —80 °C.

Determination of TMAO, NT-proBNP, LPS, carnitine, amino
acids and SDMA

TMAO was measured using electrospray ionization tan-
dem mass spectrometry according to a modified proto-
col of Wang et al. as described in Schneider et al. [27].
In brief, a 10 pL plasma sample was pipetted into a 1.5
mL centrifuge tube. After adding 340 pL 4 °C cold mix-
ture of methanol and acetonitrile (ACN) (25:75, v/v) and
50 pL of a 2 uM Dy-trimethylamine-N-oxide (Cambridge
Isotopes Laboratories, Tewksbury, MA, USA) solu-
tion in methanol, the protein was precipitated by vor-
tex-mixing for 30 s followed by 10 min incubation. The
mixture was centrifuged for 5 min at 18,000xg and 150
uL of the supernatant was transferred to a 96-well micro-
plate that was sealed with a preslit adhesive foil. Samples
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were quantified by an external 9-point calibration using
the peak area ratio of TMAO towards Dy-TMAO. Three
quality controls (3 uM, 15 pM, and 75 pM TMAO in fetal
calf serum (FCS)) were included in each sample sequence.
Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analyses were performed using a Waters XEVO
TQS system (Waters, Eschborn, Germany) equipped
with an electrospray ion source. The instrument was con-
trolled with MassLynx 4.1 (Waters Corporation, Milford,
MA, USA) software. For chromatographic separation, a
hydrophilic interaction chromatography column (Waters
Acquity UPLC BEH Amide 100x2.1 mm; 1.7 um) with a
corresponding pre-column (Waters Acquity UPLC BEH
Amide VanGuard, 5x2.1 mm; 1.7 uM) was used in iso-
cratic mode. During a 3 min chromatographic run, elu-
ent A (10 mM ammonium formate in ultrapure water
(H,OmQoutnd ACNout,O mQ: ACN 95:5, v/v)) and elu-
ent B (ACN) were applied with a mixing ration of 42% A
and 58% B at a flow rate of 0.4 mL/min. The injection vol-
ume was 1 pL. The analytes were assessed using a mul-
tiple reaction monitoring (MRM) experiment containing
their most abundant mass transitions: (TMAQO: 76.1 Da
— 59.1 Da; dg-TMAO: 85.1 Da — 68.1 Da; cone voltage:
40 V; collision energy: 11 V) in positive ion mode at a
flow rate of 0.4 ml/min for 3 min.

Established and validated protocols for LC-MS/MS
were used to assess SDMA as published before [28].
Briefly, 25 uL of serum were diluted in methanol that
contained the stable isotope labeled internal standards.
Thereafter, the analytes were converted into their butyl
esters. Analyte concentrations were calculated using cali-
bration curves based on four levels in triplicates. Plate
wise quality controls were run in two levels by triplicates.
A second analysis was done on the samples to assess
coefficient of variation and bias of quality control sam-
ples, which was below 15% for all analytes.

NT-proBNP was determined in undiluted serum using
an ELISA assay according to the manufacturer’s recom-
mendations (abx576280, Holzel Diagnostika, Cologne,
Germany).

LPS was determined using an ELISA according to the
manufacturer’s recommendations (CSB-E09945h, Cusa-
bio, Houston, Germany). Due to sample limitations only
ten O-ZSF1 and eleven L-ZSF1 rats were accessible for
LPS measurements.

For the measurement of the amino acids and the acyl-
carnitines a 4.7 mm disk was punched out of a blank fil-
ter card (Whatman 903 paper) in a 96-well-filterplate.
A total of 5 puL plasma was applied and dried overnight
at room temperature. The MassChrom® Kit for analysis
of amino acids and acylcarnitines from dried blood for
newborn screening (57000 F, non-derivatized, Chrom-
systems Instrument and Chemicals GmbH, Graefelfing,
Germany) was used with the following steps: 150 uL of
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a dilution of the Internal Standards (Internal Standard—
Succinylacetone:internal Standard, 1:1, v:v) and 75 pL of
the Extraction Buffer—Succinylacetone were added onto
the disk. The analytes were extracted by 30 min incuba-
tion at 45 °C and 600 rpm on a thermoshaker (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany). After cen-
trifuging at 3200g for 2 min in a 96-wellplate (V-bottom),
10 pL of the supernatant was injected into the MS/MS
system via flow-injection (FIA-MS/MS). Amino acids
and acylcarnitines were determined in plasma by elec-
trospray ionization tandem mass spectrometry (ESI-MS/
MS) using a Waters Xevo TQD triple quadrupole mass
spectrometer (Waters GmbH, Eschborn, Germany)
equipped with an electrospray ion source and a Micro-
mass MassLynx data system.

Western blot analysis

For protein analysis 20 mg of frozen liver samples were
homogenized in RIPA buffer containing a protease and
a phosphatase inhibitor mix (Serva, Heidelberg, Ger-
many) and sonicated. Protein concentration was deter-
mined using the BCA method (bicinchoninic acid assay,
Pierce, Bonn, Germany). Antibodies were purchased
from Abcam (Cambridge, UK) FMO3 (ab126711) and
alpha-Tubulin (ab7291). 25 pg protein were analyzed and
FMO3 concentration was normalized to the alpha-tubu-
lin quantity.

Determination of microbiome

Microbial DNA was extracted from fecal samples using
stool transport and recovery (STAR) buffer (Roche, Basel,
Switzerland) and SpheroLyse solution (Hain Lifescience,
Nehren, Germany). Frozen faeces were thawn, added to
the mixture, vortexed until fully blended and incubated at
95 °C for 5 min. Then 50 pL lysozym (4 mg/mL) and lyso-
staphin (0.01 mg/mL) were added and incubated while
shaking at 1200 rpm at 37 °C. Afterwards samples were
centrifuged at 5000g for 4 min and 100 pL of supernatant
was transferred and mixed with 250 puL of STAR-buffer.
MagNA Pure 96 standard kit (Roche, Basel, Switzerland)
was used for DNA extraction according to the manufac-
turer’s recommendations. Hypervariable microbial 16s
rRNA regions V3 and V4 were identified by PCR using
the primers (341F: CCTACGGGNGGCWGCAG and
805R: GACTACHVGGGTATCTAATCC, taken from the
manual “16S Metagenomic Sequencing Library Prepara-
tion’; Illumina, San Diego US). The Microbial Genomics
Module of Qiagen CLC Workbench 12 was used for data
analysis. Tables containing operational taxonomic units,
closely related sequences of organisms based on a spe-
cific similarity threshold 97% were derived by using the
Greengenes database (https://greengenes.secondgenome.
com/).
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In vitro characterization of intestinal barrier

The barrier function of the gut epithelial cell layer was
assessed using epithelial cells, that were isolated from
fresh colon samples. About 6 cm of colon were used for
cell isolation. Tissue was rinsed with ice-cold phosphate-
based saline (PBS) to remove feces and then digested in
Dulbecco’s Modified Eagle Medium (DMEM) containing
10% ECS, 10 mg/100 ml collagenase A, 2 mg/100 ml Dis-
pase II (both Roche/Sigma-Aldrich, Taufkirchen, Ger-
many) and 7.7 mg/100 ml 1,4-Dithiothreit (Carl-Roth,
Karlsruhe, Germany) for 10 min at 37 °C. Cells were
separated from tissue by vigorously shaking, remain-
ing tissue was removed and the cells were pelleted by
centrifugation (1000g, 10 min, 4 °C). Cells were washed
twice in PBS containing 10% FCS and finally digested in
Hanks’ Balanced Salt Solution (HBSS) containing 100 mg
Dispase 1I/100 ml under repeated shaking for 10 min
at 37 °C. Digestion was stopped by the addition of 10%
FCS and cells were passed through a 70 pM and then a
40 pM cell strainer to remove tissue remains. Finally, the
cells were washed once with HBSS containing 10% FCS.
Cells were cultivated in EBM2 medium (Lonza, Basel,
Switzerland) containing 10% FCS, 1% penicillin/strep-
tomycin solution and 1% amphotericin B (both from
Sigma-Aldrich, Taufkirchen, Germany) in dishes coated
with collagen A (20 pg/ml) (Biochrom, Berlin, Germany)
at 37 °C and 7.5% CO,. Medium was changed every other
day until cells reached 70% confluence when they were
passaged three to five times before impedance measure-
ments were done. 5000 cells/well were seeded in cell
impedance measurement plates (ACEA Biosciences, San
Diego, US) and cell impedance was continuously deter-
mined using the xCELLigence Real Time Cell Analyzer
system (OLS OMNI Life Science, Bremen, Germany).
Once cells reached confluency, represented by an imped-
ance plateau, we started barrier assays by changing 50%
of the media to EBM2 medium containing 200 uM his-
tamine or 2% ethanol resulting in a final concentration of
100 uM histamine and 1% ethanol. Following the addi-
tion of substances, the decrease in impedance during
30 min was continuously measured. Cell impedance was
normalized to the value measured before test substance
was added.

Immunohistochemistry and quantification of ZO1

Colon and liver samples were formaline-fixed, embed-
ded in paraffine and sliced at 2 pm and 5 pm thickness
respectively using a manual microtome.

Liver samples were stained with hematoxylin-eosin
staining to determine fatty degradation and general mor-
phology with picro sirius red staining to detect colla-
gen and thus fibrosis as recently described [8]. Periodic
acid shift (PAS) reaction staining kit (Morphisto, Offen-
bach am Main, Germany) was used to visualize glycogen
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according to the manufacturers recommendations (Sup-
plementary Fig. 3).

Colon samples were heated in 10 mM Citrate buffer
(pH 6) for 15 min and then were incubated with Protein-
ase K (Sigma-Aldrich, St. Louis, USA, 20 mg/mL) diluted
1:1000 at 37 °C for 20 min. Blocking was done using 5%
horse serum for 30 min. ZO1 was detected using ZO1
rabbit polyclonal antibodies (#61-7300, ThermoFisher,
Waltham, USA) at a concentration of 5 ug/mL overnight.
Then Goat-anti-Rabbit-IgG secondary antibody labelled
with Alexa Fluor 488 (#A11008, ThermoFisher) was
added at a concentration of 4 pg/mL for an hour. Hoechst
33342 (ThermoFisher) was used to stain cell nuclei and to
facilitate the identification of colon structures. Samples
were preserved using anti-fade mounting medium Roti
Fluor (ThermoFisher) and were stored at 4 °C in the dark
until visualization. Pictures were obtained within 24 h
using a Keyence BZ-X810 fluorescence microscope (Key-
ence, Osaka, Japan).

Images were imported to and analyzed in Fiji/ Image]
[24]. The outer layers of the intestine, namely tunica
submucosa and tunica muscularis were only partially
preserved, and therefore excluded from evaluation. The
height of the mucosa was measured from the lamina
muscularis mucosae to the top of the lamina epithelialis
mucosae (five lean and five obese ZSF1 rats, three cross-
sections per animal with 20 measurements each). Two
to three images at x40 magnification were picked for the
analysis of ZO1 antibody staining (see Supplementary
Fig. 4). These images were converted into 8-bit format
by splitting color channels. Non-destructive contrast
improvement was automatically performed for the green
channel using the command “Adjust Brightness and Con-
trast” Background noise was subtracted using “Subtract
Background” with an empirically determined rolling ball
radius of 50 pixels. Afterwards cross-sections of intesti-
nal crypts and their barrier to the lumen were identified
and circled as regions of interest (ROI). The mean gray
value (MGV) per mm? in each ROI—five per image—was
measured to indicate the immunofluorescence of the
samples.

Statistical analysis and visualization

Echocardiographic and individual characteristics,
TMAO, NT-pro-BNP, LPS, SDMA, and free carnitine
are reported as means*standard deviation. Analysis was
done using an unpaired, non-parametric Wilcoxon’s test
(Mann—Whitney-U-test) if data was not normally dis-
tributed and unpaired t-test with Welch’s correction if
normally distributed. Correlations were assessed using
the Spearman correlation coefficient (GraphPad Prism®
Version 10.0.0, GraphPad Software, Boston, US). Imped-
ance measurements over time were modelled as second
order polynomial nonlinear regression and calculated
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fits were tested for similarity whereas p<0.05 indicated
that time lines are different. Protein quantity of FMO3
was normalized to the quantity determined for a-Tubulin
and differences between the experimental groups were
analyzed using Wilcoxon matched-pairs signed rank test.
Microbiome Analysis was performed in R-Studio Version
2023.6.1.524. Microbial composition was analysed on the
phylum and family level using the phyloseq and micro-
biome packages [29, 30]. For this purpose, taxa with low
abundance or prevalence were aggregated on the phylum
or family level using a detection threshold of 0.001 or
0.01 and prevalence threshold of 0.01 or 0.5 respectively.

Diversity parameters were calculated after rarefac-
tion based on the minimal number of reads across all
samples was performed. Alpha-diversity, defined by the
Operational Taxonomic Unit (OTU)-based Shannon-
Index and richness, was calculated using the vegan pack-
age and significance at different time points tested by
an unpaired, non-parametric Wilcoxon’s test (Mann—
Whitney-U-Test) [31]. The same package was used to
assess beta-diversity using the Bray—Curtis dissimilarity
index and significance tested by using the adonis2 func-
tion (PERMANOVA). Differential Abundance Analysis
was performed using the DESeq2 package after pruning
all taxa with zero counts in more than 90% o the samples
[32]. The log2fold-change describes the ratio of the mean
expression level of microbial genes in different condi-
tions. p values were adjusted for multiple testing applying
the Benjamini-Hochberg procedure and adjusted p val-
ues were reported. Microbiome analysis was visualized
using ggplot2, cowplot and gridExtra (see supplement for
further information on the packages used) [33-35]. Fur-
thermore adjusted p values<0.05 were considered statis-
tically significant.

Results

Obese ZSF1 rats and lean ZSF1 control rats

Throughout the experimental observation time O-ZSF1
rats constantly had a~30% higher food intake than
L-ZSF1. This resulted in significantly higher body weight at
the age of 20 weeks (L-ZSF1 235+9 g vs. O-ZSF1 468+24
g, p<0.0001) (Supplementary Fig. 2). Tibia length, a mea-
sure of longitudinal growth, was comparable (L-ZSF1
37.1£1.0 mm vs. O-ZSF1 37+0.5 mm, p=0.642). LVEF
was similar in L-ZSF1 (55£12%) and O-ZSF1 (63+15%,
p=0.140) but an increase in E/e’ ratio, as a measure of
myocardial stiffness, was observed in O-ZSF1 (L-ZSF1
15.0£2.8 vs. O-ZSF1 21.7+3.6, p<0.001) (Supplemen-
tary Table 1). Furthermore, there was a thickening of
the left ventricular wall (L-ZSF1 10£1.5 mm vs. O-ZSF1
12+1.4 mm, p=0.067) and septum (L-ZSF1 7.7+1.2 mm
vs. O-ZSF1 8.9£1.2 mm, p=0.044) in obese animals. Liv-
ers of O-ZSF1 (18.2+1.9 g) were significantly heavier than
those of L-ZSF1 (7.2+0.6 g, p<0.0001).
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Level of circulating TMAO, carnitine, SDMA, amino acids,
NT-pro-BNP, LPS, and hepatic FMO3 content

TMAO plasma levels were significantly lower in L-ZSF1
(3.0£0.9 pmol/L, n=12) compared to O-ZSF1 rats
(5.5+2.1 pmol/L, n=11; p<0.0001). Overall carnitine was
significantly higher in O-ZSF1 (100.3£+26.3 umol/L, n=12)
compared to L-ZSF1 rats (54.1£10.2 pmol/L, n=12;
»<0.0001). FMO3 expression was significantly>20% lower
in the livers of O-ZSF1 compared to L-ZSF1 (p=0.008).
There was no difference in SDMA blood levels in O- and
L-ZSF1 (0.301£0.028 pM and 0.308%0.047 pM, p=1.00)
(Fig. 1). A total of 17 amino acids were measured in serum,
with 14 being higher in O-ZSF1 and 3 being higher in
L-ZSF1 (all p<0.05) (Table 1).

NT-proBNP levels were higher in O-ZSF1 compared
to L-ZSF1 rats (1200338 pg/ml vs. 895+371 pg/ml,
p=0.047) (Fig. 1). LPS was significantly higher in O-ZSF1
compared to L-ZSF1 rats (113+137 pg/ml vs. 16130
pg/ml, p=0.0024) (Fig. 1). Plasma levels of TMAO and
it’s substrate, free carnitine, were correlated (r=0.593,
p=0.002). NT-pro-BNP and TMAO levels were moder-
ately but significantly correlated (r=0.524, p=0.010). LPS
and TMAO levels were moderately but significantly cor-
related as well (r=0.461, p=0.018).

In vitro characterization of intestinal barrier function

Due to insufficient isolation of viable cells and low pro-
liferative capacity, cells from only five animals per
experimental group were available for the final analysis.
The introduction of 100 uM histamine and 1% ethanol
induced significant, yet reversible reductions in cellular
impedance across epithelial cell cultures from all tested
animals. However, reversible impedance decrease, as a
measure of physiological epithelial barrier function, was
significantly less pronounced in cells from O-ZSF1 than
in cells from L-ZSF1 (both p<0.0001) (Fig. 2).

Histological liver characterization

The livers of all animals showed a typical anatomy with-
out any signs of necrosis. No fatty tissue was detected
in L-ZSF1 and only two O-ZSF1 had marginal fatty
areas<1%. There were no signs of fibrosis in either group.
Glycogen was increased in livers from O-ZSF1 (O-ZSF1
39+13%, L-ZSF1 28+6%, p=0.121) (see Supplementary
Fig. 3).

Histological gut characterization

O-ZSF1 and L-ZSF1 rats showed typically structured
intestinal mucosa without anomalies. There was no sig-
nificant difference in intestinal mucosa height (O-ZSF1
22.87+8.84 mm, L-ZSF1 19.55+5.50 mm, p=0.548)
(Fig. 3). Macroscopically, there were no differences in
the distribution, composition or arrangement of ZO1
between O-ZSF1 and L-ZSF1. Furthermore, mean gray
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Fig. 1 TMAO, TMA-processing flavin containing dimethylaniline monoxygenase 3 (FMO3), NT-proBNP, carnitine, symmetric dimethylarginine (SDMA) and
lipopolysaccharide (LPS) quantities in blood/liver of obese (black circles) ZSF1 rats with HFpEF and lean control rats (white circles) (experimental groups
n=12, except FMO3 5 vs. 5 and LPS 10 vs. 11 due to limited sample availability). Lines indicate the median

value per mm?, indicating the immunofluorescence sig-
nal from regions of interest, were comparable in L-ZSF1
(0.05£0.0025) and O-ZSF1 rats (0.04£0.0035, p=0.095)

(Fig. 3).

Microbiome

At an age of 20 weeks the main bacterial phyla in both
lean and obese ZSF1 rats were Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria and Tenericutes while the
most commonly detected families were Lachnospiriceae,
Lactobacillaceae, Prevotellaceae and Ruminococcaceae
(Fig. 4, see Supplementary Fig. 5 for individual samples).
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Table 1 Amino acid level (umol/L) in plasma of obese (O-ZSF1)
and lean (L-ZSF1) rats at an age of 20 weeks

Analyte 0-ZSF1 (mean+STD) L-ZSF1 p value
(mean*STD)

Alanine 344+61 206+41 <0.00001
Arginine 60.3+39.7 148.5+32.2 0.00001
Aspartic acid 36.6+8.1 249142 0.00038
Threonine 24.6+4.7 17.5+28 0.00027
Methionine 28+5.1 237+33 0.02468
Glycine 554+9.1 91.6+x11.2 <0.00001
Tyrosine 83.2+17.6 63.2+158 0.00771
Phenylalanine 88.8+9.4 784£11.2 0.02161
Citrulline 90.9+9.6 826105 0.05628
Glutamic acid 99.1+26.2 53.1+102 0.00005
Proline 142+22 102+£14 0.00004
Ornithine 23041 145+32 0.00001
Valine 433+32 274+40 <0.00001
Tryptophane 607 +66 520+47 0.00146
Leucine/ Isoleucine 65032 444 +68 <0.00001
Histidine 1024+146 908+103 0.0358

Glutamine 4464 +605 5671+915 0.00117

Bold amino acids are significantly higher in this experimental group

1.0 @ Histamin obese
O Histamin lean
® EtOH obese
O EtOH lean
[
o
c
©
°
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Fig.2 Normalized cellularimpedance of colon epithelial cells from obese
(black circles and boxes) ZSF1 rats with HFpEF and lean control rats (white
circles and boxes) that were exposed to 100 uM histamine (circles) or 1%
ethanol (squares) to test the epithelial barrier function. Non-linear fitting
curves were added (blue =obese animals, red=lean animals). They differ
significantly between both experimental groups (p <0.0001 for histamine
and EtOH)

At 8 weeks of age, Shannon diversity index (within sam-
ple) was comparable (p=0.200), but decreased in O-ZSF1
at 13 weeks, when HFpEF had manifested, and remained
lower until the rats were sacrificed at 20 weeks (p=0.003
and p=0.074) (Fig. 5). There was no significant differ-
ence in richness, however there was a trend towards a
decrease in richness in obese versus lean animals over
time (p=0.20, p=0.024 and p=0.320) (Fig. 5). Also, the
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Bray—Curtis dissimilarity index, representing Beta-diver-
sity, detected no clustering at 8 weeks of age (p=0.200)
while at 13 and 20 weeks of age a significant separa-
tion of L-ZSF1 and O-ZSF1 was observed (p=0.001 and
p=0.007) (Fig. 5). At 20 weeks of age, differential abun-
dance analysis identified 53 strains with significant dif-
ferences in abundance between O-ZSF1 and L-ZSF1
(a=0.05, see Supplementary Fig. 6), 21 of which could be
identified down to the genus level (Supplementary Table
2). Notably, the abundance of five different Lactobacillus
species as well as one strain of Blautia and Allobaculum
was decreased while the abundance of five Oscillospira
species increased in O-ZSF1 (p<0.05).

Discussion

HFpEF is regarded a multiorgane syndrome with the
heart being affected secondary to numerous comorbidi-
ties and pathomechanisms [36, 37]. In order to elucidate
this multifaceted clinical syndrome, complex pre-clinical
models approximating the human reality are needed.
ZSF-1 rats cover metabolic and hypertensive stress as
well as endothelial dysfunction and systemic inflamma-
tion as underpinning pathomechanisms [5, 6, 38—40].
Dysbiosis can aggravate inflammation and is thus sup-
posed to be contributing to the development of HFpEF
[14]. The human microbiome is shaped by a plethora of
individual or environmental factors like diet, lifestyle
and the individual’s environment, including but not lim-
ited to vegetable and meat intake, alcohol and nicotine
consumption, medication, living region, cleaning habits
and household pets [14, 41]. While microbiome analysis
in humans is complexified by the numerous influencing
factors, an animal model offers the possibility to keep
living conditions constant and reduce confounders. We
analyzed the role of the gut microbiome and it’s metab-
olites in an animal model during the manifestation and
progression of HFpEF. The diagnosis and progression
of HFpEF is best monitored multimodally, combining
symptoms, echocardiography, NT-proBNP and invasive
hemodynamic measurements. Unfortunately, in rats the
latter can only be done before sacrifice. Here echocardio-
graphic data as well as NT-proBNP were only analyzed at
an age of 20 weeks. Nevertheless, it was demonstrated in
O-ZSF1 rats that E/e’, an early sign of diastolic dysfunc-
tion, is detectable already at 10 weeks of age. At the age
of 20 weeks, fulminant echocardiographic and invasive
signs of diastolic dysfunction; namely anterior wall thick-
ness, end-diastolic diameter and end-diastolic pressure,
are present and deterioration continues until 32 weeks of
age [8, 39, 42].

The animals were fed a high-energy, high-fat stan-
dard diet with porcine meat serving as a dietary source
of TMAO precursors. Noteworthy, TMAO and its pre-
cursors are natural components of fish and fish-intake
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Fig. 3 Average Height of Mucosa in cross-sections of colon samples from obese (black cicrles) ZSF1 rats and lean control rats (white circles). Average
Mean Gray Value per mm? in areas of interest in colon samples stained with ZO1-antibodies

was found to increase TMAO levels in humans [15,
19]. Whereas the food intake was increased by ~30% in
O-SF1, carnitine plasma level and TMAO were increased
by 54% compaed to L-ZSF1. Thus it can be inferred that
the increased values are due to both increased food
intake and intrinsic production. TMAO was shown to
be an independent HFpEF risk factor in humans where
it is also correlated with NT-proBNP [13, 15]. This cor-
relation was reproduced in our animal model. Interest-
ingly, higher carnitine level, as observed in O-ZSF1, are
associated with an increased risk of prevalent coronary
and peripheral artery disease, overall cardiovascular dis-
ease and 3 year risk for a composite of death, myocar-
dial infarction, stroke, and need of revascularization in
humans [43].

TMAQO levels are influenced by several factors: TMA
production from dietary components by the gastroin-
testinal microbiome, transition from the gut into the
circulation, hepatic metabolization of TMA to TMAO
and renal elimination [15]. It was shown that HFpEF and
renal dysfunction are closely related with plasma TMAO
levels [44]. SDMA is an established marker of kidney
function in both rats and human [45-47]. SDMA levels
in O-ZSF1 are comparable to L-ZSF1 rats at an age of 20
weeks, whereas renal failure in O-ZSF1 can be excluded
[28]. Obese animals showed substantial enlargement of
their livers. However, neither signs of fibrosis nor fatty
liver disease were present. Therefore, this observation is
most likely attributable to a higher glycogen content. The
main TMA metabolizing enzyme FMO3 was found to
be increased in insulin-resistent mice and humans [15].

Interestingly, it has been demonstrated that female mice
exhibit higher FMO3 activity and TMAO accumulation
compared to male mice with similar microbiome signa-
ture. This might be an underpinning mechanism in the
higher HFpEF incidence in women [43]. However, in our
O-ZSF1 rats, FMO3 expression was lower compared to
L-ZSF1. We did not assess FMO3 activity or measure the
less active enzymes FMO4 and FMO5, as this was outside
the study’s scope. Nonetheless, it’s probable that elevated
TMAO plasma levels are not a result of increased hepatic
TMA turnover or inadequate renal elimination.

On the phylum and genus level the microbiome com-
position in ZSF1 rats was comparable to that of other rat
strains [48]. Firmicutes, Proteobacteria and Actinobacte-
ria, considered main TMA producers, are ubiquitously
present in the mammalian microbiome and are sufficient
in relatively low abundances [15, 43, 49]. Crucially, germ-
free mice are incapable of producing TMAO [43]. Never-
theless, it must be taken into account that it is currently
not possible to precisely attribute bacteria to diet-related
TMAO production [50]. L-ZSF1 and O-ZSF1 rats were
kept together before the experiment started and after
being separated into different cages received the same
food, water and housing conditions whereas O-ZSF1 rats
ate more than L-ZSF1 resulting in higher caloric intake.
At 8 weeks of age, both experimental groups displayed
similar microbial diversity and did not exhibit any sig-
nificant grouping based on their microbiome. Note-
worthy O-ZSF1 rats were already obese at the age of 6
weeks, prior to separation from L-ZSF1, which excludes
obesity as the sole cause of the subsequently observed
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alterations. As HFpEF began to manifest at 10 to 13
weeks and progressed until rats were sacrificed at 20
weeks of age, alpha-diversity, a measure of species diver-
sity within sample, consistently remained significantly
lower. Moreover, beta-diversity, a measure of between
sample similarity, revealed distinct groupings within the
various microbiome landscapes, even at the initial stages
of HFpEF manifestation. Generally, a decrease in micro-
biome diversity has been a defining parameter of dysbio-
sis in several cardiometabolic and inflammatory diseases
[5, 18, 51]. Specifically, humans with HFpEF have also
been shown to have diminished microbiome diversity
[52, 53] but it remains to be elucidated whether this is a
trigger of HFpEF or collateral damage [14]. Noteworthy,

in ZSF1 rats cardiac HFpEF characteristics manifest at
an age of 12-13 weeks and the disease progresses until
the animals show a reduced health at an age of around
32 weeks [8]. Thus, our data suggest that dysbiosis and
HFpEF evolve in parallel and may be intertwined. An
altered microbiome can also be observed in obese and
insulin-resistent patients without HFpEF, linking two of
HFpEF’s comorbidities [17].

At the height of HFpEF manifestation, several mem-
bers of the microbial families Lactobacillaceae, Rumi-
nococcaceae, Erysipelotrichaceae and Lachnospiraceae
were significantly altered. Members of the Lactobacilla-
ceae family showed a decrease in abundance in O-ZSF1,
which is consistent with research in other animal models
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and humans. Interestingly, Lactobacillus as well as Allo-
baculum, another less-researched genus decreased in
O-ZSF1, have also been linked with vascular endothelial
dysfunction—one of the proposed pathomechanisms for
HFpEF [54]. Other species, like Lactobacillus rhamno-
sus, have been found to improve systolic and diastolic left
ventricular function following coronary ligation artery in
rats [17]. Lactobacillus reuteri, which had a lower abun-
dance in HFpEF rats, has also been shown to be able to
mitigate cardiac injury in high-fat-induced rat models of
obesity [55]. Five different members of the genus Oscil-
lospira were found to be increased in O-ZSF1 rats. Oscil-
lospira has been of high interest in microbiome research,
as they account for a high proportion of the fecal micro-
biome and have been implicated in the pathogenesis of
a multitude of metabolic and inflammatory diseases
[56, 57]. While some studies attribute beneficial effects
of weight loss and amelioration of metabolic syndrome
to Oscillospira, an increased abundance has also been
linked to a high-fat diet in different rodent models as well
as diabetes and inflammation in type 2 diabetes rat mod-
els [56, 58]. Here, further research diving into the specific
subspecies and strains of Oscillospira is needed. Lastly,
Blautia, decreased in O-ZSF1 rats, has been linked to not
only HF in general but HFpEF specifically [59, 60].
Amino acid levels were also altered in O-ZSF1. This
is partly attributable to altered utilization of arginine
by arginases and NO synthases with consequentially
increased turnover products ornithine and citrulline in
this animal model [28, 61]. However, the intestinal micro-
biome is also involved in the human amino acid homeo-
stasis, and vice versa amino acids have an impact on the
abundance of the microbes that utilize them [14]. For
example, proline is the preferred amino acid substrate
of Clostridium genus bacteria, while other anaerobes,
including Bacteroides, Lactobacillus, Bifidobacterium,
and Peptostreptococcus ferment the aromatic amino acids
[52] phenylalanine, tryptophan and tyrosine. All these
amino acids were higher in O-ZSF1 compared to L-ZSF1
and likewise some of the metabolizing microbes were
more abundant in O-ZSF1. Interestingly, high plasma
levels of phenylalanine, as observed in the HFpEF rats,
are associated with higher levels of C-reactive protein
and inflammatory cytokines as well as higher mortality
in patients with heart failure [14, 62]. Further, increased
levels of leucine, histidine, ornithine and phenylalanine
as observed in O-ZSF1 were associated with higher event
rates in HF populations [52, 63]. On the other hand,
some amino acids also were lower in O-ZSF1 like glycine
which was found to have anti-inflammatory effects and a
beneficial antihypertrophy effect in heart failure [14, 52].
Noteably, tryptophane, an amino acid involved in com-
plex pathways that are both beneficial and detrimental
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to cardiovascular health, was increased in obese animals
[64, 65].

After TMA is produced in the gut it crosses the intesti-
nal gut barrier and passes over to the blood stream. This
process is facilitated when tight junction dysfunction
occurs or biological barriers are impaired, a phenomenon
that is referred to as leaky gut concept [17]. Gut barrier
dysfunction can also lead to the transition of microbial
metabolites and endotoxins to the blood stream, where
these trigger inflammatory cascades and thus contrib-
ute to HFpEF. In turn, HFpEF has been associated with
insufficient cardiac output, leading to intestinal ischemia,
edema, and inflammation, which consecutively impairs
the epithelial barrier function [14]. While the intestines
of obese ZSF1 rats showed no major histological changes,
the aforementioned effects are mirrored by the observed
epithelial barrier dysfunction in diseased animals. Fur-
ther, elevated levels of LPS, an established marker of
increased gut permeability and endotoxin, were observed
in O-ZSF1. This is comparable to findings in humans with
heart failure [66]. Both TMAOQO and LPS exert pro-inflam-
matory effects by activating several intracellular pathways
including the NLRP3 inflammasome [17, 67, 68]. TMAO
itself has been found to damage epithelial cells and impair
their self-repair and thereby influence barrier function
[15, 69]. Using the ZSF1 rat model our results demon-
strate that changes in the microbiome occur at an early
timepoint in HFpEF progression, before cardiac function
is distinctively impaired [8]. Thus, alterations in micro-
biome diversity may initially trigger the development
of HFpEF and after onset of the disease intestinal dam-
age might be accelerated in a vicious cycle. In this con-
text, the gastrointestinal microbiome has emerged as an
exceptionally modifiable organ that could be the target of
low-effort, noninvasive and low-cost interventions [51].
TMA and thus TMAO levels can be influenced by limita-
tion of carnitine and cholin, found highly concentrated in
foods from animal origin like meat and dairy products,
and representing main sources for bacterial TMA pro-
duction [15]. However, TMAO is also a stable compound
of the mediterranean diet, considered beneficial to car-
diovascular health, and it has been reported that TMAO
supplementation in hypertensive rats prevented heart
failure-associated mortality and had diuretic effects [70].
On the other hand, it was shown that the administration
of TMAO has pro-inflammatory, pro-thrombotic and
pro-atherogenic effects [71]. In summary, while intrinsic
TMAO elevation is associated with unfavorable cardio-
vascular outcomes, inconsistent results of supplemen-
tation studies suggest that artificial elevation of TMAO
fails to account for all involved mechanisms [72]. In line
with the results of our study, it can be hypothesized that
TMADO is not an isolated causative factor, but primarily
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a surrogate for the highly complex pathomechanisms
underlying cardiovascular disease.

A diet rich in plant-based fiber and fermented foods,
increases the diversity of the microbiome, decreases
inflammatory markers [73] and simultaneously reduces
TMAO [43]. In contrast, a high-fat- low-fibre-diet has
been linked to dysbiosis, disruption of intestinal per-
meability as well as an increase in bacteria involved in
cardiovascular diseases [51]. Pre- and probiotics or the
administration of beneficial microbes may also be use-
ful [17, 51]. For example, the application of Lactobacillus
rhamnosus GR-1 has already been discussed as a therapy
for heart failure and the bacteria has even been shown
to reduce atherosclerotic plaque size [52]. Moreover, the
administration of antibiotics can also decrease TMAO
levels and reverse effects of TMAQO administration [74].
Finally, exercise was also found to have a beneficial effect
on the gut microbial diversity in Wistar rats [56].

Conclusion

The ZSF1 rat model mirrors many alterations observed in
human patients, making it a well-suited choice to investi-
gate the connection between the gut microbiome and its
metabolites during the manifestation and progression of
HFpEF with minimial influencing factors.

(1) The gastrointestinal microbiome changes parallel
to HFpEF manifestation and progression and both
entities may be the consequences of the same
underpinning pathomechanism.

(2) The gut epithelial barrier function in O-ZSF1 is
impaired. This may cause “intestinal leakage” of
microbial metabolites and particles, like TMAO
and LPS, into the blood stream, resulting in a pro-
inflammatory environment.

(3) Despite identical diet composition, free carnitine,
the TMA precursor, is higher in the blood of
O-ZSF1 due to generally higher food intake. Further,
pronounced differences in amino acid levels were
observed. This may favour changes in microbiome
composition, represent altered microbial metabolite
turnover and finally increase adverse systemic effects
like inflammation or epithelial dysfunction.

Limitations

This study is based on a small sample number. Although
the ZSF1 rat model mirrors HFpEF characteristics and
pathomechanisms observed in humans, it is unclear
whether the findings can be transferred. Additionally,
the pathophysiology of HFpEF is defined by a mani-
fold of heterogenous mechanisms, which can only
partially be covered by an animal model. As current liter-
ature suggests differences between sex as a risk factor in
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pre-clinical and clinical models, the findings of this study
should also be evaluated in male animals.

Fecal samples represent the microbiome composition
of the colon. A more in-depth analysis should include
the extraction of fecal matter from different parts of the
intestine as well as luminal and mucosal samples. Using
16s rRNA sequencing from faeces is a reliable, estab-
lished and inexpensive way of microbiome assessment,
however taxonomic resolution and coverage are limited.
Furthermore, this method can not directly analyse micro-
bial function. While our analysis was able to partially
account for these challenges and is therefore suitable
to detect differences between the experimental groups,
it was not possible to fully map the ZSF1 microbiome.
Unidentified species could pose any form of contribution,
harmful or beneficial, to the microbial community or it’s
host. In the future, shotgun metagenomic sequencing
and additional omics-data will aid in defining not only
composition, but also the functional profile of bacteria.
To differentiate collateral damage from triggers, further
analysis could also include the administration of micro-
biome-altering substances such as synbiotics or TMAO
itself. Immunohistochemistry is at best a semiquantita-
tive method with pronounced inter-observer assessment
divergence [75]. Additionally, the intestinal barrier is a
complex construct comprised of mucins, antibacterial
proteins, epithelial cells and the vascular endothelium.
Future research may encompass a more global analysis of
the components of intestinal barrier function [22].
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MRM Multiple reaction monitoring
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NT-proBNP  N-terminal pro-brain natriuretic peptide
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ROI Region of interest
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TMAO Trimethylamine-N-oxide

Z01 Zona occludens protein 1
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male spontaneously hypertensive heart failure (SHHF)-rats
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