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Key Points
c Myocardial fibrosis in hearts from patients with CKD is characterized by increased trimeric tensile collagen type I
and decreased elastic collagen type III compared with hearts from hypertensive or healthy donors, suggesting a
unique fibrotic phenotype.

c Myocardial fibrosis in CKD is driven by alterations in extracellular matrix proteostasis, including dysregulation of
metalloproteinases and cross-linking enzymes.

c CKD-associated mineral stressors uniquely induce a fibronectin-independent mechanism of fibrillogenesis
characterized by formation of trimeric collagen compared with proinflammatory/fibrotic cytokines.

Abstract
Background Myocardial fibrosis is a major life-limiting problem in CKD. Despite this, the molecular phenotype
and metabolism of collagen fibrillogenesis in fibrotic hearts of patients with advanced CKD have been largely
unstudied.

Methods We analyzed explanted human left ventricular (LV) heart tissues in a three-arm cross-sectional cohort
study of deceased donor patients on hemodialysis (HD, n518), hypertension with preserved renal function
(HTN, n58), and healthy controls (CON, n517), ex vivo. RNA-seq and protein analysis was performed on human
donor hearts and cardiac fibroblasts treated with mineral stressors (high phosphate and high calcium). Further
mechanistic studies were performed using primary cardiac fibroblasts, in vitro treated with mineral stressors,
proinflammatory and profibrotic cytokines.

Results Of the 43 donor participants, there was no difference in age (P . 0.2), sex (P . 0.8), or body mass index
(P . 0.1) between the groups. Hearts from the HD group had extensive fibrosis (P , 0.01). All LV tissues
expressed only the trimeric form of collagen type I. HD hearts expressed increased collagen type I (P , 0.03),
elevated collagen type I:III ratio (P , 0.05), and decreased MMP1 (P , 0.05) and MMP2 (P , 0.05). RNA-seq
revealed no significant differential gene expression of extracellular matrix proteins of interest in HD hearts, but
there was significant upregulation of LH2, periostin, a-SMA, and TGF-b1 gene expression in mineral stres-
sor–treated cardiac fibroblasts. Both mineral stressors (P , 0.009) and cytokines (P , 0.03) increased collagen
type I:III ratio. Mineral stressors induced trimeric collagen type I, but cytokine treatment induced only dimeric
collagen type I in cardiac fibroblasts. Mineral stressors downregulated fibronectin (P , 0.03) and MMP2
zymogen (P , 0.01) but did not significantly affect expression of periostin, MMP1, or cross-linking enzymes.
TGF-b upregulated fibronectin (P , 0.01) and periostin (P , 0.02) only.

Conclusions Myocardial fibrosis in advanced CKD hearts is characterized by increased trimeric collagen type I
and dysregulated collagen metabolism, and is differentially regulated by components of uremia.
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Introduction
Myocardial fibrosis is a major complication in patients with
CKD that can develop early in the progression of CKD.1–4

Myocardial fibrosis is the abnormal excess deposition of
extracellular matrix (ECM) proteins within the myocardium
and can lead to myocardial stiffness,5–7 diastolic failure,7–9

increased risk of arrythmias,10–12 and sudden cardiac death
and mortality.13,14 Reactive myocardial fibrosis is the most
common pattern of myocardial fibrosis in CKD and is
characterized by the excessive deposition of ECM proteins
in the interstitial space because of volumetric, inflamma-
tory, and hormonal (i.e., PTH or FGF23) factors independent
of cardiomyocyte loss.1,3,8,15–18

The ECM is composed of a complex interactive mixture of
proteoglycans, glycosaminoglycans, and glycoproteins se-
creted by cardiac fibroblasts that serve structural and non-
structural functions.19–24 Balance of the ECM composition is
essential to maintain structural and functional integrity of
the myocardium.25 In healthy myocardium, the ECM is
predominantly composed of 80%–85% collagen type I re-
quired for tensile strength and 11%–20% collagen type III
for elasticity.26,27 However, in patients with CKD, an in-
creased ratio of collagen type I:III characteristic of fibrosis
occurs in the myocardial wall. Moreover, the formation of
pathologic trimeric collagen with greater cross-linking has
been shown to lead to altered mechanical properties in
patients with non-CKD ischemic cardiomyopathy, result-
ing in diastolic dysfunction.28,29 Despite the significant
burden of myocardial fibrosis in patients with kidney
failure, whether pathologic collagen trimerization occurs
in fibrillogenesis of the failing heart in CKD and the mo-
lecular mechanisms involved in collagen metabolism is
largely unknown.
In addition, the production of collagen fibers, which is

referred to as fibrillogenesis, is also regulated by a fine
balance of matrix metalloproteinases (MMPs), tissue in-
hibitors of metalloproteinases (TIMPs),30–34 and critical
and auxiliary ECM proteins, such as fibronectin and
periostin.35–40 However, to date, few studies have exam-
ined the role of these regulators, their regulation, and
metabolism of collagen at the heart in advanced CKD.
Therefore, the overall goal of this study was to determine
the molecular phenotype of collagen matrix formation,
define alterations in its regulatory enzymes, and deter-
mine the role of uremic components in driving this
process. We hypothesize that hearts from patients with
advanced CKD on hemodialysis exhibit a distinct molec-
ular pattern in collagen matrix formation and matricellular
protein expression, including increased collagen I:III ratio,
fibronectin, and cross-linking enzymes compared with
hearts from healthy patients and patients with only hyper-
tension. In this study, we demonstrated that myocardial
fibrosis in CKD is (1) characterized by trimeric collagen
formation involving defects in the regulation of MMPs,
cross-linking enzymes, and other matricellular proteins;
(2) this occurs through a fibronectin-independent mecha-
nism of collagen fibrillogenesis and (3) is driven largely by
abnormal mineral metabolism in CKD rather than proin-
flammatory/fibrotic cytokines.

Methods
Human Heart Studies
We examined explanted human heart samples that were

collected as part of the CAIN (Cardiac Aging in CKD)
cohort as previously described.41 In brief, the CAIN study
collected 109 deceased donor hearts. Hearts were obtained
through the National Disease Research Interchange (NDRI)
from donor participants that were not transplanted and had
donated organs for research purposes. In this study, we
performed a three-arm cross-sectional study of donor left
ventricular (LV) heart tissues from a total of 43 patients with
CKD stage 5 on hemodialysis (HD, n518), those who had
essential primary hypertension (HTN, n58), and healthy
deceased donors without a history of cardiovascular, re-
nal, or metabolic diseases (CON, n517). We performed a
three-group comparison of baseline demographic vari-
ables (Table 1) and laboratory values (Table 2). We then
performed two-group comparisons with our assessments
of LV heart tissue, ex vivo. Given that our primary group of
interest were heart samples from HD donors, we focused
on comparing (1) HD versus CON to assess the disease
effect of advanced CKD and (2) HD versus HTN to de-
lineate the effects of hypertension from the other effects of
CKD given that hypertension is highly prevalent in the
population with CKD. We also compared HTN versus
CON to assess the disease effect of hypertension as part
of our secondary analysis. Exclusion criteria included de-
ceased donors who were on peritoneal dialysis, patients
who had a history of AKI, or those with degraded samples.
Clinical and demographic data were recorded from

data provided by the NDRI. Donors were assessed for
comorbidities, including history of diabetes and cardio-
vascular disease. Kidney function was determined by the
CKD-Epidemiology Collaboration (CKD-EPI) equation
for eGFR.42,43 Baseline laboratory measures were col-
lected from donors before organ harvesting. Organs were
freshly harvested, transported on ice, and underwent path-
ologic gross examination. Hearts were excised into separate
anatomic sections and stored in 280°C. LV sections were
either formalin-fixed to generate paraffin-embedded sec-
tions or snap frozen. Snap frozen LV blocks were manually
homogenized, sonicated, and solubilized for RNA isolation
using the RNeasy Mini Kit (Cat. No. 74104; Qiagen, Ger-
mantown, MD), and protein isolation was performed using
radioimmunoprecipitation assay (RIPA) buffer (Cat. No.
BP-115; Boston BioProducts, Ashland, MA). This study
qualified for Indiana University IRB exemption (Protocol
#2006398198) because of secondary analysis of existing
biospecimens.

Histological Analysis
Cardiac left ventricular (LV) wall samples from each

group were prepared as 6-mm-thick, formalin-fixed par-
affin-embedded tissue sections. Masson’s trichrome blue
staining was used to assess the relative extent of fibrosis or
collagen deposition between CON, HTN, and HD LV walls
and to test the hypothesis that HD LV walls had greater
fibrosis than HTN and CON LV walls. For hematoxylin and
eosin staining, tissue sections were automatically processed
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using the LINISTAIN GLX Linear Stainer with Harris’
Hematoxylin (Cat. No. 01560; Surgipath, Richmond, IL)
and Eosin (Cat. No. 01600; Surgipath, Richmond, IL) solu-
tions. For Masson’s trichrome staining, tissue sections were
incubated in Biebrich scarlet–acid fuchsin and Weigert’s
iron hematoxylin solution for 10–15 minutes, followed by
incubation in phosphomolybdic-phosphotungstic acid so-
lution for another 10–15 minutes. Tissue sections were then
transferred directly and incubated in aniline blue solution
for 5–10 minutes. Tissue sections were rinsed in distilled
water and differentiated for 2–5 minutes in 1% acetic acid.
Blue staining coverage was used as a surrogate measure-
ment for severity of fibrosis and was quantified by ImageJ.

RNA Sequencing Data Analysis
To test the hypothesis that there are differences in fi-

brotic markers on the transcriptomic level caused by CKD
in LV heart tissue or caused by mineral stressors in cardiac
fibroblasts, we performed a secondary analysis of RNA
sequencing (RNA-seq) data for human LV heart tissue
from HD and CON groups and primary human cardiac
fibroblasts with or without treatment of mineral stressors.
RNA-seq data were downloaded from the NCBI Gene
Expression Omnibus database (GEO GSE160145) and pro-
cessed similarly with edgeR as described previously.41 All
eight HTN, five HD, and 12 CON human LV heart samples
were removed from final analysis because of poor sample

quality or low read count and batch effects, resulting in
only five CON and 13 HD hearts included in the final
RNA-seq analysis. Counts data from the GEO repository
were normalized and converted to counts per million.
Genes with sufficiently large counts for downstream sta-
tistical analysis were selected and kept by filterByExpr.
Differential gene expression analysis was performed with
glmQLFTest and estimateDisp. For human LV heart sam-
ples, differential gene expression analysis accounted for
sample group, sequencing batch, and sex of sample donor
(model.matrix((approximately 01groupfactor1batchfac-
tor1sexfactor)). For cardiac fibroblasts, differential gene
expression analysis accounted for sample group only
(model.matrix((approximately 01groupfactor)). In multi-
ple comparisons, P values were adjusted with the false
discovery rate method (p.adjust(data, “fdr”)). An FDR
,0.05 was considered statistically significant. MA plots
were designed using ggplot2 and ggrepel. RStudio version
2022.02.11461 “Prairie Trillium” was used to execute all
data analyses and visualization.

Cardiac Fibroblast Cell Culture
Commercially available human ventricular cardiac

fibroblasts (Lot 20TL356511, Cat. No. CC-2905; Lonza
Bioscience, Walkersville, MA; Cat. No. 6310; ScienCell
Research Laboratories, Carlsbad, CA) were cultured in a
5% CO2/37°C incubator and grown in FGM-3 Cardiac

Table 1. Baseline characteristics and demographics of study population

Variable Overall Sample
Size

Hemodialysis
(HD)

Hypertension
(HTN)

Control
(CON) P Value

Participants (Total), n 43 18 8 17 —

Male (sex), n (%) 43 11 (61.11%) 5 (62.50%) 9 (52.94%) 0.86
Race, n (%)
Asian 43 0 (0%) 1 (12.50%) 1 (5.88%) —

Black 7 (38.89%) 2 (25.00%) 3 (17.65%)
White 11 (61.11%) 5 (62.50%) 13 (76.47%)

Ethnicity, n (%)
Hispanic 40 3 (17.65%) 1 (14.29%) 2 (12.50%) 0.92
Non-Hispanic 14 (82.35%) 6 (85.71%) 14 (87.50%)

Age, yr 43 46.39611.3 54.564.21 50.88614.57 0.25
BMI, kg/m2 42 26.7864.57 30.9766.27 26.9466.33 0.19
Smoking, n (%) 41 7 (38.89%) 3 (37.50%) 7 (46.67%) 0.87
Comorbidities
Hypertension, n (%) 41 17 (94.44%) 8 (100%) 0 (0%) 0.5a

Diabetes, n (%) 41 13 (72.22%) 0 (0%) 0 (0%) ,0.0007a,b

Coronary artery disease, n (%) 41 6 (33.33%) 1 (12.85%) 0 (0%) 0.27a

Previous cardiovascular disease
event, n (%)

22 8 (53.33%) 1 (14.29%) 0 (0%) 0.083a

Medications
ACEi or ARB, n (%) 30 5 (41.67%) 1 (14.29%) 0 (0%) 0.22a

Statin, n (%) 30 6 (50.00%) 1 (14.29%) 0 (0%) 0.12a

b-Blocker, n (%) 30 6 (50.00%) 0 (0%) 0 (0%) 0.024a,b

Aspirin, n (%) 29 2 (18.18%) 1 (14.29%) 0 (0%) 0.83a

Blood thinner, n (%) 29 0 (0%) 0 (0%) 0 (0%) —

Data are presented as frequency (percentage), mean6SD, or median (interquartile range). P values were obtained by one-way ANOVA
with post hoc Tukey-Kramer HSD for multigroup comparisons of noncategorical variables, and Pearson chi-square for two- and three-
group comparisons of categorical variables. BMI, body mass index; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin
II receptor blocker.
aTwo-group comparison between HD and HTN groups with the chi-square test.
bP value reached significance of , 0.05.
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Fibroblast Growth Medium-3 BulletKit (Cat. No. CC-
4526; Lonza Bioscience, Walkersville, MA).
In vitro models of cardiac fibrosis were developed using

either mineral stressors or cytokines. For experimental
studies, starvation media was supplemented with varying
concentrations of b-glycerophosphate disodium salt hy-
drate (b-GP; Cat. No. G9422; Sigma, St. Louis, MO) and/or
calcium chloride (CaCl2; Cat. No. 223506; Sigma, St. Louis,
MO) for 10 days for mineral stressor experiments. All
treatments containing b-GP also contained 1 unit/ml al-
kaline phosphatase (ALP, Calf Intestinal; Cat. No. M1821;
Promega Corporation, Madison, WI) in the media to hy-
drolyze b-GP and release phosphate. Starvation media
was also supplemented with varying concentrations of
tumor necrosis factor-a (E.coli-derived human TNF-a,
Cat. No. 210-TA/CF; R&D Systems, Minneapolis, MN) or
transforming growth factor-b (recombinant human TGF-b,
Cat. No. 100-21; PeproTech, Cranbury, NJ) for 5 days for
proinflammatory and profibrotic cytokine experiments, re-
spectively. Starvation media treatments were administered
daily.

Antibodies
All antibodies were prepared in 3% BSA Blocking Buffer

in PBS with 0.02% sodium azide (Cat. No. J60473.AK;
Thermo Fisher Scientific, Waltham, MA). COL1A1 [E8I9Z]

(Cat. No. 91144; Cell Signaling Technology, Danvers, MA),
collagen III [EPR17673] (Cat. No. ab184993; Abcam,
Cambridge, United Kingdom), a-smooth muscle actin
[Clone 1A4] (Cat. No. A5228; Sigma-Aldrich, St. Louis,
MO), fibronectin (Cat. No. ab2413; Abcam, Cambridge,
United Kingdom), periostin [EPR19936] (Cat. No. ab219057;
Abcam, Cambridge, United Kingdom), LOX [EPR4025, pro-
enzyme] (Cat. No. ab174316; Abcam, Cambridge, United
Kingdom), LOX [mature] (Cat. No. 17958-1-AP; Protein-
tech, Rosemont, IL), lysyl hydroxylase 2 [PLOD2] (Cat. No.
44709; Cell Signaling Technology, Danvers, MA), MMP1
(Cat. No. ab38929; Abcam, Cambridge, United Kingdom),
MMP2 [6E3F8] (Cat. No. ab86607; Abcam, Cambridge,
United Kingdom), MMP9 [EP1254] (Cat. No. ab76003;
Abcam, Cambridge, United Kingdom), and GAPDH
[14C10] (Cat. No. 2118; Cell Signaling Technology, Danvers,
MA) were utilized for the study.

Statistical Analysis
Clinical demographic information is expressed as fre-

quency (%), mean6SD, or median (interquartile range) as
appropriate. Results are expressed as mean and SD or
median and interquartile range with upper and lower ex-
tremes. Two group comparisons were performed using
paired t test with unequal variances. Multigroup compari-
sons were performed using one-way ANOVA or chi-square

Table 2. Baseline laboratory values of study population

Variable
Overall
Sample
Size

Hemodialysis (HD) Hypertension (HTN) Control (CON) P Value

Biochemistry
Sodium, mmol/L 33 138.5467.57 141.1762.64 140.2164.95 0.62
Potassium, mmol/L 33 5.0361.07 3.660.46 3.3160.78 ,0.0001a

Bicarbonate, mmol/L 33 24.0267.09 24.3864.59 22.0063.37 0.53
Blood urea nitrogen, mmol/L 33 57.92634.1 17.3367.74 12.565.37 ,0.0001a

Creatinine, mg/dl 33 — 1.25 (0.7–1.68) 0.80 (0.7–1.03) —

GFR, ml/min per 1.73 m2 33 — 64.05 (47.02–140.98) 111.04 (78.46–129.41) —

Corrected calcium, mg/dl 31 9.0961.22 8.8561.39 8.5861.00 0.55
Phosphate, mg/dl 32 6.2 (5.4–7.35) 3.25 (2.08–3.8) 2.9 (1.95–3.6) ,0.0001a

Magnesium, mmol/L 31 2.15 (2.03–2.7) 2.0 (1.8–2.15) 1.9 (1.55–2.05) 0.014a

LDH, U/L 17 239 (153–428) 305 (235–2658) 299 (144.01–839) 0.29
Lipase, U/L 27 97.436134.51 1286144.38 158.936375.11 0.9

Liver function
Albumin, g/L 32 3.5 (2.7–4.2) 4.05 (3.05–4.63) 3.6 (3.3–4.1) 0.39
AST, U/L 33 40.46641.38 82.17684.10 53.43648.9 0.31
ALT, U/L 33 36.23637.02 32.5617.59 38.43628.29 0.92
ALP, U/L 33 114.00645.08 100.67643.36 69.21617.16 0.0087a

Hematology
Hemoglobin, g/dl 33 11.1 (9.8–12.65) 14.1 (13.03–17.05) 12.05 (10.98–13.95) 0.018a

Hematocrit, % 33 32.50 (30.6–37.3) 41.55 (37.3–50.68) 36.45 (33.05–40.38) 0.017a

Platelets, 105/L 33 214.546104.22 211.06125.77 209.14684.2 0.99
Cardiac biomarkers
Troponin T, ng/L 10 0.1160.15 0.01 0.2460.5 0.85
Troponin I, ng/L 14 0.7461.08 0.08560.063 0.2960.28 0.43
CPK, U/L 24 156.29659.78 183.25693.93 401.236306.78 0.074
CPK-MB, IU/L 24 5.4864.93 10.58612.36 11.88610.15 0.29

Data are presented as mean6SD or median (interquartile range). P values were obtained by one-way ANOVA with post hoc
Tukey-Kramer HSD for multigroup comparisons of noncategorical variables. LDH, lactate dehydrogenase; AST, aspartate
aminotransferase; ALT, alanine transaminase; ALP, alkaline phosphatase; CPK, creatine phosphokinase.
aP value reached significance of , 0.05.
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tests as appropriate. Statistical analysis and graphing were
conducted with JMP Pro (version 16.0.0). Probability values
of ,0.05 were considered statistically significant.

Supplementary Methods
Detailed descriptions for immunoblotting, cell cultur-

ing, and Sircol Insoluble (Cat. No. S2000; Biocolor, Car-
rickfergus, UK) and Soluble (Cat. No. S1000; Biocolor,
Carrickfergus, UK) collagen assays are provided in the
Supplemental Methods.

Results
Baseline Characteristics of Study Population
A total of 43 donor hearts were included in this study:

18 patients on hemodialysis (HD), eight patients with essen-
tial hypertension (HTN), and 17 healthy controls (CON)
(Table 1). Patients on HD were younger and patients with
HTN were older compared with CON, but this difference
was not significant (P 5 0.25). There was also no significant
difference in sex (P 5 0.86) or body mass index (P 5 0.19)
across the three groups. A majority of patients on HD had
diabetes, which is expected because the high prevalence
of diabetic kidney disease. A history of b-blocker use was
present only in patients on HD (P 5 0.024). There was no
statistical significance in the use of other cardiac medica-
tions between the HD and HTN groups (P. 0.05). Patients
on HD had higher potassium (HD: 5.0361.07; HTN:
3.660.46; CON: 3.3160.78 mmol/L; P , 0.0001), blood
urea nitrogen (HD: 57.92634.1 mmol/L; HTN: 17.3367.74
mmol/L; CON: 12.565.37 mmol/L; P , 0.0001), phos-
phate (HD: 6.20 [5.40–7.35] mg/dl; HTN: 3.25 [2.08–3.8]
mg/dl; CON: 2.90 [1.95–3.60] mg/dl; P , 0.0001), and mag-
nesium (HD: 2.15 [2.03–2.70] mmol/L; HTN: 2 [1.8–2.15]
mmol/L; CON: 1.90 [1.55–2.05] mmol/L; P , 0.014) com-
pared with patients with HTN and CON (Table 2).

Heart and Left Ventricular Section Characteristics
HD (P , 0.0001) and HTN (P , 0.002) hearts had signif-

icantly higher total heart weight normalized to body surface
area (BSA) compared with CON hearts (Figure 1A). HD
(P , 0.005) and HTN (P , 0.02) hearts also exhibited higher
LV wall thickness normalized to BSA compared with CON
hearts. There was no significant difference in normalized
heart weight nor normalized LV wall thickness between HD
and HTN hearts. Hematoxylin and eosin staining revealed
disordered myofiber arrangement in HD hearts compared
with CON hearts (Figure 1B). Masson’s trichrome staining
demonstrated greater fibrosis in LV sections of HD hearts
(n513) and HTN hearts (n57) compared with CON hearts
(n511, P , 0.001). However, hearts from patients on HD
had generally worse diffuse and perivascular fibrosis as well
as disorganized muscle fiber array compared with hearts
from patients with HTN.

Molecular Phenotyping of Collagen and Its Regulatory
Enzymes in Human Advanced CKD Hearts
We next performed studies to assess the molecular

phenotype of fibrosis by assessing the collagen type I:III
ratio through immunoblotting (Figure 2A). Interestingly,
we observed expression of only trimeric collagen type I

at approximately 400 kDa in all human LV heart tissues.
HD hearts had significantly increased collagen type I
(P , 0.03) and decreased collagen type III (P , 0.05),
resulting in a greater collagen type I:III ratio compared with
CON hearts (P , 0.04). HTN hearts had increased collagen
type I compared with CON hearts (P , 0.03), but not
compared with HD hearts. However, HTN hearts had
increased collagen type III compared with HD hearts
(P , 0.002). We next assessed for any dysregulation of
collagen matrix regulators. There was no significant dif-
ference in periostin, fibronectin, nor a-SMA expression
across the three groups (Figure 2B). Cross-linking enzyme
mature LOX (P, 0.04), and collagenases, MMP1 (P , 0.05),
and MMP2 (P , 0.05) were downregulated in HD hearts
compared with CON hearts (Figure 2, C and D). There was
no significant difference in LH2 or MMP9 across the three
groups.
Given there was increased trimeric collagen type I in HD

and HTN hearts, we next investigated whether there was a
difference in levels of insoluble collagen between HD, HTN,
and CON hearts. Using Sircol assays capable of measuring
both acid and pepsin soluble along with insoluble collagen,
we found no significant differences in proportion of soluble
and insoluble collagen relative to tissue sample mass among
HD, HTN, and CON hearts (Supplemental Figure 1).

Transcriptomic Profiling of Advanced CKD Human Hearts
and Cardiac Fibroblasts
We sought to determine potential differences in expres-

sion of major fibrosis-related genes, including the major
collagens (collagen type I a1 chain, COL1A1; collagen type
III a1 chain, COL3A1), cross-linking enzymes (lysyl oxi-
dase, LOX; lysyl hydroxylase 2, LH2/PLOD2), metallo-
proteinases (MMP1/2/9), and collagen matrix assembly
regulators (periostin, POSN; fibronectin, FN1). Only HD
(n513) and CON (n55) hearts were included in RNA-seq
analysis because of inadequate sample quality or technical
batch effects affecting HTN and CON samples. Transcrip-
tomic profiling revealed there was no significant differen-
tial gene expression of the major fibrosis-related genes of
interest (Figure 3A).
We next sought to further investigate the mechanisms

driving the impairment in ECM proteins observed in LV
tissues in advanced CKD by conducting RNA-seq anal-
ysis on cardiac fibroblasts treated with (n53) or without
(n53) mineral stressors (5 mM phosphate and 5 mM
calcium) for 48 hours (Figure 3B). Mineral stressors resul-
ted in upregulation of periostin (POSTN), LH2 (PLOD2),
a-SMA (ACTA2), and TGF-b1 (TGFB1) compared with
control (FDR,0.05). There was no significant difference
in gene expression of collagen I (COL1A1 and COL1A3
chains), collagen III (COL3A1), fibronectin (FN1), LOX,
MMP2, or GAPDH. There were insufficient counts of
MMP1 and MMP9.

Mineral Stress Drives Formation of Intramolecular Cross-
Linking of Trimeric Collagen in Cardiac Fibroblasts
We treated primary ventricular cardiac fibroblasts with

varying concentrations of phosphate (Figure 4) or calcium
(Figure 5), and combined high phosphate and calcium
(Figure 6), to investigate whether mineral stressors directly
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promote a fibrotic phenotype in cardiac fibroblasts. High
phosphate concentrations induced collagen type I trimer
expression (P , 0.02), increased collagen type I dimers

(P , 0.002), and decreased collagen type III (P , 0.006),
overall increasing the total collagen type I:III ratio (P , 0.05)
compared with control (Figure 4A). High phosphate
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Figure 1. Characteristic of human whole heart and left ventricular sections.Gross characterization and histological analysis of whole and left
ventricular human hearts. Representative images utilized 103 (left images) and 203 (right images) objectives. (A) HD and HTN hearts
had significantly higher heart weight (HD: P 5 0.0003, HTN: P , 0.0001) and heart weight normalized to BSA (HD: P , 0.0001, HTN:
P , 0.0019) compared with CON hearts. HD and HTN hearts had significantly higher left ventricular (LV) wall thickness (HD: P 5 0.0033,
HTN: P , 0.0007) compared with CON hearts. Only HD hearts had significantly higher normalized LV wall thickness to BSA compared with
CON hearts (P , 0.0123). (B) Hematoxylin and eosin staining of representative left ventricular sections of hearts from a patient on he-
modialysis (HD), a patient with hypertension (HTN), and a healthy control donor (CON). HD hearts exhibited disorganized myofibers
compared with CON hearts. Masson’s trichrome staining of the same tissue sections from the same heart donors. Blue staining represents
collagen staining. Quantification of aniline blue stain intensity from Masson’s trichrome staining as measurement of fibrosis in hearts from HD
(n513), HTN (n58), and CON (n511) donors. P values: *,0.05, **,0.01. Statistical significance determined by one-way ANOVA and
pairwise t test.
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concentrations also resulted in significant dose-dependent
decline in fibronectin (P , 0.05) without any significant
changes in periostin and a-SMA compared with control

(Figure 4B). We also assessed the effect of FBS on
phosphate-induced changes in cardiac fibroblasts (Supple-
mental Figure 2) in cell culture optimization experiments.
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Figure 2. HD hearts exhibit dysregulated collagen synthesis, cross-linking, and turnover. (A) Representative immunoblots of collagen type I,
collagen type III, and GAPDH of HD (n513), HTN (n58), and CON (n511) hearts. Trimeric collagen type I appears at 400 kDa, whereas
dimeric collagen type I at 250 kDa was not detectable in any group. HD and HTN hearts had a significant increase in collagen type I compared
with CON hearts. HD exhibited a significant decrease in collagen type III compared with HTN and CON hearts. HD and HTN hearts had a
significantly higher collagen type I/III ratio compared with CON hearts. (B) Representative immunoblots of fibronectin, periostin, a-smooth
muscle actin (a-SMA), and GAPDH of HD (n513), HTN (n58), and CON (n511) hearts. There was no significant difference in fibronectin,
periostin, and a-SMA expression across all groups. (C) Representative immunoblots of lysyl hydroxylase 2 (LH2), proenzyme lysyl oxidase
(pro-LOX), proteolytically processed pro-LOX (mature LOX), and GAPDH of HD (n513), HTN (n59), and CON (n513) hearts. HD hearts had
significantly decreased levels of mature LOX compared to CON hearts. There was no significant difference in LH2 and pro-LOX expression
across all groups. (D) Representative immunoblots of metalloproteinases 1 (MMP1), 2 (MMP2), and 9 (MMP9), and GAPDH of HD (n513),
HTN (n59), and CON (n513) hearts. HD hearts had a significant decrease in MMP1 and MMP2 compared with CON hearts. P values:
*,0.05, **,0.01. Statistical significance was determined by one-way ANOVA and pairwise t test.
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Higher concentrations of FBS significantly increased levels
of collagen type I dimers in both high phosphate and
control treatments, and levels of collagen type III and
fibronectin for high phosphate treatments alone.
Calcium treatments exhibited a similar pattern of extra-

cellular matrix protein expression to phosphate treatments.
Collagen type I dimers increased with increasing calcium
concentrations up to 4 mM (P , 0.004, Figure 5A). We also
found that 5 mM calcium significantly drove formation of
trimeric collagen type I compared with control (P , 0.05).
Collagen type III significantly declined when exposed to
5 mM calcium only compared with control (P , 0.006). The
ratio of total collagen type I:III demonstrated an increasing
trend with increasing calcium concentrations, but was only
significantly elevated at 5 mM (P , 0.005) compared with
control (Figure 5B). Fibronectin was significantly downre-
gulated at 4 mM (P , 0.05) and further decreased at 5 mM
(P , 0.006) calcium compared with control.
Combined treatment of 3.8 mM phosphate and 2 mM

calcium resulted in a similar increase in trimeric collagen
type I (P , 0.001), decline in collagen type III (P , 0.006),
and overall increased total collagen I:III ratio (P, 0.0002)
compared with 0.9 mM phosphate and 1.8 mM calcium
control (Figure 6A). Combined mineral stressors also
decreased fibronectin (P 5 0.0002) but increased a-SMA
(P , 0.03) and downregulated the zymogen form of
MMP2 (P, 0.01) compared with control (Figure 6, B–D).
There were no significant changes in cross-linking en-
zymes or other metalloproteinases compared with control.

Proinflammatory and Profibrotic Cytokines Promote
Increased Collagen Deposition without Promoting Trimeric
Cross-Linked Collagen Formation in Cardiac Fibroblasts
We next assessed whether cytokines, such as TGF-b

(Figure 7) and TNF-a (Figure 8), found in CKD would
invoke a similar fibrotic molecular phenotype as mineral

dysregulation in cardiac fibroblasts. Interestingly, neither
TGF-b nor TNF-a treatment resulted in formation of tri-
meric collagen type I, as seen with mineral stressor treat-
ment. Both TGF-b and TNF-a exhibited a dose-dependent
increase in collagen type I and in the ratio of total collagen
type I:III with 1–10 ng/ml TGF-b (P , 0.0002, Figure 7A)
and 5–20 ng/ml TNF-a (P , 0.0003, Figure 8A) compared
with control. However, only TGF-b resulted in an increas-
ing trend in the expression of collagen type III starting at
1 ng/ml (P , 0.05) compared with control. In addition,
TGF-b showed dose-dependent increases in fibronectin
(P , 0.01), periostin (P , 0.01), and a-SMA (P , 0.0003)
starting around 0.5–1 ng/ml compared with control
(Figure 7B). Conversely, TNF-a treatments exhibited a
significant decrease in a-SMA (P , 0.0003) starting at
5 ng/ml compared with control (Figure 8B). There was
no difference in fibronectin nor periostin expression
with TNF-a treatment.

Discussion
To the best of our knowledge, this is the first study to

directly examine the molecular phenotype of myocardial
fibrosis in LV heart tissue from donors with advanced CKD
as well as its mechanisms and metabolism. We report that
myocardial fibrosis in hearts from patients with advanced
CKD is characterized by increased trimeric collagen type I,
decreased collagen type III, and downregulation of cross-
linking enzyme LOX and collagenases MMP1 and MMP2.
All of the human hearts expressed only the trimeric form of
collagen type I suggesting that collagen type I in human
hearts is stabilized with intramolecular cross-links. It is
possible that dimeric and monomeric forms of collagen
are not present at significant amounts because they are
already cross-linked in dense cardiac tissue versus cardiac
fibroblast cell culture that can produce nascent collagen.
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Figure 3. Differential gene expression analysis of human hearts and cardiac fibroblasts. (A) RNA-seq analysis of left ventricular human heart
tissues from hemodialysis (HD, n513) and healthy control (CON, n54) hearts. Fibrosis-related genes of interest and reference genes are
highlighted in red. There was no significant difference in expression of the genes of interest. Significantly differentially expressed genes
(FDR,0.05) are shaped as triangular points versus circular points. (B) RNA-seq analysis human primary cardiac fibroblasts treated with 5 mM
phosphate and 5 mM calcium (n53) and 0.9 mM phosphate and 1.8 mM calcium controls (n53). Fibrosis-related genes of interest and
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Importantly, HD hearts exhibited increased trimeric colla-
gen I compared with CON hearts, suggesting increased
degradation-resistant, cross-linked collagen that can lead to
ventricular stiffness and diastolic heart failure in advanced
CKD. Given the lack of significant difference in collagen
type I mRNA expression and in the proportion of total

insoluble and soluble collagen in LV tissues between the
three groups, the increased trimeric collagen type I may
result primarily from decreased collagen degradation as
explained by decreased MMP1 and MMP2 expression. The
reliance of Sircol assay on acetic acid–pepsin digestion
may exclude cross-linking occurring within the collagen
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Figure 4. Elevated phosphate can induce trimerization of collagen type I and downregulate fibrillogenesis component, fibronectin, in
cardiac fibroblasts. (A) Representative immunoblots of collagen type I, collagen type III, and GAPDH of cardiac fibroblasts treated with
varying concentrations of b-glycerophosphate (n56 each treatment). Trimeric collagen type I appears at 400 kDa and dimeric collagen type I
appears at 250 kDa. 1.8 and 2.7 mM phosphate treatment exhibited significantly increased collagen type I dimer compared with 0.9 mM
phosphate control levels. Trimeric collagen type I was significantly increased only at 3.8 mM phosphate compared with control. Collagen type
III levels significantly decrease at 3.8 mM phosphate compared with 0.9 mM control. 2.7 and 3.8 mM phosphate treatment resulted in a higher
collagen type I:III ratio compared with 0.9 mM control. (B) Representative immunoblots of fibronectin, periostin, a-SMA, and GAPDH of
cardiac fibroblasts treated with varying concentrations of b-glycerophosphate (n54–6). Fibronectin levels significantly decrease with an
increase in phosphate levels compared with 0.9 mM control. There was no significant difference in periostin or a-SMA expression across all
treatments. P values: * or # ,0.05, ** or ## ,0.01. Statistical significance was determined by one-way ANOVA and pairwise t test.

Figure 3. (Continued). reference genes are highlighted in red. Significantly differentially expressed genes (FDR,0.05) are shaped as triangular
points versus circular points. Periostin (POSTN), lysl hydroxylase 2 (PLOD2), TGF-b1 (TGFB1), and a-smooth muscle actin (ACTA2) were
significantly upregulated in cardiac fibroblasts treated with high phosphate and high calcium. CPM, counts per million; FC, fold change.
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telopeptides that is away from the pepsin cleavage site.44

Therefore, it is possible that the assay is underestimating
the total amount of cross-linked collagen and instead

measuring only pepsin-insoluble collagen that is not sig-
nificantly different across the three groups. Furthermore,
the Sircol insoluble collagen assay cannot distinguish
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Figure 5. Elevated calcium can induce trimerization of collagen type I and downregulate fibrillogenesis component, fibronectin, in cardiac
fibroblasts. (A) Representative immunoblots of collagen type I, collagen type III, and GAPDH of cardiac fibroblasts treated with varying
concentrations of calcium chloride (n56 each treatment). Trimeric collagen type I appears at 400 kDa and dimeric collagen type I appears at
250 kDa. 2.4, 3, and 4 mM calcium treatment exhibited significantly increased collagen type I dimer compared with 0.9 mM phosphate
control levels. 5 mM calcium significantly increased collagen type I, decreased collagen type III, and overall increased collagen type I:III ratio
compared with 0.9 mM control. (B) Representative immunoblots of fibronectin, periostin, a-smooth muscle actin (a-SMA), and GAPDH of
cardiac fibroblasts treated with varying concentrations of calcium chloride (n53–6). Fibronectin levels significantly decrease with elevated
calcium levels at 4 and 5 mM compared with 0.9 mM control. There was no significant difference in periostin or a-SMA expression across all
treatments. P values: * or # ,0.05, ** or ## ,0.01. Statistical significance determined by one-way ANOVA and pairwise t test.
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Figure 6. Mineral stressors promote intramolecular collagen cross-linking and fibrotic ratio of collagen type I:III while downregulating
fibronectin and collagen turnover. (A) Representative immunoblots of collagen type I, collagen type III, and GAPDH of cardiac fibroblasts
treated with combined calcium chloride and b-glycerophosphate totaling 2 mM calcium and 3.8 mM phosphate (n56). Trimeric collagen type
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between types of cross-linking that may arise from
the heterogeneous uremic environment in advanced
CKD.45–48 Fibrosis of the heart may be reflected better
by the difference in types of cross-links present rather than
an increase in total cross-links. This is seen in fibrosis of the
skin, which is characterized by a shift from an allysine to a
more degradation-resistant hydroxyallysine cross-link
without a change in total cross-linking.49 Hemodialysis
hearts may also have more of a degradation-resistant
cross-linking that could contribute to the increased tri-
meric collagen type I compared with hypertensive and
healthy control hearts.
We found that mineral stressors including high calcium

and phosphate found in CKD not only have a dose-
dependent effect on increasing collagen type I in its di-
meric form but also induce trimerization of collagen type I
in cardiac fibroblasts. This is in contrast to profibrotic and
proinflammatory cytokines, TGF-b and TNF-a, which in-
creased dimeric collagen type I but did not induce col-
lagen type I trimerization in cardiac fibroblasts. Mineral
stressors also decreased zymogen collagenase MMP2 but
not MMP1. Furthermore, mineral stressors did not signif-
icantly affect the expression of periostin, which promotes
collagen cross-linking through collagen binding and LOX/
LH2 activation.38,50,51 Our results suggest that calcium and
phosphate are directly involved in collagen intramolecular
cross-linking into stable trimers and contribute to decreased
collagen turnover. Calcium and phosphate ions can form
nucleation sites for calcium-phosphate crystals that com-
pact or stiffen the conformation of the collagen helices,
which is conducive to inorganic cross-linking.52–54 Patho-
logic excess of collagen cross-linking results in myocar-
dial stiffness and decline in ventricular function, and
inhibition of cross-linking enzymes can reduce tissue
stiffness.55,56 Therefore, these results suggest that tight
control of mineral levels in the management of patients
with advanced CKD may help reduce cross-linking that is
associated with myocardial stiffness in advanced CKD.
In addition to collagen type I trimerization, hearts from

hemodialysis donors exhibited a decrease in collagen type
III compared with hearts from patients with hypertension
and control donors, suggesting less tissue elasticity. Colla-
gen type III can interact with collagen type I to form
heterotypic collagen fibers that are more elastic than homo-
typic collagen type I fibers.57,58 Decreased collagen III has
been associated with reduced cardiac systolic function,
which is restored with supplementation of collagen type

III.59 Cardiac fibroblasts treated with mineral stressors
reflected a similar decline in collagen type III, whereas
cardiac fibroblasts treated with TGF-b and TNF-a either
exhibited an increased expression of collagen type III or had
no significant effect. Reduction in elasticity and decreased
collagen turnover are typical of an adverse fibrotic pheno-
type of the heart.31,59,60 Our data suggest that mineral
stressors induce a fibrotic phenotype distinct from fibrosis
caused by hypertension or proinflammatory cytokines.
This is further supported by our results demonstrating
that phosphate and calcium induce a decrease in the fibril-
logenic factor fibronectin, in contrast to an increase in
fibronectin with cytokine treatment in cardiac fibroblasts.
The insignificant difference in fibrillogenic factors in hemo-
dialysis hearts compared with control may result from the
combined countering effects of mineral stressors and profi-
brotic and proinflammatory cytokines. Fibronectin and
integrins are essential to proper collagen fibril assembly.61

However, mineral dysregulation may induce a fibronectin-
independent but integrin-dependent mechanism for intra-
molecular collagen cross-linking.62 In fact, collagen net-
works can assemble through integrins without fibronectin
in remodeling adult liver cells after acute liver injury.63 Our
study emphasizes the distinct complexity of fibrosis in
CKD-associated cardiomyopathy and caution in our ap-
proach to extrapolate findings from other models of myo-
cardial fibrosis to the context of CKD. We recognize that
diabetes mellitus is a major cause of CKD, which is reflected
by the fact that 72% of the HD donors were diabetic. Di-
abetes may also contribute to the fibrotic phenotype in CKD
through formation of advanced glycation end products in
addition to mineral stressors and cytokines. The causal
order of CKD-associated factors that contribute to the de-
velopment of a fibrotic phenotype of the heart in advanced
CKD is still largely unknown. We postulate that inflamma-
tion may prime the development of fibrosis in which min-
eral imbalance then triggers pathologic collagen deposition.
The results of this study should be interpreted against its

limitations. First, there are multitudes of CKD-associated
circulating risk factors and ECM components that may be
involved in the development of cardiac fibrosis to varying
degrees that cannot be studied in its entirety. In this study,
we have selected to study major established circulating
stress factors in uremia that have been associated with
cardiac remodeling in CKD and major components of the
ECM. Second, although our in vitro myocardial fibrosis
model allows us to dissect the effects of individual

Figure 6. (Continued). I appears at 400 kDa and dimeric collagen type I appears at 250 kDa. Combined elevated calcium and phosphate
treatment significantly increased trimeric collagen type I, decreased collagen type III, and overall higher collagen type I:III ratio compared with
1.8 mM calcium and 0.9 mM phosphate control media. (B) Representative immunoblots of fibronectin, periostin, a-smooth muscle actin
(a-SMA), and GAPDH of cardiac fibroblasts treated with combined calcium chloride and b-glycerophosphate totaling 2 mM calcium and
3.8 mM phosphate (n56). Combined elevated calcium and phosphate treatment significantly decreased fibronectin and increased a-SMA
compared with control. There was no significant difference in periostin expression. (C) Representative immunoblots of lysyl hydroxylase 2
(LH2), proenzyme lysyl oxidase (pro-LOX), proteolytically processed pro-LOX (mature LOX), and GAPDH of cardiac fibroblasts treated with
combined calcium chloride and b-glycerophosphate totaling 2 mM calcium and 3.8 mM phosphate (n56). There was no difference in cross-
linking enzyme expression. (D) Representative immunoblots of metalloproteinase-1 (MMP1) and proenzyme metalloproteinase-2 (Pro-
MMP2), and GAPDH of cardiac fibroblasts treated with combined calcium chloride and b-glycerophosphate totaling 2 mM calcium and
3.8 mM phosphate (n56). Combined elevated calcium and phosphate treatment significantly decreased pro-MMP2 compared with control.
There was no significant difference in MMP1 expression. P values: **,0.01. Statistical significance determined by one-way ANOVA and
pairwise t test.
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components of uremia, the model is limited by its single-
cell nature. Finally, only a subset of HD (n513) and
CON (n55) hearts were included in RNA-seq analysis
because of either inadequate sample quality or technical
batch effects, thereby rendering the results potentially

nonconclusive. However, our study has several strengths
including the utilization of a rare cohort of human hearts
from patients with advanced CKD. Another strength of
our study is the multi-arm–controlled design that allows
us to distinguish cardiac changes resulting in advanced
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Figure 7. TGF-b increases production of both collagen types I and III and upregulates collagen fibrillogenesis. (A) Representative im-
munoblots of collagen type I, collagen type III, and GAPDH of cardiac fibroblasts treated with varying concentrations of TGF-b (n55–7 each
treatment). Only dimeric collagen type I (250 kDa) was observed. Increase in TGF-b led to an increase in dimeric collagen type I, collagen type
III, and overall higher collagen type I:III ratio compared with control. (B) Representative immunoblots of fibronectin, periostin, a-SMA, and
GAPDH of cardiac fibroblasts treated with varying concentrations of TGF-b (n55–7). Increase in TGF-b led to a significant increase
in fibronectin starting at 1 ng/ml compared with control. Increase in TGF-b also led to a significant increase in periostin and a-SMA starting at
0.5 ng/ml compared with control. P values: *,0.05, **,0.01. Statistical significance determined by one-way ANOVA and pairwise t test.
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CKD from those that occur from primarily hypertension,
which is almost universally present in patients with
CKD. Furthermore, this study is one of the few that
provides transcriptomic profiling of genes associated
with fibrogenesis in both human hearts and in single-

cell culture and would be an important resource for
future studies.
In conclusion, this study provides evidence that (1) myo-

cardial fibrosis in patients with advanced CKD involves
increased trimeric collagen type I expression along with
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Figure 8. TNF-a selectively increased production of collagen type I but not type III with no effect on fibrillogenesis factors. (A) Repre-
sentative immunoblots of collagen type I, collagen type III, and GAPDH of cardiac fibroblasts treated with varying concentrations of TNF-a
(n55–7 each treatment). Only dimeric collagen type I (250 kDa) was observed. Increase in TNF-a led to an increase in dimeric collagen type I
and a higher collagen type I:III ratio without a significant change in collagen type III compared with control. (B) Representative immunoblots of
fibronectin, periostin, a-SMA, and GAPDH of cardiac fibroblasts treated with varying concentrations of TNF-a (n55–7). Increase in TNF-a led
to a significant decrease in a-SMA starting at 5 ng/ml compared with control. There was a slight significant increase in fibronectin from 1 to
30 ng/ml TNF-a. There was no significant difference in periostin expression across all treatments. P values: *,0.05, **,0.01. Statistical
significance determined by one-way ANOVA and pairwise t test.
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dysregulation of collagen turnover, (2) elevated levels of
mineral stressors uniquely induce formation of intramolec-
ularly cross-linked trimeric collagen in cardiac fibroblasts,
(3) mineral stressors drive a fibronectin-independent mech-
anism of collagen fibrillogenesis, and (4) mineral imbalance
and cytokines found in CKD drive different and distinct
molecular profiles of fibrosis in cardiac fibroblasts. The
findings from this study have furthered our understanding
of myocardial fibrosis and revealed potential novel targets.
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