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Introduction
Dyslipidemia is a common feature of both prediabetes and overt 

diabetes mellitus. Both lack of insulin as occurring in type 1 diabetes 
(T1DM) and insulin resistance, which typifies type 2 diabetes (T2DM), 
result in altered plasma lipids in humans. High triglyceride levels 
that accompany either normal or impaired fasting glucose predict 
the development of T2DM. In addition, ~35% of T2DM adults have 
fasting triglyceride levels ≥ 200 mg/dL, associated with decreased high-
density lipoprotein cholesterol (HDL-C) and small, dense low-density 
lipoprotein (LDL) particles. Patients with poorly controlled T1DM 
may exhibit a similar pattern of dyslipidemia [1]. Dyslipidemia has 
been associated with both the onset and progression of diabetic kidney 
disease (DKD) [2]. DKD is associated with significant morbidity and 
mortality as it is the most common cause of end-stage renal disease in 
the United States [3] and heightens cardiovascular risk [4,5]. However, 
the lipid components leading to DKD and its devastating outcomes are 
poorly understood.

Ceramides are bioactive lipids involved in a variety of cellular 
processes and have garnered attention for their potential involvement 
in a variety of diseases. Ceramides in general are known to be elevated 
in metabolic syndrome including obesity, diabetes, and insulin 
resistance [6-11]. Most ceramide studies have focused on insulin 
resistance and therefore the liver, muscle, and adipose tissue. Although 
most studies have found that plasma and tissue ceramide levels are 

elevated in diabetes and in metabolic syndrome, several studies have 
reported the opposite [12,13], conflicting the literature on ceramide 
levels in diabetes. Few studies have reported ceramide levels in diabetic 
microvascular complication-prone tissues, and most reports in DKD 
are extrapolated from plasma levels [12,14]. Although there are very 
few reports on ceramide levels in the diabetic kidney itself, results 
in models of acute kidney injury suggest that ceramide signaling 
is involved in the pathogenesis of kidney injury through increased 
apoptosis, TGF-β signaling and inflammation [15-20]. 

It is increasingly clear that not all ceramides are alike. Different 
ceramide species (14 to 26 carbons) have different biological functions 
[21]. In fact, studies suggest that overall ceramide levels may not be as 
indicative of function as changes in specific species [9,10]. In the case 
of obesity-related insulin resistance, C16:0 ceramide has been found 
to be critically important and promote apoptosis [9,11] and may have 
antagonistic physiological effects to very-long-chain ceramides such as 
C24:0, which is thought to be anti-apoptotic and promote proliferation. 
Given the conflicting literature on ceramides in kidney disease, a 
relative lack of information on the relationship between plasma and 
tissue levels, and the recent understanding that individual ceramide 
species are crucial to function, we investigated individual ceramide 
species in plasma and kidney tissue in a mouse model of DKD. 
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Methods
Reagents

All high-performance liquid chromatography grade reagents were 
from Sigma-Aldrich (St. Louis, MO). The ceramide standards were 
from Avanti Polar Lipids (Alabaster, AL).

Animal studies

Protocols for animal use were approved by the University 
Committee on Use and Care of Animal of the University of Michigan 
and all animals were monitored by the veterinarian staff of the Unit 
for Laboratory Animal Medicine. Male C57BLKS db/db mice and 
littermate controls (db/+) were purchased from The Jackson Laboratory 
(Bar Harbor, ME) and used at 24 wk of age, corresponding to advanced 
DKD [22,23]. Mice (n = 10/group) were fasted 2 h prior to euthanasia. 
At time of euthanasia, plasma and kidney cortex were collected, snap 
frozen and stored at -80°C or preserved in paraformaldehyde. 

Tissue staining

For quantification of mesangial extracellular matrix, 3 µm 
sections from paraformaldehyde-fixed, paraffin-embedded kidney 
slices were stained using Periodic Acid-Schiff’s reagent (PAS) (n = 
5/group). Mesangial area was expressed quantitatively by calculating 
the percentage of the total glomerular area that was PAS positive. 
Fifteen glomerular tufts per animal were chosen randomly for analysis. 
Quantification of glomerular and PAS positive areas was performed 
with MetaMorph Imaging Software (version 6.1) (Molecular Devices 
Corporation, Downingtown, PA), calibrated for the microscope and 
digital camera used to capture the images.

Urine albumin and creatinine measurements

Twenty-four hour urine samples were collected in murine metabolic 
cages (Hatteras Instruments, Cary, NC). Quantification of albuminuria 
was performed by determining the urine albumin:creatinine ratio 
(ACR). Albuminuria was measured by plate ELISA (albuwell-M kit, 
Exocell/Glycadia, Philadelphia, PA) and creatinine was measured by 
endpoint-assay (Teco Diagnostics, Anaheim, CA). [24]

Sample preparation for ceramide quantification by mass 
spectrometry

Lipids were extracted using a modified Bligh-Dyer method [25]. 
Lipids were extracted from 30 µl plasma or ~20 mg homogenized kidney 
tissue with 2:2:2 volume ratio of water:methanol:dichloromethane at 
room temperature after addition of the 17:0 ceramide internal standard. 
The organic layer was collected, dried completely under nitrogen, 
and resuspended in 10:90 acetonitrile:isopropanol containing 10mM 
ammonium acetate. Linear concentrations of a matrix-free ceramide 
mixture were used to monitor instrument performance and to aid in 
identification. Pooled samples were regularly interspersed to monitor 
analytical variability. The coefficient of variation (CV) for Cer C14:0, 
Cer C16:0, Cer C18:0, Cer C20:0, Cer C22:0, Cer C24:0, Cer C24:1, 
Glu-Cer C16:0, Glu-Cer C18:0 was 5.32%, 2.10%, 4.95%, 3.88%, 2.70%, 
2.70%, 3.26%, 0.68%, and 1.00%, respectively.

Targeted ceramide analysis by LC/MS 

A highly-sensitive and specific liquid chromatography-electrospray 
ionization-tandem mass spectrometry (LC/ESI-MS/MS) method was 
used to monitor 12 unique ceramide species in the multiple reaction 
monitoring (MRM) mode [26]. Samples were subjected to MS/MS 
analysis using an Agilent 6410 triple quadrupole mass spectrometer 

coupled with an Agilent 1200 HPLC system, equipped with a 
multimode source (Agilent Technologies, New Castle, DE). Reverse 
phase LC was performed using a Waters Xbridge BEH C18 2.5 µm, 2.1 × 
50 mm column (Milford, MA). Mobile phase A was 5 mM ammonium 
acetate in water and mobile phase B was 60:40 acetonitrile:isopropanol. 
Positive mode LC/ESI-MS/MS was performed using the following 
parameters: capillary spray voltage 4000 V, drying gas flow 10 L/min, 
drying gas temperature 325°C and nebulizer pressure 40 psi. Flow 
injection analysis was used to optimize the fragmentor voltage. Optimal 
fragmentor voltage and cell accelerator voltage for each ceramide 
species in MS2 scan mode was obtained. Collision energy was optimized 
in product ion scan mode. Mass range between m/z 200 and m/z 800 
was scanned to obtain full scan mass spectra. Individual ceramide 
species were detected by their characteristic LC retention time in the 
MRM mode. Data extraction and peak area analysis was performed 
using MassHunter software (version B.06.00). Concentrations were 
determined by comparing to the known concentration of the internal 
standard. Ceramide levels were normalized to plasma volume or tissue 
weight. 

Transcriptomics

Total RNA were extracted from mouse kidney cortex samples 
using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Gene 
expression profiling were performed using Affymetrix Mouse Genome 
430 2.0 arrays according to the manufacturer’s instructions. The 
raw image files (CEL files) were processed and normalized using 
ExpressionFileCreator module implemented in Genepattern platform 
(http://www.broadinstitute.org/cancer/software/genepattern/). 
The Robust Multichip Average normalized and log2-transformed 
expression values were used for downstream differential analysis. 
Significance Analysis of Microarrays in MeV TiGR Software was used 
to compute the fold change differences in genes comparing the controls 
to the diabetic mice. Significance was assessed at an FDR of < 0.05. 
Downstream functional analysis of enriched pathways were generated 
using Ingenuity® Pathway Analysis (Qiagen). 

Statistical analysis

All data were log transformed. Data analysis was performed using 
GraphPad Prism 6.0 (GraphPad Software, San Diego, CA). Pearson’s 
correlation was used to assess the relationship between plasma and 
kidney ceramide levels in each animal. Comparisons between groups 
were performed using a two-tailed student’s t-test. Significance was 
defined as p < 0.05.

Results
LC/MS/MS detection of ceramide species

Plasma and kidney ceramides were quantified using LC/MS/MS 
in the MRM mode. Extracted ion chromatograms that were derived 
from the MRM transitions are shown in Figure 1. All ceramide species 
yield a characteristic fragment ion m/z 264 [(M + H) – (fatty acid 
chain) – H2O]+, which was used for the MRM transition. To quantify 
the individual subspecies, we constructed a calibration curve that used 
C17:0 ceramide, which was spiked into each sample as an internal 
standard. The ratio of ion currents for each ceramide species divided by 
that of the internal standard was a linear function within physiological 
levels of the ceramide species. The limit of detection (signal/noise > 5) 
was < 30 fmol for all of the species. 

Altered ceramide metabolism in plasma and kidney cortex in 
DKD

The concentrations of multiple ceramide species were measured 

http://www.broadinstitute.org/cancer/software/genepattern/
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in plasma and kidney cortex tissue samples from the db/db model (a 
type 2 diabetic mouse model) that develops pathologically-consistent 
DKD. Of the 12 ceramide species measured by the LC/MS/MS method 
described above, 9 were detected above the noise threshold, both in 
plasma and kidney cortex tissue. 

Plasma ceramide levels were mostly elevated in diabetic mice 
compared to non-diabetic controls, with significance being reached for 
the long-chain ceramides C14:0, C16:0, C18:0, and C20:0, as well as for 
glucosylceramide C18:0 (Figure 2A). No significant difference was seen 
in the plasma abundance of very-long-chain ceramides (C22 – C24:1). 
Contrarily, kidney tissue ceramide species were primarily decreased in 
the diabetic mice compared to control mice. Significant decreases were 
seen in long-chain ceramides (C14:0, C16:0, C18:0), very-long-chain 
ceramides (C24:0, C24:1), and a glucosylceramide (Glu-Cer C16:0) 
(Figure 2B). Correlation analysis identified an inverse relationship 
between plasma and kidney tissue levels for ceramide C16:0 and 
ceramide C24:1 (Figures 2C and 2D), while no significant correlation 
was obtained for the other species measured (data not shown). 

Ceramide metabolites correlate with functional and 
histopathological parameters of DKD

Correlation analysis was used to examine the relationship of 

ceramide levels with functional and histopathological features of 
DKD. Albuminuria is a common indicator of glomerular disease and 
a feature shared between the db/db mouse model and human disease. 
Urine was collected over 24 h and urine ACR was significantly elevated 
in diabetic mice compared to control mice (404.6 µg/mg vs 44.4 µg/
mg, p < 0.0001). Correlation analysis identified an inverse relationship 
between ACR and kidney tissue ceramide levels for several long-chain 
and very-long-chain ceramides (C14:0, 16:0, 18:0, 24:0, 24:1) and the 
glucosylceramides (C16:0, C18:0) (Table 1). A positive relationship was 
identified between plasma long-chain ceramides (C16:0, C18:0, C20:0) 
and a glucosylceramide (C18:0) with urine ACR (Table 1). To further 
examine the relationship between ceramide levels and parameters of 
DKD, correlations between ceramide levels and PAS staining were 
assessed (Table 2). PAS staining is a measure of mesangial matrix 
expansion, and the percentage of PAS staining in glomeruli of diabetic 
mice compared to control mice was significantly elevated (30.22% vs 
16.97%, p < 0.0001). An inverse relationship between kidney ceramide 
levels and PAS staining was achieved for the glucosylceramides (C16:0, 
C18:0), while positive correlations were present between PAS staining 
and plasma levels of the long-chain ceramides (C16:0, C20:0) and a 
glucosylceramide (C18:0), although an inverse relationship was also 
identified between PAS staining and the plasma ceramide C24:0. 

Figure 1: Extracted Ion Chromatograms of the measured ceramide species by LC/MS.
Individual ceramide species were quantified using LC/ESI-MS/MS in the MRM mode on an Agilent 6410 triple quadruple mass spectrometer. Extracted ion 
chromatograms and m/z transitions for the 12 endogenous ceramide species and the Cer C17:0 internal standard are shown. In the nomenclature (Cer 
C14:0), the number before the colon refers to length of the carbon chain and the number after the colon to the number of double bonds in the chain.



Citation: Sas KM, Nair V, Byun J, Kayampilly P, Zhang H, et al. (2015) Targeted Lipidomic and Transcriptomic Analysis Identifies Dysregulated Renal 
Ceramide Metabolism in a Mouse Model of Diabetic Kidney Disease. J Proteomics Bioinform S14: 002. doi:10.4172/jpb.S14-002

Page 4 of 8

J Proteomics Bioinform ISSN: 0974-276X JPB, an open access journal Omics of Renal Disease

Transcriptomic analysis identifies altered ceramide 
biosynthetic pathways in DKD

Mouse kidney transcriptomics data were analyzed for differences in 
gene expression of ceramide biosynthesis, degradation, and signaling. 
In total, 114 genes were investigated with 19 reaching significance 
(Table 3). Overall, the gene expression data support the conclusion 
that altered ceramide levels in kidney tissue were a consequence 
of both decreased biosynthesis as well as increased metabolism. A 

decrease in ceramide biosynthesis from both the de novo pathway and 
sphingomyelin metabolism was noted, as well as an increase in the 
conversion of ceramide to sphingosine and continued signaling through 
the sphingosine-1-phosphate pathway (Figure 3). Additionally, there 
was reduced gene expression of enzymes involved in the conversion 
of ceramides into glucosylceramides and galactosylceramides. While 
qPCR was not performed in this study, prior studies have used qPCR 
of differentially regulated genes and these were in agreement with the 
array data [27,28].

Figure 2: Ceramide levels in diabetic mouse plasma and kidney tissue. 
Individual ceramide species were measured by LC/ESI-MS/MS in plasma (A) and kidney tissue (B) from 24 wk old control (db/+) and diabetic (db/db) mice by MS. 
Data was log2 transformed, normalized by plasma volume (µl) or tissue weight (mg), and is expressed as the relative log fold change in diabetic mice compared to 
control. Box-and-whiskers plots display distributions of each metabolite. The length of the box defines the interquartile range (IQR) while the whiskers denote the 
maximum and minimum value. The line in each box represents the median. * p < 0.05. Pearson’s correlation was used to define a relationship between plasma and 
kidney tissue levels per mouse. Linear regression models for ceramide species with a significant correlation (p < 0.05) are shown (C-D). In the nomenclature (Cer 
C16:0), the number before the colon refers to length of the carbon chain and the number after the colon to the number of double bonds in the chain.

Table 1: Correlation analysis of ceramide levels and urine ACR.

Ceramide species
Kidney Ceramides Plasma Ceramides

Pearson r p value Pearson r p value 
Cer C14:0 -0.5968 0.0089 0.4498 0.0805
Cer C16:0 -0.5736 0.0128 0.6568 0.0057
Cer C18:0 -0.5964 0.0090 0.5802 0.0185
Cer C20:0 -0.3109 0.2093 0.6876 0.0032
Cer C22:0 -0.4414 0.0667 -0.0714 0.7928
Cer C24:0 -0.5824 0.0112 -0.2878 0.2797
Cer C24:1 -0.6688 0.0024 0.3062 0.2487

Glu-Cer C16:0 -0.9189 <0.0001 0.0826 0.7611
Glu-Cer C18:0 -0.4802 0.0437 0.8837 <0.0001

Pearson correlation analysis of 24 h urine albumin:creatinine ratio (ACR) with kidney ceramide levels or plasma ceramide levels from 24 wk old non-diabetic control (db/+) 
and diabetic (db/db) mice. Significance was defined as p < 0.05.
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Discussion
Diabetes is the most common cause of end-stage renal disease 

[3]. Although DKD is a frequent complication of both T1DM and 
T2DM, the physiological processes associated with DKD development 
are incompletely understood. Abnormal lipid metabolism has been 
implicated in the pathogenesis of DKD and, in the case of kidney 
disease, ceramides are known to be important in the response to 
cellular stress by promoting apoptosis and inflammation [15,29]. 
Previous literature regarding ceramide levels in diabetic patients and 
animal models has been conflicting [12,13,30], with very few reports 
on ceramide levels in kidney tissue. We have found that long-chain 
ceramides were increased in the plasma while both long-chain and 
very-long-chain ceramide species were decreased in kidney cortex 
from diabetic mice with moderate diabetic glomerulopathy.

Sphingomyelin is the second most abundant lipid associated 
with plasma lipoproteins [31] and can be hydrolyzed to ceramide. 
Patients with DKD have altered lipoprotein metabolism [32], 
including increased circulating levels of very-low-density lipoprotein 
(VLDL) and LDL [33], the primary lipoproteins with which ceramide 
associates [34]. Causes of hypertriglyceridemia in diabetic humans 

include increased hepatic VLDL production and defective removal 
of chylomicrons and chylomicron remnants, which often reflects 
poor glycemic control. The primary abnormality in DKD subjects is 
reduced catabolism of triglyceride rich lipoproteins, which results in 
elevated levels of remnant lipoproteins and prolonged postprandial 
hypertriglyceridemia that begins during the early stages of DKD [1]. 
The diminished clearance of triglyceride rich lipoproteins results from 
a reduction in activity of lipoprotein lipase.  Many of the plasma lipid 
findings in humans are recapitulated in db/db mouse model, making it a 
useful model for studying diabetic dyslipidemia. Compared to controls, 
the db/db mouse has elevated plasma VLDL, LDL, triglycerides, and 
cholesterol and decreased lipoprotein lipase activity [35]. It is unknown 
if our findings of increased plasma ceramides in the diabetic mice 
are directly related to increased circulating levels of VLDL and LDL, 
but the finding has potential implications for cardiovascular health, 
as ceramide has been found to enhance lipoprotein aggregation and 
mediate the atherosclerotic effects of oxidized-LDL [36-39]. 

Ceramide can be generated by multiple pathways, including 
sphingomyelin hydrolysis, de novo synthesis, sphingosine recycling, 
or through breakdown of more complex sphingolipids [40]. In this 
study, kidney cortex levels of several ceramide species were decreased 

Ceramide species
Kidney Ceramides Plasma Ceramides

Pearson r p value Pearson r p value 
Cer C14:0 -0.4683 0.0783 0.3666 0.1790
Cer C16:0 -0.2507 0.3674 0.6493 0.0088
Cer C18:0 -0.2829 0.3068 0.4896 0.0640
Cer C20:0 0.0308 0.9134 0.6646 0.0069
Cer C22:0 -0.0926 0.7429 -0.3509 0.1997
Cer C24:0 -0.3457 0.2069 -0.5806 0.0232
Cer C24:1 -0.4160 0.1230 0.1945 0.4874

Glu-Cer C16:0 -0.8523 <0.0001 -0.2294 0.4109
Glu-Cer C18:0 -0.5305 0.0419 0.9215 <0.0001

Pearson correlation analysis of Periodic Acid-Schiff (PAS) staining in kidney sections with kidney ceramide levels or plasma ceramide levels from non-diabetic control (db/+) 
and diabetic (db/db) mice. Significance was defined as p < 0.05.

Table 2: Correlation analysis of ceramide levels and kidney PAS staining

Gene Symbol Entrez ID Log Fold Change q-value
Degs2 70059 -1.28 0
Ugt8a 22239 -1.07 0
Pdgfd 71785 -0.89 0.01
Mvd 192156 -0.60 0.01

Mapk14 26416 -0.42 0.02
Lass5 (Cers5) 71949 -0.38 0.01

Ugcg 22234 -0.36 0.01
Fads3 60527 -0.35 0
Smpd2 20598 -0.35 0.01
Mapk3 26417 0.27 0.02
Sptlc2 20773 0.36 0.04

Lass4 (Cers4) 67260 0.37 0.01
S1pr1 13609 0.43 0.02
Plce1 74055 0.52 0.01

Asah3l (Acer2) 230379 0.62 0
Plch1 269437 1.07 0
Plcl2 224860 1.25 0

Racgap1 26934 1.39 0.02
Smpdl3b 100340 2.83 0.02

Gene expression profiling of kidney cortex of 24 wk old db/db diabetic mice and db/+ non-diabetic controls was performed using Affymetrix Mouse Genome 430 2.0 arrays. 
Genes involved in ceramide synthesis and metabolism were identified and significantly altered genes from kidney cortex of diabetic mice compared to non-diabetic controls 
are shown. Significance was defined as q < 0.05.

Table 3: Significantly altered genes in ceramide metabolism.
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Figure 3. Ingenuity Pathway Analysis of ceramide synthesis and downstream signaling.
Transcriptomic analysis of kidney cortex from 24 wk old db/db diabetic mice and db/+ control mice for genes involved in ceramide metabolism identified 
altered expression of genes in ceramide synthesis and downstream sphingosine-1-phosphate signaling. Ingenuity® Pathway Analysis was used to visualize 
changes in both the canonical ceramide biosynthesis pathway and the sphingosine-1-phosphate signaling pathway. Green = significantly downregulated, 
pink = significantly upregulated, gray = unchanged.  

in diabetic mice. Although expression of serine palmitoyltransferase 
(Sptlc2), the rate-limiting enzyme of de novo synthesis, was increased, 
expression of a critical desaturase (Degs2) was decreased, suggesting 
that there could be an accumulation of dihydroceramides. Recently, an 
increased dihydroceramide/ceramide ratio has been linked to oxidative 
stress and impaired ATP synthesis [41,42], both features of diabetic 
kidney disease [43,44]. Although we did not measure dihydroceramides 

in this study, it is possible that the decrease in renal ceramide levels is 
due to a diminished conversion from dihydroceramides to ceramides. 

Sphingolipids, including ceramide, have a rapid turnover and 
ceramide deacylation is the only known method of generating 
sphingosine, the precursor to sphingosine-1-phosphate, with about 
half of the generated sphingosine normally being recycled back to 
ceramide [45]. Transcriptomics analysis identified increased expression 



Citation: Sas KM, Nair V, Byun J, Kayampilly P, Zhang H, et al. (2015) Targeted Lipidomic and Transcriptomic Analysis Identifies Dysregulated Renal 
Ceramide Metabolism in a Mouse Model of Diabetic Kidney Disease. J Proteomics Bioinform S14: 002. doi:10.4172/jpb.S14-002

Page 7 of 8

J Proteomics Bioinform ISSN: 0974-276X JPB, an open access journal Omics of Renal Disease

of the ceramidase Acer2, which would promote increased generation 
of sphingosine. Additionally, signaling through the downstream 
sphingosine-1-phosphate pathway was increased, suggesting that the 
decreased renal ceramide levels could be due to enhanced conversion to 
other sphingolipids. Indeed, previous studies have found accumulation 
of sphingosine-1-phosphate in the kidney cortex of diabetic rodents [46].

The BKS db/db mouse model used in this study is considered to 
be one of the best models of DKD as it has many similar features of 
human DKD. BKS db/db mice have renal hypertrophy, mesangial 
matrix expansion, glomerular basement thickening, tubulointerstitial 
changes, and albuminuria, which is accompanied by podocyte 
apoptosis [22,23,47,48]. We examined ceramide levels in the diabetic 
and control mice at 24 wk, as these pathologic features are present 
in the db/db mouse kidney at this time. Although this is considered 
advanced DKD in the mouse, gene expression analysis has identified 
this stage to be similar to early human DKD [28]. There are very few 
previous studies of ceramide levels and ceramide signaling in the 
diabetic kidney. Glucosylceramides and ceramides were found to be 
increased in the kidney of a streptozotocin-induced type 1 diabetes 
rat model and were associated with an increase in apoptosis [30,49]. 
One possible discrepancy between earlier findings in the type 1 
streptozotocin rat model and the type 2 db/db mouse model is that 
the type 1 models were examined shortly after the onset of diabetes. 
Previously, ceramide levels have been shown to be transient in a model 
of acute kidney injury [19]. Additionally, podocyte apoptosis coincides 
with the onset of albuminuria, which begins at 8 wk in db/db mouse 
model. It is also possible that by examining ceramide levels in the entire 
renal cortex we are masking glomerular-specific changes, which is the 
site of fibrosis at this stage in DKD. The significant correlations between 
both functional and histopathological measures of DKD and ceramide 
levels further suggest ceramide in the glomeruli may be important 
in the development of DKD. The correlation between kidney cortex 
ceramide levels with albuminuria (a measure of glomerular disease) 
and increased PAS staining (mesangial expansion) suggest however 
that the cortical lipid content may predict pathology of glomerular and 
mesangial compartments as well. In support of our findings, a recent 
study measured total ceramide levels in kidney cortex of female db/db 
mice and reported decreased levels of total ceramides in the diabetic 
mice compared to controls [50]. We have expanded on this finding by 
reporting individual ceramide species, which reveal a global reduction 
in long-chain, very-long-chain, and glucosylceramide levels in the 
diabetic mice compared to controls.

An important finding in this study was the overall lack of an 
association between individual plasma ceramide levels and kidney 
tissue levels. It is not completely surprising given that plasma levels 
most likely reflect liver ceramide levels, as circulating ceramides are 
largely bound to lipoproteins. These findings also support the belief 
that de novo synthesis is likely to be the primary method of ceramide 
generation in the kidney. Palmitate is the starting point for de novo 
synthesis, so it may be that fatty acids are being shuttled towards a 
different pathway in the diabetic kidney. Additionally, there may be a 
difference in fatty acid utilization between diabetic tissues, as previous 
reports suggest that ceramide levels increase in diabetic liver, muscle, 
and adipose tissue compared to non-diabetic controls [6,10,51,52]. 
Regardless, these findings caution against using plasma levels as 
markers of tissue composition, at least in regards to ceramides in the 
diabetic kidney. 

Acknowledgements

This work is supported in part by grants from the National Institutes of Health: 

DK094292, DK089503, DK082841, DK081943, and DK097153 from the National 
Institute of Diabetes and Digestive and Kidney Diseases and 2UL1TR000433 from 
the National Center for Advancing Translational Sciences. 

References

1.	 Miller M, Stone NJ, Ballantyne C, Bittner V, Criqui MH, et al. (2011) Triglycerides 
and cardiovascular disease: a scientific statement from the American Heart 
Association. Circulation 123: 2292-2333.

2.	 Chen SC, Tseng CH1 (2013) Dyslipidemia, kidney disease, and cardiovascular 
disease in diabetic patients. Rev Diabet Stud 10: 88-100.

3.	 U.S. Renal Data System (2013) USRDS 2013 Annual Data Report: Atlas of 
Chronic Kidney Disease and End-Stage Renal Disease in the United States. In 
National Institutes of Health, National Institute of Diabetes and Digestive and 
Kidney Diseases, Bethesda, MD. 

4.	 Alzaid AA (1996) Microalbuminuria in patients with NIDDM: an overview. 
Diabetes Care 19: 79-89.

5.	 Mattock MB, Morrish NJ, Viberti G, Keen H, Fitzgerald AP, et al. (1992) 
Prospective study of microalbuminuria as predictor of mortality in NIDDM. 
Diabetes 41: 736-741.

6.	 Chavez JA, Summers SA (2012) A ceramide-centric view of insulin resistance. 
Cell Metab 15: 585-594.

7.	 Haus JM, Kashyap SR, Kasumov T, Zhang R, Kelly KR, et al. (2009) Plasma 
ceramides are elevated in obese subjects with type 2 diabetes and correlate 
with the severity of insulin resistance. Diabetes 58: 337-343. 

8.	 Priyadarsini S, Sarker-Nag A, Allegood J, Chalfant C, Karamichos D (2014) 
Description of the Sphingolipid Content and Subspecies in the Diabetic Cornea. 
Curr Eye Res .

9.	 Raichur S, Wang ST, Chan PW, Li Y, Ching J, et al. (2014) CerS2 
haploinsufficiency inhibits beta-oxidation and confers susceptibility to diet-
induced steatohepatitis and insulin resistance. Cell Metab 20: 687-695. 

10.	Turner N, Kowalski GM, Leslie SJ, Risis S, Yang C, et al. (2013) Distinct 
patterns of tissue-specific lipid accumulation during the induction of insulin 
resistance in mice by high-fat feeding. Diabetologia 56: 1638-1648.

11.	Turpin SM, Nicholls HT, Willmes DM, Mourier A, Brodesser S, et al. (2014) 
Obesity-induced CerS6-dependent C16:0 ceramide production promotes 
weight gain and glucose intolerance. Cell Metab 20: 678-686.

12.	Klein RL, Hammad SM, Baker NL, Hunt KJ, Al Gadban MM, et al. (2014) 
Decreased plasma levels of select very long chain ceramide species are 
associated with the development of nephropathy in type 1 diabetes. Metabolism 
63: 1287-1295.

13.	Ståhlman M, Fagerberg B, Adiels M, Ekroos K, Chapman JM, et al. (2013) 
Dyslipidemia, but not hyperglycemia and insulin resistance, is associated with 
marked alterations in the HDL lipidome in type 2 diabetic subjects in the DIWA 
cohort: impact on small HDL particles. Biochim Biophys Acta 1831: 1609-1617.

14.	Mäkinen VP, Tynkkynen T, Soininen P, Forsblom C, Peltola T, et al. (2012) 
Sphingomyelin is associated with kidney disease in type 1 diabetes (The 
FinnDiane Study). Metabolomics 8: 369-375.

15.	Hao CM, Breyer MD (2007) Physiologic and pathophysiologic roles of lipid 
mediators in the kidney. Kidney Int 71: 1105-1115.

16.	Reis A, Rudnitskaya A, Chariyavilaskul P, Dhaun N, Melville V, et al. (2015) 
Top-down lipidomics of low density lipoprotein reveal altered lipid profiles in 
advanced chronic kidney disease. J Lipid Res 56: 413-422.

17.	Ueda N, Camargo SM, Hong X, Basnakian AG, Walker PD, et al. (2001) Role 
of ceramide synthase in oxidant injury to renal tubular epithelial cells. J Am Soc 
Nephrol 12: 2384-2391.

18.	Zager RA, Conrad S, Lochhead K, Sweeney EA, Igarashi Y, et al. (1998) 
Altered sphingomyelinase and ceramide expression in the setting of ischemic 
and nephrotoxic acute renal failure. Kidney Int 53: 573-582.

19.	Zager RA, Iwata M, Conrad DS, Burkhart KM, Igarashi Y (1997) Altered 
ceramide and sphingosine expression during the induction phase of ischemic 
acute renal failure. Kidney Int 52: 60-70. 

20.	Srivastava SP, Shi S, Koya D, Kanasaki K (2014) Lipid mediators in diabetic 
nephropathy. Fibrogenesis Tissue Repair 7: 12.

http://www.ncbi.nlm.nih.gov/pubmed/21502576
http://www.ncbi.nlm.nih.gov/pubmed/21502576
http://www.ncbi.nlm.nih.gov/pubmed/21502576
http://www.ncbi.nlm.nih.gov/pubmed/24380085
http://www.ncbi.nlm.nih.gov/pubmed/24380085
http://www.usrds.org/2013/pdf/v1_00_intro_13.pdf
http://www.usrds.org/2013/pdf/v1_00_intro_13.pdf
http://www.usrds.org/2013/pdf/v1_00_intro_13.pdf
http://www.usrds.org/2013/pdf/v1_00_intro_13.pdf
http://www.ncbi.nlm.nih.gov/pubmed/8720542
http://www.ncbi.nlm.nih.gov/pubmed/8720542
http://www.ncbi.nlm.nih.gov/pubmed/1587400
http://www.ncbi.nlm.nih.gov/pubmed/1587400
http://www.ncbi.nlm.nih.gov/pubmed/1587400
http://www.ncbi.nlm.nih.gov/pubmed/22560211
http://www.ncbi.nlm.nih.gov/pubmed/22560211
http://www.ncbi.nlm.nih.gov/pubmed/19008343
http://www.ncbi.nlm.nih.gov/pubmed/19008343
http://www.ncbi.nlm.nih.gov/pubmed/19008343
http://www.ncbi.nlm.nih.gov/pubmed/25426847
http://www.ncbi.nlm.nih.gov/pubmed/25426847
http://www.ncbi.nlm.nih.gov/pubmed/25426847
http://www.ncbi.nlm.nih.gov/pubmed/25295789
http://www.ncbi.nlm.nih.gov/pubmed/25295789
http://www.ncbi.nlm.nih.gov/pubmed/25295789
http://www.ncbi.nlm.nih.gov/pubmed/23620060
http://www.ncbi.nlm.nih.gov/pubmed/23620060
http://www.ncbi.nlm.nih.gov/pubmed/23620060
http://www.ncbi.nlm.nih.gov/pubmed/25295788
http://www.ncbi.nlm.nih.gov/pubmed/25295788
http://www.ncbi.nlm.nih.gov/pubmed/25295788
http://www.ncbi.nlm.nih.gov/pubmed/25088746
http://www.ncbi.nlm.nih.gov/pubmed/25088746
http://www.ncbi.nlm.nih.gov/pubmed/25088746
http://www.ncbi.nlm.nih.gov/pubmed/25088746
http://www.ncbi.nlm.nih.gov/pubmed/23896361
http://www.ncbi.nlm.nih.gov/pubmed/23896361
http://www.ncbi.nlm.nih.gov/pubmed/23896361
http://www.ncbi.nlm.nih.gov/pubmed/23896361
http://www.ncbi.nlm.nih.gov/pubmed/22661917
http://www.ncbi.nlm.nih.gov/pubmed/22661917
http://www.ncbi.nlm.nih.gov/pubmed/22661917
http://www.ncbi.nlm.nih.gov/pubmed/17361113
http://www.ncbi.nlm.nih.gov/pubmed/17361113
http://www.ncbi.nlm.nih.gov/pubmed/25424003
http://www.ncbi.nlm.nih.gov/pubmed/25424003
http://www.ncbi.nlm.nih.gov/pubmed/25424003
http://www.ncbi.nlm.nih.gov/pubmed/11675414
http://www.ncbi.nlm.nih.gov/pubmed/11675414
http://www.ncbi.nlm.nih.gov/pubmed/11675414
http://www.ncbi.nlm.nih.gov/pubmed/9507201
http://www.ncbi.nlm.nih.gov/pubmed/9507201
http://www.ncbi.nlm.nih.gov/pubmed/9507201
http://www.ncbi.nlm.nih.gov/pubmed/9211347
http://www.ncbi.nlm.nih.gov/pubmed/9211347
http://www.ncbi.nlm.nih.gov/pubmed/9211347
http://www.ncbi.nlm.nih.gov/pubmed/25206927
http://www.ncbi.nlm.nih.gov/pubmed/25206927


Citation: Sas KM, Nair V, Byun J, Kayampilly P, Zhang H, et al. (2015) Targeted Lipidomic and Transcriptomic Analysis Identifies Dysregulated Renal 
Ceramide Metabolism in a Mouse Model of Diabetic Kidney Disease. J Proteomics Bioinform S14: 002. doi:10.4172/jpb.S14-002

Page 8 of 8

J Proteomics Bioinform ISSN: 0974-276X JPB, an open access journal Omics of Renal Disease

21.	Hla T, Kolesnick R2 (2014) C16:0-ceramide signals insulin resistance. Cell 
Metab 20: 703-705.

22.	Brosius FC 3rd, Alpers CE, Bottinger EP, Breyer MD, Coffman TM, et al. (2009) 
Mouse models of diabetic nephropathy. J Am Soc Nephrol 20: 2503-2512.

23.	Sharma K, McCue P, Dunn SR (2003) Diabetic kidney disease in the db/db 
mouse. Am J Physiol Renal Physiol 284: F1138-1144.

24.	Breyer MD, Böttinger E, Brosius FC 3rd, Coffman TM, Harris RC, et al. (2005) 
Mouse models of diabetic nephropathy. J Am Soc Nephrol 16: 27-45.

25.	BLIGH EG, DYER WJ (1959) A rapid method of total lipid extraction and 
purification. Can J Biochem Physiol 37: 911-917.

26.	Kasumov T, Huang H, Chung YM, Zhang R, McCullough AJ, et al. 
(2010) Quantification of ceramide species in biological samples by liquid 
chromatography electrospray ionization tandem mass spectrometry. Anal
Biochem 401: 154-161. 

27.	Berthier CC, Zhang H, Schin M, Henger A, Nelson RG, et al. (2009) Enhanced 
expression of Janus kinase-signal transducer and activator of transcription
pathway members in human diabetic nephropathy. Diabetes 58: 469-477. 

28.	Hodgin JB, Nair V, Zhang H, Randolph A, Harris RC, et al. (2013) Identification 
of cross-species shared transcriptional networks of diabetic nephropathy in
human and mouse glomeruli. Diabetes 62: 299-308. 

29.	Hannun YA (1996) Functions of ceramide in coordinating cellular responses to 
stress. Science 274: 1855-1859.

30.	Zador IZ, Deshmukh GD, Kunkel R, Johnson K, Radin NS, et al. (1993) A role 
for glycosphingolipid accumulation in the renal hypertrophy of streptozotocin-
induced diabetes mellitus. J Clin Invest 91: 797-803. 

31.	Nilsson A, Duan RD (2006) Absorption and lipoprotein transport of 
sphingomyelin. J Lipid Res 47: 154-171.

32.	Hirano T1 (2014) Abnormal lipoprotein metabolism in diabetic nephropathy.
Clin Exp Nephrol 18: 206-209.

33.	Krauss RM1 (2004) Lipids and lipoproteins in patients with type 2 diabetes. 
Diabetes Care 27: 1496-1504.

34.	Merrill AH Jr, Lingrell S, Wang E, Nikolova-Karakashian M, Vales TR, et 
al. (1995) Sphingolipid biosynthesis de novo by rat hepatocytes in culture.
Ceramide and sphingomyelin are associated with, but not required for, very low 
density lipoprotein secretion. J Biol Chem 270: 13834-13841. 

35.	Kobayashi K, Forte TM, Taniguchi S, Ishida BY, Oka K, et al. (2000) The db/
db mouse, a model for diabetic dyslipidemia: molecular characterization and
effects of Western diet feeding. Metabolism 49: 22-31.

36.	Liao L, Zhou Q, Song Y, Wu W, Yu H, et al. (2013) Ceramide mediates Ox-
LDL-induced human vascular smooth muscle cell calcification via p38 mitogen-
activated protein kinase signaling. PLoS One 8: e82379.

37.	Schissel SL, Tweedie-Hardman J, Rapp JH, Graham G, Williams KJ, et 
al. (1996) Rabbit aorta and human atherosclerotic lesions hydrolyze the 
sphingomyelin of retained low-density lipoprotein. Proposed role for arterial-wall 
sphingomyelinase in subendothelial retention and aggregation of atherogenic
lipoproteins. J Clin Invest 98: 1455-1464. 

38.	Jeong T, Schissel SL, Tabas I, Pownall HJ, Tall AR, et al. (1998) Increased 
sphingomyelin content of plasma lipoproteins in apolipoprotein E knockout mice 
reflects combined production and catabolic defects and enhances reactivity 
with mammalian sphingomyelinase. J Clin Invest 101: 905-912. 

39.	Bismuth J, Lin P, Yao Q, Chen C (2008) Ceramide: a common pathway for 
atherosclerosis? Atherosclerosis 196: 497-504.

40.	Merscher S, Fornoni A1 (2014) Podocyte pathology and nephropathy -
sphingolipids in glomerular diseases. Front Endocrinol (Lausanne) 5: 127.

41.	Siddique MM, Li Y, Wang L, Ching J, Mal M, et al. (2013) Ablation of 
dihydroceramide desaturase, a therapeutic target for the treatment of metabolic 
diseases, simultaneously stimulates anabolic and catabolic signaling. Mol Cell
Biol 33: 2353-2369. 

42.	Barbarroja N, Rodriguez-Cuenca S, Nygren H, Camargo A, Pirraco A, et al. 
(2015) Increased dihydroceramide/ceramide ratio mediated by defective
expression of degs1 impairs adipocyte differentiation and function. Diabetes 
64: 1180-1192.

43.	Dugan LL, You YH, Ali SS, Diamond-Stanic M, Miyamoto S, et al. (2013) 
AMPK dysregulation promotes diabetes-related reduction of superoxide and
mitochondrial function. J Clin Invest 123: 4888-4899.

44.	Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, et al. (2000) 
Normalizing mitochondrial superoxide production blocks three pathways of
hyperglycaemic damage. Nature 404: 787-790.

45.	Hannun YA, Obeid LM (2008) Principles of bioactive lipid signalling: lessons 
from sphingolipids. Nat Rev Mol Cell Biol 9: 139-150.

46.	Geoffroy K, Troncy L, Wiernsperger N, Lagarde M, El Bawab S (2005)
Glomerular proliferation during early stages of diabetic nephropathy is
associated with local increase of sphingosine-1-phosphate levels. FEBS Lett
579: 1249-1254.

47.	Susztak K, Raff AC, Schiffer M, Bottinger EP (2006) Glucose-induced reactive 
oxygen species cause apoptosis of podocytes and podocyte depletion at the
onset of diabetic nephropathy. Diabetes 55: 225-233. 

48.	Allen TJ, Cooper ME, Lan HY (2004) Use of genetic mouse models in the study 
of diabetic nephropathy. Curr Atheroscler Rep 4: 435-440. 

49.	Liu G, Han F, Yang Y, Xie Y, Jiang H, et al. (2011) Evaluation of sphingolipid 
metabolism in renal cortex of rats with streptozotocin-induced diabetes and the 
effects of rapamycin. Nephrol Dial Transplant 26: 1493-1502. 

50.	Yoo TH, Pedigo CE, Guzman J, Correa-Medina M, Wei C, et al. (2015) 
Sphingomyelinase-like phosphodiesterase 3b expression levels determine
podocyte injury phenotypes in glomerular disease. J Am Soc Nephrol 26: 133-147.

51.	Adams JM 2nd, Pratipanawatr T, Berria R, Wang E, DeFronzo RA, et al. (2004) 
Ceramide content is increased in skeletal muscle from obese insulin-resistant
humans. Diabetes 53: 25-31.

52.	Amati F, Dube JJ, Alvarez-Carnero E, Edreira MM, Chomentowski P, et al. 
(2011) Skeletal muscle triglycerides, diacylglycerols, and ceramides in insulin
resistance: another paradox in endurance-trained athletes? Diabetes 60:
2588-2597.

This article was originally published in a special issue, Omics of Renal 
Disease handled by Editor. Dr. Victor P. Andreev, PhD, DSc, Arbor Research 
Collaborative for Health, USA

http://www.ncbi.nlm.nih.gov/pubmed/25440051
http://www.ncbi.nlm.nih.gov/pubmed/25440051
http://www.ncbi.nlm.nih.gov/pubmed/19729434
http://www.ncbi.nlm.nih.gov/pubmed/19729434
http://www.ncbi.nlm.nih.gov/pubmed/12736165
http://www.ncbi.nlm.nih.gov/pubmed/12736165
http://www.ncbi.nlm.nih.gov/pubmed/15563560
http://www.ncbi.nlm.nih.gov/pubmed/15563560
http://www.ncbi.nlm.nih.gov/pubmed/13671378
http://www.ncbi.nlm.nih.gov/pubmed/13671378
http://www.ncbi.nlm.nih.gov/pubmed/20178771
http://www.ncbi.nlm.nih.gov/pubmed/20178771
http://www.ncbi.nlm.nih.gov/pubmed/20178771
http://www.ncbi.nlm.nih.gov/pubmed/20178771
http://www.ncbi.nlm.nih.gov/pubmed/19017763
http://www.ncbi.nlm.nih.gov/pubmed/19017763
http://www.ncbi.nlm.nih.gov/pubmed/19017763
http://www.ncbi.nlm.nih.gov/pubmed/23139354
http://www.ncbi.nlm.nih.gov/pubmed/23139354
http://www.ncbi.nlm.nih.gov/pubmed/23139354
http://www.ncbi.nlm.nih.gov/pubmed/8943189
http://www.ncbi.nlm.nih.gov/pubmed/8943189
http://www.ncbi.nlm.nih.gov/pubmed/8450061
http://www.ncbi.nlm.nih.gov/pubmed/8450061
http://www.ncbi.nlm.nih.gov/pubmed/8450061
http://www.ncbi.nlm.nih.gov/pubmed/16251722
http://www.ncbi.nlm.nih.gov/pubmed/16251722
http://www.ncbi.nlm.nih.gov/pubmed/24132562
http://www.ncbi.nlm.nih.gov/pubmed/24132562
http://www.ncbi.nlm.nih.gov/pubmed/15161808
http://www.ncbi.nlm.nih.gov/pubmed/15161808
http://www.ncbi.nlm.nih.gov/pubmed/7775441
http://www.ncbi.nlm.nih.gov/pubmed/7775441
http://www.ncbi.nlm.nih.gov/pubmed/7775441
http://www.ncbi.nlm.nih.gov/pubmed/7775441
http://www.ncbi.nlm.nih.gov/pubmed/10647060
http://www.ncbi.nlm.nih.gov/pubmed/10647060
http://www.ncbi.nlm.nih.gov/pubmed/10647060
http://www.ncbi.nlm.nih.gov/pubmed/24358176
http://www.ncbi.nlm.nih.gov/pubmed/24358176
http://www.ncbi.nlm.nih.gov/pubmed/24358176
http://www.ncbi.nlm.nih.gov/pubmed/8823312
http://www.ncbi.nlm.nih.gov/pubmed/8823312
http://www.ncbi.nlm.nih.gov/pubmed/8823312
http://www.ncbi.nlm.nih.gov/pubmed/8823312
http://www.ncbi.nlm.nih.gov/pubmed/8823312
http://www.ncbi.nlm.nih.gov/pubmed/9466986
http://www.ncbi.nlm.nih.gov/pubmed/9466986
http://www.ncbi.nlm.nih.gov/pubmed/9466986
http://www.ncbi.nlm.nih.gov/pubmed/9466986
http://www.ncbi.nlm.nih.gov/pubmed/17963772
http://www.ncbi.nlm.nih.gov/pubmed/17963772
http://www.ncbi.nlm.nih.gov/pubmed/25126087
http://www.ncbi.nlm.nih.gov/pubmed/25126087
http://www.ncbi.nlm.nih.gov/pubmed/23547262
http://www.ncbi.nlm.nih.gov/pubmed/23547262
http://www.ncbi.nlm.nih.gov/pubmed/23547262
http://www.ncbi.nlm.nih.gov/pubmed/23547262
http://www.ncbi.nlm.nih.gov/pubmed/25352638
http://www.ncbi.nlm.nih.gov/pubmed/25352638
http://www.ncbi.nlm.nih.gov/pubmed/25352638
http://www.ncbi.nlm.nih.gov/pubmed/25352638
http://www.ncbi.nlm.nih.gov/pubmed/24135141
http://www.ncbi.nlm.nih.gov/pubmed/24135141
http://www.ncbi.nlm.nih.gov/pubmed/24135141
http://www.ncbi.nlm.nih.gov/pubmed/10783895
http://www.ncbi.nlm.nih.gov/pubmed/10783895
http://www.ncbi.nlm.nih.gov/pubmed/10783895
http://www.ncbi.nlm.nih.gov/pubmed/18216770
http://www.ncbi.nlm.nih.gov/pubmed/18216770
http://www.ncbi.nlm.nih.gov/pubmed/15710421
http://www.ncbi.nlm.nih.gov/pubmed/15710421
http://www.ncbi.nlm.nih.gov/pubmed/15710421
http://www.ncbi.nlm.nih.gov/pubmed/15710421
http://www.ncbi.nlm.nih.gov/pubmed/16380497
http://www.ncbi.nlm.nih.gov/pubmed/16380497
http://www.ncbi.nlm.nih.gov/pubmed/16380497
http://www.ncbi.nlm.nih.gov/pubmed/15068744
http://www.ncbi.nlm.nih.gov/pubmed/15068744
http://ndt.oxfordjournals.org/content/26/5/1493.full
http://ndt.oxfordjournals.org/content/26/5/1493.full
http://ndt.oxfordjournals.org/content/26/5/1493.full
http://www.ncbi.nlm.nih.gov/pubmed/24925721
http://www.ncbi.nlm.nih.gov/pubmed/24925721
http://www.ncbi.nlm.nih.gov/pubmed/24925721
http://www.ncbi.nlm.nih.gov/pubmed/14693694
http://www.ncbi.nlm.nih.gov/pubmed/14693694
http://www.ncbi.nlm.nih.gov/pubmed/14693694
http://www.ncbi.nlm.nih.gov/pubmed/21873552
http://www.ncbi.nlm.nih.gov/pubmed/21873552
http://www.ncbi.nlm.nih.gov/pubmed/21873552
http://www.ncbi.nlm.nih.gov/pubmed/21873552

	Title
	Corresponding authors
	Abstract
	Keywords
	Abbreviations
	Introduction
	Methods
	Reagents
	Animal studies 
	Tissue staining 
	Urine albumin and creatinine measurements 
	Sample preparation for ceramide quantification by mass spectrometry 
	Targeted ceramide analysis by LC/MS  
	Transcriptomics 
	Statistical analysis 

	Results
	LC/MS/MS detection of ceramide species 
	Altered ceramide metabolism in plasma and kidney cortex in DKD 
	Ceramide metabolites correlate with functional and histopathological parameters of DKD 
	Transcriptomic analysis identifies altered ceramide biosynthetic pathways in DKD 

	Discussion
	Acknowledgements
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	References

