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HIGHLIGHTS

� CRS type 4 is characterized by CKD,

cardiac fibrosis, LVH, and diastolic

dysfunction, which can lead to HF.

� The uremic toxin IS disrupts cellular and

molecular pathways in both CKD and

CVDs.

� The matricellular protein TSP1 is known to

be elevated in patients with CKD and the

disruption of TSP1 signaling provides

cardioprotection in preclinical studies.

� For the first time, this study has identified

the role of TSP1 as a mediator of cardiac

fibrosis, LVH, and diastolic dysfunction in

CKD, as well as its link to IS.

� Further studies are required in large

clinical studies to confirm the

translational role of TSP1 in patients

with CKD.
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ABBR EV I A T I ON S

AND ACRONYMS

5/6Nx = 5/6 nephrectomy

AhR = aryl hydrocarbon

receptor

CKD = chronic kidney disease

CRS = cardiorenal syndrome

CVD = cardiovascular disease

DEG = differentially expressed

gene

EF = ejection fraction

ERK = extracellular signal-

related protein kinase

HF = heart failure

HFpEF = heart failure with

preserved ejection fraction

HCM = human cardiomyocyte

IS = indoxyl sulfate

LV = left ventricular

LVH = left ventricular

hypertrophy

MAPK = mitogen activated

protein kinase

MHC = myosin heavy chain

MTT = 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl-2H-

tetrazolium bromide

p = phosphorylated

p53 = tumor protein p53

SASP = senescence-associated

secretory phenotype

siRNA = small interfering RNA

TSP1 = thrombospondin 1

TSP1Ab = anti-

thrombospondin 1 antibody

TSP1KO = thrombospondin 1

knockout

WT = wild type
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Patients with chronic kidney disease (CKD) face a high risk of cardiovascular disease. Previous studies reported

that endogenous thrombospondin 1 (TSP1) involves right ventricular remodeling and dysfunction. Here we show

that a murine model of CKD increased myocardial TSP1 expression and produced left ventricular hypertrophy,

fibrosis, and dysfunction. TSP1 knockout mice were protected from these features. In vitro, indoxyl sulfate is

driving deleterious changes in cardiomyocyte through the TSP1. In patients with CKD, TSP1 and aryl hydrocarbon

receptor were both differentially expressed in the myocardium. Our findings summon large clinical studies

to confirm the translational role of TSP1 in patients with CKD. (J Am Coll Cardiol Basic Trans Science

2024;9:607–627) © 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
C hronic kidney disease (CKD) is a
global public health problem that
significantly shortens lifespan pri-

marily by increasing the risk of cardiovascu-
lar disease (CVD),1 particularly manifesting
as myocardial ischemia and/or heart failure
(HF). Patients with CKD are more likely to
die from CVD than progress to end-stage kid-
ney disease, with 50% of deaths due to car-
diac events.2 CKD resulting in chronic HF is
known as cardiorenal syndrome (CRS) type
43 and has been increasingly identified as a
marker of higher morbidity and mortality.1,4

Left ventricular hypertrophy (LVH) and dia-
stolic dysfunction are the major factors
contributing to development of heart failure
with preserved ejection fraction (HFpEF)
and sudden cardiac death through ischemia
and arrhythmia.5 A linear relationship be-
tween worsening glomerular filtration rate
and LV function confers poor clinical out-
comes and the highest mortality.6,7

The molecular pathways that coordinate
pathophysiological changes and develop-
ment of LVH continue to expand and involve
mitogen-associated protein kinases ([MAPKs], espe-
cially extracellular signaling-related kinase [ERK]
1/2),8 oxidative stress, and the aryl hydrocarbon re-
ceptor (AhR).9 More recently, cardiac stress has been
shown to initiate metabolic alterations in car-
diomyocytes that promote senescence, leading to a
functional decline that includes hypertrophic growth,
b-galactosidase expression, and secretion of proin-
flammatory cytokines (senescence-associated
ttest they are in compliance with human studies committe

d Food and Drug Administration guidelines, including patien

r Center.

ceived December 11, 2023; revised manuscript received Januar
secretory phenotype [SASP]).10 A growing body of
evidence indicates that uremic toxins represent
important, nontraditional cardiovascular risk factors
in CKD because they have demonstrable cytotoxic
effects,11 are associated with cardiovascular mortal-
ity,12 and fail to be effectively cleared by dialysis,
particularly protein-bound subgroups such as indoxyl
sulfate (IS).13 IS is the best characterized toxin,
derived from dietary intake of the essential amino
acid tryptophan and converted to indole by the in-
testinal microbiome. In the absence of effective
tubular secretion, serum concentrations are >50�
higher in CKD compared to healthy control subjects12

and are associated with LV dysfunction and cardio-
vascular mortality.12,14 Regression of LVH after kid-
ney transplantation and normalization of cardiac
parameters suggests that CKD-specific uremia is a
primary driver of cardiac pathology.15 Thrombo-
spondin 1 (TSP1) is a well-characterized extracellular
matrix glycoprotein secreted by cells. However,
rather than providing structural integrity, it prefer-
entially regulates signaling pathways to alter cell
adhesion, proliferation, and viability in response to
injury.16 The cardiac extracellular matrix provides
scaffolding for cardiomyocyte attachment, ventricu-
lar geometry, and function, which regulates diastolic
performance and inflammation.17 We recently re-
ported induction of right ventricular TSP1 expression
in an animal model of pulmonary hypertension and
disruption of TSP1 signaling provided protection.18

Plasma TSP1 is elevated in patients with CKD;19

however, the protein did not appear to be derived
from fibrotic renal parenchyma. Further work has
confirmed high plasma TSP1 concentrations in
es and animal welfare regulations of the authors’
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dialysis-dependent patients with CRS compared to
those without, and levels were predictive of cardio-
vascular mortality.14 However, little is known about
the specific effects of TSP1 on the LV or car-
diomyocytes in the context of CKD. We now implicate
TSP1 in a mouse model of CRS, where the hypertro-
phied LV is a significant source of TSP1 expression,
accompanied by oxidative stress, fibrosis, and SASP.
These findings were mitigated in thrombospondin-1
knockout (TSP1KO) mice. In vitro we demonstrate a
direct relationship of IS, induction of TSP1, and AhR
activation in cardiomyocytes that drives hypertrophy
and SASP, highlighting this pathway as a driver of
uremic cardiomyopathy.

METHODS

ANIMALS. TSP1KO (B6.129S2-Thbs1tm1Hyn/J) mice on a
C57BL/6J background (back-crossed for 15 genera-
tions) were originally purchased from the Jackson
Laboratory and were maintained by Australian Bio-
Resources. Age-matched (6-8 weeks) male littermate
control (wild-type [WT]) and (homozygous) TSP1KO
mice were transferred to Westmead Institute for
Medical Research, housed, and acclimatized for
2 weeks in the biological facility under a 12-hour light/
dark cycle with access to standard chow and water ad
libitum under approved protocols (no. 4281 Western
Sydney Local Health District and no. 1594 University
of Sydney). All animal studies were performed in
accordance with the Australian code for the care and
use of animals for scientific purposes developed by
the National Health and Medical Research Council.

CRS MODEL USING 55/6NX. In this study, 156 mice
were used, including 98 WT mice and 58 TSP1KO mice
(Supplemental Table 1). Age-matched (8- to 10-week-
old) male mice were randomly assigned to sham and
5/6 nephrectomy (5/6Nx) groups. The 5/6Nx model is
characterized by high mortality.20 We altered the
conventional method of nephrectomy,21 which
significantly reduced mortality to 10% to w15%
(Supplemental Figure 1A). Animals were anesthetized
with isoflurane and oxygen, the left kidney exposed
and exteriorized through a left flank subcostal inci-
sion, and connective tissue and adrenal gland sepa-
rated by using normal saline-soaked cotton bud
instead of iris scissors to prevent the injury to renal
pedicle.21 The upper and lower renal poles were
removed using iris scissors. Hemostasis was achieved
with direct pressure, the kidney returned to the
abdomen, and the incision closed with 5/0 mono-
filament nylon. At day 8 following the initial surgery,
a right total nephrectomy was performed through a
separate flank incision. In sham-operated mice, the
kidneys were exposed in 2 separate surgeries but not
resected, as described previously.19,21 Among 108
mice receiving 5/6Nx, 25 were euthanized (mostly on
the second postoperative day) owing to illness and/or
>25% body weight loss and were excluded from
analysis (Supplemental Table 1). Additional data were
also excluded in some experiments because of histo-
logical artifact, poor resolution of echocardiography
images, or an insufficient quantity of serum/urine
specimens collected.

Body weight and blood pressure using the tail-cuff
plethysmography (CODA machine, Kent Scientific
Corporation) were measured weekly.21 In some ex-
periments, mice were euthanized at week 2 or 6, and
tissues were harvested as illustrated in the study
design (Supplemental Figure 1B). Metabolic caging
was performed at week 10 before transferring to
Sydney Imaging Facility at the Charles Perkins Centre
for an additional 2 weeks of acclimatization and
echocardiography. At week 12, echocardiography was
performed (Vevo 2100 Echocardiography Imaging
System, VisualSonics), and then mice were eutha-
nized. Heart and wet lung weights were recorded
along with tibial length. Organs, plasma, and
urine were then processed for analysis and stored
at �80 �C. The estimated percentage of removed
kidney was calculated by following formula: per-
centage of removed kidney ¼ weight of excised kid-
neys (left excised kidney þ right kidney) � 100 / total
weight of 2 kidneys (left excised þ left remnant þ
right kidney), as described in our recent report.21

ASSESSMENT OF RENAL FUNCTION AND PROTEINURIA.

Blood urea nitrogen and creatinine, alkaline phos-
phatase, serum calcium, urinary protein, and creati-
nine were determined using the Siemens Atellica
System (Westmead Hospital).

ENZYME-LINKED IMMUNOSORBENT ASSAY. Mouse
plasma IS was measured by enzyme-linked immuno-
sorbent assay according to manufacturer protocol
(#MBS720905, MyBioSource, Inc). Briefly, kit contents
and samples were brought to room temperature. One
hundred microliters (100 mL) of IS standards or sam-
ples were added to the enzyme-linked immunosor-
bent assay plate in duplicate and incubated at 37 �C
for 1 hour. The plate was washed 5� with buffer,
followed by the addition of conjugate and incubation
at 37 �C for 20 minutes. Following addition of stop
solution, the plate was read at 450 nm.

HIGH-FREQUENCY ULTRASOUND ECHOCARDIOGRAPHY.

Animals were assessed at week 12 under general
anesthesia induced with isoflurane and O2 titrated to
effect. Animals were placed supine on an adjustable
stage with the tail of the animal facing toward

https://doi.org/10.1016/j.jacbts.2024.01.010
https://doi.org/10.1016/j.jacbts.2024.01.010
https://doi.org/10.1016/j.jacbts.2024.01.010
https://doi.org/10.1016/j.jacbts.2024.01.010


FIGURE 1 Development of CKD in WT and TSP1KO Mice
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the operator and limbs secured to electrocardiogram
probes. The Vevo2100 ultrasound system (Visual-
Sonics) and linear transducer (MS550D, MicroScan, 40
MHz, VisualSonics) were used to acquire LV para-
sternal long-axis B-mode/echocardiogram-gated
kilohertz visualization images and short-axis mid-
papillary echocardiogram-gated kilohertz
visualization/M-mode images. Pulse-wave and tissue
Doppler images were obtained in apical 4-chamber
view using a linear transducer 57 MHz (VevoF2, Vis-
ualSonics) as previously described.22 All images were
acquired by an operator blinded to the treatment
group. Short-axis mid-papillary M-mode analyses
(Supplemental Figure 1C) were carried by selecting
autoLV from 3 cycles of each cine loop. Pulse-wave
and tissue Doppler images (Supplemental Figures 1D
and 1E) analyses were carried out to measure dia-
stolic (dys)function. VevoLAB software (VisualSonics)
was used for data analysis, and average data from 3
cine loops are presented for each mouse.

HEART HISTOPATHOLOGY. Formalin-fixed kidney
and heart tissue embedded in paraffin were sectioned
at 4 mm and stained with hematoxylin and eosin or
picrosirius red using standard methods.19,21 Slides
were viewed under brightfield conditions. Picrosirius
red staining area and intensity were measured and
quantified using ImageJ (National Institutes of
Health) as previously described.19 Picrosirius red
stained images (magnified 80�) were also used to
measure the cross-sectional area of cardiomyocytes
using ImageJ. Assessors were blinded to treat-
ment groups.

CELL CULTURE. Human primary cardiomyocytes
(PromoCell) were subcultured according to manufac-
turer’s instructions. Cells were used at passages 3-6.
Cells at w70% confluency in 6-well plates were
treated with recombinant human TSP1 (Athens
Research and Technology), IS (Sigma Aldrich) for 24
hours. In some experiments, cells were pretreated
with anti-TSP1 (#ab85762) and sarcomeric (#ab68167)
antibodies were from Abcam at 1 mg/mL or mouse
FIGURE 1 Continued

Wild-type (WT) and thrombospondin-1 knockout (TSP1KO) mice were su

following 5/6Nx at 2, 6, and 12 weeks (n ¼ 7-13). (B) Fold change in bo

12 weeks (n ¼ 6-14), and (E) urine volume and urinary/plasma creatinine

and TSP1KO kidney homogenates (n ¼ 4-6). (G) Representative hemato

Western blotting in sham-operated and 5/6Nx mice. The band density of

are shown (n ¼ 3-5). (I) Serum indoxyl sulfate at week 12 was detected

**P < 0.01, and ***P < 0.001 by 2-way analysis of variance with Tukey

unpaired Student’s t-test. AUC ¼ area under the curve; CKD ¼ chronic k
immunoglobulin G1 isotype control (#02-6100, Invi-
trogen) prior to treatment. For small interfering RNA
(siRNA) experiments, cells were plated in media
without antibiotics and transfection performed at
50%-60% confluence using Lipofectamine 2000 and
TSP1 or control siRNA (Invitrogen) in Opti-MEM
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Cells were exposed to siRNA for
48 hours prior to experimental use.

Human aortic vascular smooth muscle cells (Clo-
netics, Lonza) were used in subsequent experimental
work owing to the unavailability of human car-
diomyocytes (HCMs) in Australia. Human aortic
vascular smooth muscle cells were subcultured ac-
cording to manufacturer’s instructions to detect the
involvement of AhR in IS-induced TSP1 expression.
Cells were used among passages 3-6. For this experi-
ment, cells were pretreated with AhR inhibitor
(StemRegenin 1, ab142174, Abcam) (10 mmol/L) for 2
hours and then treated with IS (10 mmol/L) for 24
hours.

Human cardiac fibroblasts (Lonza) were sub-
cultured according to manufacturer’s instructions.
Cells were used among passages 4-8. Cells at w70%
confluency were treated with recombinant human
TSP1 (Athens Research and Technology) for 24 hours.
Cel l v iab i l i ty and senescence assays . Cell meta-
bolic activity was measured using a XTT Cell Viability
Kit (Cell Signaling Technology), and senescence was
assessed with a Mammalian b-Galactosidase Assay Kit
(Thermo Fisher Scientific). Briefly, 104 cells/well were
seeded into a 96-well microplate. Serum-starved cells
were treated with TSP1 (0.2-10.0 nmol/L) or IS (1-
500 mmol/L) for 48 hours. Cell proliferation and
senescence were determined at the 450 nm and
405 nm, respectively, using Proteomics SpectraMax
iD5 Plate Reader (VWR International).

Cells were stained using a Senescence-b-Galacto-
sidase Staining Kit (Cell Signaling Technology) ac-
cording to manufacturer’s instructions. Samples were
then washed in phosphate-buffered saline, and im-
ages were captured at random using a light
bjected to sham surgery or 5/6-nephrectomy (5/6Nx). (A) Percentage of kidney excised

dy weight over 12 weeks (n ¼ 6-21). Serum urea (C) and serum creatinine (D) at 2, 6, and

ratios (uCr/pCr) at 10 weeks (n ¼ 5-15). (F) Detection of superoxide and H2O2 moieties in WT

xylin and eosin–stained kidney histology (bar ¼ 50 mm). (H) Expression of plasma TSP1 by

the protein is normalized with Coomassie brilliant blue (CBB) and combined densitometries

by enzyme-linked immunosorbent assay (n ¼ 3-6). All data are mean � SD. *P < 0.05,

post hoc test (A to F [at each time point], I), and the representing graph (H) was analyzed by

idney disease.

https://doi.org/10.1016/j.jacbts.2024.01.010
https://doi.org/10.1016/j.jacbts.2024.01.010
https://doi.org/10.1016/j.jacbts.2024.01.010


FIGURE 2 CKD in Mice Induces TSP1-dependent LVH
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microscope (CKX41, Olympus). At least 5 images were
captured from each well and blindly assessed for
senescence-associated b-galactosidase (blue)-positive
cells.

WESTERN BLOTTING. Tissue or cells were homoge-
nized in cold radio immunoprecipitation assay buffer
(Cell Signaling Technology) that contained protease
inhibitor cocktail (Sigma-Aldrich) and phosphatase
inhibitor cocktail (Roche Applied Science). Protein
was quantified using a DC assay (BioRad), resolved by
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and then transferred onto nitrocellulose
membranes (BioRad). Blots were probed at 4 �C
overnight with the following primary antibodies:
phospho-p44/42 MAPK (pERK1/2) (#4370), p44/42
MAPK (ERK1/2) (#9107), tumor protein p53 (p53)
(#2524), p21Waf1/Cip1 (#64016), p27Kip1 (#3698), AhR
(#83200), vinculin (#13901), and b-actin (#4970) all
from Cell Signaling Technology. TSP1 (#ab85762),
sarcomeric a-actinin (#ab68167) were from Abcam.
Atrial natriuretic peptide (#PA5-29559), brain natri-
uretic protein (#PA5-98294), and cardiac myosin
heavy chain (#MA1-26180) were from Invitrogen.
Myosin heavy chain (MHC)-b (#sc-53089) was from
Santa Cruz Biotechnology. Protein was visualized on
an Odyssey LCx Imaging System (Licor). Expression
was normalized to the levels of total protein loading
or housekeeping gene. Protein band intensity was
evaluated using ImageJ.

RNA EXTRACTION AND QUANTIFICATION BY

REAL-TIME QUANTITATIVE POLYMERASE CHAIN

REACTION. RNA was extracted using ISOLATE-II
RNA MiniKits (Bioline) with on-column DNase treat-
ment. RNA was quantified using a Nanodrop (BioTek)
and reverse-transcribed using a SensiFAST cDNA
synthesis kit (Bioline). Complementary DNA was
amplified in triplicate with commercially available
gene-specific primers (Invitrogen) using a CFX384
PCR machine (BioRad). Thermal cycling conditions
FIGURE 2 Continued

(A) Representative left ventricle hematoxylin and eosin–stained histology

individual cardiomyocytes. Measurements are from randomly chosen ce

Regions of interest at the margin of images or incomplete regions of inter

with accompanying histogram of staining area from 5 independent field

ventricular messenger RNA (mRNA) expression of fibrosis markers collag

chain reaction, normalized to HPRT1 with WT sham-operated left ventri

chemical staining for TSP1 (bar ¼ 2.5 mm) with high magnification area

ventricular mRNA expression of TSP1 by quantitative polymerase chain re

(n ¼ 5-8). (G) Left ventricular homogenates were analyzed for TSP1 exp

densitometries are shown (n ¼ 6). All data are mean � SD; *P < 0.05, **P

unpaired Student’s t-test (G). HPRT1 ¼ hypoxanthine phosphoribosyltra
were 95 �C for 2 minutes, followed by 40 cycles of
95 �C for 10 seconds and 60 �C for 30 seconds. Data
were analyzed using the DDCt (cycle threshold)
method with expression normalized to the house-
keeping gene and sham-operated WT animals/control
cells used as referent control animals/cells.

IMMUNOHISTOCHEMISTRY. Immunostaining was
performed as previously described.19,21 Four-
micrometer sections of paraffin-embedded mouse
heart tissues were incubated with TSP1 (Abcam), AhR
(#LS-B4900, LSBio) or isotype-matched immuno-
globulin G. For immunodetection, Dako EnVisionþ
System-HRP labeled polymer detection kit (Dako) was
used with ImmPACT NovaRED Peroxidase (HRP)
Substrate (Vector Laboratories) and counterstained
by Mayer hematoxylin and Scott bluing solution. Af-
ter mounting, slides were viewed by Nano Zoomer
(Hamamatsu). All samples were stained, imaged, and
analyzed simultaneously to exclude between-run
variability. AhR staining intensity was calculated
from the 5 randomly selected areas at 10� magnifi-
cation, as published previously.23

REACTIVE OXYGEN SPECIES CHARACTERIZATION.

Measurement of superoxide (O2
��) and H2O2 was

performed using cytochrome c and Amplex Red as-
says, respectively, as published previously.24,25 Tis-
sues were homogenized in lysis buffer and
centrifuged at 1,000g; membranes were resuspended
in lysis buffer; and protein concentration was
measured using the Bradford microplate method.
O2

�� production was initiated by the addition of
180 mmol/L nicotinamide adenine dinucleotide
phosphate hydrogen and was calculated from
the initial linear rate of superoxide dismutase
(150 U/mL)–inhibitable cytochrome c reduction
quantified at 550 nm and using an extinction coeffi-
cient of 21.1 mmol/L�1 cm�1 (BioTek Synergy 4 Hybrid
Multi-Mode Microplate Reader). To detect H2O2,
protein was added to the wells containing the assay
(bars ¼ 1 mm [top panel] and 50 mm [bottom panel]) and (B) cross-sectional surface area of

lls (n ¼ 310 WT-sham, 279 WT-5/6Nx, 298 TSP1KO-sham, 214 TSP1KO-Nx) from 4 mice.

est were excluded from the counting. (C) Representative left ventricular picrosirius red staining

s of view (n ¼ 6) (bars ¼ 2.5 mm [top], 250 mm [middle], and 25 mm [bottom]). (D) Left

en 1, fibronectin (Fn), a-smooth muscle actin (SMA), and TGF-b by quantitative polymerase

cle set as the referent control (n ¼ 6-7). (E) Representative left ventricular immunohisto-

s (bars ¼ 50 mm): (i) injured area, (ii) interstitial space, and (iii) cardiomyocytes. (F) Left

action, normalized to HPRT1 with WT sham-operated left ventricle set as the referent control

ression by Western blotting. Band density was normalized with vinculin and combined

< 0.01, and ***P < 0.001 by 2-way analysis of variance with Tukey post hoc test (A to D) or

nsferase 1; LVH ¼ left ventricular hypertrophy; other abbreviations as in Figure 1.



FIGURE 3 CKD in Mice Promotes Cardiac Hypertrophy and Senescence via TSP1
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mixture, and the reaction was initiated by the addi-
tion of 36 mmol/L nicotinamide adenine dinucleotide
phosphate hydrogen. Fluorescence was detected us-
ing the BioTek Synergy 4 Hybrid Multi-Mode Micro-
plate Reader with a 530/25 excitation and a 590/35
emission filter. The reaction was monitored for
30 minutes at 25 �C. To confirm the H2O2 signal,
catalase (300 U/mL) was added in parallel wells, and
the catalase-inhibitable rate of H2O2 production was
quantified from a H2O2 standard curve.

HUMAN DATA. The raw expression data were
accessed form the Gene Expression Omnibus using
the accession code GSE160145 and imported into R
version 4.2.0 (R Foundation).26 The raw reads were
normalized using DESeq’s Median of Ratios method
and variance stabilization transformation performed
using the DESeq2 package in R. Differential genes
were identified between patients listed with CKD and
healthy patients. Genes with a log-fold change >2,
and an adjusted P < 0.05 using the Benjamini-
Hochberg false discovery rate were determined to be
differentially expressed. A Wilcoxon rank-sum test
was used to identify enriched Kyoto Encyclopedia of
Genes and Genomes pathways27 between healthy and
patients with CKD. Gene Set Enrichment Analyses
was executed using the clusterProfiler package in R28

on the list of differentially expressed genes (DEGs)
between healthy and patients with CKD using Gene
Ontology pathway database.29 Data used for this
study are publicly available using the Gene Expres-
sion Omnibus accession code listed. The code used to
generate analysis and figures is available online.30 No
other clinical data or demographics were available for
this patient cohort.

HUMAN PLASMA TSP1 AND ECHOCARDIOGRAPHY

CORRELATION. The study was approved by the Hu-
man Research Ethics Committee of Western Sydney
Local Health District (HREC LNR/12/WMEAD/114 and
LNRSSA/12/WMEAD/117 [3503]). In brief, patients
were recruited from nephrology outpatient clinics at
Westmead Hospital and did not have an intercurrent
FIGURE 3 Continued

Systolic and diastolic blood pressure (BP) using tail-cuff plethysmograp

(n ¼ 20-23). (B) Representative images of left ventricle echocardiography

view echocardiography analysis. E/A ratio of early mitral flow velocity (E)

and E/e0 ratio of early mitral flow velocity (E) and diastolic septal mitra

(n ¼ 4). Mice left ventricular homogenates were analyzed by Western blo

p53 (p53). Band density was normalized with vinculin and combined dens

senescence-associated secretory phenotype cytokines interleukin (IL)-6,

HPRT1 with WT sham-operated left ventricle set as the referent control

2-way analysis of variance with Tukey post hoc test. a.u. ¼ arbitrary un
illness. All subjects were previously recruited, and
their plasma TSP1 levels were measured and pub-
lished.19 Patients with echocardiography studies
within 3 months of venopuncture and not associated
with acute illness or cardiovascular deterioration
were used for analysis.

STATISTICAL ANALYSIS. Statistical analyses were
performed using GraphPad Prism software (version
10.0.3; GraphPad Software Inc). Data are presented as
mean � SD or median (25th, 75th percentiles) (box
plot) dependent on data distribution. Between-group
comparisons used unpaired Student’s t-test or Wil-
coxon rank-sum test, whereas within-group compar-
isons used paired Student’s t-tests. One- or 2-way
analysis of variance was used to compare >2 groups
with Sidak’s or Tukey’s post hoc test for multiple
pairwise comparisons. Spearman’s correlation coeffi-
cient (r) was used to evaluate the association of 2
continuous variables as determined through linear
regression. Kaplan-Meier methods were used to pre-
sent survival curves with groups compared using the
log-rank test. A value of P < 0.05 was considered
statistically significant.

RESULTS

DEVELOPMENT OF EQUIVALENT CKD IN WT AND

TSP1KO MICE. A 5/6Nx model recapitulates features
of CKD and induces cardiac remodeling. Removal of
70%-80% of total kidney mass at multiple time points
(Figure 1A) demonstrated reduced body weight in
WT- and TSP1KO-5/6Nx mice compared to sham-
operated control mice, although weight reduction
was less in TSP1KO-5/6Nx mice compared to
WT-5/6Nx mice (Figure 1B). Acute elevation of serum
urea and creatinine was seen at 2 weeks post-5/6Nx
(Figures 1C and 1D), which reduced with time. Serum
urea, serum creatinine, polyuria, and decreased urine
creatinine/plasma creatinine ratio was equivalent in
both genotypes post-5/6Nx (Figures 1C to 1E). TSP1 is a
well-recognized activator of oxidative stress,23 but
hy over 12 weeks in WT or TSP1KO mice following 5/6Nx or sham operation

and measurement of ejection fraction (EF) at 12 weeks (n ¼ 5-8). (C) Four apical

and late diastolic transmitral flow velocity (A), isovolumic relaxation time (IVRT),

l annulus velocity (e0) (n ¼ 4). (D) Lung weight normalized by the tibial length

tting for expression of (E) a-actinin, and (F) senescence markers tumor protein

itometries were shown (n ¼ 6). (G) Left ventricular messenger RNA expression of

IL-1b, TNF-a, and CCL2 by quantitative polymerase chain reaction, normalized to

(n ¼ 6-9). All data are mean � SD; *P < 0.05, **P < 0.01, and ***P < 0.001 by

its; other abbreviations as in Figure 1.



FIGURE 4 CKD in Mice Promotes Cardiac Oxidative Stress, Inflammation, and MAPK Up-Regulation via TSP1
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there were no differences in reactive oxygen species
in the remnant kidney of WT- and TSP1KO-5/6Nx
mice (Figure 1F). Photomicrographs of the remnant
kidney over time are demonstrated in Figure 1G. At
12 weeks following 5/6Nx, the renal parenchyma
demonstrated fibrosis and tubular atrophy in addition
to changes in glomerular morphology that included
tuft shrinkage and glomerulosclerosis in both geno-
types (Figure 1G). Plasma TSP1 was up-regulated only
in WT-5/6Nx mice (Figure 1H). As expected, plasma IS
was up-regulated in WT-5/6Nx and TSP1KO-5/6Nx
mice compared to WT-sham and TSP1KO-sham mice,
respectively (Figure 1I).

GENETIC DISRUPTION OF TSP1 SIGNALING LIMITS

CARDIAC PATHOLOGY IN A MOUSE MODEL OF CRS.

Given equivalent renal dysfunction between WT- and
TSP1KO-5/6Nx mice, we then explored changes in
cardiac phenotype. Representative sections demon-
strated LVH (Figure 2A) and increased cardiomyocyte
cross-sectional area only in WT-5/6Nx mice
(Figure 2B, Supplemental Figure 2A), accompanied by
increased heart weight (compared to tibial length)
(Supplemental Figure 2B). Perivascular and intersti-
tial fibrosis was demonstrated in WT-5/6Nx hearts
(Figure 2C), which was corroborated by significantly
elevated collagen I, fibronectin, a-smooth muscle
actin, and transforming growth factor-b (Figure 2D).
LVH and fibrosis were abrogated in TSP1KO-5/6Nx
hearts. Immunohistochemical staining revealed
marked myocardial TSP1 expression, localized to the
cardiomyocytes and interstitial, vascular, and peri-
vascular spaces only in WT-5/6Nx mice (Figure 2E,
Supplemental Figure 2C), confirmed by quantitative
polymerase chain reaction (Figure 2F) and Western
blotting (Figure 2G) of LV tissue.

TSP1 IS REQUIRED TO PROMOTE LVH, DIASTOLIC

DYSFUNCTION, AND SENESCENCE IN MICE WITH

CRS. Systolic and diastolic pressure and mean
FIGURE 4 Continued

Measurement of (A) superoxide and H2O2 (n ¼ 4) in left ventricular tiss

extracellular regulated kinase (pERK), and vinculin by Western blotting in

density was normalized with vinculin. (D,E) Human cardiomyocyte cells

(D, n ¼ 4) and TSP1 (2.2 nmol/L) (E, n ¼ 5) for 24 hours. pERK and total E

control. (F) Human cardiomyocyte cells were pretreated treated with imm

then treated with IS (10 mmol/L) for 24 hours. pERK and total ERK were

(n ¼ 5). (G) Human cardiomyocyte cells were pretreated with control (CT

treated with IS (10 mmol/L) for 24 hours. pERK and total ERK were measu

Band density was normalized with total ERK. Graphs are mean � SD; *P

analysis of variance with Tukey Post hoc test (A to C, F, G) or unpaired

abbreviations as in Figure 1.
arterial pressure and heart rate were not statistically
significantly lower in TSP1KO mice compared to WT
mice (Figure 3A, Supplemental Figure 2D). Echocar-
diography performed at week 12 confirmed the his-
tological evidence of LVH, with increased EF and
fractional shortening exclusively in WT-5/6Nx mice
(Figure 3B, Supplemental Figure 2E). Consistent with
previous reporting,31 this was accompanied by
decreased LV systolic internal diameter and systolic
volume (Supplemental Figure 2F). LV diastolic inter-
nal diameter and volume were preserved in TSP1KO-
5/6Nx mice (Supplemental Figure 2G).

Diastolic dysfunction frequently correlates with
heightened interstitial fibrosis, concentric hypertro-
phy, and atrial enlargement. The early flow velocity
(E) of the mitral valve exhibited no significant vari-
ance among the groups (Supplemental Figure 3A).
Doppler assessment of LV filling velocity, determined
by the ratio of early (E) to late (A) diastolic transmitral
Doppler flow velocities (E/A), and isovolumetric
relaxation time was significantly increased in WT-5/
6Nx mice compared to sham-operated mice, but not
in TSP1KO-5/6Nx mice (Figure 3C).

The septal mitral annular velocity (e0) demon-
strated a significant reduction in WT-5/6Nx, TSP1KO
sham, and TSP1KO-5/6Nx mice when compared to
WT-sham mice (Supplemental Figure 3B). Moreover,
the E/e0 ratio was significantly increased solely in WT-
5/6Nx mice (Figure 3C), indicating the onset of dia-
stolic dysfunction, with no such elevation observed
in TSP1KO-5/6Nx mice. Furthermore, lung weight was
increased in WT-5/6Nx mice (Figure 3D), which is
suggestive of increased lung congestion and HFpEF.

LVH increases cardiomyocyte contractile machin-
ery32 that is governed by overexpression of MHC and
a-actinin, which provide adenosine triphosphate hy-
drolysis33 and anchor actin filaments to the sarco-
meric Z-disk,34 respectively. WT-5/6Nx hearts
demonstrated significantly up-regulated a-actinin
ue, and (B) serum alkaline phosphatase (ALP) (n ¼ 7-12). (C) Expression of phosphorylated

the left ventricle from WT or TSP1KO hearts following 5/6Nx or sham operation (n ¼ 6). Band

at w70% confluence in 6-well plates were treated with indoxyl sulfate (IS) (10 mmol/L)

RK were measured by Western blotting in whole-cell lysates. b-actin was used as an internal

unoglobulin G1 (IgG1) (1 mg/mL) or anti-TSP1 antibody (aTSP1Ab) (1 mg/mL) for 2 hours and

measured by Western blotting in whole-cell lysates. b-actin was used as an internal control

L) siRNA (50 nmol/L) or TSP1small interfering RNA (siRNA) (50 nmol/L) for 48 hours and then

red by Western blotting in whole-cell lysates. b-actin was used as an internal control (n ¼ 5).

< 0.05, **P < 0.01, and ***P < 0.001 by 1-way analysis of variance (F to H) and 2-way

Student’s t-test (D, E). CTRL ¼ control; MAPK ¼ mitogen activated protein kinase; other
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FIGURE 5 Myocardial Activation of AhR Is Up-Regulated in CRS

(A) Representative left ventricle immunohistochemical staining for aryl hydrocarbon receptor (AhR) (bar ¼ 2.5 mm) with high magnification areas (bars ¼ 50 mm), with

the accompanying histogram of mean AhR scoring (n ¼ 6). (B) Human cardiomyocyte cells at w70% confluence in 6-well plates were treated with IS (10 mmol/L) or

TSP1 (2.2 nmol/L) for 24 hours. AhR was measured by Western blotting in whole-cell lysates. b-actin was used as an internal control (n ¼ 3). (C) Human cardiomyocyte

cells were pretreated with CTL (50 nmol/L) or TSP1 siRNA (50 nmol/L) for 48 hours and then treated with IS for 24 hours. AhR was measured by Western blotting in

whole-cell lysates. b-actin was used as an internal control (n ¼ 3). Band density was normalized with b-actin. All data are mean � SD; *P < 0.05, **P < 0.01, and

***P < 0.001 by 2-way analysis of variance with Tukey post hoc test (A) or 1-way analysis of variance with Sidak multiple comparisons test (B, C). CRS ¼ cardiorenal

syndrome; other abbreviations as in Figures 1 and 4.
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(Figure 3E) and b- MHC, with reduced a-MHC
(Supplemental Figure 3C). Expression of both atrial
and brain natriuretic peptides was elevated in WT-5/
6Nx mice compared to TSP1KO-5/6Nx mice, with no
difference in a-MHC expression (Supplemental
Figure 3C). WT-5/6Nx hearts also showed amplified
expression of senescence markers p53, p21cip, and
p27kip1 (Figure 3F, Supplemental Figure 3D), which
was associated with up-regulated proinflammatory
cytokines (Figure 3G). Senescence and proin-
flammatory markers were mitigated in TSP1KO-5/6Nx
mice (Figure 3G).

DISRUPTION OF TSP1 SIGNALING IN MICE WITH CRS

MITIGATES LV OXIDATIVE STRESS AND THE MAPK/ERK

PATHWAY. Growing evidence implicates redox path-
ways35 and chronic inflammation36 in the develop-
ment of LVH and contractile dysfunction. WT-5/6Nx
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LV tissue demonstrated significantly greater oxida-
tive stress in the form of H2O2, which was mitigated in
TSP1KO-5/6Nx tissue; superoxide moiety measure-
ments were equivalent (Figure 4A). Tissue nonspecific
alkaline phosphatase is associated with systemic
inflammation37 and positively correlates with car-
diovascular events.38 WT-5/6Nx mice demonstrated
elevated serum alkaline phosphatase, which was
abrogated in TSP1KO-5/6Nx animals (Figure 4B). His-
tologic examination also revealed areas of hetero-
topic ossification only seen in WT-5/6Nx hearts
(Supplemental Figure 3E).

Reactive oxygen species and inflammation activate
a broad variety of hypertrophy signaling kinases,39

including MAPK signaling cascades, which are cen-
tral regulators of pathological LVH.40 MAPK ERK is
also linked to TSP1 activity and H2O2availability.41

pERK expression was up-regulated only in WT-
5/6Nx hearts (Figure 4C). To demonstrate that
this effect could be replicated in vitro, we incu-
bated HCMs with IS or TSP1, and both up-regulated
pERK (Figures 4D and 4E), which was mitigated
with anti–thrombospondin 1 antibody ([aTSP1Ab],
which demonstrates direct inhibitory42 and steric
hindrance43 effects on TSP1 activity) or siRNA
(Figures 4F and 4G). These data suggest that the effect
of IS was dependent on intact TSP1 signaling.

CRS IS ASSOCIATED WITH AhR ACTIVATION. IS is a
ligand and potent agonist of AhR, and this interaction
is clinically relevant in CKD44 because it regulates the
cell cycle and responsiveness to oxidative stress.45

AhR regulates TSP1 gene promoter activity,46 and
MAPK activation has also been shown to facilitate
AhR activity,47 suggesting bidirectional potentiation
of signaling. Immunohistochemical staining revealed
marked myocardial AhR activation in WT-5/6Nx
hearts, which was mitigated in TSP1KO-5/6Nx hearts
(Figure 5A). IS and TSP1 were both capable of up-
regulating AhR activation in HCMs (Figure 5B), and
IS-induced AhR activation was mitigated by TSP1
siRNA (Figure 5C). Human vascular smooth muscle
cells exposed to an AhR inhibitor demonstrated
reduced TSP1 expression, even when concurrently
treated with IS (Supplemental Figure 4A), supporting
the notion that AhR is required for TSP1 activation.
The proinflammatory cytokine profile characteristic
of SASP remained intact with induction of TNF-a,
interleukin-6, interleukin-1b, and CCL2 with IS, but
this was limited in the presence of AhR inhibitors
(Supplemental Figure 4B).

IS INDUCES CARDIOMYOCYTE HYPERTROPHY AND

SASP MEDIATED BY TSP1. Our global KO mouse did
not distinguish which cells were driving LVH in CRS;
however, we initially focused on pathologic signaling
within cardiomyocytes. We evaluated the response of
HCMs to IS and TSP1, demonstrating up-regulation of
TSP1 in response to both (Figure 6A, Supplemental
Figure 5A) at concentrations found in patients with
CKD.48 A positive feedback loop in response to
exogenous TSP1 is counterintuitive to cellular
response to injury, but this remains a robust obser-
vation in other cell types.18,49 IS-mediated induction
of TSP1 was limited by TSP1 siRNA and aTSP1Ab at
protein (Figure 6B) and transcript levels (Figure 6C).
Similar to our in vivo findings, a-actinin expression
increased with exogenous IS (Figure 6D) or TSP1
(Supplemental Figure 5B), and the response was
decreased by TSP1 siRNA or aTSP1Ab (Figure 6E).
Morphometric analysis revealed significant increases
in HCM surface area in response to TSP1 or IS, and
effect of IS was again mitigated with TSP1 siRNA
(Figure 6F). TSP1, but not IS, significantly increases
the messenger level of atrial and brain natriuretic
peptides in HCMs (Figure 6G).

IS down-regulated HCM metabolic activity
(measured via MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide] incorporation) at
all concentrations (Figure 7A), and TSP1 demonstrated
an effect at 2.2 nmol/L (Figure 7B). TSP1 siRNA treat-
ment reduced IS-induced effects (Figure 7C). Limited
synthetic capability reflects cellular senescence, and
prematurely senescent cardiomyocytes accumulate in
cardiomyopathies,50 becoming pathogenic by intro-
ducing chronic inflammation (also known as SASP).
HCM senescence in the context of uremic toxins has
not been previously explored. IS (Figure 7D) and TSP1
(Figure 7E) significantly increased senescence-
associated b-galactosidase in HCMs, and the effect
was abrogated by siRNA (Figure 7F) or aTSP1Ab
(Figure 7G). Messenger RNA levels of interleukin-6
and -1b, TNF-a, and CCL2 were increased following
incubation with IS (Figure 7H) and decreased when
cells were pretreated with aTSP1Ab.

We also investigated the effect of TSP1 on human
cardiac fibroblasts, demonstrating a small, but sig-
nificant decreased MTT incorporation (Supplemental
Figure 6A) and increased senescence (Supplemental
Figure 6B).
TSP1 AND AhR ARE RELEVANT IN HUMAN CRS. We
have previously published that plasma TSP1 levels
inversely correlate with estimated glomerular filtra-
tion rate.19 Analysis of a subgroup of these patients
(Supplemental Table 2) demonstrated an inverse
relationship between plasma TSP1 and LVEF, as well
as a direct correlation between plasma TSP1 and LV
mass index (Figure 8A). There was no significant
correlation between plasma TSP1 and fractional
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FIGURE 6 IS Induces Cardiomyocyte Hypertrophy That Is Dependent on TSP1
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shortening, LV internal end-diastolic diameter, or
end-systolic diameter (Supplemental Figure 7A).

The publicly available data set GSE160145 (Gene
Expression Omnibus) provides gene expression data
from explanted hearts from healthy or dialysis-
dependent patients with CRS. The principal compo-
nent analysis is shown in Supplemental Figure 7B.
TSP1 and AhR gene expression was significantly up-
regulated in patients with CKD compared to healthy
control subjects (Figure 8B). DEGs between healthy
and CRS hearts, including TSP1 and AhR, were iden-
tified in a volcano plot (Figure 8C). A heatmap from a
subset of CRS patients also demonstrates the distri-
bution of DEGs (Supplemental Figure 7C). The top 12
DEGs in CRS hearts are listed in Supplemental Table 3.
A Wilcoxon rank-sum test was performed on candi-
date DEGs to establish enriched pathways in the
Kyoto Encyclopedia of Genes and Genomes database
(Figure 8D). DEGs were predominantly enriched in
cytokine- and ECM-receptor interactions, as well as
p53 signaling. Gene set enrichment analysis was also
used to determine enriched pathways within the
Gene Ontology database (Supplemental Figure 7D),
demonstrating changes in cell cycle processes,
oxidative stress, and senescence.

DISCUSSION

The excess burden of cardiac disease in renal
impairment is well established, and patients experi-
ence morbidity and mortality from cardiovascular
events rather than renal failure per se.1 Uremia-
specific toxins, particularly IS, are involved in the
pathogenesis of CRS, and here we show, for the first
time, that the matrix protein TSP1 is necessary to
drive cardiac pathology. In vivo, WT mice subject to
5/6Nx demonstrated LVH, diastolic dysfunction, up-
FIGURE 6 Continued

(A) Human cardiomyocytes were treated with IS at 0 mmol/L (n ¼ 3), 1 mm

24 hours. TSP1 and vinculin were measured by Western blotting in who

diomyocytes were transfected with CTL or TSP1 siRNA (50 nmol/L), or tr

(10 mmol/L), then probed for TSP1 protein or TSP1 mRNA expression (C).

for a-actinin. (E) Human cardiomyocytes were transfected with CTL or a

with IS (10 mmol/L), then probed for a-actinin. Band density was normal

shown (n ¼ 3-7). (F) Human cardiomyocyte surface area after treatment

CTL or TSP1 siRNA (50 nmol/L) for 48 hours. Cells were stained for a-a

40�; bar ¼ 50 mm). Measurements are from 233 to 259 randomly chos

treated with TSP1 (2.2 nmol/L) and IS (10 mmol/L) for 24 hours and wer

mRNA (n ¼ 4-6). All data are mean � SD; *P < 0.05, **P < 0.01, and *

RU ¼ relative units; other abbreviations as in Figures 1, 2, and 4.
regulated myocardial TSP1 and AhR expression, mal-
adaptive oxidative stress, SASP, and fibrosis. TSP1KO
mice were protected from cardiac pathology despite
equivalent renal dysfunction. Our in vitro results
demonstrated that IS, through TSP1, promoted car-
diomyocyte hypertrophy and SASP with activation of
ERK and up-regulated AhR. Importantly, blockade of
TSP1 signaling reversed abnormal cardiomyocyte
findings associated with IS exposure. Analysis of an
independent RNA-sequencing data set from explan-
ted human hearts showed increased expression of
TSP1 and AhR in samples with CRS patients
(compared to healthy control subjects). Differential
gene expression analysis in CRS hearts were linked
with cytokine, extracellular matrix, and p53 signaling
pathways, which we identified as relevant signaling
pathways in vivo and in vitro. We believe these data
uncover a novel mechanism that implicates TSP1 as a
driver of LVH, positioning it as a potential biomarker
of disease and a prospective target for clinical
intervention.

Our findings are clinically relevant: we have pre-
viously published that plasma TSP1 correlated
inversely with estimated glomerular filtration rate.19

We extended these findings to demonstrate correla-
tion with both reduced EF and increased LV mass.
Large cohort studies have previously published that
patients with CKD can present with HFpEF or HF with
reduced EF, and similar relationships were observed
for estimated glomerular filtration rate and protein-
uria in terms of all-cause hospitalization regardless of
EF.51,52 There are also reports of bimodal pre-
sentations of EF in CKD patient populations with an
increased prevalence of HFpEF.52,53 Consistent with a
recent report,54 we observed diastolic dysfunction
and markers of HFpEF only in WT-5/6Nx mice, which
might be a function of animal age (<6 months old),
ol/L (n ¼ 3), 10 mmol/L (n ¼ 7), 100 mmol/L (n ¼ 4), and 500 mmol/L (n ¼ 4) for

le-cell lysates. Band density was normalized with vinculin. (B) Human car-

eated with isotype control IgG1 or aTSP1Ab antibody (1 mg/mL), incubated with IS

(D) Human cardiomyocytes were treated with increasing doses of IS and probed

TSP1 siRNA (50 nmol/L) or treated with IgG1 or aTSP1Ab (1 mg/mL), incubated

ized with b-actin. Representative Western blots and combined densitometry are

with TSP1 (2.2 nmol/L) or IS (10 mmol/L) for 48 hours, following transfection with

ctinin (green) and 40,6-diamidino-2-phenylindole (blue) (original magnification

en cells from 4 independent experiments. (G) Human cardiomyocytes were

e probed for atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP)

**P < 0.001 by 1-way analysis of variance with Sidak multiple comparisons test.
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FIGURE 7 IS induces HCM SASP That Is Dependent on TSP1

Incorporation of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) in human cardiomyocytes (HCMs) following incubation with (A) IS (1, 10,

100, and 500 mmol/L), (B) TSP1 (2.2 nmol/L), or (C) IS (10 mmol/L) following transfection with CTL or TSP1 siRNA (50 nmol/L) (n ¼ 3-6). HCM senescence-associated

b-galactosidase (SA-b-gal) activity following (D) IS (1, 10, and 100 mmol/L), (E) TSP1 (2.2 nmol/L), or (F) IS pretreated with CTL or TSP1 siRNA (50 nmol/L) (n ¼ 5-6).

(G) SA-b-gal staining following incubation with TSP1 (2.2 nmol/L) (n ¼ 5), IS (10 mmol/L) (n ¼ 5), IgG1 antibody (1 mg/mL) (n ¼ 4) or aTSP1Ab (1 mg/mL) (n ¼ 3).

Measurements are from 5 randomly chosen images from independent experiments (bar ¼ 200 mm). (H) Transcript expression of IL-6, IL-1, TNF, and CCL2 from HCMs

treated with IS, CTL antibody or aTSP1Ab (n ¼ 3 independent experiments, normalized to 18S ribosome). All data are mean � SD; *P < 0.05, **P < 0.01, and ***P <

0.001 by 1-way analysis of variance with Sidak multiple comparisons test (A, C, D, F to H) or Student’s t-test (B, E). SASP ¼ senescence-associated secretory phenotype;

other abbreviations as in Figures 1 to 4.
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FIGURE 8 TSP1 and AhR Expression Is Up-Regulated in Diseased Human Hearts

(A) Linear regression analysis of plasma TSP1 levels and percentage of EF or left ventricular (LV) mass index in patients with chronic kidney disease. (B) Range of TSP1

and AhR gene expression in explanted hearts from healthy patients compared to those with cardiorenal syndrome. Data are expressed as median with 25th and 75th

percentiles (box plot); ***P < 0.001 by Wilcoxon rank-sum test. (C) Volcano plot of differentially expressed genes from RNA-sequencing (RNA-seq)-analyzed explanted

hearts from healthy patients or those with cardiorenal syndrome. (D) Kyoto Encyclopedia of Genes and Genomes pathway of differentially expressed genes.

CAMS ¼ cell-cell adhesion molecules; ECM ¼ extracellular matrix; FC ¼ fold change; IGA ¼ immunoglobulin A; NS ¼ not significant; TCA ¼ citric acid cycle; other

abbreviations as in Figures 1 and 3 to 5.
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genotype (C57BL/6 background), diet (standard
chow), and duration of CKD (12 weeks). Other fea-
tures, including impaired exercise capacity caused by
skeletal muscle weakness, malnutrition (failure to
gain weight), inflammation, and dehydration (due to
polyuria),55,56 may be additional confounding factors,
and these require further investigation.

TSP1 is a matrix glycoprotein produced by
numerous cell types18,25,57 that activates transforming
growth factor-b to induce fibrosis,57 limits cellular
proliferation,49 increases redox stress,25 and pro-
motes inflammatory responses,58 all of which we
demonstrate in the cardiac pathology of our murine
CRS model. In this study, we also establish that TSP1
is upstream of ERK1/2 activation and AhR (with likely
bidirectional signaling), which are complicit in the
development of SASP and cardiac dysfunction. Our
use of a global TSP1KO mouse did not define the cell
type responsible for TSP1 secretion, although we
focused on cardiomyocyte phenotype in vitro. How-
ever, all nucleated cells produce TSP1 in response to
external stressors59 (eg, hypoxia, inflammation, hy-
perglycemia), and it may be that paracrine signaling,
particularly SASP-derived products,10 among car-
diomyocytes, fibroblasts, and endothelial cells,
cooperatively contributes to adverse cardiac
remodeling.60

We were able to definitively demonstrate a
permissive cardiorenal phenotype following 5/6Nx in
WT mice. The 5/6Nx model is typically associated
with high mortality,20 presumably due to acute ure-
mia following excision of the contralateral kidney.
However, alterations in our surgical technique
significantly improved survival to >85%-90%.
TSP1KO mice are resistant to acute kidney injury;61

therefore, the induction of equivalent renal injury
through a reduction in functional renal parenchyma
was only possible using a 5/6Nx model. Measure-
ments of renal dysfunction were equivalent, sup-
porting the use of global KO animals for this study.

Accumulated toxins are the cause of uremia in
CKD, and robust evidence establishes uremic toxins
as central to the deranged molecular pathways in
both CVD and CKD.14 IS is the best characterized
uremic toxin, from both epidemiologic and molecular
perspectives. It promotes expression of profibrotic
genes (through Smad-dependent transforming
growth factor-b),57,62 up-regulating inflammation63

and cellular senescence64,65 via reactive oxygen spe-
cies and p53 pathways66,67 (although not demon-
strated in cardiomyocytes). Interestingly, the cellular
effects of IS mimic those seen with TSP1, but the role
of TSP1 in CKD-induced cardiac pathology is unex-
plored. In this study, absence of TSP1 attenuated
features of CRS-induced LVH and mitigated expres-
sion of deranged molecular pathways without
altering blood pressure, supporting a cardiac effect
that is independent of the vasculature (but not
necessarily vascular responsiveness).

We have previously reported the induction of car-
diac TSP1 in animal models with right ventricular
dysfunction,18 and disruption of TSP1 signaling pro-
vided cardioprotection in the same setting.68 How-
ever, the role of TSP1 in preclinical models of pressure
overload–induced LV dysfunction is discordant,69,70

with TSP1KO mice exhibiting early hypertrophy and
late dilation despite less type 1 collagen deposi-
tion.69,70 However, our CRS model is not defined by
increased afterload (hypertension), which is consis-
tent with published reports.21,71,72 Histopathologic
studies have shown that cardiomyocyte diameter and
resting tension are both increased in HFpEF.73-75

Higher cardiomyocyte resting tension has been pre-
sumably related to sarcomeric protein phosphoryla-
tion that was observed in patients75 and preclinical
models.76 In our study, both myocyte diameter and
sarcomeric actinin were increased in WT-5/6Nx mice,
but were mitigated in TSP1KO-5/6Nx mice. Diastolic
dysfunction can result from abnormal relaxation
and/or increased myocardial stiffness, ultimately
leading to elevated LV filling pressures and HFpEF.
LV filling pressure is assessed by E/A, isovolumetric
relaxation time, and the E/e0 ratio, which constitutes
key hemodynamic abnormalities associated with
diastolic dysfunction. These parameters can effec-
tively stratify HF phenotypes, including those with
both reduced and preserved EF,77-79 and have been
applied in small animal studies.80 In our study, E/A,
isovolumetric relaxation time, and E/e0 ratio were
increased in WT-5/6Nx mice but not in TSP1KO-5/6Nx
mice.

STUDY LIMITATIONS. Uremia is a complex condition
with multiple systemic abnormalities, including
cardiomyopathy. Animal models, including 5/6Nx
may not fully mimic the progressive nature of hu-
man uremic cardiomyopathy owing to differences in
comorbid conditions, including hypertension. Dif-
ferences in disease duration and severity of kidney
injury can also affect the relevance of research
findings.

The tissue architecture and mechanical cues in the
heart and blood vessels influence cellular phenotype
and cross-talk, but these factors are absent in cell
culture systems, limiting the relevance of findings.
Uremic cardiomyopathy involves interactions among
multiple cell types, which may not be fully captured
when studying cell types individually. Further



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Patients with

CKD continue to experience dramatically reduced life expectancy

owing to concomitant CVD, termed CRS. Despite a consensus

definition, there has been minimal progress in our understanding

of the pathophysiology and no specific therapeutic interventions

that improve outcomes. Here we demonstrate that the uremic

toxin IS is driving deleterious changes in cardiomyocyte pheno-

type through the matrix protein TSP1. These findings provide a

potential therapeutic target for CRS.

TRANSLATIONAL OUTLOOK: Patients with HFpEF are

vulnerable to the development of renal dysfunction during

treatment for decompensation, and renal-associated mortality is

higher in patients with HFpEF. We have identified a novel

pathway that drives uremic toxin-induced changes in cardiac

pathology through the protein TSP1. Our mechanistic data lend

support for testing monoclonal antibodies or peptidic inhibitors

that block the actions of TSP1 (and therefore IS), limit develop-

ment of LVH, and potentially improve survival in CRS.
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studies are required to accurately define the culprit
cell promoting the cardiac pathology seen in CRS. In
addition, lack of concurrent clinical details in the
patient cohort warrant large clinical studies that will
appropriately define the place of TSP1 as a potential
biomarker of disease.

CONCLUSIONS

Collectively our results suggest that TSP1 is driving
the cellular effects of IS through activation of ERK
and AhR, supporting our hypothesis that TSP1 is a
missing link between CKD and development of CVD,
particularly LVH. The mechanisms that underscore its
development include oxidative stress, senescence,
and inflammation.
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