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Aims Heart failure (HF) and cancer are the leading causes of death worldwide. Epidemiological studies revealed that HF patients are
prone to develop cancer. Preclinical studies provided some insights into this connection, but the exact mechanisms remain elusive.
In colorectal cancer (CRC), gut microbial dysbiosis is linked to cancer progression and recent studies have shown that HF patients
display microbial dysbiosis. This current study focussed on the effects of HF-induced microbial dysbiosis on colonic tumour

formation.

Methods C57BL/6J mice were subjected to myocardial infarction (Ml), with sham surgery as control. After six weeks faeces were collected,

and results

germ-free mice by treating them with Azoxymethane/Dextran sodium sulphate. The CRC mice were transplanted with faeces
from Ml or sham mice. Ml-induced HF resulted in microbial dysbiosis, characterized by a decreased a-diversity and microbial altera-
tions on the genus level, several of which have been associated with CRC. We then performed faecal microbiota transplantation
with faeces from HF mice in CRC mice, which resulted in a higher endoscopic disease score and an increase in the number of tu-

mours in CRC mice.

Conclusion We demonstrated that Ml-induced HF contributes to colonic tumour formation by altering the gut microbiota composition, pro-
viding a mechanistic explanation for the observed association between HF and increased risk for cancer. Targeting the microbiome

may present as a tool to mitigate HF-associated co-morbidities, especially cancer.

processed for 16 s rRNA sequencing, and pooled for faecal microbiota transplantation. CRC tumour growth was provoked in
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1. Introduction

Heart failure (HF) and cancer are the leading causes of death worldwide.
Recently, it has become clear that HF and cancer share several pathophysio-
logical characteristics and often coincide in the same patient."* Although
most attention has gone out to cancer patients with incident cardiovascular
disease (CVD) (cardio-oncology), more awareness is given to the increased
prevalence of cancer in HF patients (reverse cardio-oncology), including colo-
rectal cancer (CRC)), reported by several independent cohorts recently.® In
the last few years, several pre-clinical studies have provided mechanistic evi-
dence that HF can stimulate tumour growth. These studies have suggested ex-
citing underlying mechanisms, including the role of cardiac secreted factors and
immune cell reprogramming in HF.™'© However, these phenomena likely do
not explain the entirety of the bidirectional connections between HF and
cancer.

The gut microbiome is emerging as a new potential connector between
HF and cancer and has been studied separately in the two diseases. HF
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patients have an abnormal microbial composition compared to healthy
individuals."™"? Increased circulating levels of Trimethylamine N-oxide
(TMAQ), an essential metabolite produced by gut bacteria, are associated
with atherosclerosis and HF'® and directly contribute to atherosclerotic
plaque formation and HF in mice."*'® In addition, animals models of HF dis-
played an altered microbial pattern, suggesting that HF itself also induces
microbial dysbiosis."®™"®

The connection between the microbiome and CRC is well
established.'”?® The microbiome of CRC patients is characterized by
a distinctive microbial composition.”?? Microbial dysbiosis may exert
tumourigenic properties as preclinical studies showed that faecal trans-
plantation with microbiota from CRC patients stimulated tumour forma-
tion in mice,”*** indicating a direct effect of the abnormal microbiome
on tumour development.

Considering its role in both diseases, we hypothesized that HF-induced
gut microbial dysbiosis could stimulate colorectal tumour formation.
Therefore, we aimed to assess the direct effects of HF on the gut
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microbiota composition, and determine the effect of HF-induced microbial
dysbiosis tumour formation in CRC, using a faecal microbiota transplant-
ation (FMT) approach.

2. Materials and methods
2.1 Animals

All studies were performed in accordance with the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of
Health. All experimental procedures were approved by the Animal
Ethics Committee (CCD_AVD10500201583, University of Groningen,
the Netherlands, LA_1400637, Ghent University, Belgium). HF studies
were performed in male 8-10 weeks old C57BL/6) mice (Jackson
Laboratory, #000664). The mice were individually housed in conventional
housing, under controlled conditions (12 h light—dark cycle) with ad libitum
access to food and water. Mice were weighed twice a week and food and
water intake was monitored weekly. The FMT study was performed in 6-8
weeks old germ-free C57BL/6 mice. C57BL/6 germ-free mice were born
and raised at the Ghent Germ-free and Gnotobiotic mouse facility
(Ghent University, LA2400637/LA1400637). They were maintained in a
sterile environment under controlled conditions (10 h light—dark cycle)
with ad libitum access to water and diet (2018S, Envigo, USA).
Germ-free mice were housed and bred in conventional cages in positive-
pressure flexible film isolators (North Kent Plastics). One week before
the start of the experiment, germ-free mice were transferred to individu-
ally ventilated Isocage-P cages (positive pressure Isocages Techniplast) and
housed in groups of 2—4. All handling of the germ-free animals was per-
formed under sterile conditions, working in a laminar flow cabinet
(Avantor, VWR international).

2.2 Experimental protocol

To study the effects of HF on the gut microbiome 8 weeks old C57BL/6J
mice were randomized for myocardial infarction (Ml), transverse aortic
constriction (TAC) or sham surgery (sham n=11, Ml n=8, TAC n=9).
Five weeks after surgery cardiac parameters were measured using echocar-
diography. Six weeks after surgery the mice were euthanized under isoflur-
ane anaesthesia by excising the heart. Faecal samples were collected and
snap frozen for 16 s RNA gene sequencing, and tissues were collected
and snap frozen for molecular analyses or fixated in 4% formalin and par-
affin embedded for histochemical purposes. To study the role of
HF-induced microbial dysbiosis on CRC tumour formation FMT was per-
formed. As donor mice, 8-10 weeks old C57BL/6) mice were subjected to
Ml or sham surgery and the same experimental setup was used as de-
scribed above. Six weeks after surgery, caecum content and faeces were
collected when the mice were euthanized, and processed and pooled for
faecal transplantation. Three mice were excluded as donor mice because
they did not show a decrease in EF or an increase in ANP levels and there-
fore did not meet the a priori agreed criteria for the HF phenotype (sham
n=28, Ml n=9). As recipient mice, 6-8 weeks old germ-free mice were
transplanted with faeces of either Ml mice or sham mice (FMT-sham
n=14, FMT-MI n=14). Mice were inoculated three times in the first
week and then every other week for 8 weeks. The tumour model was in-
duced two weeks after the first inoculation by treating the mice with
Azoxymethane (AOM)/Dextran sodium sulphate (DSS). Disease progres-
sion was monitored using the disease severity score and endoscopy. Ten
weeks after the first inoculation mice were euthanized by CO, exposure.
The colon was isolated, measured and dissected longitudinally. Tumour
count and size were determined macroscopically. The tumour load was
calculated, assuming a hemispherical form of the polyps; (tumour
count*(2/3*%3.14*((0.5%tumour size)*3)). From three sham mice, the
pictures failed; therefore tumour size and load were not determined
from those mice. Tissues were collected and snap frozen for molecular
analyses or fixated in 4% formalin and paraffin embedded for histochemical
purposes.

2.3 Heart failure surgery

For all surgical procedures mice were intubated and mechanically venti-
lated with a 2% isoflurane/oxygen mixture using a rodent ventilator
(Harvard Minivent, model 845). Body temperature was maintained at
37°C. Preoperatively, all mice received carprofen (5.0 mg/kg) for analgesic
purposes. Ml was inflicted by permanent ligation of the left anterior des-
cending coronary artery using 6-0 perma-hand silk suture, through an inci-
sion in the fourth intercostal space. After tying the ligature, the heart was
inspected for paleness indicative for impaired blood flow. Ribs were closed
with 5-0 prolene and the skin layer was sutured with 5-0 vicryl. TAC was
inflicted by placing an 0.56 mm rubber O-ring (Apple rubber) around the
ascending aorta, through an incision in the second intercostal space as de-
scribed by Melleby et al.?> Sham-operated animals underwent the same
procedure, except the placement of the ligature, or placement of the
O-ring.

2.4 Faecal microbiota transplantation

Faecal and caecal content from the donor mice were collected when the
mice were euthanized (6 weeks after HF surgery). The faecal and caecal
content was snap frozen in liquid nitrogen and stored at —80°C. Faecal
and caecal content were homeogenized (Tissuelyser LT- Qiagen) at
30 Hz for 3 min and dissolved in 1x PBS in an anaerobic chamber
(Ruskinn, Concept 400, Baker Company). Faecal slurry was aliquoted
and stored at —80°C. FMT was performed on 3 consecutive days in the
first week and every other week for the subsequent 8 weeks. The faecal
slurry was transplanted via oral gavage under sterile conditions in a laminar
flow hood (Avantor, VWR international).

2.5 AOM/DSS treatment

Tumour development was induced by treating the mice with AOM (Santa
Cruz Biotechnology, SC-358746) and DSS (MP Biomedicals, 9011-18-1).
AOM was injected intra-peritoneally at a dose of 10 mg/kg, 2 weeks after
the first faecal transplant inoculation. One week after AOM injection, 2%
DSS was administered via drinking water for 5 days. The DSS treatment
was repeated twice with a 16-day recovery period. The third round of
DSS was performed for 3 days.

2.6 Echo

Five weeks after HF surgery, M-mode and 2-dimentional echocardiography
was performed to assess cardiac structure and function using the Vevo
3100 system (FuJiFLIM VisualSonics, Toronto, Canada), equipped with
40-MHz MXX550D linear array transducer. Mice were anaesthetized
with 2-2.5% isoflurane in oxygen during the procedure. Body temperature
was maintained at 37°C. The Vevo LAB software version 5.5.0 (FuliFLIM
VisualSonics) was used to measure echocardiographic parameters.

2.7 Endoscopy

High-resolution mouse endoscopy was performed, as previously
described,? using a Coloview endoscopic system (Karl Storz). Mice were
anaesthetized with 2-2.5% isoflurane in oxygen during the procedure.
Evaluation and scoring of the colonic architecture was done according to
the endoscopic colitis (MEICS) scoring reported by Becker et al. focussing
on colonic wall thickness, changes in vascular pattern (bleeding), fibrin de-
position, granularity and stool consistency.”

2.8 Disease severity score

During DSS treatment mice were monitored and scored for bodyweight
changes, faecal consistency and blood in the faeces using the hemoCARE
Guaiac test. Body weight score was defined as 0, 0-5% body weight loss;
1, 5-10%; 2, 10-15%; 3, 15-20%; and 4, > 20%. For stool consistency, a
score of 0 was assigned for well-formed stools, a score of 2 was assigned
for pasty and semi formed stools and a score of 4 was assigned for liquid
stools. For bleeding, a score of 0 was assigned for no blood, a score of 2
was assigned for positive Hemoccult and a score of 4 was assigned for gross
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bleeding. The disease severity score was calculated as the average of all cat-
egories combined.

2.9 Blood collection

Blood was collected via cardiac puncture in EDTA tubes. Blood was cen-
trifuged at 1500xg for 10 min at room temperature. The upper plasma
layer was transferred to a new tube and stored at —80°C.

2.10 DNA isolation

Fresh stool samples were collected when the mice were euthanized and
were immediately snap frozen in liquid nitrogen and stored at —80°C.
To determine the overlap in the faecal content that was used for the
FMT and the faeces of the transplanted mice, DNA was isolated from
the pooled faecal/caecal samples from the donor mice (four technical re-
plicates per group). DNA was isolated using a phenol-chloroform extrac-
tion technique with mechanical disruption (bead-beating). DNA was
precipitated in 1 X TE buffer. The presence of bacterial DNA was verified
by PCR and gel electrophoresis using universal primer set for the V4 region
(515F, 806R) (see Supplementary material online, Table $3). PCR products
were loaded on a 1.5% agarose gel with the gene ruler DNA ladder mix.

2.11 RNA gene sequencing

16S RNA gene sequencing amplification, indexing and lllumina MiSeq
sequencing (2 x 250 base pairs (bp)) was performed by Novogene Co.,
Ltd. The hypervariable V4 region was amplified using the 515F
(GTGCCAGCMGCCGCGGTAA) and 806R primers (GGACTACH
VGGGTWTCTAAT). Subsequent analysis was performed through
the Qiime2 pipeline (https:/doi.org/10.1038/s41587-019-0209-9) and
visualisations were made in Rstudio (v2022.07.02) with the packages
ggplot2 (v3.4.4; DOI: 10.1007/978-3-319-24277-4), ggsignif (v0.6.4)(DOI:
10.31234/osf.io/7awmé), ggpubr (v.0.6.0 Kassambara A (2023). ggpubr:
‘ggplot2’ Based Publication Ready Plots. R package version 0.6.0, https:/
rpkgs.datanovia.com/ggpubr/.), ggrepel (v0.9.3, https:/CRAN.R-project.
org/package=ggrepel), mia (v1.2.7)(DOI: 10.18129/B9.bioc.mia), miaViz
(v1.2.1) (DOI: 10.18129/B9.bioc.miaViz), scater (v1.22.0, DOI: 10.18129/
B9.bioc.scater), vegan (v2.6-4, https:/doi.org/10.1111/j.1654-1103.2003.
tb02228.x) with the kruskal.test function. Rarefaction was performed to
normalize for library size. Significant taxa on the genus level were identified
using MaAslin2 (v1.8.0, 10.1371/journal.pcbi.1009442), a package deter-
mining multivariate association based on linear models.”” Default
MaAslin2 parameters were applied; maximum percentage of samples
NA in metadata 10%, P value P < 0.05 and all P values were adjusted for
multiple comparisons using the Benjamini Hochberg correction with a
FDR cut-off of q < 0.25%.%” All 165 rRNA gene sequencing data used in
this paper will be shared by the lead contact upon request.

2.12 RNA sequencing
RNA was isolated from snap frozen colon tissue using TRI reagent
(Sigma-Aldrich, St Louis, MO). RNA samples were characterized by
UV-Vis spectrophotometry (Nanodrop2000c, Thermo Fisher), RNA in-
tegrity was assessed on a Fragment Analyzer System using the DNF-471
RNA Kit (15 nt) (Agilent). Sequencing-ready libraries were produced using
a QuantSeq 3’ mRNA-Seq Library Prep Kit REV for lllumina
(015UG009V0241) following standard procedures, as outlined in the re-
spective  UserGuide:https:/www.lexogen.com/wp-content/uploads/2018/
08/015UG009V0241_QuantSeq_lllumina.pdf

Indexed library preparation was performed to allow for multiplexed se-
quencing. For library preparation, 200 ng of (provided) RNA samples were
used as an input. Prepared libraries were quality controlled on a
Bioanalyzer device (Agilent), using the HS-DNA assay. Concentration of
obtained libraries was quantified using a Qubit dsDNA HS assay
(Thermo Fisher). A sequencing-ready pool of indexed libraries was pre-
pared according to these quantifications. Sequencing was performed on
an lllumina NextSeq2000 with SR100 read mode at Lexogen GmbH.

The ShinyGO enrichment tool (version 0.77) (http:/bioinformatics.
sdstate.edu/go/ (accessed on 31 November 2023) was used for exploring
enrichment in Gene Ontology (GO) categories for biological processes
using the lists of up- and down-regulated genes and proteins (P < 0.05).%
Biological processes with false discovery rate (FDR) < 0.05 were considered
significant.

2.13 Caecal SCFA measurements

Caecal SCFA concentrations were measured as previously described.®” In
brief, the caecum was thawed, internal standard (0.5 mg/mL 2-ethylbutyric
acid solution) was added and the caecum was homeogenized using beat-
beating (4°C, 60 s, 6000 rpm). SCFAs were extracted with 2 mL diethyl
ether (MERCK, #60-29-7). Derivatization was performed overnight with ©
500 uL of the supernatant and 50 pL of N-tert-Butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA)(Sigma-Aldrich, #77377-52-7), at 9
room temperature. SCFA concentrations were measured on an Agilent &
5975C series GC/MS (Agilent Technologies), equipped with a ZB-1 col- g
umn (Phenomenex, Torrance, CA, USA). Mass spectrometry analysis g
was performed by electron ionization. lons monitored were m/z 117 for =
acetate, m/z 131 for propionate, m/z 145 for butyrate and m/z 221 for
4-phenol butyric acid.
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2.14 Real time PCR
RNA was isolated from snap frozen LV and colon tissue using TRI reagent :
(Sigma-Aldrich, St Louis, MO) and cDNA was made using the 5
QuantiTect® Reverse Transcription Kit (Qiagen, Germany) according to &
the manufacturer’s protocol. gPCR was performed using a Bio-Rad &
CFX384 Real-Time PCR system (Bio-Rad, CA, USA) using SYBR Green %
dye. Peptidyl-prolyl cis-trans isomerase (Ppia) or 36B4 (Rplp0, ribosomal &
protein large PO) were used as a reference to correct for the measured @
mRNA expression. Primer sequences are shown in Table 1. For TNFo, &
one outlier was excluded in the Ml group. For IL6 in several samples IL6 &

dno-olwapeoe)/
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levels were below threshold and could not be measured. %
Q
@
2
Table 1 Primer sequences §
Gene Sequence Q
......................................................................................... 8
Nppa Fwd: GCTTCCAGGCCATATTGGAG g
Rev: GGTGGTCTAGCAGGTTCTTG 5
Ppia Fwd: CCACCGTGTTCTTCGACATC ‘5”»
Rev: AGTGCTCAGAGCTCGAAAGT i
Z0O-1 Fwd: GGGCCATCTCAACTCCTGTA ;
Rev: AGAAGGGCTGACGGGTAAAT &
Occludin Fwd: ACTATGCGGAAAGAGTTGACAG N
Rev: GTCATCCACACTCAAGGTCAG R
Claudin-3 Fwd: CCTGTGGATGAACTGCGTG
Rev: GTAGTCCTTGCGGTCGTAG
MUC2 Fwd: GTAGTGGAGATTGTGCCGCT
Rev: CAGGAACACGCACAGGTTTG
TNF-a Fwd: AAACCACCAAGTGGAGGAGC
Rev: ACAAGGTACAACCCATCGGC
IL-6 Fwd: TCCCAACAGACCTGTCTATAC
Rev: CAGAATTGCCATTGCACAACTC
36B4 Fwd: AAGCGCGTCCTGGCATTGTC
Rev: GCAGCCGCAAATGCAGATGG
515F GTG-CCA-GCM-GCC-GCG-GTA-A
806r GGA-CTA-CHV-GGG-TWT-CTA-AT
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2.15 Histology

Paraffin embedded colonic tissues were sectioned at 4 pm. sections were
deparaffinated and dehydrated, and incubated with antigen retrieval for
15 min. For immunohistochemistry, endogenous peroxidase was blocked
with 3% H,O,. Sections were incubated with primary rabbit anti Ki67
(AB16667, Abcam) for 60 min, secondary goat anti-rabbit HRP (P0448,
DAKO) for 30 min and tertiary rabbit anti-goat HRP (P0449, DAKO) for
30 min at room temperature. The slides were counterstained with haema-
toxylin, mounted and imaged using a Nanozoomer 2.0 HT (Hamamatsu,
Japan). The percentage of Ki67 positive cells was determined in tumour
tissue using Image). The Ki67 staining failed in two samples, therefore the
N=13 per group. For the immunofluorescence staining, the sections
were stained with either Claudin-3 (#34-1700, Thermo Fisher) or ZO-1
(#61-7300, Thermo Fisher) as primary antibody and Dk anti Rb 555
(#A31572, Thermo Fisher) as secondary antibody. The sections were coun-
terstained with WGA-FITC (Sigma, L4895-2 mg), mounted with Vectashield
mounting medium with DAPI (Vector Labs, H-1200) and imaged using a
Nanozoomer 2.0 HT (Hamamatsu, Japan). The images were visualized using
OLYMPUS-OIVIA.

2.16 Statistical analyses

Data are represented as mean =+ standard deviation (SD). Outliers were
determined using the ROUT method. Normal (Gaussian) distribution
was determined using the Shapiro-Wilk test. Student-t test was used to de-
termine statistical significance for normally distributed data, or Mann—
Whitney U test for non-normally distributed data or data with small group
sizes. For parameters that were measured over time two-way ANOVA
with Sidak’s multiple comparisons test was performed. Differences were
considered significant at P < 0.05. Statistical tests were performed in
GraphPad Prism 9.1.0 (GraphPad Software, La Jolla, CA, USA) or
Rstudio (version v2022.07.02) for the sequencing data.

3. Results

3.1 Myocardial infarction-induced HF alters

the gut microbial composition

The effect of HF on the gut microbial composition was investigated in mice
subjected to either MI, TAC, or sham surgery (Figure 1A). Ml-induced HF re-
sulted in a 20% decrease in left ventricular (LV) ejection fraction (EF)
(Figure 1B), as well as an increase in heart weight, LV inner diameter, and a
four-fold increase in atrial natriuretic peptide (ANP, encoded by the NPPA
gene) expression (Figure 1C-E). No differences were observed in body weight
and food intake between sham and HF mice (see Supplementary material
online, Figure STA and B). Faecal samples of Ml mice showed a decrease in
the number of bacterial species and Shannon diversity index, indicative of a
decreased microbial diversity (Figure 1F and G). Principle coordinate analysis
(PCoA) revealed that most of the MI mice were clustered separately form the
sham mice, although some overlap occurred (Figure TH). At the genus level,
Ml-induced HF was associated with 36 differentially abundant bacteria.
Lachnospiraceae NK4A136 and Oscillospiraceae NK4A214 were the most
significantly decreased genera (Figure 1/ and Supplementary material online,
FilesS7 and S2). In addition, the genera Blautia, Alistipes, Anaerotruncus, and
Intestimonas were decreased, among others (Figure 1/ and Supplementary
material online, Files S7 and S$2). The genera Faecadlibaculum and
Desulfovibrio were the most significantly increased in the Ml mice (Figure 1/
and Supplementary material online, Files S7 and S2). Several of the bacteria
that were decreased in the faeces of the M| mice are known to be involved
in short-chain fatty acid (SCFA) production.31'32 In line with the decrease in
SCFA-producing bacteria, caecal butyrate levels were decreased in HF mice
(see Supplementary material online, Figure S1C). It is hypothesized that HF
might affect intestinal barrier function and induce low-grade inflammation
in the gut.33 In the colon of HF mice no changes were observed in gene ex-
pression levels of barrier proteins, Zonula occludens-1 (ZO-1), occludin,
caudin-3 and mucin-2 (MUC2), as well as inflammatory markers, tumour

necrosis factor-o (TNFa) and interleukin-6 (IL6) (see Supplementary
material online, Figure S1D—H).

Comparable to MI, TAC-induced HF resulted in a decreased EF and an in-
crease in heart weight LV inner diameter and ANP expression (see
Supplementary material online, Figure S2A-D). However, no differences in spe-
cies richness or Shannon diversity were observed between sham and TAC
mice (see Supplementary material online, Figure S2E and F). In addition, TAC
and sham mice were largely clustered together in the PCoA analysis (see
Supplementary material online, Figure S2G). On the genus level 9 significantly
different bacteria were observed between TAC and sham (see
Supplementary material online, Figure S2H, Supplementary material online,
File S3). The decrease in the genera Lachnospiraceae NK4A136,
Oscillospiraceae  NK4A214,  Lachnospiraceae  GCA.900066575, Blautia,
Peptococcus, and Alistipes were comparable between the TAC and M| mice
(Figure 11, Supplementary material online, Figure S2H, Supplementary
material online, Files S71-S3).

3.2 Transplant of faeces from mice with
Ml-induced HF accelerates tumour

formation in a CRC mouse model

To investigate whether gut microbial dysbiosis caused by Ml-induced HF
could directly trigger intestinal tumour growth, faecal samples from Ml
mice or control mice were transplanted into germ-free mice. Faecal and cae-
cal content from the donor mice were collected six weeks after the HF sur-
gery, when the mice were euthanized, and were processed anaerobically for
faecal transplantation. After the first FMT, the germ free mice were exposed
to the AOM/DSS to induce CRC (Figure 2A). Donor mice subjected to Ml
showed a clear HF phenotype characterized by a decrease in EF and an in-
crease in LV diameters, heart weight and Nppa expression, 6 weeks after
Ml surgery (see Supplementary material online, Figure S3A-D). Ml and sham
mice had similar body weight changes and food and water intake during
the entire experiment (see Supplementary material online, Figure S3E and F).

To determine the microbiota composition of the faecal content that was
used for the FMT, the pooled and processed faecal/caecal content from the
donor mice was sequenced, using four technical replicates. The a-diversity
was lower in the pooled donor faeces and the PCoA analysis revealed
that the pooled faecal content of the MI mice was clustered separately
from the sham mice (see Supplementary material online, Figure S3H and
l). At the genus level, 76 bacteria were detected in the pooled faeces
from the sham mice and 74 bacteria in the pooled faeces from the Ml
mice. Fifty-eight of the detected bacteria in the donor-sham mice were
comparable to bacteria detected in the sham mice (76.3%) (see
Supplementary material online, File S4). Fifty-seven of the detected bac-
teria in the donor M| mice were comparable to bacteria detected in the
MI mice (77%) (see Supplementary material online, File $4). Ml-induced
HF was associated with 47 differentially abundant bacteria. 18 of the differ-
entially abundant bacteria were comparable between the pooled donor Ml
faeces and faeces from the Ml mice (see Supplementary material online,
Figure S3K, Supplementary material online, File S4). This included a de-
crease in the genera Lachnospiraceae NK4A136, Blautia, Alistipes,
Anaerotruncus, and Intestimonas and an increase in Desulfovibrio and
Candidatus Arthromitus. Discrepancies between the donor M| samples
and the Ml samples were found in three genera.

In the CRC mice no differences were observed in body weight changes
or disease severity score during DSS treatments between mice trans-
planted with faeces from MI mice or mice transplanted with faeces from
sham mice (see Supplementary material online, Figure S4A and B).
Cardiac function of the germ-free mice was not assessed in this model,
as previous studies have described that cardiac function and heart weight
are not altered in germ-free mice.3*3° Six weeks after FMT, no differences
were observed in murine endoscopic index of colitis severity (MEICS)
scoring between the experimental groups (Figure 2B). At nine weeks how-
ever, mice transplanted with HF faeces had a higher MEICS score than mice
transplanted with faeces from sham mice (Figure 2C). The colonic architec-
ture of the mice transplanted with faeces from M| mice was characterized
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Figure 1 Effects of Ml-induced HF on the gut microbial composition. (A) Experimental setup (B). Left ventricular ejection fraction (LVEF) (C). Heart weight
normalized for tibia length (D). Left ventricular inner diameter systole (LVIDs) (E). Relative natriuretic peptide A (Nppa) expression in LV, normalized for
peptidyl-prolyl cis-trans isomerase (Ppia). a-Diversity analysis represented by (F). the number of observed species and (G). Shannon diversity index.
(H) B-diversity represented by principal coordinates analysis (PCoA) of Bray—Curtis dissimilarity distances of bacterial composition. (/) Volcano plot showing
differentially abundant bacteria on the genus level, represented by —log10(qg-value) (bacterial genera are coloured according to the phylum they belong to).
The data from Figure 1B-D have previously been published by Aboumsallem et al.*® Data are represented as mean =+ SD. Statistical significance was determined
using Mann—Whitney U test (B-G) or MaAslin2, FDR q < 0.25% (/). P < 0.05 was considered as statistically significant. * P < 0.05, ** P < 0.01, **** P < 0.0001.

Sham n=11, Ml n=8.

by increased colonic wall thickness, more mucosal bleeding and deposition
of fibrin in the lumen, and worse stool consistency (Figure 2B-D). No dif-
ferences in colon length were observed between mice transplanted with
sham faeces and mice transplanted with HF faeces (see Supplementary
material online, Figure S4C). Mice transplanted with faeces from MI mice
showed a 30% increase in colonic tumour count (22.29 + 5.3 vs. 29.0 +
6.0, P=0.0043) (Figure 2E), whereas there was no difference in the
size of tumours between the groups (Figure 2F). Altogether, FMT with fae-
ces from Ml mice led to a significant increase in overall tumour load (22.65
+5.6 vs. 31.43 +13.3, P=0.041) (Figure 2G). In addition, the number of
Ki67 positive cells was higher in tumour tissue of mice transplanted with
HF faeces (61.14 + 5.6 vs. 67.95 + 7.1, P=0.0125) (Figure 2H and I).

The faecal microbiome from mice transplanted with HF faeces was char-
acterized by a decrease in a-diversity (Figure 2/ and K). PCoA analysis revealed
a clear separation between the faecal content of the mice transplanted with
faeces from Ml mice and mice transplanted with faeces from control mice
(Figure 2L). In the mice transplanted with faeces from control mice, 121 bac-
teria were detected on the genus level, of which 65 overlapped with bacteria
found in the donor-control mice (see Supplementary material online, Files $4
and S5). In the mice transplanted with faeces from Ml mice, 120 bacteria were
detected on the genus level, of which 65 overlapped with bacteria found in
the pooled faecal samples of the donor Ml mice (see Supplementary
material online, Files S4 and S5). On the genus level, transplantation with fae-
ces from MI mice was associated with 50 differentially abundant bacteria
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Figure 2 The effect of microbial transplantation from MI mice on colonic tumour formation. (A) Experimental setup. Colonic pathology quantified with the
murine endoscopic index of colitis severity (MEICS) score at (B). 6 weeks and (C). 9 weeks. (D) Representative pictures of the endoscopy at 6 weeks (top) and 9
weeks (bottom). (E) Number of colonic tumours (F). Average size of the tumours (G). Calculated tumour load (H). Percentage of Ki67 positive cells (1).
Representative pictures of the Ki67 staining; top: FMT-MI, bottom: FMT-sham, scale bar: 300 pm. a-Diversity analysis represented by (/). the number of ob-
served species and (K). Shannon diversity index. (L) B-diversity represented by principal coordinates analysis (PCoA) of Bray—Curtis dissimilarity distances of
bacterial composition. (M) Volcano plot showing differentially abundant bacteria on the genus level. Data are represented as mean + SD. Statistical significance
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termined using MaAslin2, FDR q < 0.25% (M). P < 0.05 was considered as statistically significant. ¥ P < 0.05, ** P < 0.01, **** P < 0.0001. B-E, ]-M: n = 14 per

group, F-G: FMT-sham n =11, FMT-MI n = 14; H: n= 13 per group.
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Figure 3 Differential gene expression analysis and enriched biological processes in colon tissue of CRC mice transplanted with faeces from HF mice.
(A) Volcano plot showing differentially expressed gene and significance (represented by —log(P-value)). (B) Bar graph representing the number of detected
genes (from the list of up-regulated genes in FMT-MI) observed in specific biological processes (only the top 25 processes are shown, based on significance
(FDR, presented by the dotted line)). (C) Bar graph representing the number of detected genes (from the list of down-regulated genes in FMT-MI) observed in
specific biological processes (only the top 25 processes are shown, based on significance (FDR, presented by the dotted line)). (D) Bar graph representing the
number of detected genes (from the list of down-regulated and upregulated genes in FMT-MI) observed in specific biological processes (only with the terms
proliferation, cell death, apoptosis, division). Significance, FDR is represented by grey dots)). N =8 per group.

(Figure 2M, Supplementary material online, Files S5 and S6). 14 of the
differentially abundant bacteria were comparable with the pooled donor
samples (see Supplementary material online, Files S4 and S5). This included
a decrease in the genera Blautia, Alistipes, Anaerotruncus, and Intestimonas
and an increase in Enterorhabdus, Bacteroides, and Clostridia UCG.014
(Figure 2M, Supplementary material online, Files S5 and S6). Discrepancies be-
tween the donor mice and the mice that received the faecal transplant we
observed in eight genera, including Erysipelotrichaceae and Lactobacillus
(Figure 2M, Supplementary material online, Files S5 and S6).

3.3 Tumour tissue transcriptomics reveals
enhanced cytokine-related mechanisms and
decreased apoptotic mechanisms in mice

transplanted with faeces from MI mice
The volcano plot (Figure 3A) represents all differentially expressed genes
(DEGs) in tumour tissues from FMT sham and FMT-ML. The gasdermin
C3 (Gsdmc3) gene was the top significantly up-regulated gene in FMT-MI
(log2FC =0.525, padj=0.015), followed by interferon-induced protein
with tetratricopeptide repeats 1 ([fit1) (log2FC =0.497, padj=0.0159)
and interferon-inducible GTPase 1 (ligp1) (log2FC = 0.555, padj=0.0165)
(Figure 3A). The pancreatic polypeptide (Ppy) gene was the top significantly
down-regulated gene in FMT-MI tumour tissues (log2(fold change) (log2FC) =
—0.605, padj = 0.0144), followed by the Rho family GTPase 2 (Rnd2) gene
(log2FC = —0.518, padj = 0.029) (Figure 3A). The complete list of differen-
tially expressed genes is provided in Supplementary material online, File S7.
Biological process involved in interspecies interaction between organisms
(FDR=7.8x107%, 69 DEG) was the most significantly enriched biological
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+ 3 H - 3 g
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process in FMT-MI. Additionally, the response to bacterium (FDR = 0.00017,
38 DEG) and the defence response to symbiont (FDR =0.00052,
19 DEG) were significantly enriched (Figure 3B). Furthermore, several 5
defence-related biological processes were also enriched among the top g
25 most significant biological processes Figure 3B). This includes cytokine- &
mediated signalling pathways (FDR =4.8 x 107>, 28 DEG) and Cellular g
response to cytokine stimulus (FDR =0.00013, 41 DEG) (Figure 3B). 5
The complete list of enriched biological processes is provided in &
Supplementary material online, File S8.

Based on the list of down-regulated genes, the regulation of DNA =
metabolic process was the most significantly enriched biological process <
(FDR=4.4x 107, 31 DEG) (Figure 3C). The top 25 most significant 5
down-regulated biological processes included telomere maintenance
(FDR=391%x1075, 16 DEG) and telomere organization (FDR= N
3.91x 107>, 16 DEG) (Figure 3C). The complete list of enriched biological
processes in provided in Supplementary material online, File S9.

The enrichment analyses revealed that several biological processes
related to cell proliferation and apoptosis/cell death were enriched. This
includes the mononuclear cell proliferation (FDR=0.042, 16 DEG)
(Figure 3D), which was enriched as up-regulated. On the other hand, apop-
totic process (FDR=0.0418, 65 DEG), and programmed cell death
(FDR =0.0467, 66 DEG) were enriched as down-regulated (Figure 3D).
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4. Discussion

In this study, we have explored and discovered a new connection demon-
strating that Ml-induced HF may contribute to the development of colonic
tumours, by changing the gut microbial composition in mice. First, we dem-
onstrate that HF induced by Ml leads to a shift in microbial diversity
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(dysbiosis). Second, when we transplanted microbiota, using faeces from
mice with HF into a CRC mouse model, we observed an increase in tu-
mour formation. Third, we show that the microbial content in HF com-
prises several bacteria compatible with increased tumour formation.
Collectively, these findings may suggest a new potential explanation ex-
plaining why patients with HF have a higher incidence of cancer.

Over the last years, the role of the microbiome in heart disease has re-
ceived a growing interest. Patients with heart disease have a distinct micro-
biota composition compared to healthy controls.""*¢™** Several of the
differentially expressed bacterial taxa found in our data were comparable
to the changes that are observed in patients with HF and CVD, including a
decrease in Blautia, Lachnospiraceae, Roseburia, and AIistipes.11'36'37'404‘2
Some contradictory findings were also observed, as the genus
Bifidobacterium is often reported to be decreased in patients with heart dis-
ease and was increased in our Ml mice.?”’ Interestingly, TAC-induced HF
did not result in major alterations in the microbiota composition. Previous
preclinical studies have published some confirmatory and some discrepant
findings on the effects of Ml or TAC on the microbial composition, which
may be attributed to differences in experimental setup and sequencing
methods.'®"843** |t would be interesting to further explore the effects
of different HF models, and how this translates to humans with HF.

Microbial dysbiosis in patients with CRC has been studied extensively,
and patients with CRC present with a distinct microbial pattern. We ob-
served several changes in bacteria that are often reported in patients
with CRC, including a decrease in Blautia, Alistipes, Lachnoclostridium, and
Anaerotruncus and an increase in Desulfovibrio and Bacteroides.**>*
Collectively, the changes observed in our murine HF model contain a cred-
ible overlap with the microbial changes observed in human patients with
heart disease and patients with CRC.

The exact aetiology of gut dysbiosis in HF is unclear. It is hypothesized
that HF induces gut congestion and low-grade inflammation, which is
thought to affect gut permeability leading to dysregulation of the micro-
biome and increased bacterial translocation.>? However, in our murine
studies we did not observe differences in expression of the tight junction
proteins or MUC2, suggesting that gut permeability was not affected by
the HF model. In addition, no changes in expression of inflammatory mar-
kers were observed in the colon, suggesting other mechanisms may be in-
volved in HF-induced microbial dysbiosis.

The role of the microbiome in CRC tumour growth has been addressed
before. FMT with faeces from CRC patients increased intestinal tumour
growth in mice, compared to faeces from healthy individuals.”>** In addition,
several bacteria have been shown to possess tumourigenic properties.>®
Interestingly, our data showed that HF-induced microbial dysbiosis can
also contribute to tumour formation in a CRC mouse model, as FMT
with faeces from MI mice resulted in higher tumour counts in a chemically
induced CRC mouse model. Over 85% of the bacteria that were detected
in the donor mice were also detected in the mice that received the faecal
transplant, suggesting the FMT was successful. However, the mice that re-
ceived the faecal transplant also showed multiple unique bacterial genera.
This might be attributed to the processing of the faecal samples and the tu-
mour phenotype, which could have affected the microbiota composition.

RNA sequencing analyses on the colon tissue of the CRC mice revealed
Gsdmc3 and Ifit1 as the most significantly up-regulated genes in the CRC
mice transplanted with faeces from MI mice. Interestingly, GSDMs are known
to be activated by gut microbiota and GSDMc is associated with enhanced
tumour growth in CRC mouse models.”*>” In addition, GSDMc is associated
with poor prognosis in patients with breast or lung cancer.*®** GSDMc in-
duces a shift from apoptosis to pyroptosis,®® which was also observed in
our RNA sequencing data as pyroptotic processes were up-regulated and
apoptotic processes were down-regulated. However, how this process re-
lates to tumourigenesis remains unclear.?’ IFIT1 has been identified as a po-
tential oncogene involved in F. Nucleatum-induced CRC tumour
progression.®’ In addition, IFIT1 up-regulation is associated with oral squa-
mous cell carcinoma progression and non-small cell lung cancer.®*®3 Our en-
richment analyses revealed that defence response to symbiont, defence
response, and cytokine-mediated signalling pathways were up-regulated pro-
cesses in the tumours of mice transplanted with faeces from MI mice.

Moreover, apoptosis-related processes were down-regulated and prolifer-
ation processes were up-regulated in the tumour tissues of mice transplanted
with faeces from Ml mice. This provides another layer of evidence that the
Ml-induced microbial dysbiosis may contribute to tumour formation.

At this stage, it remains unclear if our observations would represent an
amenable target for therapy. In humans, ample experience has accumu-
lated with FMT.%*> Arguably, human patients with HF may benefit from
FMT with faecal material from subjects free of HF. Whether this would
lower the risk of incident cancer is speculative, and will be difficult to evalu-
ate, since it would require a very sizeable trial. Supplementation with
pro- or pre-biotics may be a more practical approach. Preclinical studies fo-
cussing on the effects of microbiota of healthy individuals on colonic tumour
growth in a combined HF-CRC model could provide evidence whether the
tumorigenic effects of HF could be rescued by microbiota transplantation.

In conclusion, our study provides a mechanistic demonstration of the
role of HF in stimulating colonic tumour formation through the modulation
of the microbiota composition. Recent preclinical studies have focused on
the connection between HF and tumour growth, and several mechanisms
have been identified.” Our current findings highlight gut microbial altera-
tions as a potential contributory factor promoting the development of in-
testinal tumours in the context of HF. This contributes to the expanding
body of evidence, that HF increases the susceptibility to cancer in distant
tissues. To advance our comprehension of this connection, fostering colla-
borations between cardiologists and oncologists in both clinical practice
and research settings becomes imperative. Such partnerships are pivotal
for delving deeper into the shared mechanisms between HF and cancer,
paving the way for enhanced therapeutic strategies and a more compre-
hensive understanding of these interconnected conditions.

4.1 Limitations of the study

This study has several limitations. Some contradictory findings were ob-
served between the HF mice and the mice transplanted with HF faeces,
and between mouse and human data. Overall, variations in the microbial
composition between studies are common. A meta-analysis on the micro-
bial composition of CRC patients revealed that the results of different
studies were far from coherent.?? The differences between studies may
be attributed to the cancer phenotype, environmental factors (diet, medi-
cation), method of faeces collection, and sequencing methods. The micro-
bial composition from mice does of course not fully resemble the microbial
composition in humans; therefore translation to the human situation re-
mains incomplete. We did however ascertain that the microbial changes
in mice resemble those of humans. Further, the sequencing method we
used allows analysis as deep as the genus level and is not able to provide
detailed information on the specific bacterial species. Last, the microbial
community is largely inhabited by anaerobic bacteria. Although we have
optimized our protocols to limit exposure to oxygen before snap freezing,
it may affect several anaerobic bacteria, and therefore may not be an en-
tirely accurate resemblance to the original gut microbial composition.
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