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BACKGROUND: Acute decompensated heart failure (ADHF) is associated with deterioration in renal function—an important risk
factor for poor outcomes. Whether ADHF results in permanent kidney damage/dysfunction is unknown.

METHODS AND RESULTS: We investigated for the first time the renal responses to the development of, and recovery from, ADHF
using an ovine model. ADHF development induced pronounced hemodynamic changes, neurohormonal activation, and de-
cline in renal function, including decreased urine, sodium and urea excretion, and creatinine clearance. Following ADHF recov-
ery (25 days), creatinine clearance reductions persisted. Kidney biopsies taken during ADHF and following recovery showed
widespread mesangial cell prominence, early mild acute tubular injury, and medullary/interstitial fibrosis. Renal transcriptomes
identified altered expression of 270 genes following ADHF development and 631 genes following recovery. A total of 47 genes
remained altered post-recovery. Pathway analysis suggested gene expression changes, driven by a network of inflammatory
cytokines centered on IL-1B3 (interleukin 1P), lead to repression of reno-protective eNOS (endothelial nitric oxide synthase)
signaling during ADHF development, and following recovery, activation of glomerulosclerosis and reno-protective pathways
and repression of proinflammatory/fibrotic pathways. A total of 31 dysregulated genes encoding proteins detectable in urine,
serum, and plasma identified potential candidate markers for kidney repair (including CNGAS [cyclic nucleotide gated channel
subunit alpha 3] and OIT3 [oncoprotein induced transcript 3]) or long-term renal impairment in ADHF (including ACTG2 [actin
gamma 2, smooth muscle] and ANGPTL4 [angiopoietin like 4]).

CONCLUSIONS: In an ovine model, we provide the first direct evidence that an episode of ADHF leads to an immediate decline
in kidney function that failed to fully resolve after ~4 weeks and is associated with persistent functional/structural kidney injury.
We identified molecular pathways underlying kidney injury and repair in ADHF and highlighted 31 novel candidate biomarkers
for acute kidney injury in this setting.
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Heart failure (HF) is a leading cause of morbid- dying in the first year after diagnosis and >50% after
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CLINICAL PERSPECTIVE
What Is New?

Characterization of serial functional and histologi-
cal data during the development and resolution of
acute decompensated heart failure (ADHF; using
an ovine model) provides the first direct evidence
that a single episode of ADHF can cause acute
kidney injury (AKI), as demonstrated by cellular
necrosis, tubular injury, and glomerular scarring,
which is associated with a decline in kidney func-
tion that fails to fully resolve after ~4 weeks.

e Renal gene expression profiling of pathways as-
sociated with kidney injury and repair in ADHF
suggest changes in expression may be driven by
a network of inflammatory cytokines centered on
IL-1B (interleukin 1[3).

What Are the Clinical Implications?

e These data suggest that an episode of ADHF
on a background of previously normal kidneys
represents a significant event that can result in
acute kidney injury and lead to permanent kid-
ney injury and decrement in renal function.

e Recognition and awareness of the significance
of acute kidney injury is critical in clinical ADHF
management to prevent unintended adverse
renal effects and associated poor outcomes.

e Inhibition of IL-13 may have therapeutic potential
in cardiorenal disease, including acute kidney
injury in ADHF.

Nonstandard Abbreviations and Acronyms

ADHF acute decompensated heart failure

AKI acute kidney injury

Angli angiotensin ||

AVP arginine vasopressin

CVP central venous pressure

eNOS endothelial nitric oxide synthase

GP6 glycoprotein VI

IPA Ingenuity Pathway Analysis

MCs mesangial cells

PDGF platelet-derived growth factor

PPAR peroxisome proliferator-activated
receptor

RNA-seq RNA sequencing

TGF-(3 transforming growth factor-3

WRF worsening renal function

renal dysfunction—1 of the most important risk fac-
tors for poor clinical outcomes and death.® Indeed,
the majority of individuals hospitalized with acute
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decompensated HF (ADHF) exhibit at least some de-
gree of existing renal insufficiency, with perhaps as
many as two thirds manifesting moderate to severe
impairment.* Furthermore, a considerable number
of patients incur acute worsening of kidney function,
which if sustained, is associated with increased short-
term and long-term mortality.®

With both background impairment and additional
decrements in renal function portending a worse
prognosis in HF,%® there is a need to better under-
stand the pathophysiological mechanisms linking the
failing heart and the kidney. Although kidney dysfunc-
tion in HF has traditionally been considered a result of
impaired renal blood flow in the setting of depressed
cardiac function, increasing evidence suggests con-
tributory mechanisms are more complex and multifac-
torial. Putative contributors also include central venous
congestion (and therefore renal venous hypertension),
anemia, oxidative stress, inflammation, neurohor-
monal activation, and renal sympathetic overactivity.6”
However, despite considerable prior research, the
pathophysiology of kidney dysfunction in HF remains
incompletely understood. This is in a large part at-
tributed to poor renal characterization. Importantly, it
is not known whether acutely reduced kidney function
secondary to ADHF leads to persistent kidney injury
and repair by scarring—resulting in permanent kidney
injury and dysfunction—or whether kidney structure
and function recovers fully to predecompensated
levels following successful HF treatment. Answers to
these questions and a deeper understanding of mo-
lecular alterations in the kidney during development
and resolution of ADHF may inform the management
of patients with HF and point to therapeutic targets for
renal preservation in HF.

We therefore investigated serial physiological (he-
modynamic, neurohumoral, renal) and kidney histolog-
ical and transcriptome (RNA sequencing [RNA-seq])
responses during the development and resolution of
ADHEF using an ovine model of ADHF induced by rapid
left ventricular (LV) pacing.®

METHODS

RNA-seq data have been deposited in the National
Center for Biotechnology Information Gene Expression
Omnibus  database  (www.ncbi.nlm.nih.gov/geo;
Accession No. GSE180502). All other data and sup-
porting materials/methods are either available within
the article (and its online supplementary files) or from
the corresponding author upon reasonable request.

Sheep Instrumentation

Studies were approved by the Animal Ethics Committee
of the University of Otago—Christchurch (No. C23/10;


http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE180502
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in accordance with the New Zealand Animal Welfare
Act 1999 and Amendment No. 2 [2015]) and conform
to current National Institute of Health guidelines (8th
edition).

A total of 9 adult Coopworth ewes (4-6 years;
47-69 kg; Lincoln University Farm, Canterbury, New
Zealand) were instrumented via a left lateral thoracot-
omy as previously described® under general anesthe-
sia (induced by intravenous diazepam [1x0.5 mg/kg]/
intravenous ketamine [1x4 mg/kg]; maintained with 2%
isoflurane/2 L per minute nitrous oxide/2 L per min-
ute oxygen) and using approved perioperative/post-
operative analgesia (intravenous carprofen [4 mg/kg
once a day for >3 days], intravenous buprenorphine
[0.005-0.01 mg/kg once a day for >3 days], inter-
costal bupivacaine [1x25 mg]/intercostal lignocaine
[1x100 mg]), and antibiotics (intravenous cephazolin
[2x20 mg/kg], intravenous enrofloxacin [1x2.5 mg/
kq]). Briefly, catheters were placed via the jugular vein
and in the left atrium for blood sampling and measure-
ment of central venous pressure (CVP) and left atrial
pressure; Konigsberg pressure-tip transducers were
inserted in the aorta to record mean arterial pressure
(MAP) and into the apex of the left ventricle to obtain
heart rate, LV pressures, and derivatives of pressure
over time (dP/dtfmax]); a Swan-Ganz thermodilution
catheter (American Edwards) was placed in the pul-
monary artery for measurement of cardiac output; and
a 7-French His-bundle electrode was stitched subepi-
cardially to the left ventricle for subsequent cardiac
pacing. A bladder catheter was inserted per urethra to
allow timed urine collections. Adequacy of anesthesia
was monitored via serial measurements of heart rate,
blood pressure, capillary refill time, mucous membrane
color, palpable blink response, jaw tone, anesthetic gas
analysis, oxygen saturation, and end-tidal CO, levels.

Animals recovered for at least 14 days before com-
mencing the study protocol, and throughout the study
they were held in metabolic cages and received a diet
of Lucerne chaff and food pellets (providing =75 mmol
sodium/day, ~150 mmol potassium/day) with free ac-
cess to water.

Note that only ewes have been used in the current
study because of practical issues with having an in-
dwelling bladder catheter in a conscious male sheep
within a metabolic crate. In addition, it is difficult to
source male animals as male lambs are typically cas-
trated within weeks of birth and sent off to the meat
works before they are a year old.

Study Protocol

The study followed a longitudinal repeated-measures
design with sampling conducted during a 5-day base-
line period (days —4 to 0) followed by 14 days of rapid
LV pacing at 220 bpm to induce ADHF (days 1 to 14,
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pace), and then termination of pacing and 25 days of
recovery (days 1 to 25, recovery).

Hemodynamic measurements (CVP, left atrial pres-
sure, MAP, heart rate, cardiac output, dP/dt[max])
were recorded using an online data acquisition system
(PowerlLab Systems; ADInstruments) and made before
the commencement of pacing (baseline; days -4, -2,
0), during pacing (ADHF; days 1-4, 7-9, 10, 11, 14) and
following the cessation of pacing (recovery; days 15—
18, 21, 23, 25, 28, 30, 32, 35, 37, 39).

Blood samples were drawn following each he-
modynamic measurement. Samples were taken into
EDTA tubes on ice, centrifuged at 4 °C, and stored at
either —20 °C or —80 °C before assay for ANP (atrial na-
triuretic peptide), BNP (B-type natriuretic peptide), PRA
(plasma renin activity), aldosterone, endothelin-1, AVP
(arginine vasopressin), and catecholamines.® For each
analyte, all samples from individual animals were mea-
sured in the same assay to avoid interassay variability.
Plasma sodium, potassium, creatinine, urea, albumin,
and hematocrit were measured with every blood sam-
ple taken.

Water intake and urine collections for the measure-
ment of volume and excretion of sodium, potassium,
creatinine, and urea were made daily during the first
26 days of study and then every 2 to 3 days until pro-
tocol completion. Creatinine clearance was calculated
as urine creatininexvolume/plasma creatinine.

Serial kidney biopsies were performed in duplicate
before pacing (baseline), on day 14 of pacing (HF), and
after 25 days (nonpacing) recovery. For the first 2 pro-
cedures, the sheep were anesthetized (as described
previously), and 2 adjacent percutaneous kidney bi-
opsies were taken under ultrasonic guidance (Philips
iE33; Philips Ultrasound) using a 14 g spring-loaded
automated biopsy gun (BARD Peripheral Vascular,
Inc.). Final kidney samples were collected at study
end immediately following euthanasia (intravenous
Pentobarb300 100 mg/kg). On each occasion, 1 of the
biopsies was fixed in 10% formalin (4 °C overnight) for
histological analysis, and the other snap frozen in liquid
nitrogen and stored at —80 °C for subsequent RNA ex-
traction and RNA-seq analysis.

Histological Analysis

Formalin-fixed kidney biopsy samples were dehy-
drated in ethanol, embedded in paraffin, and cut into
longitudinal 7-um sections before mounting. Sections
were stained with hematoxylin—eosin or Masson'’s tri-
chrome and examined under light microscopy by a
specialist pathologist. Specimens from 7xbaseline,
9xHF, and 8xrecovery biopsies were found to be ac-
ceptable for further evaluation. Presence of fibrosis
(collagen deposition) was analyzed in digital images
of Masson’s trichrome-stained kidney sections (x10
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objective magnification) by an image processing pro-
gram (Imaged) employing color-based thresholding to
determine percentage blue-staining collagen.

RNA-Seq and Bioinformatic Analysis

Full details of RNA extraction, library preparation, and
bicinformatic analysis are provided in Data S1. Briefly,
total RNA was extracted from frozen kidney biopsy sam-
ples and purified with RNeasy Midi Columns (Qiagen).
To maximize statistical power, the 5xbaseline, 6xHF,
and bxrecovery serial samples were supplemented
with kidney samples collected postmortem from
animals euthanized before, during, or after the same
pacing protocol. This provided a total of 14xbaseline,
13xHF, and 8xrecovery samples for RNA-seq analysis.
RNA-seq libraries were prepared using total RNA and
TruSeq stranded mRNA library prep kits (lllumina).

Statistical Analysis
Physiological Data Analysis

Changes during pacing and postpacing recovery were
assessed by 1-way repeated ANOVA (SPSS version
11.022). Where significant time effects were identi-
fied by ANOVA, level of significance at individual time
points versus baseline (mean of samples taken before
pacing) was determined by Fisher’s protected least-
significant difference tests. Results of baseline versus
day 14 pacing and day 39 recovery are provided in the
text. Significance was assumed at P<0.05.

Transcriptome Analysis

To confirm all biopsy samples were of kidney origin (ie,
not contaminated with other tissue), the 1000 most
abundant genes in each sample were tested for en-
richment of tissue-specific genes across 35 human tis-
sues using the Tissue Enrich package® in R."° Kidney
origin was confirmed for all but 3 samples (Figure S1),
which were excluded, leaving a total of 11xbaseline,
13xHF, and 8xrecovery samples for differential expres-
sion analysis.

Gene expression was compared between time
points (baseline to HF, HF to recovery, and baseline
to recovery) using negative binomial generalized lin-
ear models with DESeq2'" using a false discovery rate
a=0.05. As not all animals underwent serial sampling,
samples were treated as independent samples. Data
for individual genes are presented as normalized read
counts and corrected for library size using DESeq2
normalization."

Genes that differed between baseline and HF, HF
and recovery, and baseline and recovery (P<0.01 after
adjustment for multiple comparisons, fold change
>1.2 or <0.83) were compared with 884 genes asso-
ciated with acute kidney injury (AKI) as documented
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in 2 large databases: Harmonizome' and Ingenuity
Pathway Analysis (IPA) knowledgebase (https://giage
nbioinformatics.com/products/ingenuity-pathway-
analysis)'® (Table S1). Enrichment for canonical path-
ways and nephrotoxicity networks was tested with
Core and Comparative gene set enrichment analysis
workflows using IPA software. The net effect of in-
dividual gene expression changes on the network/
pathway (ie, whether the combined effect of individ-
ual gene expression changes predicted activation or
inhibition of the network/pathway) was determined
using Z scores (scores >2 indicate pathway activa-
tion, <=2 indicate pathway inhibition). Potential circu-
lating or urinary biomarkers were identified using the
IPA Biomarker Filter workflow and Protein Atlas se-
cretome (www.proteinatlas.org).'* A P value of P<0.01
after correction for multiple comparisons was used
for all IPA analyses. Associations between candidate
kidney biomarkers, selected neurohormones, and
hemodynamic indexes were assessed with Pearson
correlation (after In-transformation of data) and vi-
sualized on correlation matrices using the Corrplot
package'® in R.10

RESULTS

Physiological Results

A total of 14 days of rapid LV pacing produced the
hemodynamic deterioration, multifaceted hormonal
activation, and sodium-retaining hallmarks of human
ADHF. Significant reductions were observed in cardiac
output, dP/dt(max), and MAP together with increases in
CVP, left atrial pressure, and calculated total peripheral
resistance (calculated total peripheral resistance=MAP/
CO), resulting in a halving of (calculated) renal perfusion
pressure (MAP-CVP; all P<0.001; Figure 1; Figure S2).
Attendant neuroendocrine changes included marked
rises in plasma ANP (P<0.001), BNP (P<0.01), PRA
(P<0.05), aldosterone (P<0.01), endothelin-1 (P<0.001),
AVP (P<0.01), epinephrine (P<0.05), and norepineph-
rine (P<0.05; Figure S3). Renal function was adversely
affected as evidenced by a halving in urine output
and significant declines in urine sodium, potassium,
urea, and creatinine excretion (all P<0.001; Figure 1;
Figure S4). In addition, plasma creatinine levels rose
(P<0.01; Table S2) and creatinine clearance was mark-
edly reduced (P<0.001; Figure 1).

Following termination of rapid pacing and 25 days of
recovery, most measurements returned to prepacing
baseline levels. Exceptions included left atrial pressure
(P<0.01) and the natriuretic peptides (ANP, P<0.01;
BNP, P<0.05), which remained slightly but significantly
elevated relative to baseline. Importantly, urine cre-
atinine excretion (P<0.001) and creatinine clearance
(P<0.001) remained significantly decreased compared
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Figure 1.

Mean+SEM serial physiological responses in 9 sheep before (baseline) and during

development of acute decompensated heart failure (induced by left ventricular pacing at 220 bpm
for 14 days) and during 25 days of recovery following termination of pacing.

Significant differences from prepacing baseline levels are shown by the following: *P<0.05, TP<0.05, and
¥P<0.001 by 1-way ANOVA. bpm indicates beats per minute; and LV, left ventricular.

with baseline even after 25 days of recovery, with
plasma creatinine concentrations also tending to re-
main raised (P=0.075; Figure 1; Table S2; Figures S2
through S4).

With respect to the consistency of renal dysfunction
evident with ADHF development, it should be noted
that all sheep demonstrated rises in plasma creatinine
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(range, 6-28 pmol/L) and falls in creatinine excretion
(range, —0.04 to —0.16 mmol/h) and clearance (range,
-5.4 to —40.5 mL/min) during ADHF compared with
baseline. Following 25 days of recovery, creatinine ex-
cretion remained reduced in all animals (range, —0.003
to —-0.094 mmol/h) along with creatinine clearance
(range, —5.1 to —28.5 mL/min).
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Histological Results

The majority of kidney biopsies taken before pacing
(baseline) had no significant histological abnormalities
(6/7 samples [72%)]; Figure 2A). In contrast, more than
half of the samples taken during fully developed ADHF
(day 14 of LV pacing) showed evidence of early mild
acute tubular injury (5/9 samples [56%)]), and most exhib-
ited a prominence of glomerular mesangial cells (MCs;
7/9 samples [78%)]). The same was true of biopsies taken
after 25 days of ADHF recovery (63% showing both MC
prominence and tubular injury). These also demon-
strated some mild chronic inflammation (2/8 samples) as
well as focal/patchy dystrophic calcification and medul-
lary/interstitial fibrosis in nearly half of the specimens (3/8
samples for both; Figure 2A). Development of fibrosis is
further supported by digital analysis (ImageJ) showing in-
creased collagen deposition in all animals but 1 following
development/recovery of ADHF, with levels increasing
from 36+4.2% at baseline to 44.8+1.6% at HF (P<0.05)
and 42.5+3.8% at recovery (1.0 > P>0.05) and can be
visualized in representative serial kidney samples from
the 3 states (baseline, HF, recovery) showing increased
blue-staining collagen (Figure 2B).

Transcriptome Results

RNA-seq generated a mean+SD of 22.0+2.1x10° high-
quality read pairs per sample, which mapped to 31 553
unique genes in the sheep genome. Gene expression
levels were compared between kidney biopsies col-
lected at baseline (n=11), HF (h=13), and recovery (n=8).
A total of 270 genes differed between baseline and HF
(P<0.01 after adjustment for multiple comparisons, fold
change >1.2 or <0.83, 47% upregulated in HF; Figure 3,
Figure 4A, Table S3), 631 genes differed between HF
and recovery (41% upregulated at recovery; Figure 3,
Figure 4B, Table S3), and 47 genes differed between
baseline and recovery (21% upregulated at recovery;
Figure 3, Table S3). Of 827 unique genes that differed
between time points, 152 (17%) had no known human
homolog (most were in silico predicted transcripts) and
were not analyzed further. The remaining 675 genes in-
cluded 85 genes previously implicated in AKI (including
mediators of fibrosis, inflammation and apoptosis, and
components of the extracellular matrix), but not genes
encoding early markers for AKI (including LCN2 [lipoca-
lin 2); IGFBP7 [insulin-like growth factor-binding protein
7] or TIMP2 [tissue inhibitor of metalloproteinases 2))
(Figure S5). The vast majority of differentially expressed
genes (590 of 675 genes, 87%) had no prior reported
association with AKI.

Cell Signaling Pathways

To investigate the molecular pathways altered in the kid-
ney in response to ADHF development and recovery,
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comparative pathway analysis was performed for 675
genes altered between baseline and HF, HF and re-
covery, and baseline and recovery. Genes altered
across these time points were enriched for a network
of genes that regulate glomerulosclerosis and 8 mo-
lecular pathways (absolute Z score >2 and P<0.01
after adjustment for multiple comparisons; Figure 5A,
Table S3). These were eNOS (endothelial nitric oxide
synthase) signaling (repressed during ADHF develop-
ment; Figure S6A); cholesterol biosynthesis and PPAR
(peroxisome proliferator-activated receptor) signaling
(activated during recovery; Figure S6B and S6C); and
GP6 (glycoprotein VI), PDGF (platelet-derived growth
factor), oncostatin M, acute phase response, and "he-
patic" fibrosis signaling (all repressed during recovery;
Figure S6D through S6H). The "hepatic" fibrosis path-
way likely represents renal fibrosis given that the IPA
knowledgebase lacks an annotated pathway for renal
fibrosis and many genes/proteins are shared. All of
these pathways have established roles in AKI. Among
the 85 differentially expressed genes mapping to these
pathways, 59 (69%) had not previously been implicated
in AKI, and only 2 remained altered after recovery from
ADHF. None of the identified pathways remained sig-
nificantly activated or repressed after recovery.

Predicted Upstream Regulators

To identify potential upstream regulators, a statistical
approach was used to identify regulator genes that
may alter gene expression during ADHF development
and recovery with a directionality consistent with the
observed expression changes. The top-predicted
upstream regulator gene (ie, gene that promotes the
development of ADHF and represses recovery) was
the proinflammatory cytokine IL-13 (interleukin 1(), a
known regulator of kidney pathology (baseline to HF
and HF to recovery, P<0.001 after adjustment for mul-
tiple comparisons; absolute Z score >3.5). A mecha-
nistic network generated for IL.-13 indicated that the
cytokine may activate a network of coregulators, in-
cluding tumour necrosis factor, to alter the expression
of 74 (27%) genes from baseline to HF and 263 (42%)
genes from HF to recovery (Figure S7). Of these, 27
and 54 genes, respectively, may be regulated directly
by IL-13 (data not shown).

Candidate Plasma/Serum and Urinary
Biomarkers for AKI in ADHF

To identify potential novel biomarkers of kidney injury
and recovery in ADHF, the following 2 sets of genes
were selected: (1) those that differed between baseline
and recovery (termed HF-sustained genes; n=47, 21%
upregulated at recovery) and (2) those that differed from
baseline to HF and from HF to recovery, but not from
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Figure 2. Serial histological responses in sheep during development of, and recovery from, acute decompensated heart

failure.

A, Principal histological findings in serial kidney biopsies taken in 9 sheep before (baseline, n=7), after development of acute
decompensated heart failure (induced by left ventricular pacing at 220 bpm for 14 days; n=9), and after 25 days of recovery
following termination of pacing (recovery, n=8). (Note that mesangial cell prominence is not included here as a significant histologic
abnormality.). B, Masson’s trichrome staining of representative serial kidney biopsies taken before (baseline) and after development of
acute decompensated heart failure (induced by left ventricular pacing at 220 bpm for 14 days) and after 25 days of recovery following
termination of pacing (recovery). Blue staining indicates collagen deposition. Scale bar=100 pmol/L.

baseline to recovery (termed HF-responsive genes; of potential candidate circulating or urinary markers
n=93, 47% upregulated at HF compared with base- and ranked based on their fold change in expres-
line). From these, genes encoding proteins detectable sion between time points. Of the 32 protein-encoding
in plasma, serum, or urine were selected as identifiers ~ genes identified (Figure 6), 13 were HF-sustained
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genes, representing potential persistent markers of
kidney damage or dysfunction in ADHF (Table 1), and
19 were HF-responsive genes, representing potential
markers for kidney repair in ADHF (Table 2). Although
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5 HF-sustained and 8 HF-responsive genes had pre-
viously been implicated in AKI (42%; Tables 1 and 2,
Figure 6), only 1 gene, REN (renin), had been inves-
tigated in patients with AKI and ADHF previously.'®



Rademaker et al Kidney Responses to ADHF Development and Recovery

Figure 3. Genes altered in the kidney after development of, and following recovery from, acute decompensated HF; n=827;
P<0.01 after adjustment for multiple comparisons, fold change >1.2 or <0.83).

A, A total of 270 genes differed between B and HF and 631 genes differed between HF and R, of which 93 genes were altered across
both data sets and were termed HF-responsive genes. A total of 47 genes differed between B and R and were termed HF-sustained
genes. Percentages indicate the number of genes upregulated in the latter of the 2 time points. B, Heatmap showing median gene
expression levels at B, HF, and R for genes differentially expressed between time points. Gene expression was scaled using Z scores
to enable genes expressed at high and low abundance to be visualized on the same graph. For each gene, the color scale indicates
high (red) or low (blue) expression relative to the other time points. Green bars (left) indicate differential expression between time
points. Unsupervised hierarchical clustering identified four broad clusters of genes with similar patterns of expression across time
points (clusters 1-4, far left). C, Box plots summarizing gene expressions for genes in each cluster in B (geometric mean) shown for all
samples at each time point. B indicates baseline; HF, heart failure; and R, recovery.

Consequently, the remaining 31 genes were prioritized 3) and OIT3 (oncoprotein induced transcript 3) with
as identifying potential novel markers for AKI in ADHF. MAP and renal perfusion pressure; and (6) HSPI0AAT

Lastly, to explore the relationship between each (heat shock protein 90 alpha family class A member
of the genes that potentially translate to protein bio- 1), KLF7 (Kruppel like factor 7), FSTL3 (follistatin like
markers with neurohormones and with hemodynamic ~ 3), and HSP90BT (heat shock protein 90 beta family
measurements, correlation matrices were generated member 1) with PRA and plasma BNP concentrations
with data from 5 sheep for whom full serial measure- (Figure S8A). In general, these relationships were not
ments were available (Figures S8 and S9). Comparing preserved from HF to recovery, suggesting a dynamic
changes from baseline to HF, HF-responsive can- shift in relationships between gene expression, neu-
didate biomarker generating genes clustered into 6 rohormones, and hemodynamic responses as the
groups with similar profiles. These were (1) MUC20 model moves from developing ADHF through to recov-
(mucin 20) with urine urea and creatinine concentra- ery (Figure S8B). Similarly, comparing changes from
tions; (2) IGFBP3 (insulin like growth factor binding baseline to recovery, HF-sustained biomarkers clus-
protein 3) and HPCA (hippocalcin) with fluid balance; tered into 4 groups with similar profiles. These were
(8) REN and LARP1B (La ribonucleoprotein domain (1) PDGFRB (platelet derived growth factor receptor
family member 1B) with urine volume; (4) NGFR (nerve  beta) and SLC52A3 (solute carrier family 52 member
growth factor receptor), STAT3 (signal transducer and 3) with urine sodium concentrations; (2) FLT4 (Fms re-
activator of transcription 3), PDE5A (phosphodiester- lated tyrosine kinase 4), PLEKHAS (pleckstrin homol-
ase 5A), CAPN1 (calpain 1), SIPATL1 (signal induced ogy domain containing A8), CFI (complement factor ),
proliferation associated 1 like 1), GLTP (glycolipid trans- and CA2 (carbonic anhydrase 2) with urine urea and
fer protein), SLC5AT7 (solute carrier family 5 member  creatinine concentrations; (3) ACADVL (acyl-CoA dehy-
1), and TXNDC16 (thioredoxin domain containing 16)  drogenase very long chain), PCOLCEZ (procollagen C-
with plasma urea and creatinine concentrations; (5) endopeptidase enhancer 2), ACTG2 (actin gamma 2,
CNGAS (cyclic nucleotide gated channel subunit alpha ~ smooth muscle), DES (desmin), ADIPOQ (adiponectin,
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Figure 4. Volcano plots showing genes altered from (A) baseline to heart failure, (B) heart failure to recovery, and (C) baseline
to recovery.

Genes to the right of the vertical dashed lines have a >1.2-fold increase in expression; those to the left of the vertical dashed lines have
a >1.2-fold decrease in expression (ie, <0.83-fold change) between time points. The horizontal dashed line indicates the threshold
for statistical significance (P<0.01 after adjustment for multiple comparisons). Blue dots indicate HF-responsive genes and red dots
indicate HF-sustained genes. Full gene names available from https://www.ncbi.nlm.nih.gov/gene/.
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B-HF HF-R B-R

Hepatic Fibrosis Signalling Pathway
Acute Phase Response Signalling
PDGF Signalling

GP6 Signalling Pathway

Oncostatin M Signalling

eNOS Signalling

PPAR Signalling

Superpathway of Cholesterol Biosynthesis

Glomerulosclerosis

I

Figure 5. Cell signaling pathways (A) and nephrotoxicity networks significantly enriched during
HF and/or recovery (R) (B). (P<0.01 after correction for multiple comparisons.)

Pathways are clustered according to their pattern of activation at each time point. Pathways were
considered activated (red boxes) if the activation Z score was >2 or repressed (blue boxes) if the activation
Z score was <-2 (indicated by white asterisks). None of these pathways remained altered after recovery.
Note that the pathway described as "hepatic" fibrosis likely represents renal fibrosis given that renal gene
expression was measured, the Ingenuity Pathway Analysis knowledgebase lacks an annotated pathway
for renal fibrosis, and many components of these pathways are shared. B indicates baseline; eNOS,
endothelial nitric oxide synthase; GP6, glycoprotein VI; HF, heart failure; PDGF, platelet-derived growth
factor; PPAR, peroxisome proliferator-activated receptor; and R, recovery.

C1Q, and collagen domain containing), and ANGPTL4
(angiopoietin like 4) with plasma creatinine concen-
trations; and (4) BGN (biglycan) with PRA and plasma
BNP concentrations (Figure S9).

DISCUSSION

The present study exploits the unique advantages of
a large, comprehensively instrumented, animal model
in which ADHF can be reproducibly induced and then
resolved. Serial physiological and kidney responses
during ADHF induction and recovery showed that
the pacing-induced impairments in systemic/regional
hemodynamics and widespread neurohumoral acti-
vation were associated with a decline in renal function
as evidenced by avid sodium and volume retention,
elevation of plasma creatinine concentrations, and
reductions in creatinine excretion and clearance.
Importantly, following pacing cessation and 25 days
of recovery from ADHF while hemodynamic and
hormonal indexes essentially returned to prepacing
baseline levels, a degree of renal dysfunction per-
sisted. These data suggest that an episode of ADHF
on a background of previously normal kidneys can
result in AKI that fails to fully resolve after ~4 weeks
recovery, leading to a permanent decrement in renal
function.

J Am Heart Assoc. 2021;10:e021312. DOI: 10.1161/JAHA.121.021312

This suggestion is supported by serial kidney his-
tology. Whereas prepacing kidney biopsies were
generally noted as having no significant abnormali-
ties, this was not the case for specimens taken either
during ADHF or after 25 days of recovery. More than
half of the ADHF samples showed evidence of early
mild acute tubular injury, as did recovery specimens.
Furthermore, nearly half of the recovery biopsies ex-
hibited focal or scattered dystrophic calcification—a
deposition of calcium salts that commonly occurs
in degenerated or necrotic cells/tissue as a result of
damage or injury' and can also indicate the presence
of ongoing organ dysfunction. A conspicuous histo-
pathological feature of the majority of biopsies taken
following ADHF development was the prominence of
glomerular MCs, an anomaly that generally still pres-
ents after 4 weeks of ADHF recovery. MC prolifer-
ation is a nonspecific response to assorted forms of
glomerular insult and is a feature of many human and
experimental kidney diseases.'® Stimulation of MC rep-
lication is reported to occur via multiple mechanisms
including hypoxia, inflammation, podocyte injury'® and
a large number of chemical mediators that encom-
pass cytokines, growth factors, and hormones, with
the latter including Angll (angiotensin Il), aldosterone,
endothelin-1, and AVP?°—all of which were elevated
during ADHF in the current study (with increments in

10



Rademaker et al Kidney Responses to ADHF Development and Recovery

RNA-Seq in 14 ‘Baseline’, 13 ‘Heart Failure’ and
8 ‘Recovery’ kidney biopsy/tissue samples
l 13 potential markers
of long-term renal

827 differentially expressed genes across time ) ,
impairment: ADIPOQ,

points (p.adj<0.01, fold-change >1.2 or <-1.2)

ACTG2, ANGPTLA,
47 ADHF ‘sustained’ genes DES, PCOLCEZ,
Selected — ¢ 05743 FiT4, BGN,
genes CFl, PDGFRB, ACADVL,
stugeeliny CA2, PLEKHAS
proteins
detectable 19 potential markers of
in plasma kidney repair: REN, NGFR,

honsive’ genes  OF urine —  CNGA3, SLC5A1, OIT3,
HPCA, FSTL3, MUCZ20,
IGFBP3, STAT3, TXNDC16,

2 HSP90AAL, LARPIB,
675 differentially expressed genes with human homologs GLTP, SIPA1L1, CAPN1,
l KLF7, PDE5A, HSP90B1
Pathway analysis 85 genes mapped to enriched
« Enriched for 9 pathways/networks associated with =  pathways (31% previously
known roles in AKI (acute phase response signaling, associated with AKI)

hepatic fibrosis, oncostatin M signaling, eNOS signaling, PPAR
signaling, cholesterol biosynthesis, PDGF signaling, GP6
signaling, glomerulosclerosis, p.adj<0.01, z-score >2 or <-2) 590 genes did not map to

+ Gene expression regulated by a network of g enriched pathways (10%
Cytokines Centered on |L_1B preViOUSIy associated with AKI)

Figure 6. Transcriptome summary.

Kidney samples from animals that underwent serial sampling were supplemented with kidney samples collected postmortem from
animals having undergone a similar pacing/recovery protocol, giving a total of 14xB, 13xHF, and 8xR samples for RNA sequencing
analysis. Expression of 827 unique genes differed across the time course: B to HF, HF to R, and B to R. Of these, 675 genes had
a human homolog and progressed to pathway analysis. Of 47 HF-sustained genes (those that remained altered after 4 weeks of
recovery), 13 genes encoded proteins detectable in plasma or urine and may represent markers of long-term renal impairment in
ADHF. Of 93 HF-responsive genes (those that increased during ADHF development and decreased during recovery or vice versa),
19 genes encoded proteins detectable in plasma or urine and may represent markers of kidney repair in ADHF. Genes denoted in
bold text indicate genes previously associated with AKI, genes that are underlined indicate genes that mapped to pathways shown
to be enriched in pathway analysis. ACADVL indicates acyl-CoA dehydrogenase very long chain; ACTG2, actin gamma 2, smooth
muscle; ADHF, acute decompensated heart failure; ADIPOQ, adiponectin, C1Q, and collagen domain containing; AKI, acute kidney
injury; ANGPTL4, angiopoietin like 4; B, baseline; BGN, biglycan CA2, carbonic anhydrase 2; CAPN1, calpain 1; CFl, complement
factor I; CNGAS3, cyclic nucleotide gated channel subunit alpha 3; DES, desmin; eNOS, endothelial nitric oxide synthase; FLT4, Fms
related tyrosine kinase 4; FSTL3, follistatin like 3; GLTP, glycolipid transfer protein; GP6, glycoprotein VI; HF, heart failure; HPCA,
hippocalcin; HSP90AAT, heat shock protein 90 alpha family class A member 1; HSP90B1, heat shock protein 90 beta family member
1; IGFBP3, insulin like growth factor binding protein 3; IL1{3, interleukin 13; KLF7, Kruppel like factor 7; LARP1B, La ribonucleoprotein
domain family member 1B; MUC20, mucin 20; NGFR, nerve growth factor receptor; OIT3, oncoprotein induced transcript 3; p-adj,
p-value adjusted for multiple comparisons; PCOLCE2, procollagen C-endopeptidase enhancer 2; PDE5A, phosphodiesterase 5A;
PDGF, platelet-derived growth factor; PDGFRB, platelet derived growth factor receptor beta; PLEKHAS, pleckstrin homology domain
containing A8; PPAR, peroxisome proliferator-activated receptor; R, recovery; REN, renin; SIPATL1, signal induced proliferation
associated 1 like 1; SLC5AT1, solute carrier family 5 member 1; SLC52A3, solute carrier family 52 member 3; STAT3, signal transducer
and activator of transcription 3; and TXNDC16, thioredoxin domain containing 16.
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Table 1. Dysregulated Genes Encoding Candidate Responsive Biomarkers for AKI and Recovery in Acute Decompensated
Heart Failure
Known | Previous Fold Fold Fold
Cellular | Plasma/ drug association | Normalized read | change |change |change
Symbol Name location |serum | Urine |target* | with AKIt counts at B¥ B-HFST | HF-RST | B-RST
RENI Renin ES Yes No Yes Yes 53 (48-102) 7t —10.171
NGFR Nerve growth factor PM No Yes Yes Yes 86 (51-98) 27" 26"
receptor
CNGA3 Cyclic nucleotide gated PM Yes No No No 93 (85-126) 2.6 -3.3
channel subunit alpha 3
SLC5A1 Solute carrier family 5 PM Yes No No No 358 (197-574) —2.4* 2.5%
member 1
OIT3 Oncoprotein induced N Yes No No No 29 (15-33) 2,27 2.6"
transcript 3
HPCA Hippocalcin C Yes Yes No No 50 (40-59) -2.2" 1.9*
FSTL3 Follistatin like 3 ES Yes No No No 103 (91-126) 21" -1.9%
MUC20 Mucin 20, cell surface PM No Yes No No 1280 (889-1441) -2.0" 1.9*
associated
IGFBP3 Insulin like growth factor ES Yes Yes No Yes 495 (373-668) -2.0* 2.0*
binding protein 3
STAT3 Signal transducer and N Yes No Yes Yes 1182 (1060-1274) | 2.0* -1.9*
activator of transcription 3
TXNDC16 Thioredoxin domain ES Yes No No No 255 (220-352) -1.911 1.7
containing 16
HSP90AAT Heat shock protein 90 C No Yes Yes Yes 10 647 17" -1.5*
alpha family class A (9601-11 011)
member 1
LARP1B La ribonucleoprotein ES Yes No No No 159 (153-195) 16" -1.5*
domain family member 1B
GLTP Glycolipid transfer protein | C No Yes No No 798 (734-914) -1.5 1.6
SIPATLT Signal induced proliferation | C Yes No No No 820 (762-1283) -1.5% 1.7
associated 1 like 1
CAPN1 Calpain 1 C No Yes No Yes 1448 (1204-1595) | -1.5" 1.4%
KLF7 Kruppel like factor 7 N Yes No No No 567 (524-625) 1.411 -1.3%
PDE5A Phosphodiesterase 5A C Yes No Yes Yes 2088 (1901-2231) | —1.41t 1.4t
HSP90B1 Heat shock protein 90 beta | C Yes Yes Yes Yes 8974 (8708-9585) | 1.4* —1.4#
family member 1

AKlindicates acute kidney injury; B, baseline; C, cytoplasm; ES, extracellular space; HF, heart failure; N, nucleus; PM, plasma membrane; and R, recovery.
‘Gene/protein product targeted by 1 or more pharmaceutical drugs.
TGenes associated with AKI in the Harmonizome database'® and Ingenuity Pathway Analysis knowledgebase.'
*Normalized RNA sequencing read counts at B expressed as median (interquartile range).
SExpression fold changes between B, HF, and R.
IGenes enriched, or specifically expressed in, kidney (www.proteinatlas.org)."
1P<0.05, #P<0.01, “P<0.001, and "'P<0.0001 after adjustment for multiple comparisons.

PRA implying concurrent elevation of Angll). Although
a transient increase in MCs is thought to occur in re-
sponse to glomerular injury as part of the process of
tissue repair or “wound healing,” persistent MC prolif-
eration caused by repetitive or more sustained glomer-
ular injury is believed to precede, as well as promote,
irreversible glomerular scarring and subsequent loss of
renal function.'® Indeed, abnormally proliferative MCs
are themselves able to release mediators of prolifer-
ation, inflammation, and fibrosis (eg, Angll)>' and to
increase mesangial extracellular matrix accumulation,
leading to progressive glomerulosclerosis and intersti-
tial fibrosis.?? Of particular significance, this process of
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tissue remodeling, mesangial expansion, and glomer-
ular scarring progresses even after termination of the
initial noxious stimulus, regardless of the type of glo-
merular injury.?®

Consistent with a process of progressive repar-
ative glomerular fibrosis/scarring, the present study
observed evidence of renal fibrosis subsequent to
ADHF-induced AKI, with histological signs of inter-
stitial medullary fibrosis (mild focal or patchy) noted
only in recovery biopsies. The continued renal impair-
ment (ie, persistent reductions in creatinine excretion
and clearance) seen in recovery is congruent with
the loss of function typically resulting from the excess
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Table 2. Dysregulated Genes Encoding Candidate-Sustained Biomarkers of Kidney Damage or Dysfunction in Acute
Decompensated Heart Failure

Known | Previous Normalized Fold Fold Fold
Cellular | Plasma/ drug association | read counts at change | change | change

Symbol Name location | serum Urine |target’ | with AKIT baseline* B-HFS! | HF-RS! | B-RS!

ADIPOQ Adiponectin, C1Q, ES Yes No No Yes 1(0-182) -394~ -3077
and collagen domain
containing

ACTG2 Actin gamma 2, smooth C No Yes No No 45 (12-241) -7.67 -17.91
muscle

ANGPTL4 Angiopoietin like 4 ES Yes No No Yes 193 (121-273) -4.8" -5.0*

DES Desmin C Yes No No Yes 378 (266-882) -4.61

PCOLCE2 Procollagen C- ES No Yes No No 45 (26-87) 271
endopeptidase enhancer 2

SLC52A3 Solute carrier family 52 PM Yes No No No 260 (195-428) -3.4" -2.61
member 3

FLT4 Fms related tyrosine PM Yes No Yes No 401 (280-510) 2.4 -1.81
kinase 4

BGN Biglycan ES No Yes No No 1720 (1430-2272) -1.81

CFI Complement factor | ES Yes Yes No No 1882 (1783-2191) 1.51 1.71

PDGFRB Platelet derived growth PM No Yes Yes Yes 1324 (1105-1676) 1.6
factor receptor beta

ACADVL Acyl-CoA dehydrogenase | C Yes No No 5918 (56389-6703) -1.57 —-1.51
very long chain

CA2 Carbonic anhydrase 2 C Yes Yes Yes Yes 12771 -1.41

(10 67014 644)

PLEKHA8 Pleckstrin homology ES Yes No No 499 (473-532) 1.41

domain containing A8

AKI indicates acute kidney injury; B, baseline; C, cytoplasm; ES, extracellular space; HF, heart failure; PM, plasma membrane; and R, recovery.

‘Gene/protein product is targeted by 1 or more pharmaceutical drugs.

TGenes associated with AKI in the Harmonizome database'? and Ingenuity Pathway Analysis knowledgebase.®
*Normalized RNA sequencing read counts at B expressed as median (interquartile range).

SExpression fold changes between B, HF, and R.

1P<0.05, 1P<0.01, *P<0.001, and “P<0.0001 after adjustment for multiple comparisons.

accumulation of the extracellular matrix and fibrosis
as normal tissue architecture is replaced with scar tis-
sue. In agreement with our findings, work from exper-
imental studies of AKI in mice support the notion that
fibrosis is ongoing after the initial AKI, with activated
fibroblasts failing to return to their resting state.?* Our
results are also in keeping with the clinical observation
that renal interstitial fibrosis is the strongest indicator
of progression of chronic kidney disease (even if the
primary disease is glomerular).

Although findings from multiple experimental and
clinical studies have demonstrated that extended
periods of chronic HF result in progressive renal pa-
thology,?® conclusions regarding the impact of ADHF
on kidney structure/function are far less definitive.
Observational studies in several patient groups, in-
cluding those hospitalized for acute myocardial infarc-
tion and/or percutaneous coronary revascularization,
have found that those patients diagnosed with an ep-
isode of AKI were more likely to develop end-stage
renal disease or chronic kidney disease,?” with the
severity, duration, and frequency of AKI appearing to
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be important predictors of outcomes. Furthermore,
the development of chronic kidney disease in patients
with idiopathic dilated cardiomyopathy without renal
insufficiency at initial diagnosis was independently
related to the frequency of HF admissions,?® and the
likelihood of patients hospitalized for ADHF develop-
ing worsening renal function increased in those pre-
senting with renal dysfunction at baseline.?® In other
studies looking at acute worsening of kidney function
in patients hospitalized with HF, a prospective, mul-
ticenter cohort registry®® reported that of a total of
5625 patients, worsening renal function (WRF) oc-
curred in 55.1% of patients and was an independent
predictor of in-hospital, short-term (3-month) and
long-term (1-year) mortality. Among those patients
with WRF, 61.9% showed transient WRF (recovery of
serum creatinine level at discharge; mean hospital-
ization, 14.0+17.6 days) and 38.1% showed persistent
WRF (nonrecovered creatinine level at discharge).
Importantly, even transient WRF was shown to be arisk
factor for 1-year mortality compared with no WRF, with
persistent WRF according no additive risk compared
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Figure 7. Summary of physiological and kidney histological and transcriptomic responses to development of, and recovery
from, ADHF.

ACADVL indicates acyl-CoA dehydrogenase very long chain; ACTG2, actin gamma 2, smooth muscle; ADHF, acute decompensated
heart failure; ADIPOQ), adiponectin, C1Q, and collagen domain containing; ANGPTL4, angiopoietin like 4; BGN, biglycan CA2, carbonic
anhydrase 2; CAPN1, calpain 1; CFl, complement factor I; CNGA3, cyclic nucleotide gated channel subunit alpha 3; DES, desmin; eNOS,
endothelial nitric oxide synthase; FLT4, Fms related tyrosine kinase 4; FSTL3, follistatin like 3; GLTP, glycolipid transfer protein; HPCA,
hippocalcin; HSP90AAT, heat shock protein 90 alpha family class A member 1; HSP90B1, heat shock protein 90 beta family member
1; IGFBP3, insulin like growth factor binding protein 3; IL1[3, interleukin 13; KLF7, Kruppel like factor 7; LARP1B, La ribonucleoprotein
domain family member 1B; MUC20, mucin 20; NGFR, nerve growth factor receptor; OIT3, oncoprotein induced transcript 3; PCOLCE2,
procollagen C-endopeptidase enhancer 2; PDE5A, phosphodiesterase 5A; PDGF, platelet-derived growth factor; PDGFRB, platelet
derived growth factor receptor beta; PLEKHAS8, pleckstrin homology domain containing A8; PPAR, peroxisome proliferator-activated
receptor; REN, renin; SIPATL1, signal induced proliferation associated 1 like 1; SLC5AT1, solute carrier family 5 member 1; SLC52A3, solute
carrier family 52 member 3; STAT3, signal transducer and activator of transcription 3; and TXNDC16, thioredoxin domain containing 16.

with transient WRF (despite this patient group being
overall “sicker”). In another cohort of 27 309 patients
from ADHERE (Acute Decompensated Heart Failure
National Registry),®" both transient (11.7%) and per-
sistent (20.3%) WRF were associated with higher risks
of 90-day postadmission mortality compared with
those without WRF (68.0%), although in this study per-
sistent WRF was associated with a higher risk rela-
tive to transient WRF. These data suggest that WRF,
whether transient or persistent, represents a signifi-
cant event during acute HF that, even despite measur-
able recovery, has significant consequences beyond
the initial episode. Although all of these works provide
anecdotal evidence that episodes of acute exacerba-
tion of HF are associated with the occurrence of AKI
and development/progression of renal impairment, the
current study presents direct serial functional and his-
tological data showing that a single episode of ADHF
can cause AKI, which has consequences and impli-
cations beyond the acute event—with tubular injury,
cellular necrosis (as indicated by dystrophic calcifi-
cations), and glomerular scarring accompanied by a
permanent loss of renal function. Of note, this loss of
function, although relatively minor, was consistently
demonstrated across all animals studied.

Many of the triggers/processes believed to contrib-
ute to the initial renal injury following an episode of HF
decompensation, as well as promote subsequent pro-
gressive renal pathology and functional decline, were
evident in the current study. These include reductions
in renal perfusion pressure (resulting in low-grade isch-
emia, hypoxia, and loss of kidney autoregulation),®? in-
creases in CVP (causing renal congestion and leading
to increased renal interstitial pressure, tubular com-
pression, and stimulation of inflammatory mediators),®3
and maladaptive neurohormonal activation. Notably,
this includes increased sympathetic nervous traffic
(which increases renal vascular resistance, augments
renal renin release, and induces oxidative stress®¥),
endothelin-1 (a potent renal vasoconstrictor that also
possesses inflammatory and mitogenic properties and
stimulates MC contraction and extracellular matrix pro-
duction®®), AVP (stimulates MC proliferation and renin
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secretion and alters renal hemodynamics®®), and the
renin-angiotensin-aldosterone system. Activation of
the renin-angiotensin-aldosterone system axis and its
main effector Angll, in particular, is considered pivotal
to the pathogenesis of much renal disease,®” with the
peptide shown to exacerbate the initial injury and pro-
mote fibrosis both directly and indirectly via stimula-
tion of aldosterone (promotes renal inflammatory and
fibrotic processes, podocyte injury, and MC prolifera-
tion?%) and upregulation of numerous reactive oxygen
species, chemokines, growth factors, and cytokines,
most especially TGF-f3 (transforming growth factor
B)—a central regulator/mediator of fibrosis following
AK].38

In an effort to elucidate the pathways involved in the
development and recovery of AKI in ADHF, we per-
formed RNA-seq in sequential kidney biopsies (base-
line, HF, recovery), identifying altered expression of
>800 genes. Changes in gene expression were con-
sistent with repression of the reno-protective eNOS
signaling pathway during ADHF development and
activation of glomerulosclerosis and reno-protective
pathways and repression of proinflammatory and pro-
fibrotic pathways during ADHF recovery. Three ob-
servations can be made from these data. First, renal
infammation and ischemia (as a consequence of
ADHF) markedly altered renal gene expression, poten-
tially leading to a reduction in local generation of nitric
oxide—an established process in the "injury phase"
of AKI that can promote further tissue damage and
initiate an adaptive or maladaptive repair response.®®
Second, recovery from ADHF was associated with a
further substantial shift in renal gene expression in-
volving more than twice the number of genes associ-
ated with ADHF development. These gene expression
changes may simultaneously serve to (1) restore the
expression of many genes altered during ADHF de-
velopment to baseline levels, (2) promote glomerulo-
sclerosis (consistent with histological analysis), and
(8) mediate the switch toward healing and repair (con-
sistent with the partial improvement in renal function
during recovery), as evidenced by activation of reno-
protective pathways (cholesterol biosynthesis*® and
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‘N Mesangial prominence

N Acute tubular Injury

M Inflammation

‘I Dystrophic calcification
‘M Collagen / Fibrosis

RNASeq
631 genes altered

Signaling pathways:
{ ‘Hepatic’ fibrosis
{ Acute phase response
™ PPAR
{ PDGF
{ Glycoprotein VI
{ Oncostatin M
‘I Cholesterol biosynthesis

N Glomerulosclerosis network

47 ADHF ‘sustained’ genes -

Potential markers of

long-term renal impairment:

ADIPOQ, ACTG2, ANGPTLA4,

DES, PCOLCE2, SLC52A3, FLT4,

BGN, CFl, PDGFRB, ACADVL,
CA2, PLEKHA8

PPAR* signaling) and repression of proinflammatory
(acute phase response* and oncostatin M*® signaling),
platelet activation (GP6 signaling*¥), and profibrotic
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pathways (PDGF signaling®® and "hepatic" fibrosis®®).
Third, although most gene expression changes were
transient, the expression of 47 genes remained altered
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(relative to baseline) after 4 weeks of recovery, sug-
gesting that ADHF promotes a persistent shift in renal
gene expression. These long-term alterations may be
associated with incomplete resolution of injury or mal-
adaptive changes in kidney structure and potentially
predispose to long-term renal impairment.®® Although
all pathways have established roles in AKI, this study
is the first to suggest their direct involvement in kidney
injury and repair in ADHF.

Consistent with previous studies of AKI,*® our data
suggest that changes in renal gene expression during
ADHF development and recovery may be driven by a
network of inflammatory cytokines centred on IL-13. A
recent post hoc analysis of CANTOS (Canakinumab
Anti-inflammatory Thrombosis Outcome Study)*’ sug-
gested that selective targeting of IL-13 improves car-
diovascular outcomes in patients with chronic kidney
disease and a history of myocardial infarction and
systemic inflammation over a median of 3.7 years of
follow-up.*® Although the precise mechanism of action
was not described and there was no overall benefit on
renal outcomes in this trial, these findings suggest that
inhibition of IL-13 may have therapeutic potential in car-
diorenal disease, including AKI in ADHF.

Our data provide the first mechanistic insights into
the molecular changes associated with AKI during the
development of, and recovery from, ADHF. These data
add to work by Pleasant et al,*® who used RNA se-
quencing to investigate renal gene expression in mu-
rine pre-symptomatic HF. In kidney tissue collected at
24 weeks, Pleasant et al identified 6 genes that differed
by >1.5-fold between transgenic mice that develop car-
diomyopathy and later progress to HF (after 24 weeks)
and matched wild-type controls. We confirmed the in-
volvement of 3 of the 6 genes (renin, arginase 2, a-1
antitrypsin), supporting the idea that a small number of
genes associated with AKI in established ADHF may
also be altered before the onset of overt symptomatic
HF and promote susceptibility to AKI. Beyond ADHF,
we observed a number of genes in common with
studies investigating early transcriptional responses
to kidney injury and repair (<24 hours) in rodent mod-
els of renal ischemia/reperfusion.®°-52 Together these
data suggest that AKIl is associated with activation and
repression of hundreds of renal genes, each with its
own temporal profile, of which a small proportion may
represent common pathways shared by multiple AKI
etiologies.

To prioritize candidate markers for AKI in ADHF, we
identified 32 genes encoding proteins detectable in
urine or blood that were strongly responsive to ADHF
(n=19) or showed a persistent change in expression
(n=13). Of these, 13 have previously been implicated
in AKI, but only 1, REN, was previously investigated in
clinical studies of AKI in ADHF.'® The HF-responsive
biomarkers showed a very similar magnitude and
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opposite direction of fold change between baseline
and HF and HF and recovery, indicating a strong rela-
tionship with kidney injury/repair and highlighting their
potential as markers for kidney repair in ADHF. Among
these, CNGAS3 (required for normal vision and olfactory
signal transduction') and OIT3 (potentially involved
in liver development and function™) had large fold
changes in expression and were correlated with renal
perfusion pressure, an important determinant of renal
function. Similarly, 2 of the HF-sustained biomarkers,
ACTG2 (a component of the cytoskeleton that medi-
ates cell motility™) and ANGPTL4 (a multifunctional
protein that regulates lipid metabolism and apopto-
sis™), showed consistent large decreases in expres-
sion across more than 1 time point. These sustained
changes in gene expression may reflect incomplete
resolution of injury or maladaptive changes in kidney
structure that persist beyond other indexes of kidney
injury, suggesting that they may be markers of long-
term renal impairment in ADHF.

Our study has several limitations. First, we were un-
able to obtain serial kidney biopsies at >3 time points
owing to the invasive and highly technically demanding
nature of sampling. Second, we did not detect altered
expression of genes encoding emerging markers of
AKI, such as LCN2 (which encodes NGAL [neutrophil
gelatinase-associated lipocalin]), IGFBP7 (insulin-like
growth factor-binding protein 7), and TIMPZ2 (tissue
inhibitor of metalloproteinases 2). Thus, although our
data provide exciting novel mechanistic insights into
the molecular changes associated with AKI in ADHF,
we may have missed early events. Third, pathway anal-
ysis could only be performed for sheep genes for which
there is an established human or rodent homologue.
Consequently, several predicted protein-coding genes
displaying the greatest differences in expression be-
tween time points (potentially representing novel path-
ways and biomarkers of AKI in ADHF) were excluded
from our analysis. Future work will investigate whether
changes in renal gene expression can be detected at
the protein level, and if these changes are detectable
in circulation.

In summary (see Figure 7), we have characterized
the events leading to kidney injury and repair during
the development of, and recovery from, ADHF (using
an ovine model). By assessing changes in hormonal,
hemodynamic, biochemical, and urine measures of
cardio-renal injury and repair, we provide the first di-
rect evidence that an episode of ADHF leads to a de-
cline in kidney function that fails to fully resolve after
~4 weeks and is associated with important, potentially
lasting, kidney injury. Renal gene expression profiling
provides the first insight into the pathways associated
with kidney injury and repair in ADHF, highlighting the
potential importance of inflammatory mediators in reg-
ulating these processes. We have prioritized 31 novel
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candidates as biomarkers for AKI in the setting of
ADHF.
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Data S1.

SUPPLEMENTAL METHODS

RNA Sequencing and Bioinformatics Analysis

RNA extraction and RNA-Seq library preparation:

Frozen kidney biopsy samples (<100mg) were placed in pre-chilled tubes with TRIzol™ reagent (Invitrogen,
Carlsbad, CA) and subjected to automated grinding at 30Hz for 10minutes in a MM301 tissue mill (Retsch, Haan,
Germany). Total RNA was purified with RNeasy Midi Columns (Qiagen, Hilden, Germany) according to
manufacturer’s instructions. RNA yield and integrity were assessed with a 2200 TapeStation system (Agilent
Technologies, Waldbronn, Germany). Of the total biopsies collected, 5xBaseline, 6xHF and 5xRecovery serial
samples had an RNA integrity number equivalent (RINe) >6.0 (mean 6.7, range 6.0-8.2) and a mean concentration
of 246ng/ul, (range 55-817ng/ul). To maximise statistical power, additional kidney samples were collected post-
mortem from animals having undergone a similar pacing/recovery protocol, with tissues obtained from an additional
9xNormal sheep (Baseline), 7xHF sheep and 3xRecovery sheep. Total RNA was isolated, purified and analysed as
above. RNA integrity was similar to serially biopsied samples (mean RINe 7.1, range 5.8-8.5). All RNA samples
(n=14xBaseline, 13xHF, 8xRecovery) were submitted to library construction, sequencing and bioinformatics (Otago
Genomics and Bioinformatics, University of Otago, New Zealand). RNA libraries were prepared using 500ng input
total RNA and TruSeq stranded mRNA library prep kits (Illumina, San Diego, CA) according to the manufacturer’s
instructions. To minimize lane effects, all libraries were normalised, and equimolarly pooled before being paired-

end sequenced across two lanes of HiSeq 2500 flowcell, V4 chemistry (Illumina), generating 125bp reads.

Bioinformatics analysis:
Individual libraries were separated from multiplexed sequencing data (total yield=93.9Gb), adapter- and quality-

trimmed and converted to FASTQ format with fastg-mcf [https://expressionanalysis.github.io/ea-utils/]. Paired-end
reads <50 nucleotides were removed with the SolexaQA package and the quality of the remaining reads verified
using fastgc tools [https://www.bioinformatics.babraham.ac.uk/projects/fastgc/] (mean quality score/base=35.8,
mean percentage of bases 2Q30=94.8%). Sequence reads for all samples were aligned to the Ovis aries genome
(assembly version-3.1, http://www.ncbi.nlm.nih.gov/genome/83) using Bowtie 2 and TopHat2. Sequencing
produced a relatively even level of coverage for all samples (meantstandard deviation number of paired mapped

reads per sample=22.0+2.1x10). Read counts for each transcript based on RefSeq and Ensembl annotations were

extracted with Bedtools. Those mapping to different isoforms of the same gene were combined to provide gene-level

counts for comparative analysis.



Table 1. genes comp: 884 genes acute kidney injury as documented in databases Harmonizome and Ingenuity Pathway Analysis
(1pA) i i ingenuity-pathway-analysis).
Gene PA database [IPA
A2m Y Y
ABA Y Y
[ABCAT Y
[ABCB1 Y
ABCBIT Y
ABCBA Y
ABCCL Y
ABCC: Y
ABCC: Y
ABCC Y
ABCCE Y Y Y
ABCG2. Y
ACACA Y
[ACACE Y
[ACADM Y
ACAT1 Y
ACE Y
ACHE Y
[ACO2 Y
[ACOXT Y
ACSLL Y
ACSL6 Y A
ACTAZ Y 1A Y
ACTB Y PDE3A Y
[At Y E38 Y
A Y DEAA Y
[Ac Y DEB Y Y
[ADORAL Y GF2 Y DEAC Y
[ADORA2A Y KBPS Y DEAD Y
[ADRA2A Y LT Y DESA Y
[ADRA28 Y MOS Y E7A Y
[ADRA2C Y N1 Y 78 Y
[ADRB1 05 Y A Y
[ADRB2 058 Y A
AGER osLT Y B
[AGPATS osL2 Y RE
AGT OX01 Y 1A3
AGTRL 0X03 Y IAd
AGTR2 SHB Y IAG
[AH (&) Y K.
AHSG Y 1 Y LIMT
AIFML Y 1 Y CAML
A Y Y R:
AKAP1Z Y 2 Y KFB3
AKRIAL Y 6PC Y GD
AKR1B1 6PD Y GK1
A [GABRAL Y HGDH
A ABRA Y HYH
A [GABRA: Y 1GA
ALAST ABRA Y K3RT
ALAS2 [GABRA: Y R
[AL Y [GABRA Y R
[ALDH1AT [GABRB1 Y M Y
ALDH2 ABRB2 Y (A262A
[ALDH3AT [GABRE3 Y LA2G4A
[ALDHSAT Y [GABRD Y LAT
[ALDOA [GABRE Y U
[ALDOC ABRGL Y LAUR
[ALOX5AP [GABRG2 Y
[ALPL [GABRG3 Y 2
AVIBP. Y ABRP Y 1
AVN ADL Y CRL
AMY2A Y [GAD2 Y P
[Amv28 Y [GADD45A Y AIPL
ANGPTL Y [6ADD4sB Y m
ANGPTLA Y ADD25G Y oMC
[ANPEP Y [GAPDH Y PON1
ANXA ASE Y OR
ANXA cic Y 3
ANXA Geum Y ARA
ANXA (GDF15 Y ARD
[ApAF1 GFAP Y ARG
[ApEXL GFER Y ARGCIA
[APOAT GGT1 Y B
[APOAS GHL Y RISA
[APOB HR Y
APOE AL Y
A LDC Y RDXL
AQH LuC Y RDX2
AQH Y GM2A Y RDX3
AQH GNALZ Y RDX6
A GNAS Y RKAAL
A Y GPAM Y RKCA
[ARC [GPME Y RKCB
ARG C5B Y RKCD
ARG Y RKCE
[ARLGIPS 1 Y L
A @ Y
ARNTL 3 Y
[ASAHL @ Y
ASL GRINT Y
ASNS GRIN2A Y
Ass1 (GRIN2B Y Y
(GRIN2C Y
(GRIN2D Y
GRIN3A Y
(GRIN3B Y
Y GSK38 Y
GSN Y
Y GSR Y
Y Gss Y
GSTAL Y
Y GsTAZ Y
Y GSTA: Y
Y GST Y
Y GsT Y
Y GsT Y
Y GsT Y Y
Y GsT Y
GST! Y
[Gucvies Y
UsB Y
H2ARX Y
/ADH Y
Y Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y Y
Y Y
Y Y Y
Y Y
Y
Y Y
Y
Y
2 Y
[CACNALB Y Y
CALBT Y
[CALCA Y
[CALDL Y
R Y
CAMK2A Y
cAMKa Y Y
[CANX Y
[ Y Y
[ Y
X Y Y
[CASP12 Y Y
cAs Y Y
chs Y Y




<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<|<

[CASPa Y 220
cAs Y C22A12
cas Y C22A:
A Y 22024
A Y 220
ca Y C22A:
cAv1 Y C22A
cBi Y 220
[ Y 220
ccl20 Y C22A:
[ Y C27A:
[ Y C29A:
ccn Y QA1
ccnAZ Y A2
ccnB1 Y C2A3
ccnB2 Y I=7Y)
[ccnDL Y C30A1
ccnD2 Y A2
ccnD3 Y C40AT
ccNEL Y C7AIL
ccNE2 Y CoA:
[CCNG T Y
D14 Y
(D36 Y
D38 Y
D40 Y
[ Y
(D55 Y
[cDsL Y
074 Y
D36 Y
[0 Y
(cDC258 Y
(cDCa2 Y
[53 Y C
[E Y SREBFL
(oKL Y SRGN
coK2 Y [SRXNL
(CDKa Y STA
[CDKS Y STATL
[CDKNIA Y STAT3
[CDKN1B Y STATG
[COKNIC Y STIP
[CoKN2A Y STMINT
CEBPA Y UFU
[ Y ULTIAT
CEBPD Y V2A
CEs2 Y ACL
cFD Y AGLN
CFLAR Y 02
CFTR Y
G Y 3
[CHEKL Y
(CHEK2 Y
[CHUK Y 1
CITED2 Y 2
cke Y R2
[EM Y GIFL
cs52 Y H
CLoNT Y HBST
[y Y RSP
coL18A Y MI7A
coLiA Y PL
coLiA Y P2
coL3A P3
coLan Y 1
comT Y
E Y
cps1 Y 2
CPT1A Y 4
CREB1 B Y Cc
[CREBBP Y
[CREM C Y AIP3
CRP AF Y RSF108
CRVAB CDL Y RSF11B
csF INA Y RSF12A
F: oX Y RSF1A
T: PINT Y SFI
cT6 PL Y SF11
cTH Lss Y SF9
[CTNNBL A Y ic1
G P2A
cTsD Y 53
[EE Y I
[oaat Y ML
oxcL. Y AF2
coxcLio Y RIB3
oxcL12 Y SC2203
oxc2 Y TR
oxcls Y UBAIA
(CXCRa Y UBB
cvesa Y XN
cven Y XNIP
cveB Y XNRDL
ovc: Y YV
CYp1IAL Y YV
cvp1AL Y UBC
CvP1A2 Y UBE2C
CvP1B1 Y UCHLL
it v e
[CYP2B6 Y [uce:
CYP2C19 Y |ue
cvpacs Y UGTIA
cvpaco EL Y UGTIAL0
[cvP2D6 GLL Y |UGTIA:
CYP2EL IGMT Y [uGT1A
CYP3Ad IGP Y lﬁ A
CYP3AS GST1 Y UGT28’
[CYPaAIL IF Y UNG
CvP7AL K67 Y uox
cv Y veam
Y VAN
3 Y Ve
Y [VDACL
Y VDR
Y VEGFA
Y Vim
PO Y VDL
1SMO1 Y VNN
TiA Y (WEE:
A Y Wil
Y XBP1
FD2 Y XDH
R Y XIAP
R Y
Y
Y
H Y
YH Y
Y



Table S2. Responses during development and recovery from acute heart failure induced by 2 weeks of rapid left ventricular pacing.

Day:
Pacing Rate:

Heart rate (beats/min)

Cardiac Output (L/min)

Mean Arterial Pressure (mmHg)
Left atrial Pressure (mmHg)
CTPR (mmHg/L/min)

Plasma ANP (pmol/L)

Plasma BNP (pmol/L)

Plasma renin activity (nmol/L/hr)
Plasma aldosterone (pmol/L)
Plasma endothelin-1 (pmol/L)
Plasma vasopressin (mmol/L)
Plasma epinephrine (pmol/L)
Plasma norepinephrine (nmol/L)
Plasma sodium (mmol/L)
Plasma potassium (mmol/L)
Plasma creatinine (umol/L)
Hematocrit (%)

Urine output (ml/24hrs)

Urine potassium (mmol/hr)
Urine creatinine (umol/hr)

Drinking (ml/hr)

Baseline
No pacing

88+5
749+041
88.6£2.5
4.640.5
12.0£0.8
2042
1.520.5
0.17£0.03
218430
2.01+0.12
1.6+0.1
621+96
7.6+1.7
146.0+1.1
4.2+0.1
753£1.5
26.0£1.6
1436+163
144+1.6
0.41£0.02

30911454

D7-Pace
220bpm

22040
4.11£0.29
69.1£25 %
242+1.1%
17.1+£09 %
225433 %
343483 1
1.78+0.51 *
23144989 *
3.304£0.32
24404 *
13254244 *
212446 *
144.3+1.6
4.4+0.1
824435 1
259+1.8
689+201 t
6.1+12 %
0.38+0.02 *

2363+557

D14-Pace
220bpm

22040 §
3754022 %
674+2.1%
28.7£21.5%
183+1.1%
348+38 1
479+6.5 %
2.01+0.56 *
464441624 *
441044 %
2.740.5 *
1554+182 *
267192 *
144.0+1.7
4.5+0.1
87.6+4.5 1
24.8+20
674489 1
53x12%
0.34+0.02

2001406 t

D1-Recovery
No pacing

130+14 *
6.38+0.52 *
82.8+4.0
17.1£3.5 +
13309
116440 *
30.9+7.6 ¥
0.69+0.35
1570+£797
3.00+0.60
2.2+0.6
13754585
20.9+6.2
144.6+0.8
4.4+0.1
81.3£6.0
24.1£1.8
27484470 t
11.1£2.5
0.35+0.3 *

2889+598

D7-Recovery
No pacing

1006
7241041
88.014.3
7711 %
12.3+0.7
3947 %
6.3+1.6 *
0.16+0.02
257+71
2.02+0.08
1.9+0.1
496+173
9.1£23
147.5+0.7
4.5+0.1
84.5+4.1 *
25.0+1.3
1850+298
124+1.6
0.32+0.3

4535+348 +

D25-Recovery
No pacing

8645
7.38+£0.39
87.014.5
5.9+0.6 *
12.2+0.7
2442
24406 *
0.20+£0.04
383+114
1.94+0.10
1.7+0.2
602+145
9.7£3.1
146.1+£0.5
4.2+0.1
80.6+2.8
238+14 %
17724252
15.7£1.5
0.36+0.3

37461424 *

Values are mean + SEM. Calculated total peripheral resistance (CTPR) Atrial natriuretic peptide (ANP); B-type natriuretic peptide (BNP). Significant
differences between baseline (mean of samples taken over the 5 days prior to pacing) and pacing and post-pacing recovery time-points
were determined by paired student’s t-tests and shown by: * p<0.05, T p<0.01, ¥ p<0.001, by 1-way ANOVA.



Table S3. Genes differing between Baseline (B) and heart failure (HF) and Recovery (R).

Present in perpa
Median Potential at Hepatic ayof
Normalised | ~ Kidney B-HF HF-R BR HF HF | Biomarker | canonical Fibrosis Cholesterol | Oncostatin | GP6 Glomerulo-
Countsat | Enriched | B-HF Fold Adjusted P- | HF-RFold | HF-R | Adjusted P-| B-R Fold B-R |Adjusted - Responsive | Sustained | for AKIin |pathway or | Response | eNOS | Signalling | PPAR |Biosynthesi| M signalling | PDGF | sclerosis
Gene | Baseline | Genes | Change value Change | Direction | value | Change | Direction | value Genes | Genes ADHF | network | Signalling | Signalling | Pathway | Signalling sign Pathway | Sign letwork
ADIPOQ 1 394.17 766 30661 | Down | 530£:03 Y
REN 216 1010 Down | 7.896-06 Y
FOS 1 236 7.79 Down | 9.926:04
HSPAG 66E-
WNT98 94E 7.19 Up 1.08E-04
PTGERL | 80E- 2.95 Up 2.456-03
SCTR . 21E-
RNDL .93E
NGFR 106 256 Up 8.656-04 Y
CNGA3  S1E- 334 Down | 2.36E:05 Y
SERPINGI | 4833 16E-
HSPAIL | 5038 79E-
STATS 1182 25E-( 192 Down | 3.106:03 Y
SREBFL . 16E- 231 Up 9.48E-08
HSPOOAAT | 10647 . 38E 151 Down | 8.82€:03 Y
SKIL 458 . B9E
RIPKL 1153 . 28E 143 Down | 154604
RAS 180 756
HsPo0B1 | 8974 7 716 142 Down | 2.39E:03 Y
RAKZ 219 426 151 Down | 1.85€-05
PRKAG2 830 . B0E- 101 Up 2.24E-06
435 . 78E
520  A1E-
633 . A1E-
783 296
WNT78 17 75 Up 8.44E-03
SNAIL 43 6 own | 2.556-03
CREB3L3 135 7 own | 7.38E-04
COLIAL 707 4 own .69E-03
RASDL 100 own L03€-03
ACTA 2569 own S0E-07
CEBPB a1 I own . AE
FLTA 401 E own SOE 184 Down | 130E-03 Y
SMR 692 own 91E
COL6A3 754 own 4TE
VWE 4 own 55E-
TM7SF2 1 Up . 50E
STAB2 4 Down 36E-
JAKS 1 Down 63E-
CACNAIC 9 Down 46E
SQLE 1 Up 366
78 464 own . 25E-
COL4AL 3404 own 79E
COLBAL 1520 own 46E-
STABL 503 own T5E-
COL27AL a71 own 36E-
WNT28 180 Up O7E-
MYLK 3705 Down 79E-
F2RLL 392 Up 40E
WFDC2 2511 Down 6E-
TNFRSFIB | 526 Down 37E
HADHB 7895 Down STE
D 283 Up 16E-(
RASGRP2 | 183 Down 82E
DHCR24_| 3050 p 28E-
DHCR7 192 U 30E-
PRKCB 367 Down 28E-
2574 Down 75E
INPPSD 275 Down 08E-
VEGFC 21 Down 57E-(
€8P 381 Up 21E
MSMO1 | 1123 0 Up ,55E
FDFT1 789 Up 50E-
EPAST 4940 own S7E
LAMAS 2363 own 5BE
TGFBR2 832 own S7E
LCAT 448 own | 7.68E-
HADHA 5399 own | 7.39E-
HMGCST | 1025 Up 3.44E-
ATPIB1 | 27825 Up .65
FDPS 309 Up .48
MAPIKIA | 265 Down 38E-
SHCL 1762 Down 80E-
MYHS 3960 Down 92E-
VEGFB 514 Up 55E-
FOXO1 742 Down 74E-
PIK3R2 387 Up T3E
ACTN: 3200 Down 68E-
PLCGT 1217 Down 79E-
STATSA 307 Down -
WIPFL 622 Down 80E-
GHR 1640 Up 30E
HSPAIA | 9798 237 Up 479603
FIGF 95 192 Down | 3.306-03
CTGF 474 2.60 Down | 1.50E:04
(01011056 [) 49976 Up 80E-05
loci0110619] 0 210,51 Up 00E-04
locio110594] 2 72.97 Up  SaE a1aa Down | 6.79€-05
locio110543] 11 I Up | 6BE 27.21 Down | 7.53€-04
3 I Down 126
NRaA3 7 1 Up 63E- 1218 Down | 8.48E-04
FCGBP 32 1 Down 69E-
GREML 641 Down 376
loci0111802] 8 . Down  B1E-(
ADAMTSA 15 Up . 80E 1514 Down | 1.05€-06
MX2 132 Up 306 618 Down | 2.58£-:03
0! 5 Down 426
loci0110466] 133 z Up 416
CTG. 5 Down 176 17.94 Down | 2.66E-03 Y
loctose1ss2] 21 Up BAE 585 Down | 8.65€-04
RAA 144 . Up  S1E-( 13.06 Down | 2.36€-05
SCGB3A2 1 Down 36E- N
loc10560449] 1 Down SE-
SMTNLL 1 Up 02E 475 Down | 4.806:03
SELP 3 Up  B1E-(
loc10560598] 1 X Down 296
sLC1an2 152 Down 53E- 7.45 Up 517605
ATF3 280 Up 23E-
TMASF20 20 Down 71E
AIAPL 14 Down 70E-
RGS16 33 Up 76E-
TNFAIP3 138 Up 96E
ICAM1 437 Y Up 64E-
RASALL 76 . Down 396 583 Up 2.626-06
Loxia 156 Up 376 503 Down | 2.16E:06
JUNB 160 Up 25E- 273 Down | 3.68£:03
o) 1 . Down 79E 332 Up 6.976-03
SULTEB1 . Up | 80E-
BCL3 Up 6BE- 2.22 Down | 7.97€:03
010561312 Up 636
PIl6 . Down 536
RDH12 Down 426 362 Up 7.416-05
loc10561015 Down 04E
loc10112009] 235 Up 21E-
CPXMIL 74 Down 63E-
010560652 150 X Down 99
MISP 49 Down . 35E-
CKAPZL 78 Down 206 271 Up 135603
MAPIKICL |37 I Up 04E- 3.20 Down | 4.906-04
locio111734] 42 5 Up 416
CIART 139 own 76E-
CYsLTR2 23 own 63E-
locio1iiia0] 37 X own 716
PPPIRIA | 1175 .53 own 03E- 2.58 Up 151€-03
Clan1gor3s 127 7 own OBE 2.66 Up 5.39E-03
SLCSAL 358 7] own 366 2.50 Up 7.036-03 Y
H3 31 39 own 306
loc10560576] 212 37 n 426 340 Up 6.58E-07
4436|4916 7 p 91E
LSMEML 33 p 20E-
SLCI3A4 43 X i 96E 285 Down | 7.95€-04
CEBPD 54 1 P 7€ 2.24 Down | 7.89€-03
NFIL3 257 p WE
[oc10560866] 125 p 276
ERRFIL 808 A .97E- 201 Down | 847603
o3 29 I A 206 261 Down | 1.06£-04 Y
locio111612] 126 own 66E- 225 Up 328603
loctos60a43] 22 own 34E-
HPCA 50 X own  B4E 186 Up 9.036-03 Y
CLON19 159 I own . 90E-
CAPN( 3922 own 766 2.16 Up 317603
MEI 54 own 99 233 Up 9.926-04
HSPHI 923 X Up 756
MUCIS 1929 X Down B1E-( 208 Up 3.686-03
FSTL3 103 Up 93E 192 Down | 2.48£-03 Y
KLF4 83 4 own T1E
MUC20 1280 .01 own . 20E 193 Up 339603 Y
1GFBP3 495 .00 own B1E-( 195 Up 4.68E-03 Y
CCDC68 101 7 own 336 N
ANO3 2176 7 own .97E- 194 Up 2.64E-03 Y
ELFS 694 94 own 356 233 Up 112604 Y




CH25H 79 Up N
RELB 152 Up 207 Down | 8.30E:04 Y
NFKBIZ 793 Up N
INHA 51 Down
TXNDCI6 | 255 Down 167 Up 4.956-03
IVs3 38 Up
[oc10560587] 293 Up 208 Down | 253£:03
l0C10560496] 58 own 185 Up 6.306-03
MMP24 114 own
lOC10560391] 31 own
DNASELLS | 677 own
SBNO2 708 Up 198 Down | 3.97€:03
ASBY 569 own 2.20 Up 2.36E-05
1GSF9 a3 own 185 Up 8.886-03
HTATIP2 285 own 193 Up 831604
SMIMG 3 own
BVES 5 own
Ci2Htorf01] __8: own 185 Up 371603
TMEMS4 16 own
CHSTS a Up
LicAM 1757 Down
NXB 542 Down
loci0561328] 23 Up
ADRA: 238 Down
EPHA2 203 Up 169 Down | 4.68E-03
DKL 746 Down 2.08 Up 4.74€-06
locio111498] 73 Up N
H3TC 519 Up
ELOVL6 348 Down 2.02 Up 4.926-05
UBE2L6 525 Up 164 Down | 6.04£-:03
POF18 160 Down
SNX16 670 Up 153 Down | 518603
TMEM139 | 103 Down
YPEL2 1464 Up 170 Down | 431€:03
FBP2 951 Up 1.96 Down | 1.08E:04
KIAACDA0 | 289 Down
ADIRF 138 Down
LARP1B 159 Up 154 Down | 9.06€:03
IS Up
own
own
own
own
Up
Up
Up
Down
Up 153 Down | 146£:03
Down
Down 176 Up 207603
Up
AGFG2 Down 161 Up 537605
locio11104a] 1224 Up
OCA2 702 Down 182 Up 6.456-04
CEACAM20 | 1235 Up
128 Down
SIC5A33 | 397 Down 173 Down | 1.70E-03
[oc10560596] 1228 Up
KLHL2S 192 Up 173 Down | 1.86€:03
FAMBIA 38 Up
430 Down
[oci0110648] 1579 Up
COL7AL 71 Down
CHORDCI | 1097 Up
loc10110192] 1621 Up
NRP2 827 Up 167 Down | 881E05
MIDIIPL 238 Down 190 Up 2.09E-07
GLTP 798 Down 161 Up 259605
<] 1882 Up 170 Up 281603
KLHL2S 272 Up 158 Down | 258603
Up
Down 169 Up 141603
Up
Down
Up
Down
Down 153 Up 2.09E-07
Up
Up 152 Down | 568£:03
Down 150 Up 8.48E-03
Up
Down 137 Up 7.436-03
Down
Down
Up
GPRI378 | 1833 Up
PEKM 717 Down 141 Up 9.306-03
RAD1S 169 Down
l0c10560459] 137 Down
FRS3 91 Down 149 Up 4.48E-03
TBC1D30 162 Up
PTGES3 962 Up
ZNF281 426 Up
DPCO 196 Down
81 1114 p 182 Down | 2.11E:06
loc10560872] 1248 p
l0c10560632 517 A 137 Down | 352603
C6A8 987 P 141 Down | 9.72E:03
PFON 354 b
SPRYL 1376 P 143 Down | 4.08£:03
KLF7 567 p 130 Down | 587603
CCT6A 996 p
562 759 own
TMEM180 | 159 own
1592 own
AGS3 1078 own
PGP 446 own 142 Up 4.80E-04
TSHZ2 283 Up
PDESA 2088 own 144 Up 2.16E-06
RUSC2 360 own
GONT7. 173 own
HYALL 321 own
NUDTI6L1 | 179 own
B3C 161 Up
TBCEL 443 Down
88512 156 Up
PAHAT 700 Up
ZNF800 230 Up
CUEDCL 321 Down
RBMI1S 446 Up N ]
ZNF346 318 Down
GYG1, 444 Down
NUDT18 212 Down
TeP1iL2 525 Down
PAWR 1702 Up
CHPF2 25 Down
HOMER? | 694 Up
VA2 2528 Down
PPPIR138 | 552 Up
STK1LIP 408 Down
NCAPD3 163 Down
loc10560341] 2198 Up
ABHD12 878 Down
ZCCHC2 340 Up
ZNF672 665 Down
PRRG2 419 Down
1zic 687 Up
[0C10560656] 557 Down
641 Down 139 Down | 6.256:03
010560360 219 Down 130 Up 7.35€:03
2370 Up
TMEM201 | 514 Down
CoHgorfsy | 483 Up
FBX07 1041 Down 131 Up 189E-04
TAF9 365 Up
TMEM39A | 367 Up
RABIA 792 Down 136 Up 537605
TFE3 745 Up
EFNAL 996 Up
GKAPT 14 Up
[oc10111589] 1064 Down
EID1 997 Down
CERS2 3696 Up
RTFDCL 601 own
SHCA 1094 own
RMNDSB | 438 own
Skival2_ | 2292 own
RPS 593 own
locio110598] _aas Up
LGR4 1642 Down 131 Up 133603
Down
Up
Down
Down 122 Up 3.68E-03
Up
Down
Up
1864 Up 6.656-03




18 Down 19E-(
14, Up 26E

Down . 1E 5.90 Down | 3.49E-03
Down 16E

Down 98E- 12.06 Down | 2.656-03
Up . 06E
Down 85E
Down . 78E
7 Down 156
Up 79E-(
own 0%
own .72E
own STE-
own 18E
own 0SE

Up 07E 525 Up 2.98E-03
Up 41E
Up 75

Down 43E 5.01 Down | 164E-04
Down . 17€-

Down 18E-( 8.40 Down | 8.656-04
Up . 97E
Down O1E
Up 26E
Down | 9.82E
Up 7.58E-
Up 5,34
Down | 9.98E-
Up 7.67E-
own 56E-
own AE-
own S7E
ARMC12 own BTE
loci0110227] 14 own 426
locioni071] 1775 Up 76E
SULTIC 42 Down 11E-(
Down 00E-
Down . 6OE-
Up 326
Down . 36E
Up 03E-(
Down S6E-
Up BOE
Down 27E
Up 48E-
Up 786

Down . 96E- 263 Down | 7.656-03
Down 126
P36 308 Down 44E
locioseo6a2] 23 Down 69E-
MCTPL 353 Up . 6BE
LMODL 123 Down B7E
SCUBEL Down T3E-
[oc10560224] Down 93
DTXa Up 26E
[oc10110531 own . 70E
PGLYRP4 own 46E
own 12
own O3E
Up . 85E
Down 22E-
Down . 44E-
Up . 38E
Down  79E
Up 59E-(
B4 Down 44E-(
Up 23E
.7 Down 33E
.7 Down 42E-
7 Up B7E
7 own 136
7 own 326
own 40E
own | 1436+
own | 4.21E
own | 1776
own | 7.41E-
own | 1.06E-
Up 8.09E-
own | 1276
own | 7.48E-
own S0E-
own 85E
own 3E
Up O4E-
Up  6BE
Down 83E
Down  B1E
Up 65E-(
Down 37E
Up . 79E
Down . 79E
Down 42E-
Down 376
Up . 28E
Down  64E-
Down 4TE
Up 09E-
3 276 Down . 70E
locio110743] 1228 Down | 7.86E
RELT 15 Down 27E
[OC10560335] 37 Down . 67E
GSTAL 1013 Up . OBE-
CINK 36 Down 35E
Sica7a2 | 11838 Down 93E
PROSER2 | 229 Up 29E
[Oci0110281] Up . 4E
MICAL2 1 own 97E
[0C10560265] 4 own 72E-
DAAM2 11 own 116
ATPI0A | 164 own | 871+
SERPINE2 | 219 own . 36E
[0C10560226] 30 Up 70E
STAC 44 own 86E-(
TMEM100 | 48 own . 70E
UPPL 141 own . G1E
KCNMBT 115 own 60E-
D7 1 own 266
locioi0879] 115 own 35E
MP3 7 own 376
HD3 37 own 6E-
loci0s61247] 69 Up A1E-
ARIDSA 30 Down . 38E
ADAMITS 181 Down . 1E

UcP2 449 Down 58E- 3.03 Down | 164E-04
5P1 103 Down S9E-
[oc10561657 3¢ Up . 07E
SLC2GA: 1 Up . 82E
D8P 97 Up 176
FHLL 78 Down 59E
MY038 44 Up 06E
[oc10560322 31 own . BE
IRF9 730 own O7E-
GPR182 s own 276
SLCI6A6 757 own  40E-
ANGPT4 T own 53E
[0C10560603 own | 3.68E-
[0C10560576] own | 8.88E-
AZIN2 2 Up 3.20E-
SLCaaAd | 2838 Down 16E
TPM2 749 Down 79E
SIGLECS 26 Down 10E
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Figure S1A. Tissue composition of kidney biopsy samples collected at (A) Baseline, (B)
Heart Failure and (C) Recovery.
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Gene expression profiles of all but three samples, collected at Baseline, were
consistent with kidney tissue. Expression profiles of these three, matching skeletal
muscle, adrenal gland and esophagus, were excluded, Ileaving a total of
11xBaseline, 13xHF and 8xRecovery samples for differential expression analysis.



Figure S1B. Tissue composition of kidney biopsy samples collected at (A) Baseline, (B)
Heart Failure and (C) Recovery.
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Gene expression profiles of all but three samples, collected at Baseline, were
consistent with kidney tissue. Expression profiles of these three, matching skeletal

muscle,

adrenal

gland and esophagus, were excluded,

leaving a total

of

11xBaseline, 13xHF and 8xRecovery samples for differential expression analysis.
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Figure S1C. Tissue composition of kidney biopsy samples collected at (A) Baseline, (B)
Heart Failure and (C) Recovery.
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Gene expression profiles of all but three samples, collected at Baseline, were
consistent with kidney tissue. Expression profiles of these three, matching skeletal
muscle, adrenal gland and esophagus, were excluded, leaving a total of
11xBaseline, 13xHF and 8xRecovery samples for differential expressionanalysis.



Flg ure S2. Serial hemodynamic responses in sheep during development of, and recovery from, acute
decompensated heart failure.
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Data represent mean+SEM responses in nine sheep before (Baseline) and
during the development of acute decompensated heart failure (induced by
left-ventricular [LV] pacing @220bpm for 14 days), and following recovery
over 25-days termination of pacing. Significant differences from pre-pacing
baseline are shown by: * p<0.05, t p<0.05, ¥ p<0.001, by 1-way ANOVA.



Figure S3. Serial hormone responses in sheep during development of, and recovery from,
acute decompensated heart failure.
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Data represent mean+SEM responses in nine sheep before (Baseline)
and during the development of acute decompensated heart failure (induced
by left-ventricular [LV] pacing @220bpm for 14 days), and following
recovery over 25-days termination of pacing. Significant differences from pre-
pacing baseline levels are shown by: * p<0.05, ¥ p<0.05, ¥ p<0.001,by 1-way
ANOVA.



Figure S4. Serial renal responses in sheep during development of, recovery from,
acute and decompensated heart failure.
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Data represent
mean+SEM responses in nine sheep before (Baseline) and during the
development of acute decompensated heart failure (induced by left-ventricular
[LV] pacing @220bpm for 14 days), and following recovery over 25-days
termination of pacing. Significant differences from pre-pacing baseline levels are
shown by: * p<0.05, 1 p<0.05, ¥ p<0.001, by 1-way ANOVA.



Figure S5. Heatmap showing median expression levels at Baseline (B, n=11),
heart failure (HF, n=13) and Recovery (R, n=8) for 85 genes differentially
expressed between timepoints and previously associated with acute kidney

injury. b
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Median gene expression was scaled using z-scores so expression at high and low abundance to be
visualised on the same graph. For each gene, the colour scale indicates high (red) or low (blue)
expression relative to the other time points. Greenboxes (left panel) indicate differential expression
between time points (p<0.01 after adjustment for multiple comparisons, fold change >1.2 or
<0.83). Genes formed six broad clusters with similar patterns of expression across time points.



Figure S6A. Endothelial nitric oxide synthase (eNOS) signalling pathway illustrating altered expression
of individual genes from Baseline to Heart failure (HF) and from HF to Recovery.
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Figure S6B. Cholesterol Biosynthesis signalling pathway illustrating altered expression of
individual genes from Baseline to Heart failure (HF) and from HF to Recovery.
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Figure S6C. Peroxisome proliferator-activated receptor (PPAR) signalling pathway
illustrating altered expression of individual genes from Baseline to Heart failure (HF)
and from HF to Recovery.
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Figure S6D. Glycoprotein VI (GP6) signalling pathway illustrating altered expression of
individual genes from Baseline to Heart failure (HF) and from HF to Recovery.
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Figure S6E. Platelet-derived growth factor (PGDF) signalling pathway illustrating altered
expression of individual genes from Baseline to Heart failure (HF) and from HF to Recovery.
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Figure S6F. Oncostatin M signalling pathway illustrating altered expression of individual genes
from Baseline to Heart failure (HF) and from HF to Recovery.
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Figure S6G. Acute Phase Response signalling pathway illustrating altered expression of
individual genes from Baseline to Heart failure (HF) and from HF to Recovery.
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Figure S6H. Hepatic Fibrosis signalling pathway illustrating altered expression of individual
genes from Baseline to Heart failure (HF) and from HF to Recovery.
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Supplementary Figure 7
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Suppl-Fig 7: Predicted mechanistic regulatory network for the pro-inflammatory cytokine,
Interleukin 1 beta (IL1B). (A) IL1pB is predicted to be activated in heart failure (HF) and (B)
repressed during Recovery based on altered expression of 74 (27%) genes altered from
Baseline to HF and 263 (42%) genes altered from HF to Recovery. IL13 would be predicted to
influence the expression of genes in the dataset directly or indirectly via this network of closely
connected regulatory molecules with similar predicted patterns of activation and inhbition.
Red/blue lines indicate activating/inhibiting connections between regulators that are consistent
with the predicted direction of activation of both regulators. Yellow connecting lines indicate
connections that are inconsistent with the predicted state of the downstream molecule. Grey
linesindicate effects that are not predictedin the IPA knowledgebase.



Figure S8. Correlation matrices comparing changes from (A) Baseline to heart failure (HF)
and from (B) HF to Recovery between 19 ‘HF-responsive’ candidate kidney biomarkers and
neurohormone/hemodynamic measurements.
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Hierarchical clustering identifies candidate kidney biomarkers that change with a similar pattern
to key neurohormone / hemodynamic indices of cardiac and renal function. Data are shown for
5 sheep for whom serial measurements were available Baseline (n=4), HF (n=5) and Recovery
(n=5). The strength and direction of each association is indicated by circle size (larger
circles=stronger correlation), blue indicates +ve correlations; red indicates -ve correlations.



Figure S9. Correlation matrices comparing changes from Baseline to Recovery between 13
‘HF-sustained’ candidate kidney biomarkers and neurohormone / hemodynamic
measurements.
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Hierarchical clustering identifies candidate kidney biomarkers that change
with a similar pattern to key neurohormone and hemodynamic indices of
cardiac and renal function. Data are shown for 5 sheep for whom serial
measurements were available Baseline (n=4) Recovery (n=5). The
strength and direction of each association is indicated by circle size
(larger circles = stronger correlations), blue indicates positive correlations;
red indicates negative correlations.
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