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Abstract

Background—Chronic kidney disease (CKD) is associated with increased incidence of cardiac

dysfunction. Recent animal studies have demonstrated that elevated levels of ceramides cause

dilated lipotoxic cardiomyopathy. We hypothesized ceramides are increased in children with CKD

and associated with abnormal cardiac structure and function.

Methods—Ceramide levels were determined in 93 children aged 1–16 years enrolled in the

Chronic Kidney Disease in Children (CKiD) study and compared to levels from 24 healthy

controls. Complete demographic, clinical, and laboratory information, and ceramide

measurements were analyzed cross-sectionally. Echocardiography was performed to determine

cardiac structure and function.
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Results—Very long-chain C24:0 ceramides were the most abundant species in both control (56

%) and CKD subjects (55 %), followed by C24:1 (controls 19 %, CKD 23 %) and C22:0 (controls

19 %, CKD 13 %). Total serum ceramide levels were significantly higher in CKD children versus

controls (p <0.001). Ceramide metabolites lactosylceramide, C24:0L, and C16:0L were

significantly higher in CKD subjects than controls (p <0.001). The proportion of C24:0L was

dramatically higher in CKD (59 %) versus control (17 %) subjects (p <0.001). In adjusted

multivariate analyses, higher log10C24:0L and log10C16:0L were significant predictors of lower

shortening fraction and mid-wall shortening.

Conclusions—Ceramide levels are increased in children with CKD. Our study identified

lactosylceramides as an independent predictor of lower systolic function in these children.
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Introduction

It is well known that chronic kidney disease (CKD) is associated with an increased

incidence of cardiac dysfunction, even in patients with mild CKD [1]. Early cardiac

dysfunction is frequently asymptomatic and therefore under-diagnosed, often resulting in the

delay of therapeutic intervention. The pathogenesis of accelerated cardiomyopathy remains

unknown in CKD.

Ceramides are sphingolipids that are synthesized from free fatty acid (FFA) precursors. In

the blood, ceramides constitute a part of the circulating lipoprotein particles and are also

present in blood cells and platelets [2]. Recent animal studies provided evidence that

elevated ceramide levels cause dilated lipotoxic cardiomyopathy [3]. We postulate that

abnormal sphingolipid homeostasis is present in CKD patients and may be involved in the

mechanism of accelerated cardiac dysfunction in CKD. Ceramides have not been studied in

patients with CKD.

The objectives of this pilot study were: (1) to determine and compare serum ceramide levels

in children with CKD and healthy controls, and (2) to evaluate the association betweenthe

serum ceramide levels and markers of cardiac structure and function in children with CKD.

Data from the Chronic Kidney Disease in Children (CKiD) cohort, a prospective

observational study of children with mild to moderate CKD, were utilized in the analysis.

Methods

Study population

The CKiD study is an observational cohort study of CKD in children being conducted at 49

pediatric nephrology centers in North America. The CKiD study protocol has been described

elsewhere [4]. It has been reviewed and approved by the Institutional Review Boards of each

participating center. Eligibility criteria for enrollment in CKiD include: age 1–16 years and

estimated glomerular filtration rate (eGFR) as calculated by the Schwartz formula [5] of 30–

90 ml/min/1.73 m2. In this pilot study, 93 subjects from Visit 4 (year 3 of the study) had
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their serum sphingolipid profile analyzed, 69 of whom also had complete echocardio-

graphic data on cardiac structure and function, and other relevant demographic (age, gender,

race, height, weight), clinical (blood pressure) and laboratory parameters (fasting lipids,

insulin, iohexol GFR, protein/creatinine ratio, hemoglobin and serum albumin). Serum from

24 healthy children 9–17 years of age (median age (IQR) 13.5 (12.0, 15.5) years), including

ten females and ten blacks, from the Cincinnati Genomic Control Cohort, was analyzed for

sphingolipid profiles to serve as controls.

Cardiac structure and function

The specific procedure for echocardiographic determination of left ventricular mass (LVM)

and definition of left ventricular hypertrophy (LVH) in the CKiD study has been described

elsewhere [6]. Briefly, M-mode and Doppler ECHO are performed at individual

participating centers, but reading and analyses of echocardiographic data are performed by

the Cardiovascular Core Imaging Research Laboratory at Cincinnati Children’s Hospital

Medical Center. To achieve standardization and uniformity of echocardiographic images

across the centers, qualifying recordings were sent to each center and then certified at the

Cardiovascular Core Imaging Research Laboratory. LVM was indexed (mass divided by

height raised to a power of 2.7 [g/m2.7]) to account for body size. LVH was defined as LVM

index≥the 95th percentile for normal children and adolescents [7]. Diastolic function was

estimated by Doppler measurements of the maximal early (E wave) and late (A wave)

diastolic flow velocities, E/A ratio, and by Tissue Doppler (E’/A’). LV systolic performance

was assessed by calculation of shortening fraction (SF) and mid-wall shortening fraction

(mwSF) to correct for overestimation of shortening fraction in hypertrophied ventricles [8,

9].

Ceramide profiling

Seventeen ceramide species and their metabolites (C16:0, C16:0 dihydroceramide, C16:0

glucosylceramide, C16:0 lactosylceramide, C18:0, C18:0 dihydroceramide, C18:0

glucosylceramide, C18:1, C20:0, C22:0, C22:0 glucosylceramide, C24:0, C24:0

dihydroceramide, C24:0 lactosylceramide, C24:1, C24:1 dihydroceramide, C24:1

glucosylceramide) were quantified by HPLC-MS/MS at UT Southwestern Medical Center

Mouse Metabolic Phenotyping Core. The instrument consisted of a Shimadzu Prominence

HPLC system equipped with a CBM-20A controller, a DGUA3 degasser, three HPLC

solvent delivery modules LC-ADXR, a CTO-20 AC column oven/chiller maintained at 30

°C, and a SIL-20ACTHTautosampler. The HPLC system is coupled to an API 5000 LC-

MS/MS mass spectrometer (AB SCIEX, Framingham, MA) equipped with a Turbo V ion

source operating the electrospray ionization (ESI) probe in positive mode. Quantitative

analysis of sphingolipids was achieved using selective reaction monitoring scan mode.

Chromatographic separations were obtained by reverse phase LC on a 2.1 (i.d.) × 150 mm

Kinetex C8 (Phenomenex, Torrance, CA, USA) column under a complex gradient elution,

using three different mobile phases: eluent A consisting of CH3OH/H2O/HCOOH, 58/41/1,

v/v/v with 5 mM ammonium formate, eluent B consisting of CH3OH/HCOOH, 99/1, v/v

with 5 mM ammonium formate, and eluent C consisting of CH3OH/CH2Cl2 35/65 with 5

mM ammonium formate [10, 11]. The concentration of each metabolite was determined

according to calibration curves using the peak-area ratio of analyte vs. corresponding
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internal standard. Calibration curves were generated using serial dilutions of each target

analyte. Sphingolipid standards and the Internal Standard Cocktail Mix II were purchased

from Avanti Polar Lipids (Alabaster, AL, USA). C22:0 glucosylceramide was purchased

from Matreya LLC (Pleasant Gap, PA, USA).

Sphingolipid analysis in healthy controls and CKiD subjects was performed at different time

points and therefore in order to appropriately compare ceramide levels between healthy

controls and CKD subjects, data were normalized to respective pooled normal human

plasma control samples at the time of each sphingolipid analysis. This was accomplished by

dividing the metabolite level in the sample by the average metabolite level in the pooled

normal plasma control. Pooled normal human plasma was purchased from Innovative

Research (Novi, MI, USA).

Statistical analysis

Ceramides and their metabolites were reported as medians with the interquartile range (IQR)

as they were not normally distributed. Comparisons between categorical variables were

performed using the Wilcoxon rank-sum test. For all continuous variables, Pearson

production-moment correlation was used to determine association of the ceramides and their

metabolites with SF, mwSF, and other factors. Multiple linear regression analysis was

performed to determine predictors of SF and mwSF. In addition to ceramides, covariates

included age, body mass index (BMI) z-score adjusted for age and gender, GFR, systolic

blood pressure z-scores adjusted for age, gender and height (markers of afterload), left

ventricular mass index (LVMI), presence of anemia and serum albumin (markers of

preload). Serum ceramides were log-transformed (base 10) to adjust for the large range in

values and nonnormal distribution. When GFR, as determined by directly measured plasma

iohexol (assessment method has been published previously [5]) was unavailable, an

estimated GFR value was used based on an internally derived estimating equation [12]. An

additional regression analysis was performed to predict heart rate (HR) from ambulatory

blood pressure monitoring data. A p value <0.05 indicated statistical significance. All

analyses were performed using SAS statistical software (version 9.2 SAS Institute, Cary,

NC, USA).

Results

In healthy controls, none of the levels of the 17 measured ceramides and their metabolites

(C16–C24) were related to age; C16:0 levels were significantly higher in males and C18:1

levels were significantly higher in African American children. There was no significant

difference in the levels of any other ceramides according to sex and race (data not shown).

The CKiD sub-cohort characteristics are shown in Table 1. There was no significant

difference in demographic and clinical characteristics between study subjects and the rest of

the CKiD cohort except that the ceramide sub-cohort subjects had a higher GFR and fewer

were anemic. Four (5.6 %) of the subcohort had SF <25 % and 10 (13.5 %) had LVH. Two

subjects were taking statins.
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The serum level of total ceramides (C16:0, C18:0, C18:1, C20:0, C22:0, C24:0, C24:1) was

significantly higher in the CKD children than healthy controls (median of 7.5 versus 5.7

units, p <0.001, normalized data to pooled human normal plasma), Fig. 1. Long-chain,

C24:0 was the most abundant ceramide in both control (56 %) and CKD subjects (55 %),

followed by C24:1 (controls 19 %, CKD 23 %) and C22:0 (controls 19 %, CKD 13 %), Fig.

2. The proportion of C16:0 was higher in CKD (5.2 %) than in controls (1.9 %).

Comparison of individual ceramides is shown in Fig. 3. Children with CKD had

significantly higher ceramide levels (all p <0.001, normalized data to pooled human normal

plasma) except for C18:1 (p =ns). Serum levels of lactosylceramide (C16:0L and C24:0L)

were significantly higher in CKD subjects (p <0.001, data not shown). Among C16:0

metabolites, C16:0L was the most abundant in both controls (85 %) and CKD subjects

(82%). In contrast, the proportion of C24:0L was significantly higher (p <0.001) in CKD (59

%) versus control subjects (17 %), Fig. 4.

In CKD children, there was no significant association between ceramides and demographic

(age, gender, race, weight, height, BMI,), clinical (blood pressure) or laboratory parameters

(hemoglobin, serum albumin, serum insulin, HOMA-IR, urine protein/creatinine ratio).

Log10C16:0L (ρ=0.31, p =0.003) and log10C24:0L (ρ=0.20, p =0.05) levels were

significantly correlated with LDL-cholesterol in univariate analysis. Log10C24:0L (ρ=−0.39,

p <0.001) and log10 C16:0L (ρ=−0.35, p =0.003) were significantly associated with SF.

Similar significant associations were seen for mwSF (Log10C24:0L ρ=−0.40, p <0.001, and

Log10C16:0L ρ=−0.33, p =0.005). No significant association was found between any of the

ceramides and markers of diastolic function (E/A ratio, E’/A’).

The results of multivariate analyses evaluating factors associated with SF are shown in

Table 2. Log10C24:0L and log10C16:0L were independent significant predictors of SF and

mwSF. Another set of multivariate analyses was performed to include heart rate (HR) from

ambulatory blood pressure monitoring data (n =52). Log10C24:0L remained significantly

associated with both SF (β=−12.6, p =0.03) and mwSF (β=−7.7, p =0.03), while HR was not

a significant predictor. In contrast, adding HR resulted in log10C16:0L being non-significant

predictor of SF (β=−5.5, p =0.35) and mwSF (β=−3.6, p =0.31).

Discussion

To our knowledge, this is the first study to describe elevated serum ceramides and their

metabolite levels in CKD patients. The specific reasons for elevated ceramides in CKD

patients are not clear. It is likely that the CKD-associated dyslipidemia is associated with an

enhanced de novo biosynthesis as the major driving force for elevated ceramides, while

chemokine-induced activation may also play a role through the activation of

sphingomyelinase, though this is likely to play a less prominent role in the overall

contributions [2]. Less likely, elevated ceramides in CKD could be due to decreased liver

metabolism and clearance. Some ceramides contained in LDL cholesterol are elevated in

type 2 diabetes and promote inflammation and skeletal muscle insulin resistance [13]. In our

study, we found significant association between ceramide levels and LDL cholesterol.
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However, the observational nature of the study did not allow us to draw any specific

conclusions on the mechanism of these associations.

It is unlikely that decreased kidney clearance is the cause of elevated ceramides, since

ceramides are part of large circulating lipoprotein particles and are also present in blood

cells and platelets. A previous CKiD analysis showed that lower GFR was associated with

higher triglycerides, lower HDL cholesterol, and higher non-HDL cholesterol, even though

these associations were not directly caused by decreased kidney clearance [14]. In contrast,

current analysis showed no significant relationship between GFR and any of the studied

ceramides.

As in healthy controls, the long-chain C24:0 and C24:1 ceramides were the most abundant

species in children with CKD, comprising more than 75%of all ceramides. In contrast, the

composition of some of the metabolites was different in CKD children. The levels of one of

the metabolites, lactosylceramide, C24:0Lwas especially high, more than three times greater

than in controls. Importantly, lactosylceramide C24:0L was an independent predictor of SF

and mwSF after adjusting for other preload- (e.g., anemia, BMI, HR) and afterload- (e.g.,

blood pressure) related factors affecting systolic function in these children with mild-to-

moderate CKD. This observation raises questions about the potential role of sphingolipid

metabolism in the development of accelerated cardiac dysfunction in CKD patients.

In advanced CKD, maladaptive cardiac hypertrophy that develops secondary to prolonged

and proportionally increased pressure (afterload) and volume (preload) overload with

impaired renal function is a proposed mechanism for the development of congestive heart

failure [15]. This in turn results in excessive cardiac myocyte work relative to the supply of

oxygen. As a consequence, myocyte death and fibrosis develops, with chamber dilatation

and systolic dysfunction. This model, however, cannot fully explain the high prevalence of

accelerated cardiac dysfunction in early CKD [1].

Our results, showing an association between higher C24:0L and C16:0L and lower systolic

function, suggest that a condition known as cardiac lipotoxicity might be involved in the

pathogenesis of abnormal cardiac function in CKD. Cardiac lipotoxicity leading to dilated

cardiomyopathy has been described in congenitally obese Zucker diabetic fatty (ZDF) rats

[16]. In this animal model, increased myocardial ceramide accumulation and its association

with decreased LV contractility was identified. The authors proposed that elevated

ceramides lead to increased apoptosis and subsequent myocyte death. Recent studies from

the Goldberg lab have confirmed a causal relationship between elevated ceramideand dilated

lipotoxic cardiomyopathy. In their initial study, these authors showed that mice with

cardiomyocyte overexpression of a glycosylphosphatidylinositol (GPI) membrane-anchored

form of lipoprotein lipase (LpLGPI) developed cardiomyopathy with accumulation of

ceramide in the heart [17]. In a follow-up study, de novo ceramide biosynthesis was

inhibited pharmacologically by myriocin and genetically by a heterozygous deletion of

LCB1, a subunit of serine palmitoyltransferase (SPT). Inhibition of SPT, a rate-limiting

enzyme in ceramide biosynthesis, reduced fatty acid levels, increased glucose oxidation in

isolated perfused LpLGPI hearts, improved systolic function, and prolonged survival rates

[3].
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Lipid accumulation in the heart of morbidly obese and diabetic adults with heart failure was

shown in a study by Sharma et al. [18]. The authors studied hearts from 27 consecutive

patients who underwent heart transplantation due to nonischemic heart failure: nearly 30 %

had high intramyocardial lipid deposition. This is especially relevant to CKD patients, a

population with a high prevalence of obesity, metabolic syndrome, and diabetes.

Sphingolipid levels were not measured in that study.

Previous data have implicated glucosylceramides, but not lactosylceramides, in metabolic

diseases. Inhibiting glucosylceramide synthesis can significantly improve insulin sensitivity

and glucose homeostasis [19]. However, we found that unlike the vastmajority of other

ceramide species, steadystate plasma glucosylceramide concentrations decreased in type 2

diabetic children [20]. Even though the cellular function of C24:0L and its specific

involvement in cardiomyopathy processes have not yet been elucidated, recent studies

indicate that lactosylceramide can induce critical phenotypes such as cell proliferation,

migration, adhesion, angiogenesis, and apoptosis [21, 22], the same mechanisms involved in

the final pathways of the development of heart failure [23].

There are limitations of this pilot study. It is relatively small and cannot be generalized,

especially in the presence of a relatively small control group. The observational design does

not allow for the examination of a causal relationship between ceramides and cardiac

function. Mechanistic studies utilizing animal models are now needed to prove the concept

of cardiac lipotoxicity in CKD as it is not known how circulating ceramides relate to

ceramide populations in tissues (e.g., heart). However, in light of our results in this pilot

study, larger confirmatory studies are needed to further evaluate ceramides as a possible

biomarker or a cause of abnormal cardiac function in children and adults with CKD.
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Fig. 1.
Comparison of total ceramide levels in healthy children and children with chronic kidney

disease (CKD). Data were normalized to respective pooled normal human plasma control

samples at time of each sphingolipid analysis: metabolite level in the sample was divided by

average metabolite level in pooled normal plasma control
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Fig. 2.
Distribution of ceramides in healthy controls and children with chronic kidney disease

(CKD). Significant differences were observed for all ceramide species (p <0.001) except

C24:0 (p =0.11); Wilcoxon rank-sum test
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Fig. 3.
Comparison of individual ceramide levels in healthy children and children with chronic

kidney disease (CKD). Data were normalized to respective pooled normal human plasma

control samples at time of each sphingolipid analysis: metabolite level in the sample was

divided by average metabolite level in pooled normal plasma control
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Fig. 4.
Distribution of lactosylceramides C16:0L and C24:0L in healthy controls and children with

chronic kidney disease (CKD)
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Table 1

Study characteristics. Data presented as median (IQR) or %

Characteristic Study sub-cohort
n =93

CKiD cohort without
sphingolipid profile n = 309

p

Age (years) 12.8 (9.4–17.0) 13.3 (10.1–16.7) 0.959

Male gender 50 (53.8) 196 (63.4) 0.093

White race 65 (69.9) 213 (68.9) 0.860

Height (m) 149.1 (126.9–165.2) 151.3 (133.7–164.0) 0.526

Tanner stage II through V 54 (59.3) 176 (60.3) 0.874

Birth weight = >2,500 g 74 (83.1) 234 (79.6) 0.459

Duration of chronic kidney disease (years) 8.1 (6.0–12.3) 9.7 (6.5–12.9) 0.387

Non-glomerular CKD etiology 77 (82.8) 255 (82.5) 0.952

Glomerular filtration rate (ml/min/1.73 m2) 49.2 (38.3–64.2) 42.5 (30.9–60.3) 0.006

Body mass index z-score 51.2 (24.5–84.5) 60.2 (33.8–87.5) 0.185

Body mass index =>85th percentile 22 (24.2) 81 (27.4) 0.547

Dyslipidemia 39 (41.9) 164 (53.1) 0.060

HDL cholesterol <40 mg/dl 14 (15.1) 79 (25.6) 0.035

HDL cholesterol (mg/dl) 50.0 (43.0–60.0) 48.0 (39.0–58.0) 0.089

Non-HDL cholesterol >160 mg/dl 16 (17.2) 47 (15.6) 0.715

Non-HDL cholesterol (mg/dl) 118.0 (96.0–139.0) 115.0 (97.0–140.0) 0.738

Triglycerides >130 mg/dl 32 (34.4) 107 (35.5) 0.841

Triglycerides (mg/dl) 111.0 (73.0–149.0) 105.0 (74.0–155.0) 0.695

Hypertension 11 (12.1) 40 (13.7) 0.701

Systolic blood pressure z-score 48.8 (25.9–79.1) 53.4 (29.5–79.8) 0.610

Systolic blood pressure >95th percentile 9 (9.9) 30 (10.2) 0.923

Diastolic blood pressure z-score 53.7 (32.9–78.9) 60.6 (38.4–81.2) 0.120

Diastolic blood pressure >95th percentile 7 (7.7) 24 (8.2) 0.879

Taking anti-hypertensive medication 57 (61.3) 205 (66.3) 0.370

Left ventricular hypertrophy 10 (13.5) 33 (12.7) 0.852

Left ventricular mass index 30.3 (25.6–36.0) 31.7 (26.7–36.6) 0.275

Shortening fraction (%) 38.2 (33.1–42.5) 38.2 (34.5–42.5) 0.620

Shortening fraction <25 4 (5.6) 13 (5.0) 0.867

Hemoglobin (g/dl) 12.9 (12.0–13.9) 12.6 (11.4–13.6) 0.054

Anemia 19 (21.3) 110 (36.1) 0.009

Albumin (g/dl) 4.4 (4.2–4.6) 4.4 (4.1–4.6) 0.386

HDL, high density lipoprotien; CKD, chronic kidney disease
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