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Arteriovenous fistula-induced cardiac remodeling shows
cardioprotective features in mice
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ABSTRACT

Objective: Arteriovenous fistulae (AVF) placed for hemodialysis have high flow rates that can stimulate left ventricular (LV)
hypertrophy. LV hypertrophy generally portends poor cardiac outcomes, yet clinical studies point to superior cardiac-
specific outcomes for patients with AVF when compared with other dialysis modalities. We hypothesize that AVF
induce physiologic cardiac hypertrophy with cardioprotective features.

Methods: We treated 9- to 11-week-old C57BI/6 male and female mice with sham laparotomy or an aortocaval fistula via a
25G needle. Cardiac chamber size and function were assessed with serial echocardiography, and cardiac computed
tomography angiography. Hearts were harvested at 5 weeks postoperatively, and the collagen content was assessed with
Masson’s trichrome. Bulk messenger RNA sequencing was performed from LV of sham and AVF mice at 10 days.
Differentially expressed genes were analyzed using Ingenuity Pathway Analysis (Qiagen) to identify affected pathways
and predict downstream biological effects.

Results: Mice with AVF had similar body weight and wet lung mass, but increased cardiac mass compared with sham-
operated mice. AVF increased cardiac output while preserving LV systolic and diastolic function, as well as indices of right
heart function; all four cardiac chambers were enlarged, with a slight decrement in the relative LV wall thickness. Histology
showed preserved collagen density within each of the four chambers without areas of fibrosis. RNA sequencing captured 19
384 genes, of which 857 were significantly differentially expressed, including transcripts from extracellular matrix-related
genes, ion channels, metabolism, and cardiac fetal genes. The top upstream regulatory molecules predicted include acti-
vation of angiogenic (Vedf, Aktl), procardiomyocyte survival (Hgf, Foxm1, Erbb2, Lin9, Areg), and inflammation-related (CSF2,
Tgfbl, TNF, Ifng, Ccr2, IL6) genes, as well as the inactivation of cardiomyocyte antiproliferative factors (Cdknla, FoxO3, a-catenin).
The predicted downstream effects include a decrease in heart damage, and increased arrhythmia, angiogenesis, and car-
diogenesis. There were no significant sex-dependent differences in the AVF-stimulated cardiac adaptation.

Conclusions: AVF stimulate adaptive cardiac hypertrophy in wild-type mice without heart failure or pathologic fibrosis.
Transcriptional correlates suggest AVF-induced cardiac remodeling has some cardioprotective, although also arrhyth-
mogenic features. (JVS—Vascular Science 2021;2:110-28.)

Clinical Relevance: Arteriovenous fistulae (AVF) are commonly used as access for hemodialysis in patients with end-stage
renal disease. AVF induce a high-output state that is associated with long-term structural cardiac remodeling, including left
ventricle hypertrophy, but this element has uncertain clinical significance. Although left ventricle hypertrophy has
traditionally been associated with an increased risk of cardiovascular disease, clinical studies have suggested that cardiac-
specific outcomes of patients with end-stage renal disease were better with AVF compared with other dialysis modalities.
This study uses a mouse model of AVF to study the structural, functional, and molecular correlates of AVF-induced cardiac
remodeling. It finds that AVF causes an adaptive cardiac hypertrophy without functional decline or fibrosis. Transcriptional
correlates suggest an electrical remodeling and the upregulation of proangiogenic, procardiogenic, and prosurvival factors,
implying that AVF-induced cardiac hypertrophy is potentially cardioprotective, but also arrhythmogenic.
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An arteriovenous fistula (AVF) is a surgical shunt most
commonly created to serve as an access for hemodial-
ysis. AVF supply the high flow rates necessary for pa-
tients with end-stage renal disease (ESRD) to receive
adequate and efficient hemodialysis."? A recent multi-
center study in the United States found that the me-
dian AVF flow rate 6 weeks after upper arm AVF
creation was 1050 mL/min> These high flow rates,
which represent a significant fraction of cardiac output,
impose a significant additional burden on the heart
that is suspected to result in significant cardiovascular
effects that may be especially detrimental in patients
with ESRD. Longitudinal cardiac imaging of human pa-
tients has documented long-term structural cardiac
changes after AVF placement,*® with many changes
including left ventricular (LV) hypertrophy,*”° as well
as both atrial®” and right ventricular’® enlargement. It
is often assumed that these AVF-induced structural
changes to the heart are deleterious, because LV hyper-
trophy is a potent risk factor for adverse cardiovascular
end points such as stroke, coronary disease, and heart
failure.'® However, cardiac hypertrophy is not always mal-
adaptive; for example, endurance athletes and pregnant
women also have enlarged hearts in response to pro-
longed elevations in cardiac output. In these cases, adap-
tive or physiologic cardiac hypertrophy is thought to be
benign if not potentially beneficial to cardiovascular
health."'? Unfortunately, it is not clear whether AVF-
induced cardiac hypertrophy is adaptive or maladaptive
in patients with ESRD on hemodialysis.

A recent clinical trial showed that ligation of the AVF af-
ter renal transplantation resulted in significant decreases
in LV mass, LV and left atrial volumes, and N-terminal
pro-brain natriuretic peptide, suggesting the reversibility
of the cardiac adaptive remodeling.”® In addition, AVF
can have positive cardiovascular effects, such as amelio-
ration of hypertension,' leading to the placement of
percutaneous ilioiliac AVF in patients with medically re-
fractory hypertension.”"” Prior observational clinical
studies have also suggested a benefit of AVF to cardio-
vascular health, showing that patients with ESRD and
AVF have fewer cardiovascular events and lower
cardiovascular-specific mortality compared with patients
with central venous catheters, despite the inherent limi-
tations owing to their retrospective design.'®?° These hu-
man studies suggest the possibility that the structural
cardiac changes associated with AVF are adaptive,
reversible, and potentially beneficial.

We have previously shown that the mouse aortocaval
fistula model recapitulates many features of human
AVF maturation.”?? In contradistinction to other aorto-
caval fistulae mouse models where heart failure is inten-
tionally induced with large diameter fistulae and is
associated with high perioperative mortality,”*** our
model uses a smaller diameter fistula that is well-toler-
ated.”® Using this model, we characterize the structural,
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- Key Findings: Murine arteriovenous fistulae stimu-
late cardiac hypertrophy without causing systolic
dysfunction, diastolic dysfunction, pathologic fibrosis,
or heart failure. Left ventricle transcriptomics sug-
gests activation of proangiogenic, prosurvival, and
procardiogenic factors in addition to electrical
remodeling with a downregulation of several ion
channels.

Take Home Message: Arteriovenous fistulae stimu-
late adaptive cardiac hypertrophy that is associated
with cardioprotective, but also arrhythmogenic, tran-
scriptomic features.

functional, and molecular features of AVF-induced car-
diac remodeling; we hypothesized that the cardiac hy-
pertrophy induced by the AVF is associated with
cardioprotective molecular features.

METHODS

Animals and surgery. All animal work was compliant
with, and approved by, the Yale Animal Care and Use
Committee and in accordance with all provisions of the
Public Health Service Policy on Humane Care and Use
of Laboratory Animals (NIH assurance: D16-00146 [A3230-
01]). Male and female C57BI/6 mice between 9 and
11 weeks of age were treated with sham laparotomy or
AVF creation via puncture of the infrarenal aorta into the
vena cava with a 25G needle as described previously.?"?®
Briefly, animals were anesthetized with 2% to 3%
inhaled isoflurane, and a midline laparotomy was made,
and the bowels related superolaterally to expose the aorta
and vena cava. The suprarenal aorta and vena cava were
clamped, and the infrarenal aortocaval fistula subse-
quently created with puncture by a 25G needle (Fig 1, A).
The arteriotomy was covered with retroperitoneum and
hemostasis achieved with gentle pressure. AVF patency
was confirmed intraoperatively by visualizing pulsatile
distension of the IVC with bright oxygenated blood, and
also postoperatively by serial transabdominal pulse-wave
Doppler imaging (Fig 1, B). Animals received 0.1 mg/kg
buprenorphine intraperitoneally twice daily post-
operatively for 2 days for pain control.

Echocardiography. Transthoracic echocardiography
was performed on sham (male, n = 5; female, n = 3)
and AVF (male, n = 6, female, n = 3) mice at 5 weeks post-
operatively. Studies were performed under isoflurane
anesthesia (19%6-2%) while maintaining physiological con-
ditions with a heated imaging stage using a high resolu-
tion ultrasound imaging system (Vevo 2100, FUIJIFILM
VisualSonics Inc, Toronta, Calif). Two-dimensional B-
mode and M-mode images were obtained with a 40-MHz
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transducer in both standard parasternal short axis and
long axis views for determination of the LV ejection frac-
tion, end-diastolic dimensions, cardiac output, anterior
wall thickness and posterior wall thickness. The relative
wall thickness was defined as the average wall thickness
(anterior wall thickness/2 + posterior wall thickness/2)
divided by the LV end-diastolic volume. LV diastolic
function was estimated using mitral E/E’, as determined
by pulsed wave Doppler at the level of the mitral valve tips
and tissue Doppler of the medial and lateral mitral valve
annulus in the apical four chamber view. Right heart
indices were estimated using mean pulmonary artery
pressures and tricuspid annular plane systolic excursion
(TAPSE). The mean pulmonary artery pressure was
calculated from the pulmonary acceleration time and
pulmonary ejection time, obtained by placing the pulsed
wave Doppler cursor in the right ventricular outflow tract
just proximal to the pulmonary valve leaflets in the para-
sternal short axis view. TAPSE was obtained by measuring
the highest and lowest points of the tissue Doppler signal
obtained along the lateral part of the tricuspid valve in the
apical four chamber view.

Cardiac computed tomography angiography. Cardiac
computed tomography (CT) was performed on postoper-
ative week 5 on sham (male, n = 3, female, n = 2) and AVF
(male, n = 3, female, n = 2) mice. Approximately 100 pL of
a nanoparticulate contrast agent, ExiTron nano 12000
(Miltenyi Biotech, Bergisch Gladbach, Germany), was
injected via tail vein. Animals were then placed prone
on a horizontal stage under light anesthesia (1% isoflur-
ane), and images obtained using a micro-CT scanner
(MicroSPECT4CT; MlLabs, Houten, the Netherlands) using
retrospective cardiac and respiratory gating, with a cone
beam filtered back projection algorithm set to 40 pm
effective voxel size. Micro-CT was performed with a
50-kVp x-ray tube voltage, 430-uUA tube current, 20 milli-
seconds per frame, 360° angle, and 0.75° increments per
view. Cardiac chambers were manually segmented and
volumes quantified using 3DSlicer (www.slicer.org).

Histology. Hearts from sham (male, n =3, female, n = 3)
and AVF (male, n = 4, female, n = 3) mice were excised at
postoperative week 5, rinsed with normal saline solution,
and immersed in 10% neutralized buffered formalin for
24 to 48 hours. The tissue block was then embedded in
paraffin and cut in 5-um cross-sections. Masson’s tri-
chrome staining was used to assess collagen content
and identify areas of fibrosis at both low and high
magnification. Quantification of collagen area fraction
was performed in high-powered (400x) coronal sections
for each of the four cardiac chambers, using automated
color segmentation by isolating blue pixels coloring
collagen using Matlab (MathWorks, Natick, Mass). The
cardiomyocyte surface area was quantified in the same
high-powered coronal sections by taking the average of
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at least 10 myocyte cross-sectional areas per chamber
per section measured via manual polygonal segmenta-
tion using Imaged (NIH, Bethesda, Md).

RNA extraction and RNA sequencing. Left ventricles
were harvested from sham (male, n = 3; female, n = 3)
and AVF (male, n = 3; female, n = 3) mice at postoperative
day 10, and flash frozen with liquid nitrogen and stored at
—80°C. Total RNA was then isolated using RNeasy Mini Kit
with digested DNase | (Qiagen; Valencia, Calif). RNA quality
and concentration were measured using a NanoDrop
spectrophotometer (Thermo Scientific; Wilmington, Del),
and by electropherogram (Agilent 2100 Bioanalyzer, Santa
Clara, Calif). RNA sequencing was performed by the Yale
Center for Genome Analysis, where messenger RNA
(mRNA) library was prepared using KAPA Stranded
MRNA-Seq Kit (Roche, Basel, Switzerland), and next
generation sequencing performed with NovaSeq 6000
(Illumina, San Diego, Calif).

RNA sequencing data analysis. Raw sequencing reads
were imported into Partek Flow servers (Partek, Chester-
field, Mo), where reads were aligned to the
NIH-GRCm38.p6 genome using HISAT2 (v2.1.0) and
annotated with Partek E/M on annotation model
(NIH-R106). Differential gene expression was carried out
with DESeq?2 (v3.5). Significantly differentially expressed
genes (false discovery rate of <0.05, absolute fold change
of >1.5) were imported into Ingenuity Pathway Analysis
(Qiagen, Hilden, Germany) for determination of activated
or inactivated signaling pathways, upstream regulators,
and downstream effects.

Statistical analysis. Data are represented as mean *
standard error of the mean. Unless otherwise specified,
data was analyzed using Prism 8 software (GraphPad,
La Jolla, Calif). P values of less than .05 were considered
statistically significant.

RESULTS

AVF induces cardiac hypertrophy without disrupting
cardiac function. For this study, AVF were created in 60
mice (32 male, 28 female) with an overall survival rate of
83% and patency rate of 63% (Fig 1, C). All technical
deaths occurred within 48 hours of surgery (4 male, 6 fe-
male). AVF creation resulted in progressive dilatation of the
infrarenal inferior vena cava and aorta, consistent with
maturation of the AVF (Fig 1, D-F) as previously reported.?"*?
At the terminal time point of 5 weeks postoperatively, car-
diac hypertrophy was visible in mice with AVF (Fig 2, A),
corresponding with a 144% increase in normalized heart
weights (Fig 2, B). Normalized lung weights (Fig 2, C) and
total body weights (Fig 2, D) remained unchanged be-
tween sham and AVF. Cardiac computed tomography
angiography (Fig 2, E and F) was performed on a subset of
mice to assess for structural cardiac changes and demon-
strated that all four chambers were enlarged significantly
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Fig 1. Mouse model of arteriovenous fistulae (AVF). A, Schematic of infrarenal aortocaval fistula created by needle
puncture with a 25G needle. B, Doppler waveforms of the proximal infrarenal aorta distinguishes a nonpatent AVF
with high resistance flow (/eft) from a patent AVF with low resistance flow (right). C, The overall survival was 83% and
patency was 63% (n = 60 mice). D, Exemplar axial two-dimensional ultrasound images from the proximal infrarenal
aorta and inferior vena cava (/VC) of the sham and AVF mice at postoperative week 5. E-F, Quantitation of cross-
sectional infrarenal IVC and aorta area after surgery shows progressive IVC dilation after AVF;, sham: n = 3-6; AVF:
n = 4-7;* P < .01, ™P < .001, 2-way repeated measures analysis of variance with Sidak’s post hoc test.

after AVF when compared with sham (Fig 2, F). Cardiac
echocardiography was performed to further define serial
changes in cardiac structure and function after AVF (Fig 2,
G-0). Compared with sham mice, we found that AVF
resulted in a 131% increase in weight-normalized LV end-
diastolic volume (Fig 2, H), and a 23% decrement in LV
end-diastolic volume normalized wall thickness (Fig 2, /).
Weight-normalized left atrial area was124% larger with AVF
compared with sham mice (Fig 2, J). With regard to LV
function, the weight-normalized cardiac output was 147%
largerin AVF mice relative to sham mice (Fig 2, K), although
the LV ejection fraction (Fig 2, L) and mitral E/E’ (Fig 2, M), as
well as the index of diastolic function, were not significantly
different. Similarly, indices of right ventricular function such
as mean pulmonary artery pressure (Fig 2, N) and TAPSE
(Fig 2, O) were not different between AVF and sham mice.
Neither valvular regurgitation nor stenosis was seen in any
animal at 5 weeks postoperatively. Analyzing these data
stratified by sex did not reveal significant sex-dependent
differences, with both sexes demonstrating significant in-
creases in normalized heart weight, cardiac output, and
chamber volumes without changing systolic or diastolic
function (Supplementary Fig 1). Thus, AVF resulted in car-
diac structural changes without significantly affecting
cardiac function.

AVF-induced cardiac hypertrophy does not cause
fibrosis or alter collagen content. We next determined
whether cardiac hypertrophy triggered by AVF might
cause cardiac fibrosis or resulted in ECM loss. Cardiac sec-
tions from both sham and AVF groups at 5 weeks postop-
erative were stained with Masson’'s trichrome, which
colors collagen and areas of fibrosis blue. Examination of
these cardiac sections at both low magnification (Fig 3,

A and B) or at high magnification (Fig 3, C-F) show that
AVF-induced cardiac hypertrophy is not accompanied by
any patchy or perivascular fibrosis in any of the four car-
diac chambers. Furthermore, quantification of interstitial
collagen showed that there was no appreciable change in
the collagen area fraction in any of the four chambers
(Fig 3, G-J). Stratifying by sex, there was a trend toward
decreased interstitial collagen in female mice, although
this difference did not reach statistical significance
(Supplementary Fig 1, M). Similarly, the quantification of
collagen using picrosirius red staining on cardiac sections
showed absence of patchy fibrosis and no significant
change in collagen content in all four cardiac chambers
with AVF compared with sham (Supplementary Fig 2).
Finally, compared with sham, cardiomyocyte surface area
(normalized by body weight) was enlarged with AVF in
the left ventricle, left atrium, and right ventricle, consistent
with cellular hypertrophy (Fig 3, K-M). There was a trend
toward cardiomyocytes being larger in the right atrium as
well, but this result did not reach statistical significance
(Fig 3, N).

Transcriptomics of AVF-induced cardiac hypertrophy
suggests potential benefits and risks. Because these
data show that an AVF stimulates cardiac hypertrophy
without any overt signs of harm, we next determined
the molecular profile of the hypertrophic response to
examine both the biological basis of AVF-stimulated LV
hypertrophy as well as to use molecular bioinformatics to
predict possible AVF-stimulated physiological responses.
Therefore, we performed RNA sequencing of mRNA
isolated from the left ventricles of mice 10 days after AVF
or sham laparotomy; this time point was chosen to
reflect the molecular signatures of the evolving LV
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Fig 2. Arteriovenous fistulae (AVF) induce cardiac hypertrophy without disrupting cardiac function. A, Exemplar
images of excised sham and AVF hearts at postoperative week 5 showing enlarged hearts after AVF. B, Heart mass
normalized to body weights at postoperative week 5 confirm AVF-induced cardiac hypertrophy (n = 9 each,
unpaired t test). C, Normalized lung masses exhibited no significant change between sham and AVF at post-
operative week 5 (n = 9 each; unpaired t test). D, No significant difference in the fold-change in body mass at
postoperative week 5 relative to baseline between sham and AVF mice (n = 8-9 each; unpaired t test). E, Exemplar
two-dimensional four-chamber view of cardiac computed tomography angiography (CTA) from sham and AVF
mice at postoperative week 5. F, Quantitation of CTA volumes showed significant enlargement of all four cardiac
chambers after AVF when compared with sham (n = 5 each; unpaired t test). G, Exemplar mid-cavity short axis
M-mode echo images from LV of sham and AVF mice at postoperative week 5. H-O, Summary echocardiographic
indices of cardiac structure and function after AVF or sham surgery at postoperative week 5 (n = 8-9 each;
unpaired t test). CO/BW, Cardiac output normalized to body weight; E/E/, index of diastolic function; LA, left
atrium; LV, left ventricle; LVepy, LV end-diastolic volume; LVeg left ventricular ejection fraction; RWT, relative wall
thickness; LA/BW, left atrial area normalized to body weight; mPAP, mean pulmonary artery pressure; RA, right
atrium; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion; * P < .05, * P < .01, ™* P < .001.

hypertrophy while minimizing any nonspecific acute
stress response from the initial surgery. We obtained an
average of 53 million reads (range, 43.8-65.8 million
reads) per sample, of which 96.4% (range, 94.5%-97.9%)

were aligned to the reference C57BI/6 mouse genome
(GRCmM38.p6) using HISAT2. We then quantified the
number of genes represented and compared using
DEseg2 which genes were significantly differentially
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Fig 3. Arteriovenous fistulae (AVF)-induced cardiac hypertrophy does not cause fibrosis or alter collagen content.
A-B, Exemplar low-magnification four-chamber coronal cardiac sections stained with Masson’s trichrome after
sham (A) or AVF (B) surgery showing absence of patchy fibrosis. C-F, Exemplar high-magnification views from left
ventricle (LV), right ventricle (RV), left atrium (LA), and right atrium (RA) of sham (left) and AVF (right) mice. G-J,
Summary data showing no significant change in collagen area fraction (AF) in any of the four cardiac chambers
between sham (n = 5-6) and AVF (n = 7) animals (unpaired t test). K-N, Summary data showing increased car-
diomyocyte cross-sectional area (CSA), normalized to body weight (BW) with AVF compared with sham (unpaired

t test). * P < .05, * P < .01, ns. P> .05.

expressed between AVF and sham mice. Of the 19 384
genes for which transcripts were detected, 857 genes
were significantly different (false discovery rate of <0.05,
with at least a fold change of *=1.5; colored blue and or-
ange in Fig 4, A; Appendix 2).

We first examined genes expected to be regulated in
cardiac hypertrophy, such as fetal genes, and genes
implicated in cardiac metabolism and extracellular ma-
trix (ECM) expression (Fig 4, B). Several fetal cardiac genes
governed by NFAT, MEF2, and GATA4 were differentially
expressed, including the upregulation of Nppa, Nppb,
Rcanl, Actal, Myll, Ankrdl, and Meox1, and the downregu-
lation of Atp2a2 and Myh6. Ppara, an important regulator
of fatty acid metabolism in the heart, was slightly down-
regulated. Transcripts of multiple ECM-related proteins,

including multiple subunits of collagen, collagen pro-
cessing molecules, filaments, and matricellular proteins,
as well as proteoglycans and glycoproteins were all upre-
gulated with the exception of Lama5. Unexpectedly,
several ion channels, including the sodium, potassium,
and calcium channels, were downregulated. These
trends were similar in both male and female mice
(Supplementary Table). We validated a selection of our
results with quantitative real-time polymerase chain
reaction and found a good correlation between quanti-
tative real-time polymerase chain reaction and RNA
sequencing (R? = 0.84; Supplementary Fig 3).

We next took an unbiased approach to identify impor-
tant signaling molecules implicated in AVF-induced LV
hypertrophy. We used Qiagen's Ingenuity Pathway
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Fig 4. Transcriptomics of arteriovenous fistulae (AVF)-induced left ventricular (LV) hypertrophy. A, Volcano plot of
19 384 genes, of which 223 were significantly downregulated, and 634 were significantly upregulated (false dis-
covery rate [FDR] of <0.05, and |fold change| of >1.5). Messenger RNA from LV at postoperative day 10 (n = 6 each),
annotated and aligned with HISAT2 and differential expression analysis with DEseq2. Genes with suspected or
known roles in cardiac hypertrophy are highlighted. B, Tabulation of selected significantly differentially expressed
genes from cardiac fetal genes, metabolism, ion channels, and extracellular matrix (ECM).



JVS—Vascular Science
Volume 2, Number C

Lee et al n7

Canonical Pathway -3
Cell Cycle: G2/M DNA Damage Checkpoint Regulation

RhoGDI Signaling

Role of CHK Proteins in Cell Cycle Checkpoint Control
Opioid Signaling Pathway

Endocannabinoid Neuronal Synapse Pathway
Role of NFAT in Cardiac Hypertrophy
Inhibition of Matrix Metalloproteases

Calcium Signaling

Cardiac Hypertrophy Signaling

Apoptosis Signaling

TWEAK Signaling

GNRH Signaling

Death Receptor Signaling

Cardiac Hypertrophy Signaling (Enhanced)
Gai Signaling

fMLP Signaling in Neutrophils

Actin Cytoskeleton Signaling

LPS/IL-1 Mediated Inhibition of RXR Function
Role of NFAT in Regulation of the Immune Response
BAG2 Signaling Pathway

Colorectal Cancer Metastasis Signaling
Leukocyte Extravasation Signaling
Inflammasome pathway

Cyclins and Cell Cycle Regulation

RhoA Signaling

Intrinsic Prothrombin Activation Pathway
Integrin Signaling

Rac Signaling

Ephrin Receptor Signaling

HOTAIR Regulatory Pathway

Signaling by Rho Family GTPases

Mitotic Roles of Polo-Like Kinase

Dendritic Cell Maturation

GP6 Signaling Pathway

Zscore

Reduced Increased 4

o

p-value
2.24E-05

2.75E-03
2.24E-03
4.57E-03
6.17E-03
5.25E-03
— 8.71E-03

| 1.55E-03
2.95E-03
1.29E-03
4.90E-03
5.25E-03
8.91E-03
3.09E-03
8.71E-04
2.04E-03
2.34E-03
7.24E-03
7.41E-03
3.02E-03
4.17E-03
2.51E-03
4.79E-03
4.37E-03
7.08E-03
2.34E-03
6.03E-04
1.10E-03
6.31E-03
7.08E-04
5.89E-03
4.47E-05
9.12E-04
2.69E-09

Fig 5. Predicted top activated or inactivated canonical pathways by arteriovenous fistulae (AVF)-induced left

ventricular (LV) hypertrophy.

Analysis to compare all significantly differentially
expressed genes with its curated database of signaling
networks to predict which canonical signaling pathways
are activated (Z-score of >0) or inactivated (Z-score
of <0) after AVF. The top 34 canonical pathways with
the lowest P values and nonzero Z-scores are shown in
Fig 5. Predictably, canonical pathways for cardiac hyper-
trophy signaling and cardiac hypertrophy signaling
(enhanced) were activated. Of interest, NFAT-mediated
cardiac hypertrophy, a well-known trigger of pathologic
cardiac hypertrophy,”” was predicted to be inactivated.
Other pathways represented included cell cycle-related
signaling, inflammation-related signaling, and ECM-
related signaling, among others.

We next identified upstream regulators of AVF-induced
LV hypertrophy. The top 30 most statistically significant
activated or inactivated regulators, with absolute Z-scores
of greater than 2, are shown in Fig 6 and include muiltiple
molecules previously implicated in a variety of cardiovascu-
lar diseases. As expected, many of these regulators

predicted to be upregulated are genes previously impli-
cated in cardiac hypertrophy such as Akt1,°°?° androgen
receptor,’® Mitf*'*? Mtpn,** and Tgfb1>**> as well as well-
known mediators of inflammation such as Ccr2,*® Csf2,%”
Ifng.*® Ige®2C IL-4,47%° |L-6,*? and TNF.** In addition, other
regulators predicted to be activated include molecules
that support or increase cardiogenesis such as Aktl,*>*®
Ccend1*” Erbb2,*® Foxm1,“9°" and Hgf>>** Similarly, nega-
tive regulators of cardiogenesis such as alpha-catenin,®*
Cdkn1A>>°° and Foxo3,°7°® were predicted to be repressed.
Interestingly, let-7 and mir-21, which are microRNAs with
complex pleotropic roles but had previously been reported
to increase cardiogenesis,”?°° were predicted to be down-
regulated with AVF. Molecules that increase angiogenesis
such as Vegf®” Aktl1,*>4658 Erbb2,°° and Hgf’%”" were pre-
dicted to be activated. Furthermore, molecules that were
cardioprotective in animal models of cardiovascular dis-
ease such as Aktl,”? Areg,”* and Hgf”"7*”> were predicted
to be activated, although excessive activation of Aktl and
Areg have also been reported to worsen cardiac
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Fig 6. Predicted top upstream regulators of arteriovenous fistulae (AVF)-induced left ventricular (LV) hypertrophy
(left), with their reported roles in cardiogenesis, angiogenesis, inflammation, hypertrophy and cardioprotection in

the literature (right).

dysfunction.”®”” There were no significant sex-specific dif-
ferences in the pattern of regulator function
(Supplementary Fig 4).

Using a bioinformatic approach, we determined
whether the transcriptomics of AVF-induced LV hyper-
trophy would affect cardiovascular-specific diseases or
biological processes. These data show that the dataset
genes suggest an increase in cardiogenesis, vasculogen-
esis, and angiogenesis (Fig 7). The data also predict
increased endothelial cell adhesion, as would be ex-
pected from increased inflammation. Interestingly,
pathway analysis predicted increased risk of arrhythmia,
likely owing to alterations in ion channel expression.
Finally, there was also a predicted decrease in the risk
of cardiac damage, suggesting a cardioprotective feature
of AVF-induced cardiac remodeling.

DISCUSSION

We show in both male and female wild-type mice that an
aortocaval fistula triggers a high output state, inducing
adaptive cardiac hypertrophy with preserved cardiac func-
tion and without heart failure. This AVF-induced cardiac
remodeling occurs without fibrosis or loss of collagen con-
tent and has transcriptomic signatures that are associated
with increased arrhythmogenicity, cardiogenesis, and
angiogenesis. These data show that the cardiac adaptation

to an AVF is accompanied by molecular features that sug-
gest both cardioprotection and potential cardiac risk.

Our work is different from prior research investigating
the effects of volume overload on cardiac remodeling
because we used an AVF of smaller diameter. For
instance, Scheuermann-Freestone et al”®> who were
among the first to establish the mouse aortocaval fistula
heart failure model, used needles with an 0.6 mm outer
diameter (approximately 23G); in their experience, male
mice had an unacceptably high mortality so only female
mice were used, with a 42% perioperative mortality and
impaired LV contractility at 4 weeks postoperatively.”® In
contrast, we used 25G needles (outer diameter of
0.5 mm) that resulted in a lower perioperative mortality
of 17% (males vs females, 12% vs 21%, respectively;
P = .56), and without producing clinical signs of heart fail-
ure (Fig 2, C and D) or affecting the LV ejection fraction
(Fig 2, L). This finding is consistent with our own previous
experience using smaller needles (25G or 28G) for aorto-
caval fistula creation that were associated with increased
survival but decreased AVF patency.”®> Nevertheless, our
results were similar in other respects; we showed that an-
imals with AVF had eccentric hypertrophy with increased
LV mass, increased LV end-diastolic volume, and
decreased relative wall thickness.>>**”® In addition, there
was preserved LV ejection fraction, LV diastolic function
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Fig 7. Predicted downstream effects of arteriovenous fistulae (AVF)-induced left ventricular (LV) hypertrophy.

as estimated by mitral E/E’ (Fig 2, M), and indices of right
heart function such as the mean pulmonary artery pres-
sure (Fig 2, N) and TAPSE (Fig 2, O). Importantly, we did
not find significant sex-dependent differences in the car-
diac adaptation to AVF (Supplementary Fig 1). These find-
ings, together with a well-proportioned four-chamber
enlargement (Fig 2, E and F), suggest that this model
with  modest volume overload triggers a well-
compensated adaptive cardiac hypertrophy.

We showed that there was no significant fibrosis, nor
change in collagen content 5 weeks after AVF (Fig 3).
This finding was confirmed by our RNA sequencing re-
sults that showed the upregulation of a number of
ECM-related genes including multiple collagen sub-
types, collagen processing enzymes, matricellular genes,
and various glycoproteins and proteoglycans (Fig 4, bot-
tom). The upregulation of multiple ECM genes is not sur-
prising because there was significant LV remodeling and,
together with our functional and histologic analyses,
suggest that the increase in collagen synthesis was pro-
portional with the degree of cardiac hypertrophy. These
results are consistent with prior reports showing upregu-
lation of ECM genes’® and preserved collagen content af-
ter AVF,%9®! but different from others that showed loss of
interstitial LV collagen,?*®® and yet others that showed
increased LV collagen.®“®> The reasons for the discrep-
ancy in the literature is not clear, but might relate to
the degree of volume overload triggered in these various
animal models, where those models with severe volume
overload resulting in heart failure were more likely to
manifest changes in collagen content than those
without.

In addition to changes in ECM-related genes, the
MRNA sequencing data showed significant changes in
expression of cardiac fetal genes, as well as genes impli-
cated in metabolism and ion channels. Increases in car-
diac fetal genes are expected given their role in
regulating cellular hypertrophy and is believed to be an
adaptive process in response to cardiac stress.>4%” With
heart failure, the activation of the fetal gene program is
accompanied by a profound alteration in energy meta-
bolism with a decrease in fatty acid oxidation and

increased use of carbohydrates.®® Prior microarray ana-
lyses of pressure-overloaded (transverse aortic constric-
tion) and volume-overloaded (aortocaval fistula) rat
hearts demonstrated decreases in lipid metabolism
and oxidative phosphorylation.”® Although we report a
modest 1.6-fold decrease in transcripts coding for
(PPAR)-alpha, a major regulator of genes involved in fatty
acid beta-oxidation, other metabolism-related genes
previously shown to be downregulated in Barnes et al”®
such as ACSL1, Pecr, Acoxl, Acsbgl, Sdhb, and Cox7c
were not significantly changed in our data. This result
suggests that our model with its more modest volume
overload is associated with a less dramatic alteration in
cardiac energy metabolism.

lon channel remodeling has been previously shown to
occur in other models of ventricular hypertrophy, with
altered potassium, sodium, and calcium currents result-
ing in prolongation of the action potential duration.®
Interestingly, we also noted the downregulation of
several ion channel transcripts, such as the voltage-
gated calcium (Cacnalc), sodium (Scn4a), and potassium
(Kenv2, Kcnh2) channels with AVF-induced LV hypertro-
phy (Fig 4). Although the electrophysiologic effects of
these transcriptional changes remain to be determined,
the downregulation of potassium channels in particular
has been linked to action potential duration prolonga-
tion in hypertrophied rat LV after aortocaval fistulae.®°
Such changes to membrane excitability and action po-
tential morphology might be mechanisms that
contribute to the increased arrhythmia and sudden car-
diac death seen with severe volume overload in rats,?®
and predicted by the bioinformatics data here (Fig 7).
Although patients on hemodialysis have an increased
risk of arrhythmia and sudden cardiac death compared
with the general population,” further studies are needed
to clarify the role of AVF-induced cardiac remodeling to
the pathogenesis of arrnythmogenicity in these medi-
cally complex patients.

Our bioinformatics data suggest that AVF-induced LV
hypertrophy is associated with increased inflammation,
cellular proliferation, and angiogenesis with potential
cardioprotective effects (Figs 5-7). The upregulation of
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these processes is expected and likely necessary for
adaptive ventricular remodeling, because a hypertrophi-
ed myocardium without adequate angiogenesis would
lead to a mismatch of supply and demand, ischemia,
and fibrosis. The proangiogenic effect of AVF on the heart
is suggested by increased activation of multiple angio-
genic factors such as Aktl, Erbb2, HGF, and VEGF;
increased regional myocardial blood flow was observed
in dogs with AVF compared with those without, and
was postulated as a mechanism by which AVF decreased
the size of induced myocardial infarctions.®> Another po-
tential mechanism of cardioprotection is the upregula-
tion of proproliferative and prosurvival molecules (Fig 6)
that might increase cellular tolerance to ischemia or
injury. These results suggest that AVF-induced cardiac
remodeling might not be as deleterious as previously
thought and might even confer some benefit. Whether
AVF-induced cardiac conditioning can be a therapeutic
strategy for select cardiac diseases requires further labo-
ratory and clinical investigation.

Limitations. This study has several limitations. We used
healthy, young adult mice, and their cardiac response to
AVF might be different from older mice with hyperten-
sion or renal insufficiency. In addition, although we
used the same needle size for AVF creation, we did not
quantify the resultant AVF flow rate and thus could not
study whether AVF-induced cardiac remodeling
showed shunt flow dependence. Furthermore, our
model uses a central AVF that could potentially exert
different effects on the heart when compared with pe-
ripheral AVF used in patients with ESRD, potential flow
rate differences notwithstanding. Another limitation is
that the bioinformatics analysis was based on RNA
sequencing at 10 days postoperatively and therefore
does not reflect cellular processes that occur earlier or
later. In addition, the transcriptomics was performed
from bulk mMRNA, reflecting signal transduction of both
cardiomyocytes and surrounding cells. Finally, the bio-
informatics analysis is only predictive and will require
additional investigation to confirm these results.

CONCLUSIONS

AVF in mice stimulates cardiac hypertrophy that is not
accompanied by functional decline on imaging or
pathologic analyses at 5 weeks postoperatively,
suggesting that AVF-induced cardiac remodeling is
adaptive and physiologic. The transcriptomics of AVF-
induced LV hypertrophy suggests that the molecular
signatures of this process are the upregulation of
proangiogenic, proproliferative, and prosurvival factors,
as well as an electrical remodeling with downregula-
tion of several ion channels. Thus, cardiac remodeling
after AVF potentially confers cardioprotective, but also
arrhnythmogenic effects, highlighting the need for
further investigation.
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APPENDIX.

Primer list

PPARGCI TATGGAGTGACATAGCAGTGTGCT CCACTTCAATCCACCCACAAAG

Aktl ATCGAACCACGTAGCCATTGTG TTGTAGCCAATAAAGCTGCCAT

IRSI CGATGCCTTCTCAGACGTG CAGCCCGCTTGTTGATGTTG

GPX1 AGCTCCACCGTGTATGCCTTCT GAGCACCCGACATTCTCAATCA

IGFIR CATCGTGCTGGCAGTATAACCC TCGGCAGGCTTCGTTCTCCT

FNI1 TTCAAGTGTGATCCCCATCAAG CACCTCTACGGCAGTTGTCA

TIMP1 GCAACTCGGACCTGGTCATAA CGGCCCGTCATGAGAAACT

Quantitative real-time polymerase chain reaction

Freshly excised left ventricles were snap frozen in liquid
nitrogen, and RNA was then extracted and purified using
the RNeasy Mini Kit (Qiagen). cDNA was synthesized us-
ing the SuperScript Il system (Thermo Fisher Scientific),
and quantitative PCR was performed with SYBR Green
(Bio-Rad) in the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). Primers used for the various genes of
interest are included in the table above. Gene expression
levels were normalized to f2-microglobulin.

operative week 5, rinsed with normal saline solution,
and immersed in 10% neutralized buffered formalin
for 24-48 hours. The tissue block was then embedded
in paraffin and cut in 5 wm cross-sections. Picrosirius
red staining was used to assess collagen content and
identify areas of fibrosis at both low and high magnifi-
cation. Quantification of relative collagen content was
performed in high-powered (400x) coronal sections
for each of the 4 cardiac chambers, using an auto-
mated custom Matlab (MathWorks, Natick MA) algo-

Quantification of collagen content with picrosirius red
Hearts from sham (male, n = 3, female, n = 3) and AVF
(male, n = 4, female, n = 3) mice were excised at post-

rithm that quantifies the intensity of red saturation
per um?.
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Supplementary Fig 1. Structural and functional cardiac changes 5 weeks after arteriovenous fistulae (AVF) or sham
surgery stratified by sex. A, Whole heart mass normalized to body weight was increased after AVF (male [n = 6 each],
P=.002; female [n = 3 each], P=.003). B, Normalized lung weights (male, P= .45; female, P=.06), and relative body
weights (C) (male, P = .6; female, 1.0). were also unchanged for AVF versus sham. D, Relative chamber volumes
(AVF:sham) as measured by computed tomography angiography (CTA) were not significantly different (left atrium
[LA], P=.32;right atrium [RA], P=35; left ventricle [LV], P= 21; right ventricle [RV], P=.06) between male (n =3 each)
and female (n = 2 each). E-L, Echo indices show similar trends for males (n = 5-6 each) and females (n = 3 each), LV end
diastolic volume [LVgpyl/body weight [BW] (male, P=.03; female, P=.28); cardiac output normalized to BW [CO/BW]
(male, P = .01; female, P = .04); relative wall thickness (RWT) (male, P = .04; female, P = .21); LA,1ea/BW (male, P = .05;
female, P=12); LVgr (male, P=.92; female, P=.62), E/E’. (male, P= .47;female, P=.19); mean pulmonary artery pressure
(MPAP) (male, P=51; female, P=.64); tricuspid annular plane systolic excursion (TAPSE) (male, P= 17; female, P= .85).
M, Relative change in collagen area fraction (AVF:sham) was not significantly different between male (n = 4 each) and
female (n = 3 each), LA, P= 21; RA P= 55; LV, P= 15, RV, P=79.
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AREG growth factor pe——n 2.35E-19 — 1.02€-15
Brd4 kinase _ 6.11E-12 — 6.69E-13
CCND1 transcription regulator e 1.65E-13 — 2.45E-24
CCR2 GPCR = 1.38E-10 — 2.16E-15
CDKN1A kinase _ 6.01E-33 — 6.59E-44
CSF2 cytokine = 3.55E-26 —_— 1.80E-39
ERBB2 kinase _— 8.84E-27 — 1.41E-48
FOXM1 transcription regulator 4.32E-28 3.13E-28
FOX03 transcription regulator — 8.04E-17 e 1.85E-20
HGF growth factor e 7.37€-27 e 2.76E-28
IFNG cytokine E— 2.10E-14 —— 2.26E-24
Ige complex e 6.55E-11 ————— 1.36E-12
L4 cytokine e 3.45E-14 —_ 2.48E-22
IL6 cytokine —_— 2.11E-20 = 6.95E-29
Irgm1 GTPase — 8.95E-19 — 6.87E-30
let-7 microRNA e 7.71E-12 [ 2.80E-21
LIN9 signaling protein h 4.15E-16 s 1.32€-14
mir-21 microRNA 1.11E-19 8.36E-17
MITF transcription regulator = 1.64E-15 _— 6.86E-15
MTPN transcription regulator —_— 1.84E-15 — 9.34E-12
NFKBIA transcription regulator —_— 8.28E-15 ] 2.95E-14
PTGER2 GPCR —— 1.82E-32 ——————n 1.35E-32
RABL6 GTPase 7.03E-19 1.28E-28
TBX2 transcription regulator _ 2.20€-17 —— 1.53E-29
TGFB1 growth factor e ——— 1.20E-34 ——— 4.78E-44
TNF cytokine e 4.01E-25 s 1.04E-30
Vegf growth factor —— 2.65E-31 ——— 6.36E-35

Supplementary Fig 4. Predicted upstream regulators of arteriovenous fistulae (AVF)-induced LV hypertrophy
stratified by sex (male, n = 3 each; female, n = 3 each).
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Supplementary Table. Select genes from Fig 4 stratified by sex (male, n = 3 each; female, n = 3 each)

Nppa 71866 1.07E—-06 2.63E—04 4.27 122990 2.95E—-09 1.29E—-07 7.73 1.38E—01 319E-01 =177

Rcanl 33523 6.85E—04 212E-02 2.01 1.42E-01 3.26E-01 134

Atp2a2 3194494 1.01E-03 2.81E-02 —1.52 4.69E—02 1.64E—01 123

Adoral 118E—02 7.24E—02 —125

Chrm?2 24801 6.68E—04 2.08E—02 -1.38 2.55E-01 4.66E—01 115

Metabolism

lon channels

Scn4a 11534 1.93E—-05 1.71E-03 -1.96 1.66E—01 3.59E-01 122

Cacnalc 50394 1.57E—-03 3.78E—02 —1.58 7.62E-01 8.66E—01 —1.03

Collal 29037 3.72E—03 6.77E—02 237 71708 7.89E—18 3.20E-15 3.52 258E—-04 7.07E-03 —2.59

Col3al 67522 8.54E—05 5.02E-03 2.78 156350 1.43E—25 4.41E—22 334 1.50E-04 5.02E-03 —2.30

Col4a3 1493 1.21E—04 6.54E—03 3.03 1779 7.84E—08 2.06E—06 2.57 7.58E—01 8.64E—01 —1.08

Col5a2 8809 8.75E—05 5.10E-03 3.36 19440 2.84E-16 8.55E—14 353 5.81E—03 4.75E—02 —-212

Col6al 35325 1.03E—-20 7.91E-18 2.20 9.03E—-03 6.15E—02 =172

Col8al 10590 1.23E—05 1.26E—03 3.58 17855 4.04E-25 1.04E—-21 4.99 3.95E—02 1.48E—01 —1.70

Coll4al 3235 2.82E—04 113E-02 2.79 10675 532E-20 3.41E-17 2.48 9.20E-07 1.09E-04 —3.02

Coll6al 1682 1.88E—03 4.27E—02 2.84 4141 210E-07 4.78E—06 2.84 5.88E—03 4.77E—02 —2.33

Col26al 161 2.03E—-03 4.50E—02 3.87 489 132E-13 2.04E-T 10.85 8.65E—04 1.51E-02 —3.26

Mmp2 4.49E—-02 1.60E-01 -152

Mmp23 1506 3.87E—04 1.40E—-02 1.97 1980 1.03E—04 8.86E—04 2.04 257E-01 4.68E—01 —125

Actal 356205 2.30E—-06 3.91E—-04 4.89 260686 310E-10 1.78E—08 6.28 4.07E-01 6.14E-01 139

Vim 71840 1.83E—06 3.52E-04 210 105393 9.40E-13 117E-10 2.89 1.33E—-02 7.81E-02 —152

Fbln2 31515 9.89E-11 6.99E-09 218 520E-02 1.74E-01 —1.52

Sparc 186248 9.05E—13 3.10E—-09 2.61 215083 6.48E—34 8.54E—-30 3.83 1.57E-01 3.45E—01 —1.20

Bgn 63803 1.57E-03 3.78E—02 214 110150 3.82E-13 5.21E-1 2.44 9.96E—03 6.58E—02 =170

(Continued on next page)
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Supplementary Table. Continued.

Fnl 17289 8.68E—04 2.50E—02 2.90 35697 3.57E-16 1.02E-13 4.06 9.91E-03 6.56E—02 =21

Lum 10039 7.49E—04 2.25E-02 1.87 9.13E—03 6.19E-02 —150
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