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TChronic kidney disease (CKD), an independent risk factor for cardiovascular disease, is associated with abnormal

lipoproteinmetabolism.We examinedwhether electronegative low-density lipoprotein (LDL) ismechanistically
linked to cardiac dysfunction in patients with early CKD. We compared echocardiographic parameters between
patients with stage 2 CKD (n= 88) and normal controls (n= 89) and found that impaired relaxation wasmore
common in CKD patients. Reduction in estimated glomerular filtration rate was an independent predictor of left
ventricular relaxation dysfunction. We then examined cardiac function in a rat model of early CKD induced by
unilateral nephrectomy (UNx) by analyzing pressure–volume loop data. The time constant of isovolumic pressure
decay was longer and the maximal velocity of pressure fall was slower in UNx rats than in controls. When we
investigated the mechanisms underlying relaxation dysfunction, we found that LDL from CKD patients and UNx
rats was more electronegative than LDL from their respective controls and that LDL from UNx rats induced
intracellular calcium overload in H9c2 cardiomyocytes in vitro. Furthermore, chronic administration of
electronegative LDL, which signals through lectin-like oxidized LDL receptor-1 (LOX-1), induced relaxation
dysfunction inwild-type but not LOX-1−/−mice. In in vitro and in vivo experiments, impaired cardiac relaxation
was associated with increased calcium transient resulting from nitric oxide (NO)-dependent nitrosylation of
SERCA2a due to increases in inducible NO synthase expression and endothelial NO synthase uncoupling. In
conclusion, LDL becomes more electronegative in early CKD. This change disrupts SERCA2a-regulated calcium
homeostasis, which may be the mechanism underlying cardiorenal syndrome.

© 2015 Published by Elsevier Ltd.
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1. Introduction

Primary disorders of the heart or kidney often result in secondary
dysfunction of the other organ [1]. Chronic kidney disease (CKD)
has been shown to be an independent risk factor for cardiovascular
disease and is associated with increased cardiovascular morbidity
and mortality [2]. Clinically, CKD can be classified into 5 stages
according to the levels of glomerular filtration rate degradation [3].
Previous studies have shown that even patients with less severe
CKD (stage 1 to 3) are at high cardiovascular risk [4] as the result of
early cardiovascular remodeling [5]. A growing body of evidence
suggests that impaired kidney function is associated with the release
of humoral and/or cellular factors that may contribute to myocardial
remodeling [6]; however, the underlying molecular mechanisms
remain unclear.

Dyslipidemia is an important risk factor for the development and
progression of both CKD and cardiovascular diseases [7]. In patients
with CKD, dyslipidemia is characterized by high levels of triglyceride,
low levels of high-density lipoprotein (HDL) cholesterol, and the
accumulation of small dense low-density lipoprotein (LDL) particles.
However, LDL cholesterol levels are usually normal in these patients.
Nevertheless, it remains possible that the composition of LDL is altered
in patients with CKD.

Human plasma LDL can be separated according to charge into 5
subfractions, called L1–L5. L5, the most electronegatively charged
LDL subfraction, is highly atherogenic and has in vitro properties
similar to those of oxidized LDL [8–10]. Importantly, L5 levels are
elevated in individuals with risk factors for cardiovascular disease,
such as hypercholesterolemia or diabetes, when compared with
levels in healthy subjects, in whom L5 is undetectable or present
in trace amounts [11,12]. Recently, we also found that the percentage
of L5 in total LDL is higher in patients with ST-segment elevation
myocardial infarction than in healthy individuals [13,14]. Thus, we
hypothesized that altered LDL electronegativity may play a role in
cardiovascular remodeling during the course of CKD. In this study, we
compared echocardiographic parameters between patients with early
CKD and individuals with normal kidney function to show that patients
with early CKD exhibit relaxation dysfunction. We also characterized
cardiac structural and functional changes in a rat model of early-stage
CKD induced by unilateral nephrectomy (UNx). To identify a
mechanistic link between early CKD and cardiac remodeling, we
examined the properties of LDL isolated from patients with CKD
and from UNx rats and assessed the cardiac structural and functional
changes in an L5-injected mouse model to establish the importance of
electronegative LDL in promoting cardiac dysfunction.
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2. Materials and methods

2.1. Study subjects

All human research performed in this study conformed to the
ethical guidelines of the 1975 Declaration of Helsinki as reflected
in a priori approval by the China Medical University Hospital-
Taiwan Institutional Review Board (CMUH103-REC1-070 [AR-1]).
We retrospectively enrolled 88 consecutive ambulatory patients
with stage 2 CKD [3] who were referred for echocardiography
examination. For a control group, we randomly selected 89 age-
and sex-matched individuals with normal kidney function. Clinical
and echocardiographic data were obtained from the electronic
medical records database and were analyzed anonymously to
maintain confidentiality. For the retrospective data analysis,
the institutional review board waived the requirement to obtain
informed consent. Estimated glomerular filtration rate was
determined by using the Modification of Diet in Renal Disease
equation [3].
Please cite this article as: Chang K-C, et al, Increased LDL electronegativit
cardiac dysfunction, J Mol Cell Cardiol (2015), http://dx.doi.org/10.1016/j
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2.2. Animal models

All animal experiments were approved by the Institutional Animal
Care and Use Committee of the China Medical University (101-159-N)
and were performed in accordance with the ARRIVE guidelines and
the guidelines set by the National Institutes of Health for the care and
use of laboratory animals. The rats and C57B6/J mice used in this
study were purchased from BioLASCO Taiwan Co., Ltd. (Taipei,
Taiwan). To characterize the cardiac structural and functional changes
in an animal model of early CKD, we used a rat model of early CKD
induced by UNx. Forty adult male 8-week-old Sprague–Dawley rats
were assigned to 1 of 2 groups: the UNx group (n = 20) or the sham
group (ie, sham-operated, n = 20). Rats in the UNx group underwent
removal of the left kidney following ligation of the left renal artery.
For these operations, the animals were anesthetized with 2% isoflurane
(Abbott, Abbott Park, IL) and supported by a rodent ventilator (New
England Medical Instruments, Inc., Medway, MA). To determine the
effect of exogenous L5 on cardiac function, 8-week-old C57B6/J
mice (wild-type mice) were injected with 1 mg/kg of L1 or L5
(n = 5 per group) through the tail vein every day for 4 weeks.
LOX-1−/− mice (n = 5), a gift from Dr. Tatsuya Sawamura (National
Cerebral and Cardiovascular Center, Japan), were also injected with
L5 daily for 4 weeks to determine the role of LOX-1. We also
compared the LDL electronegativity on agarose gel electrophoresis
and the diastolic function of LOX-1−/− mice that underwent UNx
or a sham operation (n = 3 per group). At the end of the experiments,
the animals were anesthetized with 5% isoflurane and euthanized via
cervical dislocation.

2.3. Echocardiographic examination

For the CKD patients and control individuals, an echocardiographic
examination was performed according to standard protocols [15]. For
the UNx and sham rats, transthoracic echocardiography was performed
immediately before and 8 weeks after the operation in both short- and
long-axis views by using GE Velocity Vector Imaging (GE Medical
Systems, Milwaukee, WI) with probe 10S.

2.4. In vivo pressure–volume loop analysis

Animalswere anesthetizedwith 4% isoflurane andwere supported by
a ventilatorwith amaintenance dose of 2% isoflurane after tracheostomy.
A P–V catheter (2.0 F for rats and 1.4 F formice)was inserted into the left
ventricle through the right carotid artery. Signals of pressure and volume
were continually recorded by using a P–V conductance system (MPVS
Ultra, emka TECHNOLOGIES, Paris, France) coupled to a digital converter
(ML-870, ADInstruments, Colorado Springs, CO). Hemodynamic parame-
ters were measured under different preloads, which were elicited by
transiently compressing the abdominal inferior vena cava.

2.5. LDL isolation and determination of LDL electronegativity

Human, rat, and mouse plasma LDL samples were isolated by using
sequential potassium bromide density-gradient ultracentrifugation.
LDL samples were separated in 0.7% agarose by using electrophoresis,
and the delipidated LDL samples were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis. LDL subfractions isolated
from humans and separated according to electrical charge were further
separated and collected by using fast protein liquid chromatography
(GE Health Care, Buckinghamshire, UK) with UnoQ12 anion-exchange
columns (BioRad, Inc., Hercules, CA), as described previously [8–10].

2.6. Cell study

H9c2 rat cardiomyocyteswerepurchased fromBioresource Collection
andResearch Center (Food Industry Research andDevelopment Institute,
y in chronic kidney disease disrupts calcium homeostasis resulting in
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Taiwan) and maintained in Dulbecco's modified Eagle's medium (Gibco/
Invitrogen) supplementedwith 10% fetal bovine serumand1%penicillin/
streptomycin/neomycin mixture (Gibco/Invitrogen). Subconfluent H9c2
cardiomyocytes were exposed to 100 μg/mL LDL from sham or UNx
rats for 24 h.

2.7. Immunoblotting and immunoprecipitation analysis

Protein extracts from either H9c2 cells or rodent ventricles were
used for immunoblotting and immunoprecipitation analysis. H9c2
cells were lysed in RIPA buffer (Pierce Biotechnology, Inc., Rockford,
IL) with protease inhibitor cocktail, and the left ventricle of each animal
was homogenized by using a Mini-Beadbeater-1 (Biospec Products,
Inc.) in T-PER Tissue Protein Extraction Reagent. Protein concentrations
were measured by using a BCA assay (Pierce). For immunoblotting, we
used polyclonal antibodies against iNOS (Santa Cruz Biotechnology),
LOX-1 (Biorbyt), SERCA2a (Cell Signaling Technology), nitrotyrosine
(Cell Signaling Technology), and β-actin (Sigma Aldrich). For the
immunoprecipitation experiments, Qbeads-IgG (MagQu Co.) were
bound to anti-SERCA2a antibody and then incubated with ventricular
protein extract. The immunoprecipitates were collected by using
magnetic beads.

2.8. Isolation of ventricular myocytes

Left ventricular myocytes were enzymatically isolated by using
the Langendorff perfusion method. Animal hearts were retrogradely
perfused with Krebs buffer (120 mmol/L NaCl, 12 mmol/L glucose,
25 mmol/L NaHCO3, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, and
5.4 mmol/L KCl; pH = 7.4 [adjusted by using HEPES]). After 5 min
of equilibration, 0.4 mg/mL collagenase (type II, Worthington) was
added for 20 min. Hearts were then cut into small pieces and
digested with 0.4 mg/mL collagenase and 0.02 mg/mL trypsin
(Gibco) in Krebs buffer for 20 min. After filtration, myocytes were
washed with Krebs buffer twice and stored in Dulbecco's modified
Eagle medium (Gibco/Invitrogen).

2.9. Calcium transient recording

Myocytes were loaded with 0.5 μmol/L fura-2-acetoxymethyl ester
(Molecular Probes). Measurements of myocyte shortening and calcium
transientwere conducted simultaneously by using theMyocytes Calcium
and Contractility Recording System (IonOptix).

2.10. Uncoupled eNOS measurement by low-temperature sodium dodecyl
sulfate polyacrylamide gel electrophoresis

The ventricular protein extracts were mixed with 3× sodium
dodecyl sulfate (SDS) sample buffer (190 mmol/L Tris–HCl [pH 6.8],
6% wt/vol SDS, 30% glycerol, 15% vol/vol 2-mercaptoethanol) at
0 °C and then loaded on 7.5% polyacrylamide gels. Electrophoresis
was performed in an ice bath, and the eNOS dimer and monomer
proteins were detected byWestern blot analysis with eNOS antibody
(Santa Cruz Biotechnology).

2.11. Assessment of cardiac fibrosis via pathologic analysis andmeasurement
of early fibrosis markers

Sham and UNx rat hearts were fixed in formalin, dehydrated, and
embedded in paraffin. Both Masson's trichrome and picrosirius red
staining were used to accurately estimate the degree of fibrosis. All
samples were analyzed by an experienced pathologist whowas blinded
to the different groups of animals. Semi-quantitative RT-PCR was
performed tomeasuremRNAexpression levels of earlyfibrosismarkers.
For this analysis, the following sense and antisense primers were used:
5′-GACCTCATGTTCATCTTTAGA-3′ (sense) and 5′-CACCACAATAAGGA
Please cite this article as: Chang K-C, et al, Increased LDL electronegativit
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ATTCGTT-3′ (antisense) for MMP-1, 5′-TGGCTTCTGGCATCCTGTTGTTG-
3′ (sense) and 5′-TGGACACTGTGCAGGCTTCACTT-3′ (antisense) for
TIMP-1, and 5′-TCTTCACCACCATGGAGAA-3′ (sense) and 5′-ACTGTGGT
CATGAGCCCTT-3′ (antisense) for GAPDH.

2.12. Measurement of renin, angiotensin II, and aldosterone levels

Because chronic kidney disease is associated with the expression
of the renin–angiotensin system, we determined serum levels of renin,
angiotensin II, and aldosterone protein in the serum of 20 individuals
with stage 2 CKD (eGFR, 60–89 mL/min/1.73 m2) and 33 age- and
sex-matched controls (eGFR≥90 mL/min/1.73 m2). We also compared
serum angiotensin II and aldosterone levels between sham-operated
and UNx rats and between L1- and L5-injected wild-type mice and
L5-injected LOX-1−/− mice (n = 5 per group). Serum protein levels
were analyzed by using human renin (Quantikine; R&D Systems Inc.,
Minneapolis, Minnesota, USA), angiotensin II (Cloud-Clone Corp.,
Houston, Texas, USA), and aldosterone enzyme-linked immunosorbent
assay (ELISA) kits (Abnova, Walnut, California, USA). All protein levels
were measured according to the manufacturer's instructions.

2.13. Data analysis and statistics

For the human studies, continuous data are expressed as the
mean ± standard deviation. The significance of the difference between
2 groups was determined by using a Student t test. Odds ratios and 95%
confidence intervals were calculated by performing univariate and
multivariate logistic regression analyses. For categorical variables, the
difference between proportions was assessed by using a chi-squared
or Fisher's exact test. For the animal and cell experiments, data are
expressed as themean± standard error of themean (SEM), and the dif-
ference between 2 groupswas determined by using theMann–Whitney
U test. P values b0.05 were considered statistically significant.

3. Results

3.1. Patients with early CKD showed evidence of relaxation dysfunction

Table 1 shows demographic, clinical, and echocardiographic data for
88 patients with early CKD and 89 age- and sex-matched controls with
normal kidney function. The estimated glomerularfiltration rate (eGFR)
was significantly lower in patients with early CKD than in controls
(P b 0.001). In addition, the mean mitral E and E/A values were signifi-
cantly lower in patients with early CKD than in controls (both P b 0.01),
and the mitral E deceleration time was significantly longer in patients
with early CKD (P = 0.02). Furthermore, the presence of diastolic
dysfunction of any degree was more common in patients with early
CKD than in controls (P b 0.01).

Logistic regression analysis revealed that reduced eGFR was an
independent predictor of left ventricular diastolic dysfunction (adjusted
odds ratio, 0.94; 95% confidence interval, 0.91–0.98; P b 0.01) after
accounting for other covariates including age, history of hypertension,
heart rate, and aspartate aminotransferase level (Table S1).

3.2. UNx rats exhibited relaxation dysfunction

Unilateral nephrectomywas performed in 20 adult Sprague–Dawley
rats to create a ratmodel of early-stage CKD, and 20 rats that underwent
a shamoperationwere used as controls. Eightweeks after the operation,
blood urea nitrogen and creatinine levels were moderately increased in
UNx rats when compared with the levels in sham rats (Table S2).

Echocardiographic measurements revealed a significantly longer
deceleration time of the mitral E wave in UNx rats than in sham rats
(P = 0.004; Fig. 1A and Table S3). In pressure–volume (P–V) loop
experiments, the systolic and diastolic functions of the rat hearts were
evaluated in vivo at different preloads (Fig. 1B). The slopes of both the
y in chronic kidney disease disrupts calcium homeostasis resulting in
.yjmcc.2015.03.016
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t1:1 Table 1
t1:2 Demographic, clinical, and echocardiographic characteristics of patients with early CKD
t1:3 and of normal controls.

t1:4 Variables Control Early CKD P value

t1:5 (n = 89) (n = 88)

t1:6 Age (years) 43.02 ± 8.23 44.02 ± 6.76 0.38
t1:7 Sex 0.76
t1:8 Male 67 (75.3%) 68 (77.3%)
t1:9 Female 22 (24.7%) 20 (22.7%)
t1:10 Smoking status 0.41
t1:11 No 83 (93.3%) 79 (89.8%)
t1:12 Yes 6 (6.7%) 9 (10.2%)
t1:13 Diabetes b0.01Q1
t1:14 No 81 (91.0%) 88 (100.0%)
t1:15 Yes 8 (9.0%) 0 (0.0%)
t1:16 Hypertension 0.46
t1:17 No 79 (88.8%) 81 (92.0%)
t1:18 Yes 10 (11.2%) 7 (8.0%)
t1:19 Body mass index (kg/m2) 24.45 ± 3.50 24.24 ± 3.02 0.67
t1:20 Systolic blood pressure (mm Hg) 122.69 ± 13.20 123.24 ± 15.19 0.80
t1:21 Diastolic blood pressure (mm Hg) 77.37 ± 10.66 78.60 ± 11.16 0.45
t1:22 Heart rate (beats/min) 65.90 ± 10.28 67.28 ± 11.55 0.41
t1:23 Creatinine (mg/dL) 0.76 ± 0.14 0.98 ± 0.15 b0.001
t1:24 eGFR (mL/min/1.73 m2) 105.79 ± 13.78 79.60 ± 7.08 b0.001
t1:25 Cholesterol (mg/dL) 210.65 ± 37.53 202.40 ± 30.04 1.00
t1:26 Triglyceride (mg/dL) 150.24 ± 109.35 122.01 ± 64.15 0.40
t1:27 Aspartate aminotransferase (IU/L) 24.91 ± 8.87 29.40 ± 18.04 0.95
t1:28 Hemoglobin (g/dL) 14.95 ± 3.62 14.76 ± 1.59 0.95
t1:29 LVEDD (mm) 48.55 ± 4.56 48.04 ± 5.05 0.42
t1:30 LVESD (mm) 29.82 ± 3.85 29.56 ± 4.07 0.38
t1:31 LVEF (%) 62.06 ± 5.61 61.98 ± 5.81 0.57
t1:32 LVM (g) 116.79 ± 35.96 115.70 ± 32.16 0.57
t1:33 LA (mm) 34.42 ± 5.10 34.06 ± 5.92 0.93
t1:34 Mitral E deceleration time (ms) 207.41 ± 44.11 224.42 ± 51.68 0.02
t1:35 Mitral E (m/s) 0.75 ± 0.15 0.68 ± 0.16 b0.01
t1:36 Mitral A (m/s) 0.60 ± 0.15 0.61 ± 0.14 0.61
t1:37 Mitral E/A 1.34 ± 0.45 1.17 ± 0.38 b0.01
t1:38 Systolic velocity (S′) (cm/s) 7.88 ± 1.23 7.67 ± 1.15 0.24
t1:39 Early diastolic velocity (E′) (cm/s) 9.59 ± 2.38 8.90 ± 2.09 0.04
t1:40 Late diastolic velocity (A′) (cm/s) 8.55 ± 1.57 8.74 ± 1.67 0.44
t1:41 Mitral E/E′ 8.05 ± 1.92 7.92 ± 2.11 0.67
t1:42 E′/A′ 1.19 ± 0.47 1.07 ± 0.38 0.06
t1:43 Diastolic dysfunction b0.01
t1:44 Normal 75 (84.3%) 57 (64.8%)
t1:45 E/A reverse 13 (15.7%) 31 (35.2%)
t1:46 Pseudonormalization 0 0
t1:47 Restrictive 0 0

t1:48 All values are expressed asmean±standard deviation or n (%). eGFR, estimated glomerular
t1:49 filtration rate; LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular
t1:50 end-systolic dimension; LVEF, left ventricular ejection fraction; LVM, left ventricular
t1:51 mass; LA, left atrium; S′, the peak velocity of septal mitral annulus at systole; E′, the peak
t1:52 velocity of septal mitral annulus at early diastole; A′, the peak velocity of septal mitral
t1:53 annulus at late diastole.
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end-systolic P–V relationship (ESPVR) and the end-diastolic P–V
relationship (EDPVR) were not significantly different between UNx
and sham rats (Fig. 1C). End-systolic pressure (Pes) and volume (Ves),
end-diastolic pressure (Ped) and volume (Ved), maximal velocity of
pressure rise (+dP/dt), maximal velocity of volume rise (+dV/dt)
and fall (−dV/dt), and arterial elastance (Ea) were similar between
UNx and sham rats (Figs. 1D–F). However, the maximal velocity of
pressure fall (−dP/dt) was slower (P = 0.045; Fig. 1E) and the time
constant of isovolumic pressure decay (tau) was longer (P = 0.045;
Fig. 1F) in UNx rats than in sham rats, suggesting impaired active
relaxation during early diastole.

3.3. Electronegative LDL isolated from UNx rats induced lectin-like
oxidized LDL receptor-1 (LOX-1) and inducible nitric oxide synthase
(iNOS) expression, SERCA2a nitrosylation, and calcium overload in
H9c2 rat cardiomyocytes

Although the LDL levels in UNx and sham rats were comparable
(Table S2), the LDL from UNx rats was more electronegative (Fig. 2A)
Please cite this article as: Chang K-C, et al, Increased LDL electronegativit
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and showed alterations in apolipoprotein (Apo) content (Fig. 2B). LDL
from UNx rats was richer in ApoE, ApoAI, ApoCIII, and ApoCI proteins
than LDL from sham rats. When H9c2 cardiomyocytes were incubated
with 100 μg/mL LDL from UNx or sham rats, LDL from UNx rats induced
higher expression of LOX-1 (a receptor for the most electronegative
subfraction of LDL, L5) and iNOS than did LDL from sham rats (P =
0.007 and P = 0.029, respectively; Fig. 2C). This signaling may account
for the increase of SERCA2a nitrosylation in cardiomyocytes treated
with LDL from UNx rats (P = 0.024, Fig. 2D). LDL from UNx rats also
induced a greater increase in intracellular calcium than did LDL from
sham rats (P=0.047) by prolonging the decay tau of calcium transient
(P=0.045) (Fig. 2E). Altogether, our results suggest that changes in the
composition and electronegativity of LDL play an important role in the
development of cardiac relaxation dysfunction caused by intracellular
calcium overload.

3.4. LDL isolated from patients with early CKD was more electronegative
than that from normal controls

To determine the clinical relevance of our findings, we compared the
electronegativity and subfraction composition of LDL between healthy
subjects and patients with early CKD. The results of agarose gel
electrophoresis showed that the LDL from CKD patients was more
electronegative than that from healthy controls (Fig. 3A). Furthermore,
the percentage of L5 in total LDL was significantly higher in the serum
from patients with early CKD than in that from controls (0.82 ± 0.12%
vs. 0.41 ± 0.05%, P = 0.001; Fig. 3B).

3.5. Electronegative LDL induced relaxation dysfunction in mice via LOX-1

To further establish the role of electronegative LDL in CKD-induced
cardiac relaxation dysfunction, we intravenously injected wild-type
mice with low doses of L1 or L5 (n = 5 per group) for 4 weeks and
then examined their cardiac function by performing P–V loop analysis.
Additionally, LOX-1 knockout (LOX-1−/−) mice (n = 5) were injected
with L5 to determine the role of LOX-1. Fig. 4A shows representative
results of the P–V loop analyses with different preloads in the L1- and
L5-injected wild-type mice and L5-injected LOX-1−/− mice. The slopes
of the ESPVR and EDPVR curves were not significantly different among
the 3 groups of mice (Fig. 4B). Likewise, Pes, Ves, Ped, Ved, +dP/dt,
+dV/dt, −dV/dt, and Ea were all similar among the 3 groups of mice
(Figs 4C–E). However, the −dP/dt was smaller (P = 0.049, Fig. 4D)
and the tau was greater (P = 0.049, Fig. 4E) in L5-treated wild-type
mice than in L1-treated wild-type mice, but the effect of L5 was
attenuated in LOX-1−/− mice. This suggests that the cardiac relaxation
dysfunction seen in wild-type mice injected with L5 is similar to that
seen in UNx rats and that it occurs via a LOX-1-dependent signaling
pathway. Furthermore, we also compared the LDL electronegativity
and diastolic function of LOX-1−/− mice that underwent UNx or a
sham operation. We found that the LDL from LOX-1−/− mice that
underwent UNx was more electronegative than that from the sham-
operated LOX-1−/− mice. However, indicators of diastolic function,
such as the slope of EDPVR, decay tau, and other parameters assessed
in the P–V loop analysis were similar for both groups of mice (Fig S2).
These findings support the notion that electronegative LDL-mediated
diastolic dysfunction induced by UNx occurs via a LOX-1-dependent
pathway.

3.6. Calcium transient was increased in cardiomyocytes from UNx rats and
L5-injected wild-type mice due to prolonged decay tau

We examinedwhether calcium transient is altered in cardiomyocytes
from UNx rats and L5-injected wild-type mice. We found that intracellu-
lar calcium levels were greater and the decay time of calcium transient
(tau) was longer in cardiomyocytes from UNx rats than in those from
sham rats (P = 0.04 and P = 0.01, respectively; Fig. 5A). In addition,
y in chronic kidney disease disrupts calcium homeostasis resulting in
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Fig. 1. Relaxation dysfunction in UNx rats. A, Representative echocardiograms showing a longer mitral deceleration time in an UNx rat than in a sham rat. B, Representative P–V loops at
different preloads showing no significant differences in either the end-systolic P–V relationship (ESPVR) or the diastolic P–V relationship (EDPVR) between UNx and sham rats. C, Comparison
of the mean slopes of the ESPVR and the EDPVR in UNx and sham rats. D, Comparison of the mean end-systolic volume (Ves), end-diastolic volume (Ved), end-systolic pressure
(Pes), and end-diastolic pressure (Ped) in UNx and sham rats. E, Comparison of the maximal velocity of pressure rise (+dP/dt) and fall (−dP/dt) and the maximal volume rise
(+dV/dt) and fall (−dV/dt) in UNx and sham rats. F, Comparison of the mean arterial elastance (Ea) and isovolumic relaxation constant (tau) in UNx and sham rats. For the
quantitative analyses, n = 10 per group.*P b 0.05 vs. sham rats.
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compared to L1 injections, L5 injections significantly increased
intracellular calcium transient in cardiomyocytes from wild-type mice
(P = 0.034) by prolonging the decay tau (P = 0.001), but these
L5-induced effects were not seen in cardiomyocytes from LOX-1−/−

mice (Fig. 5B).

3.7. LOX-1 expression and nitric oxide synthase-dependent nitrosylation of
SERCA2a were upregulated in UNx rats and L5-injected wild-type mice

To determine the mechanism underlying the increased calcium
transient in the UNx rats and L5-injected wild-type mice, we examined
the expression levels of LOX-1 and iNOS and the degree of endothelial
nitric oxide synthase (eNOS) uncoupling and SERCA2a nitrosylation
in ventricular tissue. We found that the levels of LOX-1, iNOS, and
uncoupled eNOS were higher in UNx rats than in sham rats (P =
0.014, P = 0.049, and P = 0.002, respectively) and higher in L5-
injected wild-type mice than in L1-injected mice (P = 0.029 for all 3
U
N
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O

Fig. 2. Electronegativity of LDL isolated from UNx rats and its effects on H9c2 cardiomyocytes.
polyacrylamide gel electrophoresis of LDL isolated from UNx and sham rats. C, Western blot s
from UNx or sham rats. D, Western blot showing the co-immunoprecipitation of nitrotyrosin
SERCA2a (bottom panel). E, Superimposed recordings of calcium transient in H9c2 cardiomyo
shown in the figure as mean ± SEM. For the quantitative analyses, n = 6 per group. *P b 0.05,
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Dcomparisons) (Figs. 6A–D). Furthermore, the amount of nitrotyrosine

co-immunoprecipitated with SERCA2a was higher in UNx rats and
L5-injected wild-type mice than in their respective controls (P = 0.048
and P = 0.001, respectively; Figs 6E and F). Additionally, the
upregulation of iNOS and LOX-1 expression, eNOS uncoupling, and
SERCA2anitrosylation seen in L5-injectedwild-typemicewas attenuated
in L5-injected LOX-1−/− mice.
3.8. UNx rat hearts did not exhibit fibrosis

Hearts from theUNxand sham rats showedno significantmyocardial
fibrosis when stained with either Masson's trichrome or picrosirius red,
and they exhibited comparable expression levels of MMP-1 and TIMP-1,
which are early markers of fibrosis (Fig S1). These results indicate that
the diastolic dysfunction observed in UNx rat hearts occurred indepen-
dently of fibrosis.
Representative results of (A) agarose gel electrophoresis and (B) sodium dodecyl sulfate
howing LOX-1 and iNOS expression in H9c2 cardiomyocytes treated with 100 μg/mL LDL
e with SERCA2a (top panel) and the quantitative analysis of the ratio of nt-SERCA2a to
cytes treated with LDL from UNx or sham rats. The decay tau of the calcium transient is
**P b 0.02 vs. sham rats.
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3.9. No change was seen in the renin–angiotensin system in early-stage CKD

The renin–angiotensin system is thought to play a key role in
mediating myocardial changes associated with chronic kidney
disease. Therefore, we examined plasma levels of renin, angiotensin
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Fig. 4. Relaxation dysfunction in L5-injectedwild-typemice. A, Representative P–V loops at diffe
mice injected with L1 or L5 (1 mg/kg/day for 4 weeks) and LOX-1−/− mice injected with L5
Comparison of the mean end-systolic volume (Ves), end-diastolic volume (Ved), end-systolic
of themaximal velocity of pressure rise (+dP/dt) and fall (−dP/dt) and themaximal volume r
elastance (Ea) and the time constant of isovolumic pressure decay (tau) in the 3 mouse model
#P b 0.05 vs. L5-injected wild-type mice.
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II, and aldosterone in 20 individuals with stage 2 CKD (eGFR, 60–
89 mL/min/1.73 m2) and 33 age- and sex-matched controls (eGFR
≥90 mL/min/1.73 m2). We found that the levels of all 3 component
hormones of the renin–angiotensin system were comparable between
the individuals with CKD and those without CKD (Fig S3). We also
compared the angiotensin II and aldosterone levels between
sham-operated and UNx rats and between L1- and L5-injected
wild-type mice and L5-injected LOX-1−/− mice. Similar to the results
for humans, no significant differences in the levels of these hormones
were found between the animal models of early-stage CKD and their
respective controls (Fig S3).

4. Discussion

In the current study, we show that relaxation dysfunction occurs as
an early sign of cardiac remodeling in patients and rats with early CKD.
The relaxation dysfunction that we observed may be mechanistically
linked to abnormalities in calcium handling secondary to the
peroxynitrite-dependent nitrosylation of SERCA2a. Importantly,
we demonstrate for the first time, to our knowledge, that highly
electronegative LDL may play a pivotal role in the development of
cardiac relaxation dysfunction in patients with CKD. A schematic illustra-
tion depicting the potentialmechanisms underlying CKD-induced cardiac
relaxation dysfunction is shown in Fig. 7.

Intracellular calcium has an important role in regulating cardiac
contraction and relaxation, and impaired calcium homeostasis has been
shown to contribute to relaxation dysfunction [16]. In cardiomyocytes,
an increase in nitrotyrosine/SERCA2a content or exposure to
peroxynitrite causes inactivation of SERCA2a, which in turn leads
to impaired calcium re-uptake into the sarcolemma reticulum
[17]. A number of studies have shown that increases in iNOS and
uncoupled eNOS result in the formation of superoxide, which is
harmful to the cardiovascular system, instead of nitric oxide [18].
In myocytes from UNx rats, we found that iNOS and uncoupled
rent preloads showing no significant differences in either ESPVR or EDPVR among C57B6/J
. B, The mean slopes of the ESPVR and the EDPVR are shown for the 3 mouse models. C,
pressure (Pes), and end-diastolic pressure (Ped) in the 3 mouse models. D, Comparison
ise (+dV/dt) and fall (−dV/dt) in the 3mousemodels. E, Comparison of themean arterial
s. For the quantitative analyses, n = 4 per group. *P b 0.05 vs. L1-injected wild-type mice;
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Fig. 5. Increased intracellular calcium transient in cardiomyocytes fromUNx rats and L5-injectedwild-typemice. Superimposed recordings of calcium transient in cardiomyocytes isolated from
(A) sham and UNx rats and from (B) wild-type mice injected with L1 or L5 and LOX-1−/− mice injected with L5. The panels on the right show the quantification of intracellular calcium and
the decay tau of calcium transient (n = 11 per group from 5–6 rats and n= 6 per group from 4 mice). *P b 0.05, **P b 0.02 vs. sham rats or L1-injected wild-type mice. #P b 0.05, ##P b 0.02
vs. L5-injected wild-type mice.

Fig. 6. Increased nitric oxide synthase-dependent SERCA2a nitrosylation in ventricular tissue from UNx rats and L5-injected mice. Representative Western blots of iNOS and LOX-1 levels and
the quantitative analysis of these proteins are shown for (A) UNx and sham rats and for (B) L1- and L5-injected wild-type mice and L5-injected LOX-1−/− mice. Representative blots of eNOS
monomer and dimer levels and the ratio of eNOS monomer levels to eNOS dimer levels are shown for (C) the 2 rat models and for (D) the 3 mouse models. The co-immunoprecipitation of
nitrotyrosine with SERCA2a and the ratio of nt-SERCA2a to SERCA2a are shown for (E) the 2 rat models and for (F) the 3 mouse models. For the quantitative analyses, n = 4 per group.
*P b 0.05, **P b 0.02 vs. sham rats or L1-injected wild-type mice; #P b 0.05 vs. L5-injected mice.
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eNOS mediated the nitrosylation of SERCA2a, which may inactivate
SERCA2a and impair calcium re-uptake into the sarcolemma reticulum,
resulting in an intracellular calciumoverload that could lead to relaxation
dysfunction.

It is generally thought that during early CKD, the kidney releases
humoral and/or cellular mediators that trigger maladaptive myocardial
remodeling, ultimately leading to adverse cardiovascular outcomes.
Several well-known mediators or triggers of this process include the
renin–angiotensin system, the sympathetic nervous system, inflamma-
tion, reactive oxygen species, and nitric oxide [6]. Interestingly, our
analysis suggested that the renin–angiotensin system is unaltered in
early CKD. However, we discovered that alterations in LDL composition
and electronegativity may be important upstream mediators of diastolic
dysfunction, particularly in the early stages of CKD. Early CKD has been
associated with alterations in lipoprotein metabolism, resulting in
changes in apolipoproteins, lipid transfer proteins, lipolytic enzymes,
and lipoprotein receptors [7]; these alterations usually precede changes
in total plasma lipid levels [19]. Our data are in agreement with these
findings. Although the total cholesterol, LDL cholesterol, HDL cholesterol,
and triglyceride levels were similar between UNx and sham rats, we
found that the LDL composition of UNx rats was different from that of
sham rats. Furthermore, LDL from patients with early CKD and from
UNx rats was more electronegative than LDL from controls. Moreover,
the ApoB-100 in plasma LDL from patients with early CKD exhibited
marked fragmentation (data not shown), which is a distinctive
characteristic of L5 [20], further supporting the observation that
LDL electronegativity increases in early CKD. These findings are in accor-
dance with those of previous studies showing that patients with chronic
renal failure have a different LDL phenotype than do healthy individuals
[21]. Similar to findings in patients with stage 3 CKD [22], the LDL of
UNx rats showed distinct differences in Apo content, including a reduc-
tion in ApoB levels; an increase in ApoAI, ApoCI, ApoCIII, and ApoE levels;
and a decrease in the ratio of ApoAI to ApoCIII. In patients with CKD, the
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Fig. 7. Schematic summarizing themechanisms underlying cardiac relaxation dysfunction
in UNx rat model of early CKD. Arrows indicate stimulation or direction of the signaling
pathway. The red circle labeled “N” denotes nitrosylation. CMs, cardiomyocytes. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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proportional increase in the levels of low-pI proteins in electronegative
LDL may contribute to its overall negative charge [20,23].

The mechanistic link between electronegative LDL and intracellular
calcium overload-mediated relaxation dysfunction was supported
by findings in both in vitro and in vivo experiments. LDL from UNx
rats induced greater expression of LOX-1 in cardiomyocytes, which
is in agreement with the effects we previously observed for L5 [8,24].
Furthermore, LDL fromUNx rats stimulated iNOS production, increased
nitrosylation of SERCA2a, and prolonged the calcium transient decay
time in vitro, which supports the findings in our in vivo studies of UNx
rat hearts. To further confirm that electronegative LDL induces calcium
overload-mediated relaxation dysfunction, we injected L5 into wild-
type and LOX-1−/− mice and examined their cardiac function in vivo.
We found that the percentage of L5 in total LDL from patients with
early CKD was 0.82 ± 0.12% (Fig. 3B), which is equivalent to an L5
plasma level of approximately 1 mg/dL. If the effects of redistribution
and plasma protein binding are omitted, the dosage of L5 used to inject
themice (1 mg/kg) would presumably reach a plasma concentration of
1 mg/dL. Previously, we have found that injectingmice with 5mg/kg of
L5 causes both systolic and diastolic dysfunction of the heart and
administering 2 mg/kg of L5 induces aortic senescence (our unpub-
lished data). Therefore, in the present study, we used a lower dosage
of L5 comparable to the plasma levels of L5 found in our patients with
early CKD. Our results indicate that L5 induced the same relaxation
dysfunction phenotype in wild-type mice that was observed in UNx
rats and that this phenotype was produced via the same mechanism
in both models; however, L5 did not induce this phenotype in LOX-
1−/− mice. The UNx LOX-1−/− mice showed normal diastolic function
with comparable values for the slope of EDPVR and decay tau as deter-
mined by P–V loop analysis, despite the fact that the plasma LDL of the
UNx LOX-1−/− mice was more electronegative than that of the sham-
operated LOX-1−/− mice. Collectively, our results suggest that highly
electronegative LDL may contribute to relaxation dysfunction in early
CKD via LOX-1-dependent signaling, which starts with an increase in
iNOS and uncoupled eNOS, followed by an increase in NO-dependent
nitrosylation of SERCA2a, and finally leads to intracellular calcium
overload (Fig. 7).

In the current study, the diastolic dysfunction observed in UNx rat
heartswas independent ofmyocardialfibrosis, which appears to be con-
tradictory to the findings byMartin et al [25]. However, this discrepancy
may be related to study variables such as rat species, animal size, age of
the rats, left vs. right nephrectomy, and severity of renal insufficiency
achieved. Importantly, it is also conceivable that the early diastolic
dysfunction observed inmild CKDmay be governed bymultiple mecha-
nisms during the course of CKD.

4.1. Limitations

Our study had a few limitations. First, our study included only one
time point after UNx (i.e., 8 weeks after UNx). The UNx model
represents an early and mild form of renal dysfunction and, thus,
shows only mild changes in cardiac function and structure without
cardiac fibrosis. The addition of another time point would lead to
aging of the animals, the effects of which might outpace the effects of
early CKD on cardiac remodeling. Therefore, to avoid the confounding
effects of aging in our study, we assessed changes in cardiac remodeling
before and 8 weeks after CKD was induced in rats. In a future study, we
plan to examine whether the observed CKD-induced relaxation
dysfunction seen in these rats progresses to advanced left ventricular
dysfunction in a more chronic stage of CKD (i.e., N8 weeks after UNx).
Second, in our in vivo experiments, we examined the effects of electro-
negative LDL on cardiac function by intravenously injecting L5 in wild-
type and LOX-1−/− mice instead of in rats. This approach allowed us
to assess the effects of L5 on cardiac remodeling in rodents and explore
the role of LOX-1 signaling despite the limited amount of L5 we
had available. Lastly, in the current study, we did not assess whether
y in chronic kidney disease disrupts calcium homeostasis resulting in
.yjmcc.2015.03.016
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electronegative LDL travels from the circulation to the cardiomyocytes,
which would be necessary to induce cellular remodeling in the heart.
Evidence suggesting this pattern ofmovementwould support ourfinding
that the increase in electronegative LDL associated with CKD promotes
cardiac relaxation dysfunction.

4.2. Conclusions

In conclusion, we have shown thatmild renal insufficiency is associat-
ed with relaxation dysfunction of the heart both in humans and in a rat
model of early CKD. The operating mechanism underlying CKD-induced
relaxation dysfunction involves an abnormality in calcium handling
resulting from increased nitrosylation of SERCA2a, which may be driven
by the alterations in LDL composition and electronegativity observed in
early-stage CKD. Therapeutic interventions targeting this particular LDL
phenotype may be important for reversing adverse structural and
functional remodeling of the heart in early CKD.
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