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Original Article
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15 A B S T R A C T

Background. The kidney plays a central role in elimination of
metabolic waste products and regulation of low-molecular

20 weight metabolites via glomerular filtration, tubular secretion
and reabsorption. Disruption of these processes results in pro-
found changes in the biochemical milieu of the body fluids,
which contribute to complications of chronic kidney disease
(CKD) by inducing cytotoxicity and inflammation. Insight into

25 the changes of the composition of metabolites and dysregulation
of target genes and proteins enhances the understanding of the
pathophysiology of CKD and its complications, and the devel-
opment of novel therapeutic strategies. Chronic interstitial
nephropathy is a common cause of CKD. The present study was

30 designed to determine the effect of chronic interstitial nephrop-
athy on the composition of serum metabolites and regulation of
oxidative, inflammatory, fibrotic and cytoprotective pathways.
Methods. Male Sprague�Dawley rats were randomized to the
CKD and control groups (n¼ 8/group). CKD was induced by

35 administration of adenine (200 mg/kg body weight/day) by oral
gavage for 3 weeks. The control group was treated with the vehicle
alone. The animals were then observed for an additional 3 weeks,
at which point they were sacrificed and kidney and serum
samples were collected. Serum metabolomic and lipidomic

40 analyses were performed using ultra-performance liquid
chromatography-quadrupole time-of-flight high-definition mass
spectrometry. Kidney tissues were processed for histological and
molecular biochemical analyses.

Results. CKD rats exhibited increased plasma urea and creati-
45nine concentrations, renal interstitial fibrosis, tubular damage

and up-regulation of pro-inflammatory, pro-oxidant and pro-
fibrotic pathways. Comparison of serum from CKD and control
rats revealed significant differences in concentrations of amino
acids and lipids including 33 metabolites and 35 lipid species.

50This was associated with marked abnormalities of fatty acid oxi-
dation, and c-linolenic acid and linoleic acid metabolism in
CKD rats. Logistic regression analysis identified tetracosanoic
acid, docosatrienoic acid, PC(18:3/14:1) and L-aspartic acid, tet-
racosanoic acid and docosatrienoic acid as novel biomarkers of

55chronic interstitial nephropathy.
Conclusions. Advanced CKD in rats with adenine-induced
chronic interstitial nephropathy results in profound changes in
the serum metabolome, activation of inflammatory, oxidative
and fibrotic pathways, and suppression of cytoprotective and

60antioxidant pathways.

Keywords: chronic kidney disease, fatty acid oxidation, lipido-
mics, metabolomics, oxidative stress

6 5I N T R O D U C T I O N

One of the main functions of the kidneys is elimination of the
waste products derived from metabolism of endogenous and
exogenous compounds. The kidneys modulate the level of cir-
culating low-molecular weight metabolites by several mecha-

70nisms, including glomerular filtration, tubular secretion,
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tubular reabsorption, catabolism and biosynthesis.
Disruption of these processes in renal insufficiency results in
significant changes in the concentration of numerous metab-
olites in the body fluids. In addition, the underlying cause

5 and the nature of renal injury modify the composition of vari-
ous metabolites. Chronic kidney disease (CKD) has emerged
as a major public health problem worldwide. Early detection
of renal disease, careful monitoring of renal function and
response to therapeutic interventions are critical for timely

10 diagnosis and prevention of progression and complications of
CKD. Currently available markers of kidney function, i.e.
serum creatinine and urea concentrations, are not adequately
sensitive to detect early stages of kidney disease. Insight into
the dynamic changes in regulation, interaction and function

15 of target genes, proteins and metabolites can enhance the
understanding of the pathophysiology of CKD and the devel-
opment of novel therapeutic strategies [1].

Application of the ‘omics’-based approaches, including
genomics, transcriptomics, proteomics, metabolomics and lipi-

20 domics, has allowed global characterization of the complex bio-
logical systems and their changes in pathological processes at
the molecular level. Complex networks comprising genomics
and proteomics have previously been applied to study the func-
tional basis of CKD at the molecular level [2, 3]. Unlike genes

25 and proteins, metabolites serve as direct signatures of biochemi-
cal activity and are, therefore, easier to correlate with the corre-
sponding phenotypes. Metabolomics and lipidomics have
become powerful and promising analytic tools that have been
widely used to investigate the mechanism and biochemical fea-

30 tures of the disease processes.
Proton nuclear magnetic resonance spectroscopy and liquid

chromatography–mass spectrometry (LC–MS)-based metabo-
lomic techniques have been applied to characterize metabolic
features of CKD [4, 5]. Among the various LC–MS platforms,

35 ultra-performance liquid chromatography-quadrupole time-of-
flight high-definition mass spectrometry (UPLC-QTOF/
HDMS) is regarded as one of the best analytical tools in terms
of selectivity, sensitivity and reproducibility [6–10]. Application
of these tools has demonstrated perturbations in metabolism of

40 phospholipids, fatty acids, amino acids and uremic toxins in
CKD. CKD results in profound changes in lipid and lipoprotein
metabolisms [11–15]. The associated lipid disorders, in turn,
contribute to progression of CKD and its cardiovascular and
other complications [16–18].

45 Chronic interstitial nephropathy is a relatively common
cause of CKD in humans. Animals with adenine-induced
nephropathy are commonly used as a model to study chronic
interstitial nephropathy [19–21]. In the present study, CKD was
induced in rats by administration of adenine. Blood biochemis-

50 try, kidney histopathology and western blot analysis were
employed. UPLC-QTOF/HDMS-based plasma metabolomics
and lipidomics were applied to investigate the metabolic pro-
files, identify differential metabolites and uncover the biochemi-
cal features of CKD in rats with chronic interstitial

55 nephropathy. The differential and lipid-derived metabolites
were identified to determine the connection between the key
mediators of inflammation and oxidative stress and to illumi-
nate the biochemical features of adenine-induced CKD.

60M A T E R I A L S A N D M E T H O D S

Animals and sample collection

Male Sprague�Dawley rats weighing 190�210 g were used
in this study. They were fed standard laboratory chow diet ad

65libitum and housed in the vivarium with a 12-h light/dark cycle.
They were randomized to the CKD and control groups (n¼ 8/
group). The CKD rats were given 200 mg/kg body weight of
adenine dissolved in 1% (w/v) gum acacia solution by oral gav-
age once a day for 3 weeks. The control group was treated with

70the vehicle alone. The animals were then observed for an addi-
tional 3 weeks at which point plasma samples were collected
and stored at�80�C. Samples were used as the discovery phase
for metabolomic and lipidomic studies. Plasma samples were
also collected from an independent set of eight adenine-induced

75CKD rats and eight control rats, and the samples were used to
validate differential metabolites identified in the discovery
phase. All the experimental procedures were approved by the
Ethical Committee of Northwest University and conducted
according to the principles expressed in the Declaration of

80Helsinki.

Physiologic parameters

Body weight, urinary volume, kidney size and plasma bio-
chemistry were analyzed as described in detail previously [22].
Inflammatory markers, tumor necrosis factor-alpha (TNF-a)

85and interleukin-6 (IL-6) were measured in the serum samples
using commercially available ELISA kits according to the manu-
facturer’s instructions.

Kidney histology and western blot analysis

Antibodies including nuclear factor (NF)-jB p65, Nrf2,
90transforming growth factor (TGF)-b1, etc. were purchased

from Santa Cruz Biotechnology or Abcam Company. The cyto-
plasmic and nuclear extracts were prepared as follow. The tis-
sues were homogenized on ice in tissue extraction reagent I
(Invitrogen) containing 50 mM Tris–HCl (pH¼ 7.4), 250 mM

95NaCl, 5 mM C10H16N2O8, 2 mM Na3VO4, 1 mM NaF, 20 mM
Na4P2O7, 0.02% NaN3, 1% NP-40, 0.1% NaC12H25SO4, propri-
etary detergent and protease inhibitor cocktail (Sigma–
Aldrich). Protein concentration of tissue homogenates was
determined by DC protein assay kit (Bio-Rad), and 100 lg total

100protein was fractionated on 4–12% Novex Tris–Glycine gel at
120 V for 2 h and transferred to nitrocellulose membrane
(Invitrogen). The membranes were incubated for 1 h in
1�TBS, 0.05% Tween-20 and 5% non-fat milk blocking buffer
and then overnight in the same buffer containing the primary

105antibodies against: IDOL (SAB4501317, Sigma–Aldrich), at
1:500 LDLR (Fitzgerald Inc.) at 1 lg/mL and b-actin (ab6276,
Abcam) at 1:5000. The membrane was washed three times for
10 min in 1�TBST before a 2-h incubation in 1�TBST buffer
containing horseradish peroxidase-conjugated antirabbit

110(1:3000) (ab6721, Abcam) and anti-mouse (1:2000) secondary
antibodies. The membrane was washed three times, then visual-
ized with ECLTM prime western blot detection reagent
(RPN2232, GE Healthcare) and developed by autoluminogra-
phy. Band densities were quantified using the free ImageJ
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|software (version 10.2). Hematoxylin–eosin staining (H&E),

picro-sirius staining and immunohistochemistry were per-
formed as described in detail previously [23].

Metabolomics analysis

5 Frozen plasma samples were allowed to thaw at 4�C over-
night and then vortex mixed for 10 s before being sampled for
the sample preparation procedure. The Ostro 96-well sample
preparation plate is designed to capture and remove the highly
abundant phospholipids as part of sample preparation for the

10 analysis of small molecules during routine bioanalysis. Briefly,
100 mL plasma samples were added to a 2 mL Ostro Protein
Precipitation 96-well plate (Waters Corporation). A 300 mL ali-
quot of methanol was added to all wells and mixed thoroughly
with the sample by aspirating three times using an automated

15 pipette and the plasma samples was repeatedly extracted three
times. Samples were extracted using a vacuum manifold for
approximately 5–7 min. The eluate from each collection plate
insert was then transferred to glass LC-vials for UPLC analysis.

Each sample was injected onto a reverse-phase
20 100� 2.1 mm, HSS 1.7 mm C18 column using an ACQUITY

UPLC system (Waters Corporation). The gradient mobile phase
comprised of water containing 0.1% formic acid solution (A)
and acetonitrile (B). Each sample was resolved for 9 min at a
flow rate of 0.45 mL/min. The mobile phase consisted of 0.1%

25 formic acid water (A) and acetonitrile (B). The optimized
UPLC elution conditions were: 0.0–7.0 min, 99.0–1.0% A; 7.0–
8.0 min, 1.0% A and 8.0–9.0 min, 1.0–99.0% A. The autosam-
pler was maintained at 4�C. Every 5 mL sample solution was
injected for each run.

30 The column eluent was introduced directly into the mass
spectrometer by electrospray. Mass spectrometry was per-
formed on a XevoTM G2 QTOF/MS (Waters MS Technologies)
operating in either negative or positive electrospray ionization
mode with a capillary voltage of 3.0 kV and a sampling cone

35 voltage of 35 V. The desolvation gas flow was 600 L/h and the
temperature was set to 350�C. The cone gas flow was 50 L/h,
and the source temperature was 100�C. The mass spectrometry
was operated in W optics mode with 12 000 resolution using
dynamic range extension. Data were acquired in continuum

40 mode from 50 to 1000 m/z mass range for TOF-MS scanning,
in duplicates (technical replicates) for each sample in positive
and negative ionization mode and checked for chromatographic
reproducibility. Leucine–enkephalin was used as the lockmass
at a concentration of 300 ng/mL and flow rate of 5 mL/min.

45 Data were collected in continuum mode, the lockspray fre-
quency was set at 10 s, and data were averaged over 10 scans. All
the acquisition and analysis of data were controlled by Waters
Unifi software.

Lipidomics samples

50 Lipids extraction using Ostro 96-well plate was performed as
a single-step in-well extraction. A total of 100 mL of plasma was
loaded into each well of a 2 mL Ostro sample preparation plate
fitted onto a vacuum manifold. A 300 mL of elution solvent (1:1,
chloroform/methanol) of methanol was added to each well and

55 mixed thoroughly by aspirating the mixture 10 times using a
micropipette. A vacuum of approximately 15’’ Hg was applied

to the plate until the solvent was completely drained. This step
was repeated with another 300 mL of chloroform and methanol
with the total fraction. This step was repeated three times and

60got the total fraction volume to �900 mL. The eluate fraction
was dried down under nitrogen, and reconstituted with 200 mL
1:1 (v/v) chloroform/methanol. This sample was then injected
into the UPLC/MS system.

The UPLC analysis was performed in the above-mentioned
65chromatographic separation of metabolomic analysis. A gra-

dient of 10 mM ammonium formate in 2-propanol/acetonitrile
(90/10) in 0.1% formic acid (A) and 10 mM ammonium for-
mate in ACN/H2O (60/40) in 0.1% formic acid (B) was used as
follows: a linear gradient of 0–10 min, 40.0–99.0% A and 10.0–

7012.0 min, 99.0–40.0% A. The flow rate was 0.5 mL/min. The
temperatures of autosampler and chromatographic column
were maintained at 4�C and 55�C, respectively. Every 5 mL sam-
ple solution was injected for each run.

For lipidomics analysis, mass spectrometry was performed
75on a XevoTM G2 QTof. The scan range was from 100 to 1500

m/z. For both positive and negative electrospray modes, the
capillary and cone voltage were set at 3.0 kV and 60 V, respec-
tively. The desolvation gas was set to 900 L/h at a temperature
of 500�C; the cone gas was set to 50 L/h and the source tempera-

80ture was set to 120�C. An MSE experiment was performed as
follows: function 1, 10 V collision energy; function 2, collision
energy ramp of 20–65 V. Data were collected in continuum
mode, the lockspray frequency was set at 10 s, and data were
averaged over 10 scans. All the acquisition and analysis of data

85were controlled by Waters Unifi software.

Data analysis

The acquired UPLC-QTOF/HDMS positive electrospray
ionization (ESI+) mode and negative electrospray ionization
(ESI-) mode raw data were first pre-processed by the Progenesis

90QI and Markerlynx XS (Waters Corporation) as described in a
previous publication [22]. Orthogonal partial least squares-
discriminant analysis (OPLS-DA) was performed to discrimi-
nate between CKD group and control group. The potential dif-
ferential metabolites between groups were identified on the

95basis of variable importance in the projection (VIP) values from
the 7-fold cross-validated OPLS-DA model on the normalized
peak intensity, where metabolites with VIP> 1.0 were selected.
A panel of potential metabolites responsible for the difference
in the CKD group and control group was obtained.

100Fold change was calculated as a binary logarithm of the aver-
age normalized peak intensity ratio between CKD group and
control group. Based on the normalized peak intensity, One-
way analysis of variance (ANOVA) in the SPSS software (ver-
sion 19.0, IBM) was also applied to calculate the statistical sig-

105nificance of each metabolite. The resultant P-values from
ANOVA were further adjusted using the Hochberg and
Benjamini false discovery rate method. Potential metabolites
with both multivariate and univariate statistical significance
(VIP> 1 and P< 0.05) were considered to be potential bio-

110markers in the adenine-induced CKD. Class-specific metabo-
nomic and lipidomic patterns were visualized using heat map
with Metaboanalyst software (version 3.0) and z-score plots
with R software (version 2.15.0). In addition, receiver operator

P h e n o t y p e s a n d f a t t y a c i d m e t a b o l i s m i n C K D 3
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characteristic (ROC) analysis was performed for the selection of
candidate biomarkers, and ROC curves were plotted using a
nonparametric method by using the SPSS software (version
19.0, IBM). In addition, correlation analyses were investigated

5 by using the peak area of metabolites and the concentration of
clinical biochemistry including renal function parameter creati-
nine and lipid metabolism parameter triglyceride and total
cholesterol.

The related metabolic pathways in rats with adenine-
10 induced CKD were performed by means of the quantitative

enrichment analysis (QEA) algorithm described in the metabo-
lite set enrichment analysis (MSEA) method [24]. Visualization
of the remarkably disturbed metabolic pathways in rats with
adenine-induced CKD was performed by MetScape software

15 (version 3.1) running on cytoscape [25].

R E S U L T S

General data

20 Body weight was significantly reduced and urinary volume
was significantly increased in CKD rats compared with the con-
trols. Similarly, compared with the control rats, the weight,
length and width of the kidneys were markedly increased in
CKD rats (Table 1). Compared with the control rats, serum

25 concentrations of urea, creatinine, uric acid, triglyceride, choles-
terol, potassium and phosphorus were markedly increased,
whereas creatinine clearance and serum calcium were signifi-
cantly reduced in CKD rats (Table 1). No significant difference
was found in serum sodium and chloride concentrations

30 between the CKD and control rats. Significantly increased white
blood cell count and decreased red blood cell count were found
in CKD rats (Table 1). The serum TNF-a and IL-6 levels were
significantly higher in CKD rats compared with controls rats.
These findings reflect the CKD-associated anemia and systemic

35 inflammation.

Histological findings

Figure 1 shows representative H&E-, periodic acid–Schiff
(PAS)-, Masson- and immunohistochemistry-stained sections
of the kidneys from control and CKD rats. CKD rats showed

40 severe tubular atrophy and dilation, epithelial denudation,
interstitial fibrosis, inflammatory cell infiltration and granu-
loma formation. PAS staining showed extensive peri-arteriolar
and tubulointerstitial fibrosis in CKD rats. Masson staining
showed severe tubulointerstitial fibrosis in CKD rats. This was

45 associated with a significant increase in the numbers of macro-
phages (ED-1-positive cells) (Figure 1).

Expression of pro-inflammatory, pro-oxidant and
fibrotic proteins

The kidney tissues in CKD rat showed a significant increase
50 in nuclear translocation of p65, indicating activation of NF-jB.

Activation of NF-jB was accompanied by significant up-
regulation of inflammatory proteins including monocyte che-
motactic protein-1 (MCP-1), inducible nitric oxide synthase
(iNOS), cyclooxygenase-1 (COX-1) and cyclooxygenase-2

55(COX-2), up-regulation of pro-oxidant proteins including
NADPH oxidase 4 (NOX4), gp91Phox and P47Phox, and down-
regulation of the anti-oxidant system including Nrf2, gluta-
thione peroxidase (GPX), catalase, Cu/Zn SOD and heme
oxygenase-1 (HO-1), and accumulation of nitrotyrosine (Figure

602A and B). Activation of inflammatory and oxidative pathways
in CKD rats was accompanied by significant up-regulation of
ED-1, and TGF-b1, plasminogen activator inhibitor-1 (PAI-1)
and a-smooth muscle actin (a-SMA) (Figures 1 and 2C). Taken
together, these findings point to activation of the pro-

65inflammatory, pro-oxidant and fibrotic pathways and down-
regulation of Nrf2-mediated antioxidant and phase 2 detoxify-
ing enzymes and related proteins.

Multivariate analysis and biomarker identification for
metabolomics and lipidomics

70OPLS-DA was employed for the analysis of metabolic pro-
files and identification of metabolite changes. Using the VIP
values (VIP> 1) derived from the S-plot and the P-values
(P< 0.05), 39 differential metabolites were identified in CKD
rats (Supplementary Table S1). The heatmap presents the rela-

75tive intensity of identified metabolites showing the relative
increase (red) or decrease (green) in CKD rats compared with
the control rats (Figure 3A). Thirty-four lipid metabolites were
identified that belong to the five lipid classes: 19 glycerophos-
pholipids, 5 sphingolipids, 5 fatty acids, 3 sterol lipids and 2

80glycerolipids. Metabolomics revealed that 34 of the identified
metabolites that were altered in CKD rats were lipids,

Table 1. Body weight, urinary volume, kidney size, plasma biochemistry,
erythrocyte count and leukocyte count in the control (CTL) and CKD groups

Parameter CTL group CKD group

Body weight (g) 347621 235629**
Urinary volume (mL) 15.564.2 46.2610.8**
Kidney weight index (g/g� 100) 0.8360.05 4.3460.52**
Kidney length index (mm/g� 100) 5.360.3 9.960.8**
Kidney width index (mm/g� 100) 2.960.2 6.360.5**
Serum urea (mmol/L) 6.461.8 37.565.2**
serum creatinine (lmol/L) 33.262.4 125.6614.3**
Creatinine clearance rate
(mL/min/kg)

2.5460.29 1.5260.18**

Serum triglyceride (mmol/L) 0.4160.08 1.1260.19**
Serum cholesterol (mmol/L) 1.9860.39 2.5260.43*
Serum uric acid (lmol/L) 124.5615.5 179.6619.9**
Serum potassium (mmol/L) 5.1460.23 5.9460.41**
Serum sodium (mmol/L) 13962 14262
Serum chloride (mmol/L) 10161 10362
Serum phosphorus (mmol/L) 1.9360.43 3.2560.73**
Serum calcium (mmol/L) 2.4360.05 2.2960.07*
Serum creatine kinase (mmol/L) 19656235 22966268*
White blood cell (109/L) 12.762.2 22.363.3**
Red blood cell (1012/L) 7.860.3 6.460.4**
Serum IL-6 (pg/mL) 8.5461.25 18.6863.76**
Serum TNF-c (pg/mL) 7.6261.46 25.8766.56**
Urine creatinine (lmol/L) 3267.86748.9 1201.16189.8**
Urine urea (mmol/L) 244.4627.3 209.7625.1

Results are expressed as the means 6 standard deviation.
*P< 0.05, **P< 0.01 compared with control rats by unpaired Student’s t-test. Kidney
weight index¼ kidney weight (g)/body weight (g)� 100; kidney length index¼ kidney
length (mm)/body weight (g)� 100; kidney width index¼ kidney length (mm)/body
weight (g)� 100.
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accounting for 87.2% of all identified metabolites affected by
CKD. Figure 3C represents the z-score plots of the altered
metabolites in CKD compared with the control group. The plots
display the relative intensities of the identified metabolites that

5 were different between CKD and control rats. Figure 3E shows
the mean ratio of each analyte in CKD versus control rats, plotted
against their minus logarithm of P-value (Supplementary Table
S1). Thirty-four metabolites achieved a conservative Bonferroni-
adjusted significance threshold of P< 0.000128 (0.05/39 metabo-

10 lites), with 33 of these metabolites higher in CKD rats compared
with control rats (Table 2). The results indicated that the metaolic
profile was significantly disturbed in rats with chronic interstitial
nephropathy. Therefore, lipid metabolism was further studied
using lipidomics approach. Using the VIP values and the P-val-

15 ues (P< 0.05), 40 differential lipid metabolites from ESIþmode
and 19 differential lipid metabolites from ESI�mode were identi-
fied (Supplementary Table S2). The heatmap presents 59 differ-
ential lipids showing the relative increase (red) or decrease
(green) in CKD rats compared with control rats (Figure 3B). The

20 heatmap allowed better differentiation of the lipid profile between
the CKD and control rats. Fifty-nine differential lipid metabolites
belong to the six lipid classes: 26 glycerolipids, 22 glycerophos-
pholipids, 2 sterol lipids, 2 fatty acids, 1 prenol lipid and 1 eicosa-
noid. The difference in plasma concentrations of these 59 lipid

25 species between CKD and control rats was highly significant. The
change in plasma concentration (increase or decrease) of the lip-
ids between CKD and control rats was more than 1.4 times

(Figure 3D). Figure 3F shows the mean ratio of each analyte in
CKD rats versus control rats, plotted against their minus loga-

30rithm of P-value (Supplementary Table S2). Thirty-five metabo-
lites achieved a conservative Bonferroni-adjusted significance
threshold of P< 0.000847 (0.05/59 metabolites), with 34 of these
metabolites being higher in CKD compared with control rats
(Table 3). The results indicated that the lipid profile was signifi-

35cantly disturbed in rats with chronic interstitial nephropathy.

Validation of significantly altered metabolites

To test the usefulness of these differential metabolites, an
additional eight adenine-induced CKD rats and eight control
rats were used for validating these significantly altered metabo-

40lites. Principal component analysis (PCA) score plots indicated
that 33 differential metabolites (Figure 4A) and 35 differential
lipid species (Figure 4B) could separate CKD rats from control
rats. Predicted class probabilities were performed on 33 differ-
ential metabolites (Figure 4C) and 35 differential lipid species

45(Figure 4D) from eight independent adenine-induced CKD rats
and eight control rats. All eight CKD samples were correctly
grouped (100% sensitivity). All eight control samples were
located in the control area (100% specificity). The suitability of
the differential metabolites was further validated by ROC analy-

50sis. The metabolomic ROC results showed that differential
metabolites were robust in distinguishing CKD from control
groups, with area under the curve (AUC), sensitivity and specif-
icity values of 0.885 [95% confidence interval (CI):

FIGURE 1: Representative photomicrographs of the kidney sections from control (CTL) and CKD rats stained with H&E, PAS and Masson
staining as well as NF-KB, COX-2, iNOS, TGF-b1, ED-1, a-SMA and TNF-a immunohistochemistry. The kidney in the tubulointerstitial
nephropathy rats showed significant tubulointerstitial injury by heavy inflammatory cell infiltration, tubular dilation and fibrosis.

P h e n o t y p e s a n d f a t t y a c i d m e t a b o l i s m i n C K D 5
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||0.829�0.892], 93.3%, and 85.5%, respectively (Figure 4E).

Similarly, differential lipid species exhibited high diagnostic per-
formance in distinguishing CKD from control groups, with
AUC, sensitivity and specificity values of 0.913 (95% CI: 0.848–

5 0.934), 99.9% and 93.8%, respectively (Figure 4F).

Selection of biomarker candidates by logistic regression
model

To assess the potential utility of altered metabolites as predic-
tive markers of CKD, we produced a logistic regression model

10based on the 33 validated metabolites or 35 lipid species from

FIGURE 2: Expression of pro-inflammatory, pro-oxidant and fibrotic proteins in kidney tissues. Representative western blots of pro-inflamma-
tory and pro-oxidant proteins including NF-jB, iNOS, COX-1, COX-2, MCP-1, NOX4, gp91Phox, P47Phox and nitrotyrosine (A), anti-oxidative
stress proteins including Nrf2, GPX, catalase, Cu/Zn SOD and HO-1(B) and pro-fibrotic proteins including TGF-b1, PAI-1 and a-SMA (C) in
control (CTL) and CKD groups (n¼ 8). Histone H3 and GAPDH served as the loading control. *P< 0.05, **P< 0.01.

6 D.-Q. Chen et al.



FIGURE 3: Multivariate analysis and significantly altered metabolite identification. The heatmap represented hierarchical clustering of the dif-
ferential metabolites from metabolomics (A) and lipidomics (B) in control (CTL) and CKD groups. Each line of this graphic represents a rela-
tionship of different metabolites, colored by their relative intensities (red, upregulated; green, downregulated). Columns: plasma samples; rows:
metabolites. 9-ODA, 9-oxooctadecanoic acid. Z-score plots of metabolomic and lipidomic alterations in CKD rats. Each point represents one
metabolite or one lipid in one CTL or CKD sample. (C and D) Z-score plots for the data normalized to the mean of the CTL samples. x-Axis,
metabolites; y-axis, relative intensities. The geometric mean ratio of each metabolite in CKD versus CTL was presented in metabolomics (E)
and lipidomics (F). The y-axis shows minus logarithm of P-value. The x-axis shows the logarithm of ratio of CKD/CTL of each plasma sample.
The log2(CKD/CTL) with a value>0 indicated a relatively higher intensity present in CKD rats, whereas a value<0 indicated a relatively lower
intensity compared with the control rats.
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discovery phase and validation phase in CKD and control rats.
Based on the forward stepwise analysis, tetracosanoic acid, L-
aspartic acid, creatinine, PC(18:3/14:1) and docosatrienoic acid
were identified as the best predictors of CKD in the regression

5 model. In addition to the current standard biomarker, creati-
nine, two fatty acids (tetracosanoic acid and docosatrienoic
acid), one glycerophosphocholine PC(18:3/14:1) and one amino
acid L-aspartic acid were found as the biomarker candidates of
CKD.

10 Correlation analyses between biomarker candidates and
standard biochemical parameters

To further understand the relationship between four metabo-
lites and the well-known biochemical abnormalities, we explored
the correlation between the peak level of these metabolites and

15 the concentration of creatinine, triglyceride and total cholesterol
(Figure 5). Except for PC(18:3/14:1), tetracosanoic acid, docosa-
trienoic acid and L-aspartic acid were positively or negatively cor-
related with creatinine concentration (R> 0.9498). Except for L-
aspartic acid, tetracosanoic acid, docosatrienoic acid and

20 PC(18:3/14:1) were positively or negatively correlated with

triglyceride concentration (R> 0.9441). Two fatty acids, tetraco-
sanoic acid and docosatrienoic acid, showed good correlation
with total cholesterol concentration (R> 0.9449). These results
demonstrated strong correlation between these four metabolites

25with creatinine, triglyceride and total cholesterol.

Metabolic pathway analysis

To understand the functional impact of the alterations of the
above plasma metabolites, the KEGG metabolic library was
used by Metaboanalyst. We evaluated both a test for signifi-

30cantly altered metabolites in a pathway based on the hypergeo-
metric tests and for the impact of the altered metabolites on the
pathway function via alterations in important junction points of
the pathway. Each of the 81 rat metabolic pathways in KEGG
was simultaneously plotted to indicate the most significant

35pathways based on P-values of hypergeometric test (y-axis, red
shades) and impact (x-axis, circle diameter) (Figure 6A). The
top six pathways in plasma identified by P-value (top five) or
impact (top one) include the following: (i) glycerophospholipid
metabolism; (ii, iii) unsaturated fatty acids biosynthesis (linoleic

40acid and c-linolenic acid metabolism); (iv) GPI-anchor

Table 2. Differential plasma metabolites of rats with adenine-induced
CKD detected by UPLC-MS in positive ionization mode

Compounds VIPa Ratio (CKD/CTL) Pb

Tetracosanoic acid 3.34 2.62 1.35E-06
Palmitic amide 1.62 2.61 5.94E-06
Octadecanamide 1.55 3.19 2.47E-08
Docosatrienoic acid 3.17 0.53 2.07E-05
9-Oxooctadecanoic acid 1.5 0.62 1.14E-04
PC(22:2/14:1) 1.77 4.04 1.49E-05
PC(18:3/14:1) 3.35 4.88 2.53E-09
PC(18:2/18:3) 1.32 9.05 1.66E-09
PC(18:1/22:6) 1.49 3.39 1.27E-07
PC(18:1/22:5) 1.45 2.75 3.29E-06
PC(16:0/18:2) 1.79 6.50 5.27E-09
PC(15:0/18:4) 2.78 6.76 5.04E-07
LysoPE(20:4) 1.97 3.02 6.63E-05
LysoPC(18:4) 3.17 5.08 2.33E-06
LysoPC(17:0) 1.66 3.63 5.64E-06
LysoPC(16:1) 3.31 0.29 1.82E-04
LysoPC(16:0) 2.96 2.16 3.89E-06
PE(P-18:1/20:2) 1.73 2.88 1.82E-06
PE(20:1/18:0) 1.47 3.12 3.08E-07
PE(18:1/20:3) 2.25 3.42 1.72E-05
PS(18:2/20:3) 1.91 8.73 2.15E-06
PS(16:0/14:1) 1.82 3.79 3.22E-07
PG(18:0/18:3) 1.45 2.12 2.87E-06
Cer(d18:0/16:0) 1.59 3.40 5.87E-05
Cer(d18:0/14:0) 1.57 7.71 4.05E-09
SM(d18:0/16:1) 1.88 3.72 1.05E-07
DG(18:1/20:5) 2.37 2.62 6.02E-05
Dihydrosphingosine 1.69 9.04 1.87E-06
Androstenol 1.90 0.67 4.11E-05
Crustecdysone 1.48 0.74 2.92E-05
Glycocholic acid 2.83 2.16 1.23E-06
L-Aspartic acid 1.46 5.92 7.29E-11
Creatinine 2.56 5.26 1.10E-05

aVIP value was obtained from OPLS-DA model.
bP-values are calculated from a one-way ANOVA.
cThe false discovery rate (FDR) value was obtained from the adjusted P-value of FDR
correction using Benjamini Hochberg method.
CTL, control.

Table 3. Differential lipids of rats with of adenine-induced CKD detected
by UPLC-MS in positive ionization mode and negative ionization modes

Compounds VIPa Ratio (CKD/CTL) Pb

TG(22:0/14:1/18:1) 2.03 1.50 1.15E-04
TG(18:2/18:2/22:6) 1.06 1.73 5.37E-04
TG(18:1/20:4/18:1) 1.99 1.65 1.75E-04
TG(18:0/20:4/18:3) 2.84 2.34 1.14E-07
TG(17:2/19:1/22:6) 1.78 1.58 3.98E-04
TG(16:0/16:1/22:5) 2.69 2.02 6.26E-06
TG(16:0/16:0/20:2) 2.93 1.91 7.09E-05
TG(16:0/16:0/20:2) 1.65 1.63 1.10E-05
TG(15:0/17:2/22:3) 2.22 2.29 6.00E-09
TG(14:1/20:1/22:6) 2.79 1.81 3.31E-04
TG(14:0/18:2/20:3) 1.99 3.28 3.49E-07
TG(13:0/17:0/20:2) 2.19 1.43 8.86E-06
DG(20:5/15:0) 2.63 2.71 8.89E-05
PC(22:5/20:5) 1.11 3.03 7.67E-07
PC(20:5/18:0) 1.25 1.91 4.60E-04
PC(20:4/18:0) 3.19 1.68 2.00E-07
PC(18:1/18:0) 2.28 2.42 7.52E-06
PC(18:1/16:0) 2.79 1.96 3.99E-05
PC(18:0/18:3) 1.69 1.95 1.81E-06
PE(22:2/15:0) 2.96 1.66 7.03E-05
PE(22:0/22:1) 1.47 11.2 7.69E-08
PE(20:4/18:0) 1.54 2.27 2.33E-04
PE(20:2/19:0) 2.98 2.00 6.44E-06
LysoPE(24:0) 1.8 0.16 1.91E-09
SM(d18:1/24:0) 1.48 1.62 2.57E-04
SM(d18:1/23:0) 1.75 3.34 2.41E-06
SM(d16:1/18:0) 1.55 1.65 1.74E-05
PS(21:0/18:0) 1.95 3.19 1.13E-05
PS(20:3/22:6) 1.16 3.79 2.78E-07
PS(18:3/21:0) 3.00 1.55 6.29E-05
PI(20:4/18:0) 3.67 1.63 2.99E-04
PI(14:1/22:1) 1.82 2.35 6.55E-09
Palmitoylcarnitine 1.69 3.22 5.30E-05
Pristanoylglycine 2.69 2.94 4.75E-05
7-Ketocholesterol 2.83 2.85 4.04E-05

aVIP value was obtained from OPLS-DA model.
bP-values are calculated from a one-way ANOVA.
CTL, control.
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biosynthesis; (v) histidine metabolism; and (vi) b-alanine
metabolism. These altered plasma pathways in CKD rats indi-
cate that disturbance of certain central metabolites produces an
important impact on multiple metabolic pathways that are

5 interconnected. Most of the altered metabolites were fatty acids
and amino acids, indicating that fatty acid and amino acid
metabolisms were heavily perturbed in CKD rats. A pathway
enrichment overview of the altered metabolites revealed marked
alterations of malate-aspartate metabolism and long-chain fatty

10 acids b-oxidation in CKD rats (Figure 6B). In addition, meta-
bolic pathways of the differential metabolites were visualized by
using Cytoscape software. Part of metabolic pathways including
disorders of amino acid, adenine and lipid metabolisms are
shown in Figure 6C. The main pathway of lipid metabolism

15 affected by CKD included glycerophospholipid metabolism and
unsaturated fatty acids biosynthesis (linoleic acid and c-lino-
lenic acid metabolism).

2 0 D I S C U S S I O N

Inflammation plays an important role in the progression of
CKD and many of its adverse complications. The current

western blot and metabolomics data demonstrated the presence
of inflammation in the kidney tissues of CKD rats. The kidney

25tissues of our CKD rats with chronic interstitial nephropathy
showed a significant increase in nuclear translocation of p65
(NF-jB activation), up-regulation of inflammatory, pro-
oxidant and pro-fibrotic proteins, and down-regulation of anti-
oxidant system. Oxidative stress and inflammation are common

30features and the major mediators of morbidity and mortality in
CKD patients [26]. Oxidative stress is caused by an imbalance
between oxidant production and antioxidant defence system
[27]. Oxidative stress in CKD is due to a combination of excess
production of reactive oxygen species (ROS) and deficient anti-

35oxidant defence system, which is caused by impaired Nrf2 activ-
ity [28, 29]. Several studies have demonstrated oxidative stress
in patients with CKD [30, 31], as evidenced by accumulations of
reactive carbonyl compounds, thiobarbituric acid-reactive sub-
stances and malondialdehyde in plasma, pointing to increased

40protein and lipid peroxidation.
Oxidative stress and inflammation in our CKD group was

associated with marked alteration of plasma concentrations of
different metabolites. Tetracosanoic acid, L-aspartic acid, creati-
nine, PC(18:3/14:1) and docosatrienoic acid were identified by

45logistic regression model as the biomarker candidates for CKD.

FIGURE 4: Differential metabolites were validated using an independent group. The PCA score scatter plot using 33 differential metabolites
(A) and 35 differential lipid metabolites (B) from plasma sample between the CKD rats and control (CTL) rats. PCA score plots indicated that
altered metabolites could separate CKD rats from CTL rats. Validation of diagnostic performances of the 33 differential metabolites (C) and 35
differential lipid metabolites (D) based on the partial least squares-discriminant analysis (PLS-DA) model. Validation of ROC curve analysis of
the 33 differential metabolites (E) and 35 differential lipid metabolites (F) for the predictive power of potential biomarkers in CKD. Thirty-
three differential metabolites obtained an AUC value of 0.885 (95% CI: 0.829� 0.892) with 93.3% sensitivity and 85.5% in distinguishing CKD
from CTL. Thirty-five differential lipid metabolites obtained an AUC value of 0.913 (95% CI: 0.848� 0.934) with 99.9% sensitivity and 93.8%
in distinguishing CKD from CTL.

P h e n o t y p e s a n d f a t t y a c i d m e t a b o l i s m i n C K D 9
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|Further correlation analysis showed strong association of the

four metabolites with creatinine, triglyceride and total choles-
terol concentrations. Therefore, they could be considered as
additional biomarkers of advanced CKD.

5 Based on the multiple step metabolite selection and cross
validation model, among lipid species, fatty acids were signifi-
cantly altered by CKD. Our study showed that plasma levels of
saturated fatty acids including tetracosanoic acid, octadecana-
mide, palmitic amide and palmitoylcarnitine were significantly

10 increased, whereas polyunsaturated fatty acids (PUFA), includ-
ing docosatrienoic acid level, were significantly decreased in
CKD rats. This is consistent with earlier studies that have shown
marked elevation of plasma free fatty acids and saturated fatty
acids in the pre-hemodialysis blood samples from end-stage

15 renal disease patients compared with controls [32]. In fact,
blood level of saturated fatty acids has been shown to be associ-
ated with the odds of sudden cardiac death in patients main-
tained on hemodialysis [33].

Based on Kyoto Encyclopedia of Genes and Genomes
20 (KEGG) metabolic and enrichment pathway analyses, we found

marked changes in fatty acid oxidation and c-linolenic acid and
linoleic acid (x-3 and x-6) metabolism in CKD rats, indicating

that this pathway could be considered as a therapeutic target for
CKD. Recently, Kang et al. [34] showed reduced expression of

25key enzymes and regulators of fatty acid oxidation and
increased intracellular lipid deposition in both humans and
mice with tubulointerstitial fibrosis. Moreover, using in vitro
experiments they found that inhibition of fatty acid oxidation in
cultured renal tubular epithelial cells caused ATP depletion, cell

30death, dedifferentiation and intracellular lipid deposition, phe-
notypes observed in fibrosis. In contrast, restoration of fatty
acid metabolism by genetic or pharmacological methods pro-
tected mice from tubulointerstitial fibrosis [34]. Long-chain
fatty acid uptake is facilitated by the long-chain fatty acid trans-

35porter CD36 [35]. Fatty acid metabolism requires their trans-
port into the mitochondria by linking fatty acids to carnitine via
carnitine palmitoyltransferase-1, which is the rate-limiting
enzyme in fatty acid oxidation [36]. Diabetes results in mito-
chondrial dysfunction, which leads to impaired b-oxidation of

40fatty acids and oxidative phosphorylation defect, events that
contribute to the development of kidney disease [37]. Plants
and fish are two major sources of x-3 fatty acids c-linolenic
acid and eicosapentaenoic acid and docosahexaenoic acid,
respectively. In mammals, c-linolenic acid is converted through

FIGURE 5: Significantly altered metabolites were well correlated with clinical biochemistry. Correlation between tetracosanoic acid, docosatrie-
noic acid, PC(18:3/14:1) and L-aspartic acid levels (peak area) measured by the UPLC-HDMS and serum creatinine (A), triglyceride (B) and
total cholesterol (TC) (C) measured by clinical laboratory from the 16 CKD rats of discovery phase and validation phase. The correlation coeffi-
cient is shown in each graph.

10 D.-Q. Chen et al.
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elongation and desaturation to eicosapentaenoic acid, and subse-
quently to docosahexaenoic acid, which are the substrates for gen-
eration of anti-inflammatory mediators. PUFA are highly
vulnerable to ROS-mediated peroxidation, which makes them the

5 target of endocytosis by macrophages. Unlike saturared fatty
acids, plasma concentration of PUFA was significantly reduced in
our CKD animals. Given the well-known association of CKD
with oxidative stress the CKD-associated oxidative stress may
have contributed to the depletion of the circulating PUFAs in

10these animals. By replacing arachidonic acid, long-chain n-3
PUFA found in fish and fish oils, can attenuate oxidative stress
and inflammation by lowering production of inflammatory eico-
sanoids and, thereby, cytokines, adhesion molecules and ROS
[38]. Therefore, deficiency of these PUFA may contribute to the

15CKD-associated systemic oxidative stress and inflammation. In
fact, x-3 supplementation in dialysis patients has been shown to
lower triglyceride levels, raise dialysis access patency, and perhaps
uremic pruritus and oxidative stress [39]. Moreover, x-3 fatty

FIGURE 6: Metaboanalyst analysis of altered metabolites in plasma from CKD rats compared with control rats. (A) Metaboanalyst analysis
using KEGG metabolic library. Both the altered metabolites in the pathway based on the hypergeometric test and the impact of the altered
metabolites on the pathway function via alterations in critical junction points of the pathway were assessed. Results of each of the 81 rat path-
ways are simultaneously plotted to indicate the most significant pathways based on hypergeometric test P-value and impact. The top six path-
ways were found with low P-values or with high impact. (B) Metabolite enrichment pathway overview highlights malate-aspartate metabolism
and long-chain fatty acids b-oxidation being remarkably enriched in the metabolomic profile of CKD rats compared with control rats. (C)
Metabolic networks of amino acids, purine and lipids in CKD. The identified metabolites in current study were shown by red hexagons.
Hexagons with green lines means that the significantly changes of the identified metabolite in CKD had statistical significance (P< 0.05). The
size of hexagons showed the fold change of the differential metabolite in CKD relative to control. In addition, other graphs showed metabolites
participating in the metabolic pathway but that had not been identified in the current study.
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|acids have been shown to limit the severity of formaldehyde-

induced nephropathy in experimental animals and docosahexae-
noic acid has been shown to enhance the antioxidant response in
human fibroblasts by upregulating expression of gamma

5 glutamyl-cysteinyl ligase and glutathione reductase [40, 41]. In
addition, animal experiments have shown that PUFA increase
superoxide dismutase and glutathione peroxidase enzyme activ-
ities, and decrease malondialdehyde level [41]. Therefore, the
observed changes in the composition of the circulating fatty acids

10 in CKD animals can, in part, contribute to the systemic inflam-
mation, oxidative stress and progression of renal disease.

The CKD animals employed in the present study exhibited
significant alterations in serum concentrations of amino acids.
Earlier studies have found significant increase in serum phenyla-

15 lanine and aspartic acid and significant decrease in tryptophan
level in rats with adenine-induced CKD [42–44]. The reduction
of tryptophan in this model has been attributed to increased
energy and protein expenditure [4]. Aspartic acid concentration
in CKD rats was significantly increased compared with the con-

20 trol group, which is in agreement with previously published data
[45]. In fact, elevated serum aspartic acid correlates with the
presence and severity of nephropathy in diabetic patients and as
such represents a serum biomarker of diabetic nephropathy [46].
An earlier study revealed that serum aspartic acid level was sig-

25 nificantly increased in end-stage renal disease patients before
hemodialysis and after hemodialysis, and valine/glycine and
tyrosine/phenylalanine ratios were significantly decreased in all
patients on dialysis compared with controls [47].

30 C O N C L U S I O N S

UPLC-HDMS-based metabolomic and lipidomic analyses of
serum from CKD rats with adenine-induced chronic interstitial
nephropathy revealed profound alterations in serum concentra-

35 tions of numerous metabolites including amino acids, fatty acid,
phospholipids, glycerolipids and sphingolipids. This was associ-
ated with activation of NF-jB, up-regulation of pro-
inflammatory, pro-oxidant and pro-fibrotic proteins, and
down-regulation of Nrf2 activity and its down-stream antioxi-

40 dant and cytoprotective proteins. Future studies are needed to
explore the underlying mechanisms of the observed abnormal-
ities and to determine the metabolomic and lipidomic impact of
other forms of CKD in animals and humans.
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