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Abstract 

Mechanism of chronic kidney disease progression and 

novel biomarkers: A metabolomic analysis of 

experimental glomerulonephritis 

Kyoung Hee Han 

Medicine (Major in Molecular and Genomic Medicine) 

The Graduate School 

Seoul National University 

 

While a complex network of cellular and molecular events is known 

to be involved in the pathophysiological mechanism of chronic kidney 

disease (CKD), the divergence point between reversal and 

progression and the event that triggers CKD progression are still 

unknown. To understand the different mechanisms between 

reversible and irreversible kidney disease and to search for urinary 

biomarkers that can predict prognosis, a metabolomic analysis was 

applied to compare acute and chronic experimental 
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glomerulonephritis (GN) models. Four metabolites, namely, 

epoxyoctadecenoic acid (EpOME), epoxyeicosatetraenoic acid 

(EpETE), α-linolenic acid (ALA), and hydroxyretinoic acid, were 

identified as predictive markers after comparing the chronic nephritis 

model with acute nephritis and control groups (false discovery rate 

adjusted p-value (q-value) < 0.05). Renal mRNA expression of 

cytochrome P450 and epoxide hydrolase was also identified as being 

involved in the production of epoxide metabolites from these 

polyunsaturated fatty acids (p < 0.05). These results suggested that 

the progression of chronic kidney disease is associated with 

abnormally activated epoxide hydrolase, leading to an increase in 

EpOME and EpETE as pro-inflammatory eicosanoids. 

Keywords : untargeted metabolomics; chronic glomerulonephritis; 

chronic kidney disease; experimental 

Student Number : 2012-31152 
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1. INTRODUCTION 

Chronic kidney disease (CKD) has a high worldwide prevalence, with 

drastically increased cases of end-stage renal disease [1]. CKD 

patients are clinically asymptomatic; hence, its clinical management 

is based on biomarkers of renal function and damage [2]. However, 

biomarkers that may predict progression towards renal failure are 

lacking. Certain studies have reported advancements in the early 

detection and therapeutic intervention to decelerate CKD progression 

[3]. Edwards and Whyte (1959) reported a method involving the 

measurement of serum creatinine levels, thus providing a better 

indicator of renal function than methods based on the measurement 

of serum urea levels [4]. Cockcroft and Gault (1976) reported a 

method of estimating the glomerular filtration rate from serum 

creatinine levels [5]. Apart from creatinine, cystatin C is a well-

known biomarker of renal function and CKD progression [6]. 

Creatinine and cystatin C are endogenous substrates and are 

commonly estimated in plasma and considered in the determination 

of the estimated glomerular filtration rate [7]. Moreover, albuminuria 

formation precedes the decline in renal function, hence serving as a 

marker of renal damage and is strongly associated with CKD 
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progression [2]. Recent studies on biomarkers for the early detection 

of acute kidney injury (AKI) [8] have reported several biomarkers 

in experimental ischemic renal injury and clinical AKI, such as 

cystatin C [9], interleukin-18 [10], and neutrophil gelatinase-

associated lipocalin [11], which result in a 50% increase in serum 

creatinine levels [12]. 

The kidney metabolizes numerous substrates. Glomerular filtration, 

tubular reabsorption, and secretion are involved in urine formation. 

Therefore, urine can provide important information regarding kidney 

function during certain pathologic conditions associated with the 

urinary system and normal physiologic changes [13,14]. Gao 

proposed a road map of urinary biomarkers in the early stages of 

kidney disease through a series of studies [15,16]. 

Recently, metabolomics has emerged as an important technology to 

measure small-molecule metabolites in tissues and biofluids [17]. 

The metabolome refers to the evolution of the genome, transcriptome, 

and proteome, reflecting real-time processes in living organisms 

[16]. Metabolomics is the study of chemical processes involved in 

the production of metabolites as downstream products derived from 

the genome [15]. Serum oxylipin profiles and metabolites associated 

with polyunsaturated fatty acids (PUFAs) based on metabolomics 

reflect alterations in renal function in patients with IgA nephropathy 

[18]. Moreover, 5-methoxytryptophan, levels of which are markedly 
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associated with clinical CKD markers, has been identified through 

untargeted metabolomics among patients with Stage 1–5 CKD [19]. 

However, in most cases, metabolomics has been widely used to 

investigate the pathophysiology of renal fibrosis using only different 

animal models of CKD, such as 5/6 nephrectomized rats, adenine-

induced CKD, and other drug-induced CKD [20–24]. However, these 

models do not reflect clinical conditions underlying the gradual 

progression of glomerular disease to CKD.  

Commonly used animal models of anti-Thy1 nephritis present with 

reversible mesangial proliferative glomerulonephritis, facilitating the 

assessment of the acute phase of glomerular disease. In this model, 

anti-Thy1 antibody immediately binds to mesangial cell receptor, 

causing mesangiolysis associated with transient complement 

activation and immune complex formation, which are immediately 

obliterated through mesangial proliferation to repair the glomerular 

damage due to mesangiolysis [25]. However, heminephrectomy can 

induce irreversible progressive glomerulosclerosis with crescent 

formation in anti-Thy1 nephritis [26]. 

Marked proteinuria of >1.0 g/d and severe histologic changes are 

associated with renal outcomes in IgA nephropathy in humans 

[27,28]. Moreover, the cumulative excretion of urinary podocytes 

differs between acute and chronic IgA nephropathy and Henoch–

Schönlein purpura nephritis, thus reflecting disease progression [29]. 
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Therefore, we conducted a non-targeted metabolomics animal study 

using urine specimens, assuming that the excreted urinary 

metabolites reflect differences in the underlying mechanism. 

Therefore, this study aimed to investigate the differences in the 

pathogenesis of acute and chronic nephritis and identify urinary 

metabolites predicting the progression or regression of kidney 

injuries through an untargeted metabolomics approach, using an 

experimental anti-Thy1.1-initiated model of mesangioproliferative 

glomerulonephritis with or without heminephrectomy in rats. We 

hypothesized that there is a quantitative difference of proteinuria 

between acute and chronic nephritis, and that qualitative differences 

in proteinuria cause pathological differences between acute and 

chronic nephritis. In other words, the metabolites of urine, which 

cause these pathological consequences, reflect the difference 

between acute and chronic nephritis, and thus these substances can 

be considered as a risk factor for CKD progression.  

2. METHODS 

2.1. Definition 

Acute nephritis (AN) is a sudden inflammation of the kidneys that 

affects renal function. When treated early, AN is usually temporary 

and reversible, leading to clinical improvement in about one month. 
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AN can have a progressive tendency to chronic nephritis (CN). CN 

is characterized by irreversible pathologic findings, including 

interstitial fibrosis (IF), and if it lasts longer than three months, it 

leads to permanent loss of renal function; that is, CKD (Figure 1) 

[30,31]. 

 

Figure 1. Schematic illustration of the definition of acute and chronic 

nephritis. 

2.2. Animals 

Female Sprague Dawley rats (weight, 160–260 g) were provided by 

OrientBio, Seongnam-si, Korea. All experiments were approved by 

the Institutional Animal Care and Use Committee of the Seoul 

National University Hospital and animals were maintained in a facility 

accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International (AAALAC International) 

(#001169) in accordance with the guide for the care and use of 

laboratory animals [32]. The animals were housed at the animal 

center (temperature: 20–26 °C; humidity: 50% ± 20%) and fed 
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with Pico5053 (Pico Lab-Rodent 20-IRR, OrientBio, Seongnam-si, 

Korea) with free access to drinking water.  

2.3. Experimental Design 

Acute anti-Thy 1.1 nephritis as a rat model of mesangial 

proliferative glomerulonephritis has been described previously [33]. 

Briefly, 8-week-old female rats were injected with an intravenous 

injection of anti-Thy1.1 antibody (Young in Frontier, Seoul, Korea). 

The development of progressive nephritis following a single injection 

anti-Thy1.1 antibody Ox-7 after unilateral nephrectomy in rats has 

been reported previously [26,34,35]. 

The experimental design is outlined in Figure 2. Forty specific 

pathogen-free Sprague Dawley rats were randomly divided into four 

groups as follows: AN (n = 12), CN (n = 12), control group for AN 

(AN-C, n = 8), and control group for CN (CN-C, n = 8). The AN 

group received a sham operation 2 weeks before the intravenous 

injection of 5 mg/kg of a mouse anti-Thy1.1 antibody via the tail vein 

on day 0. The CN group received heminephrectomy 2 weeks before 

intravenous injection of 5 mg/kg of the mouse anti-Thy1.1 antibody 

on day 0. The AN-C group received a sham operation 2 weeks before 

the intravenous injection of 5 mL/kg of PBS, whereas the CN-C 

group received heminephrectomy 2 weeks before the injection of 5 

mL/kg of PBS on day 0. 
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Figure 2. Experimental design for the production and evaluation of 

acute and chronic nephritis rat models in this study. 

Half of the rats were sacrificed at the end of 2 weeks (2W) and the 

other half were sacrificed at the end of 12 weeks (12W). Twenty-

four-hour urine was obtained on day 0, and at the end of week 1, 2, 

4, 8, and 12; thus, until sacrifice. All animals were anesthetized with 

a single intraperitoneal injection of 5 mg/kg xylazine and an 

intramuscular injection of 10 mg/kg zoletil before sacrifice [36–38]. 

2.4. Measurement of Proteinuria 

Urinary protein concentrations were measured by the pyrogallol red–

molybdate method (Randox Laboratories Ltd., Crumlin, UK). 

Creatinine levels were determined by an IDMS reference 

measurement procedure (Jaffe method) [39]. Proteinuria was 

expressed as the urine protein-to-creatinine ratio (mg/mg). 
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2.5. Evaluation of Renal Histology 

Kidney sections were processed and examined by light microscopy 

(Leica DF280, Leica Microsystems, Wetzlar, Germany), as described 

previously [40]. Kidneys were perfused with cold PBS before 

nephrectomy. A piece of renal cortical tissue was fixed in 10% 

buffered formaldehyde and embedded in paraffin. Two-micrometer 

sections were stained with Masson trichrome. All sections were 

coded and analyzed in a blinded manner by two individuals, including 

a pathologist. The mean of both scores was used for further analysis. 

The severity of glomerular extracellular matrix expansion was 

quantitated based on the glomerular matrix score using a previously 

published method [41]. Briefly, the glomerular matrix score was 

measured by mean score of 30 glomeruli cut at almost full diameter 

based on the percentage of glomerular area occupied by the 

extracellular matrix and hyalinosis as follows: 0 = no lesion; 1 = 

<10%; 2 = 10–25%; 3 = 25–50%; and 4 = >50%. The extent of IF 

was scored at a 250× magnification using a previously published 

method [41]. Briefly, the IF score was determined by the mean score 

of 20 cortical areas based on the percentage of areas with fibrosis as 

follows: 0 = no lesion; 1 = <25%; 2 = 25–50%; and 3 = >50%. 

 



9 
 

2.6. Metabolomic Analysis 

2.6.1 Sample preparation and chromatographic separation 

Urine samples were thawed on ice and 100 µL of rat urine was added 

to 200 µL of chilled acetonitrile. After vortexing for 10 min, the 

mixture was centrifuged at 13,000× g for 20 min at 4 °C to remove 

particles. The supernatant was transferred to injection vials. To 

obtain consistent differential variables, a pooled urine sample (QC) 

was prepared by mixing aliquots of individual samples. The prepared 

QC sample was acquired through a series of injections, and data were 

obtained by random injection. Then, 2 µL of the prepared sample was 

injected onto a reverse-phase 2.1 mm × 50 mm ACQUITY 1.7 μm 

BEH C18 column (Waters, Milford, Massachusetts, USA) using a 

Waters ultra-performance liquid chromatography (UPLC) system. 

The column was maintained at 35 °C using the ACQUITY UPLC 

system (Waters, Milford, Massachusetts, USA) and the gradient was 

eluted with a mobile phase of 0.1% formic acid (A) and 0.1% formic 

acid acetonitrile (B). From the start to 0.5 min, B was held at 5%, 

then linearly increased to 50% in 10 min, linearly increased to 95% 

in 10.75 min, and kept invariable for 12.25 min. After that, B was 

returned to 5% in 12.5 min and maintained for a further 2.5 min. The 

mass profile of both the positive and negative ion electrospray 
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ionization mode was achieved using a Waters Xevo G2 time-of-flight 

mass spectrometer (TOF–MS). 

2.6.2 Raw data processing and standardization for metabolite 

identification 

The metabolomics raw data were imported, deconvoluted, normalized, 

and reviewed using Progenesis QI (version 2.3, Nonlinear Dynamics 

Newcastle, UK). The most suitable QC sample with the highest 

similarity to all other samples was chosen as the alignment reference. 

The retention times of all other samples aligned to the reference with 

sensitivity (10 ppm) and retention time limits. The abundance of each 

entity was normalized for all compounds. Then, we filtered out the 

low-quality ions with a %CV of abundance >30 in the QC. Significant 

differential expression was defined as a false discovery rate (FDR) 

adjusted p-value (q-value) < 0.05. The FDR was obtained by 

adjusting the raw p-values of the t-test using the method of 

Benjamini and Hochberg [42]. The metabolomics data set was 

imported into EZinfo software (Umetrics, Sweden) and SIMCA-P 

version 12 (Umetrics, Sweden) for multivariate analysis (pareto-

scaled). Principal components analysis (PCA), an unsupervised 

multivariate statistical analysis, was performed to examine the 

intrinsic variations within a group and to assess the clustering 

behavior between groups. Clustering of the QC samples in the PCA 
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was assessed to reveal the stability and reproducibility of the data 

generated during the analytical platform [43]. Orthogonal partial least 

squares discriminate analysis (OPLS-DA), a supervised multiple 

regression analysis, was performed for identification of 

discrimination in the preliminary study. 

2.6.3 Preliminary study 

In the preliminary study, datasets of AN and CN on days 0, week 1, 

and 2 were analyzed for marker changes according to disease 

phenotype by performing multivariate analysis using OPLS-DA. 

2.7. mRNA Analysis 

Total RNA was extracted from rat kidney tissue with the NucleoSpin 

RNA/Protein kit (Macherey-Nagel, Bethlehem, PA, USA). RNA 

later-stored kidney tissue was disrupted by a BioMasher II 

disposable homogenizer (Nippi, Tokyo, Japan). First-strand 

complementary DNA was synthesized via the reverse transcription 

of 1 μg of total RNA using the GoScript Reverse Transcription 

Oligo(dT) mix (Promega, Madison, WI, USA). A 20-μL reaction 

mixture was prepared with 4 μL of GoScript reaction buffer, 2 μL 

of random primers, 2 μL of GoScript Enzyme mix, and 12 μL 

comprising 1 μg RNA and nuclease-free water. The mixture was 

incubated for 5 min at 25 °C followed by 60 min at 4 °C, and the 
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reverse transcriptase was inactivated for 5 min at 95 °C. To dilute 

the cDNA, 20 μL of nuclease-free water was added. A 20-μL PCR 

reaction mixture was prepared with 10 μL of the 2X GoQaq qPCR 

master mix (Promega), 2 μL QuantiTect Primer Assay (Qiagen, 

Hilden, Germany), 6 μL of nuclease-free water, and 2 μL of cDNA. 

Real-time PCR was performed using a CFX Connect Real-Time PCR 

instrument (Bio-Rad, Hercules, CA, USA) with the following cycling 

conditions: initial denaturation at 95 °C for 2 min, and 45 cycles of 

denaturation at 95 °C for 15 s and annealing/extension at 60 °C 

for 30 s. GAPDH expression was used to normalize mRNA 

expression. 

2.8. Statistical Analysis 

All statistical analyses were performed using SPSS for Windows 

version 21 (IBM SPSS Statistics, Chicago, IL, USA). Statistical 

significance was considered at p < 0.05. Differences among groups 

for continuous variables were assessed using non-parametric 

statistics with the Mann–Whitney U test or Kruskal–Wallis test. 

Paired t-tests were used to compare the time points at week 2 and 

week 12. 
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3. RESULTS 

3.1. Proteinuria 

The CN groups showed significantly different proteinuria than the 

CN-C or AN-C groups after one week. Moreover, there was a 

marked increase of proteinuria in the CN groups compared to that in 

the AN groups from week 4 to week 12 (Figure 3). These results 

support the hypothesis of quantitative difference of proteinuria 

between AN and CN groups from week 4 to week 12. 

 

Figure 3. The 24-hour urine protein-to-creatinine ratio in 

experimental glomerulonephritis rat groups. *p < 0.05 vs. AN; #p < 

0.05 vs. AN-C/CN-C. 
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3.2. Renal Histology 

Figure 4 shows the glomerular matrix and IF scores among the four 

groups at both the 2W and 12W time points. The Kruskal–Wallis test 

showed a significant difference of both the glomerular matrix and IF 

scores among the four groups in both time points (p < 0.05). The 

glomerular matrix score of the CN group was significantly higher than 

that of the CN-C and AN-C groups at weeks 2 (p = 0.016 and p = 

0.009, respectively) and 12 (p = 0.011 and p = 0.017, respectively). 

The glomerular matrix score of the AN group was significantly higher 

than that of the AN-C and CN-C groups at weeks 2 (p = 0.017 and 

p = 0.026, respectively) and 12 (p = 0.047 and p = 0.012, 

respectively). The IF score of the CN group was significantly higher 

than that of the AN-C, CN-C, and AN groups at both time points (p 

< 0.05). However, the IF score of the AN group was not significantly 

different from that of the AN-C or CN-C group at both time points. 

In other words, the pathological features of the AN and CN groups 

were significantly determined by comparisons with the AN-C and 

CN-C groups at week 2, respectively. Moreover, the IF score of the 

CN group was persistently distinct for up to 12 weeks, unlike that of 

the AN group. Based on Figures 3 and 4, we hypothesized that 

metabolic substances should differ between the AN and CN groups 

from one week to two weeks before the pathologic finding was 
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confirmed. Moreover, these should also have been clearly different 

from those of the CN-C group from week 2 to 12 (Figure 5).
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(a) Glomerular matrix score 

 

(b) Interstitial fibrosis score 

Figure 4. The glomerular matrix and interstitial fibrosis scores at 2 and 12 weeks after disease production. 

(a) glomerular matrix score, (b) interstitial fibrosis score. *p < 0.05 vs. CN, #p < 0.05 vs. AN. 
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Figure 5. Scheme of the untargeted metabolomics strategy to determine urinary biomarkers predictive of 

the progression of nephritis. 
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3.3. Metabolomics Analysis 

 

 

 

 

 

 

 

Figure 6-1. The orthogonal partial least squares discriminate 

analysis score plot discriminating day 0, week 1 and 2 of AN and CN 

in (a) positive and (b) negative ion mode. 

 

Figure 6-1 shows OPLS-DA score plot discriminating day 0, week 

1 and 2 of AN and CN in (a) positive and (b) negative ion mode in 

this preliminary study. CN had a linear direction of time trends, but 

the direction of AN came back to day 0. This direction corresponded 

with the disease condition. And Figure 6-2 presents the OPLS-DA 

score plot and S-plot discriminating week 2 from CN and AN in (a) 

positive and (b) negative ion mode. The S-plot indicated biomarkers 

for CN (upper right) and AN (lower left) in the preliminary study. 
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Figure 6-2. The orthogonal partial least squares discriminate 

analysis plot and S-plot discriminating week 2 from CN and AN in 

(a) positive and (b) negative ion mode. 

 

Urine samples from AN-C, CN-C, AN, and CN were analyzed by 

UPLC–QTOF operated in positive and negative ionization modes for 

the final experiment. A total of 7,555 metabolic features were 

detected in positive and negative modes using Progenesis QI. 

Unsupervised PCA analysis showed a difference between the AN and 

CN groups over time (Figure 7-1S1). In chronological order, the CN 

group proceeds in one direction, while the AN group returns in the 

direction of day 0 (Figure 7-2). The QC samples clustered in the 

middle of the PCA plot, confirming the stability and the reproducibility 

of the data obtained in both the positive and negative modes. 
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Figure 5 shows the selection procedure of biomarkers to predict the 

progression of nephritis. We selected metabolites that satisfied the 

following criteria in Figure 5: (1) q-value < 0.05 when the CN group 

was compared to the AN group at week 1 or 2, representing early-

stage nephritis, even if there was no significant difference in 

proteinuria between the AN and CN groups; and (2) q-value < 0.05 

when the CN group was compared to the CN-C group between week 

2 and 12. In total, 504 metabolites met the marker selection criteria 

(Table S1). The authentic standard structural information of the 

metabolites selected was subsequently obtained by searching the 

databases HMDB (http://www.hmdb.ca) and Metlin 

(https://metlin.scripps.edu). The metabolic network information from 

the KEGG database (https://www.genome.jp/kegg/) was used as a 

reference for biochemical interpretation and pathway mapping. Five 

metabolites were identified as epoxyoctadecenoic acid (EpOME), 

epoxyeicosatetraenoic acid (EpETE), α -linolenic acid (ALA), 

hydroxyretinoic acid, and dihydroxyoctadecenoic acid (DiHOME) by 

comparing MS/MS spectra with those of the authentic compounds 

(Figure 8). The metabolite of EpOME, dihydroxyoctadecenoic acid 

(DiHOME), was further identified. DiHOME met Criterion 1, but the 

q-value was 0.0674 when the CN group was compared to the CN-C 

group at week 8. 
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Figure 7-1. PCA score plots comparing the AN-C, AN, CN-C, and 

CN groups from day 0 to week 12. (a) positive ion mode and (b) 

negative ion mode. This is available online at 

http://www.mdpi.com/2218-1989/10/4/169/s1 
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Figure 7-2. The trajectory of time-dependent changes in Figure 7-

1 is indicated by arrows. The CN group proceeds in one direction, 

while the AN group returns in the direction of day 0. 
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Figure 8. Relative intensity of the five identified urinary biomarkers 

predictive of the progression of nephritis. (a) EpOME, (b) EpETE, 

(c) α-linolenic acid, (d) hydroxyretinoic acid, and (e) DiHOME. 

Data are shown as mean values ± SEM. *q < 0.05 vs. AN; #q < 

0.05 vs. CN-C. 

 

(a) EpOME 

 

(b) EpETE 

 

(c) α-Linolenic acid 

 

(d) Hydroxyretinoic acid 

  

(e) DiHOME  
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3.4. Renal mRNA Expression of CYP2J4, CYP2C23, 

CYP2E1, Ephx2, and Ephx3 

The production of the epoxide metabolites from PUFAs has been 

attributed to members of the cytochrome (CYP) 2C [44], CYP2E 

[45], and CYP2J [46,47] families, and subsequent hydroxylation to 

generate their corresponding diols is catalyzed by epoxide hydrolase 

2 (Ephx2) and epoxide hydrolase 3 (Ephx3) [48]. To confirm the 

involvement of CYP2 and Ephx in metabolic changes to PUFA 

metabolism, renal mRNA expression of CYP2 and Ephx was 

evaluated. CYP2J4 expression was higher in the CN group than the 

CN-C group (p < 0.05) at week 12, whereas CYP2C23 and CYP2E1 

were lower in the CN group than in the AN or CN-C group. Ephx3 

expression was higher in the CN group than in the AN or CN-C group, 

whereas no differences in Ephx2 expression were observed (Figure 

9). 
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Figure 9. Renal mRNA expressions for epoxide metabolites at the week 2 and 12. (a) CYP2J4, (b) 

CYP2C23, (c) CYP2E1, (d) Ephx2, and (e) Ephx3 The Mann–Whitney U test was used to calculate 

statistical significance. *p < 0.05 vs. AN; #p < 0.05 vs. CN-C. 

 
(a) CYP2J4 

 
(b) CYP2C23 

 
(c) CYP2E1 

 
(d) Ephx2 

 
(e) Ephx3 
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4. DISCUSSION 

This study investigated the differences in the pathogenesis of acute 

and chronic nephritis and identify urinary metabolites predicting the 

progression or regression of kidney injuries through an untargeted 

metabolomics approach, using an experimental anti-Thy1.1-

initiated model of mesangioproliferative glomerulonephritis with or 

without heminephrectomy in rats. Figure 10 shows the metabolic 

pathway, affected by CYP2J4 and Ephx3 changes, on CKD 

progression. Decreased mRNA expression of CYP2C23 and CYP2E1 

prevents the production of epoxyeicosatrienoic acids (EETs) as a 

vasodilator derived from arachidonic acid (AA). Increased mRNA 

expression of CYP2J4 induces the generation of EpOME as a protoxin, 

which is metabolized to DiHOME and involved in inflammation via the 

upregulation of Ephx3 as a soluble epoxide hydrolase (sEH). These 

are thought to cause IF in the CN group unlike the AN group, leading 

to the CKD progression. 

Proteinuria is the abnormal transglomerular passage of urine proteins 

owing to increased permeability of the glomerular basement 

membrane and their subsequent impaired tubular reabsorption in the 

proximal tubule [49]. In healthy individuals, the urinary protein 

content ranges between 0 and 0.1 g/m2/d. Heavy proteinuria exceeds  
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Figure 10.  Possible mechanism of cytochrome P450 (CYP450)-dependent metabolism of 

polyunsaturated omega-6 and omega-3 fatty acids involved in CKD progression. (a) omega-6 PUFA 

pathway, (b) omega-3 PUFA pathway. Metabolites in the red colored squares are increased. mRNA is 

increased in the red line circle and decreased in the blue line circle.

 
(a) Omega-6 PUFA pathway 

 

(b) Omega-3 PUFA pathway 
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1 g/m2/day as in primary glomerular disease and CKD. Proteinuria 

may reflect a specific pathophysiological condition in the kidney 

resulting in damage to the glomerular filtration barrier in diseases 

that cause the glomerular or renal tubular injuries. Therefore, meta 

metabolomics approaches have actively been used in studies on 

kidney diseases [50]. 

Interpretation of metabolomics datasets could be challenging because 

many detected metabolites are still not found in biochemical 

databases [51]. Each metabolite is linked to each other through 

control steps including enzymes and coenzymes. Therefore, 

statistically significant correlations among metabolites should be 

explicitly utilized to obtain a metabolic phenotype that reflects the 

pathophysiology and to differentiate between disease groups [51]. 

Because of this, metabolomics is a highly systematic study that 

understands and analyzes metabolic changes in specific diseases as 

metabolic networks. Rather than finding one marker, it analyzes an 

algorithm that explains the pathophysiology of a disease with organic 

correlations between several markers [52]. As shown in Figure 11, 

numerous raw metabolites that are significant or unknown including 

artifact, can be separated and detected by measuring metabolites 

according to time, mass, and degree of ion mobility. Since metabolites 

change rapidly with disease severity or time, it is important to check 

the pattern recognition of metabolite datasets as the basis for 
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Figure 11. The interpretation approaches of metabolomic datasets
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metabolic profiling. The urinary metabolite collected from the animal 

model in this study was shown by PCA analysis to confirm the 

trajectory pattern in Figures 7-1 and 7-2. 

Large sample size is required to reduce the type I error rate and to 

obtain significant statistical power. However, it is difficult to collect 

large-scale samples via animal studies due to ethics. There are 

known to be no standard methods for optimal sample size estimation 

in metabolomic experiments [53]. Metabolomics has the advantage 

of overcoming the limitation of sample size because it compares 

metabolic changes through time-series experiments from different 

phenotypes [54]. 

Herein, changes were observed in metabolite levels associated with 

PUFA metabolism. Conversion of PUFAs to bioactive lipid mediators 

via CYP isoforms is associated with cardiovascular function [55].  

Figure 12. The cytochrome/ soluble epoxide hydrolase axis and 

polyunsaturated fatty acid (PUFA) metabolism. 
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Epoxide is metabolized from PUFA by CYP and converted to diol by 

sEH (Figure 12). ALA and linoleic acid (LA) are omega-3 and 

omega-6 PUFAs, respectively, and are essential fatty acids in food. 

Certain CYP 450 enzymes, the CYP epoxygenases, metabolize LA to 

EpOME, which is further metabolized to DiHOME by the sEH. 

DiHOME contributes to the detrimental effects of ischemia–

reperfusion injury with the massive production of reactive oxygen 

species in isolated mouse hearts [56]. EpOME is considered a 

leukotoxin or protoxin because it causes significant adverse cardiac 

effects in animal models in the presence of sEH [57–59]. In previous 

animal studies, the pharmacological inhibition of sEH activity reduced 

pro-inflammatory eicosanoid levels, leading to a reduction in blood 

pressure [60–62]. Furthermore, LA can also be converted to 

arachidonic acid (AA), which is converted to pro-inflammatory 

eicosanoids, including prostaglandin E2, leukotriene B4, lipoxins, and 

hydroxyeicosatetraenoic acid (HETE) by cyclooxygenase (COX), 

lipoxygenase (LOX), and CYP hydroxylases. These pro-

inflammatory eicosanoids result in cardiac dysfunction, thus 

promoting inflammation, vasoconstriction, and apoptosis [63]. 

ALA is converted to the long-chain omega-3 PUFA, 

eicosapentaenoic acid (EPA), or docosahexaenoic acid (DHA) [64]. 

A meta-analysis of observational studies reported that higher ALA 
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intake leads to cardioprotective effects [60]. Moreover, higher EPA 

and DHA intake also protects against cardiovascular disease [65]. 

These omega-3 PUFAs are converted to eicosanoids by COX, LOX, 

and CYP 450 enzymes. Eicosanoids derived from omega-3 PUFAs 

include resolvins or protectins, which play an anti-inflammatory role 

[66]. Stephanie et al. reported that the anti-hypertensive effects of 

flaxseed ingestion are induced via the ALA-mediated inhibition of 

sEH in patients with hypertension [67]. In contrast, ALA levels in 

patients with nephrotic syndrome were higher than those in the 

control groups, suggesting that nephrotic syndrome potentially 

disrupts PUFA metabolism [68]. Significant dyslipidemia occurs in 

nephrotic syndrome because albuminuria accelerates a compensatory 

increase in hepatic lipoprotein synthesis [69]. Furthermore, 

dyslipidemia has renal lipotoxicity indirectly through systemic 

inflammation and oxidative stress [70–72]. Therefore, higher levels 

of ALA in the CN groups could be triggered through proteinuria 

leading to further renal histologic injury through the disturbance of 

PUFA metabolism. 

Further, AA can be also transformed into EETs by CYP 

epoxygenases (Figure 12). EET promotes vasodilation, angiogenesis, 

and thrombolysis, as well as inhibits inflammation and apoptosis, 

which can preserve cardiac function [63]. Renal epithelial cells are 

one of the major sites for the production of EETs, the substrate of 
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AA and CYP epoxygenase [73]. EETs play a role in vasodilation to 

increase blood flow to organs, leading to decreased peripheral 

vascular resistance through the inhibition of epithelial sodium 

channels in the kidney. The association between vascular 

inflammation and hypertensive renal injury based on a transgenic 

mouse model of sEH demonstrated the associated pathogenesis, in 

which increased sEH activity or decreased levels of EETs contribute 

to hypertension and CKD [74–76]. The association between diols, via 

CYP epoxygenases, and chronic histology in the current study is 

consistent with the hypothesis presented. 

Epoxyeicosatetraenoic acids (EpETEs) are metabolized from EPA, 

omega 3 fatty acid by CYP epoxygenase. The activation of EET-

forming CYP epoxygenases is known to be determined by the enzyme 

substrate preference and the endogenous omega 3/omega 6 PUFA 

ratio. The differences in preference of CYP epoxygenases often 

induce the metabolization of EPA to EpETEs at rates exceeding their 

rates in metabolizing AA to EETs [77]. Increased EpETEs are 

considered a metabolite of the EET-inactivating pathway from AA, 

owing to the opposite activation of CYP2E1 and CYP2J4 in our study. 

The CYP 2 family comprises the predominant epoxygenase isoform 

abundantly expressed in the endothelium, myocardium, and kidney of 

humans. Numerous studies have demonstrated the cardioprotective 

effects of CYP epoxygenases and EETs, including vasodilation, 
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antihypertensive, proangiogenic, anti-atherosclerotic, and 

cardioprotective effects [73,78]. The role of the CYP2 family and its 

metabolites in inflammation and cancer have recently attracted 

increasing attention. CYP2C23 is expressed as an AA epoxygenase 

in rat kidneys [79]. Increased vascular tone caused by the down-

regulation of CYP2C23 and decreased levels of EETs, as a 

vasodilator, were identified in androgen-induced hypertension [80]. 

Moreover, high potassium intake induces AA and 11,12-EET 

inhibition in the epithelial sodium channel in the cortical collecting 

duct by increasing CYP2C23 activity and decreasing sEH activity, 

respectively [81]. In our study, CYP2C23 expression was 

suppressed in CN animals compared to that in the AN group in Figure 

9. This suggests that CYP2C23 downregulation is associated with 

renal disease progression. 

CYP2E1 is known to act as a monooxygenase to metabolize AA to 

19-HETE and as an epoxygenase to metabolize EPA to EpETEs 

[45,82]. In our study, decreased mRNA expression of CYP2E1 was 

confirmed in the CN group compared to that in AN. This suggests 

that, as with CYP2C23, the downregulation of CYP2E1 activity induce 

the production of EpOME, leading to the progression of CKD. 

CYP2J4 in rats is an ortholog of human CYP2J2 and mouse CYP2J6 

[83]. Human CYP2J2 epoxygenase metabolizes AA to EETs and EPA 

to EpETEs [84]. However, this situation is complicated because 
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although cardioprotective effects producing EETs and EpETEs were 

observed in young mice, protective effects were lost in aged mice 

with the cardiomyocyte-specific overexpression of CYP2J2, which 

might be attributed to increased levels of DiHOME as a leukotoxin 

diol [58]. In our study, CYP2J4 expression was increased in the CN 

group compared to that in CN-C animals. The difference in CYP2J4 

between the AN and CN groups was not significant. Therefore, the 

activation of CYP2J4 was thought to be related to aging. 

Ephx2 is a member of the epoxide hydrolase family as a sEH in 

humans. Ephx2 is upregulated in the liver and also in the renal 

proximal tubule [85]. The well-known role of Ephx2 is the regulation 

of hypertension in the kidney. In the presence of Ephx2, EETs as a 

vasodilator are rapidly metabolized into a less inactive molecule of 

dihydroxyeicosatrienoic acids (DHETs), leading to the elimination of 

the vasodilatory signal [86]. Our results suggest that the Ephx2 

pathway of EET metabolism from AA is not activated. 

Ephx3 is the third identified isozyme in a set of epoxide hydrolases. 

Ephx3 exhibits epoxide hydrolase activity with a substrate 

preference for 9,10-EpOME and 11,12-EET in vitro [48]. However, 

its endogenous function is not well known. In our study, the 

progression of renal disease was consistent with the association 

between CN and activated Ephx3, leading to an increase in EpOME 

as a protoxin and an increase in its metabolite, DiHOME. 
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The cardioprotective effects of sEH inhibitors are gradually 

expanding therapeutically toward renal diseases, including 

hypertension, diabetic nephropathy, drug-induced nephrotoxicity, 

and renal fibrotic disease [78]. Renal fibrosis is prevented by a sEH 

inhibitor in a mouse model of unilateral ureteral obstruction [87]. 

Diabetic nephropathy is also attenuated by sEH inhibitors, which have 

anti-diabetic and anti-inflammatory effects [88]. Based on this, 

omega-3 PUFA is emerging as an alternative for the treatment of 

IgA nephropathy [89]. Moreover, it has been reported that fish oil 

can be used to treat patients with Henoch–Schönlein purpura [90,91]. 

Further studies are required to investigate whether inhibition of sEH 

or PUFA prevents renal interstitial fibrosis and inflammation. 

Retinal is converted to their corresponding retinols, in which the 

reverse reaction is possible with alcohol dehydrogenases. Retinal is 

further oxidized to retinoic acid, which promotes cell differentiation. 

Retinoic acid is metabolized by CYP hydroxylase to form 

hydroxyretinoic acid, thus diminishing the effect of cell 

differentiation [92]. 

In humans, conjugated LA and the related conjugated linolenic acids 

are synthesized from LA and ALA, respectively, by ruminal bacteria. 

Conjugated LAs are obtained from the diet [93]. While conjugated 

LAs increase tissue levels of retinol (vitamin A), the precise 

interactions between vitamin A and conjugated LA in kidney disease 
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have remained unclear [94]. However, combined up-regulated 

retinol metabolism and PUFA metabolism were observed in catalase-

knockout mice fed on a high-fat diet, thus contributing to liver 

inflammation [95]. Further studies are required to determine 

whether dysregulation of retinol metabolism and PUFA metabolism 

promote chronic inflammation in the kidneys. 

One of the limitations was the results of the metabolic analysis 

obtained with plasma before urine testing. The plasma concentration 

of the metabolites was very low and therefore the plasma metabolites 

could not be compared with the urine metabolites. In other words, our 

findings indicate that metabolites in urine are associated with 

nephritis, independent of those in the plasma. Another limitation was 

the lack of results of comparative analysis of blood pressure or serum 

creatinine as clinical indicators with metabolic datasets. The results 

of metabolomics in this experimental study ultimately need to be 

validated as metabolomics studies in human disease. Therefore, 

further studies are required in this regard to validate our findings. 
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5. CONCLUSIONS 

Metabolomics is a research field that analyzes the network of the 

time-dependent trajectile changes of metabolites with the 

pathophysiology and the phenotype of disease, including genomics 

and proteomics [52]. Detection or identification of disease-related 

marker in the pathophysiological process can provide ideas for 

development of new treatments or drugs. Therefore, this study is 

noteworthy because it is an experimental study comparing acute and 

chronic nephritis to investigate the mechanism of disease 

progression through metabolomics. Our results suggest that the 

progression of renal disease is associated with abnormally activated 

epoxide hydrolase and CYP450 in the metabolism of omega-6 PUFA, 

leading to an increase in EpOME as pro-inflammatory eicosanoids 

based on the metabolomic analysis using experimental mesangial 

proliferative glomerulonephritis with or without heminephrectomy. 

Based on this study, as shown in Figure 10, it is expected that a 

therapeutic target that blocks this process at the time of week 1 and 

2 of disease activity, in which proinflammatory eicosanoids increase, 

can be designed. Further study is necessary to confirm the causal 

relationship between the conversion of PUFA to pro-inflammatory 

eicosanoids by the epoxide hydrolase and CYP450 in terms of CKD 

and disease progression in animal and human glomerulonephritis. 
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Table 1. List of selected metabolites that satisfied the criteria in Figure 5.  

ESI 
Neutral mass 

(Da) 

Mass 

(m/z) 

Retention time 

(min) 
Metabolites 

q<0.05 

AN vs CN 

at week 1 

CN-C vs CN 

at week 4 

CN-C vs CN 

at week 8 

CN-C vs CN 

at week 12 

POS - 115.0378 1.08 - x  x x 

NEG 311.9745 332.9501 1.15 - x  x  

NEG 192.0261 191.0185 1.18 - x  x  

NEG 130.0255 111.0076 1.18 - x  x  

NEG 86.0360 85.0287 1.18 - x  x  

POS - 215.0175 1.18 - x  x  

POS - 216.0245 1.18 - x  x  

POS - 407.0327 1.18 - x  x  

NEG - 87.0080 1.19 - x  x  

NEG - 154.9979 1.19 - x  x  

POS - 122.0146 1.19 - x  x  

NEG - 249.0060 1.21 - x  x  

POS - 248.1543 1.21 - x  x  

POS - 423.0084 1.21 - x  x  

NEG - 263.0225 1.39 - x  x  

POS - 330.9951 1.40 - x  x  

ESI, electrospray ionisation This is available online at http://www.mdpi.com/2218-1989/10/4/169/s1. 
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POS - 113.0245 1.50 - x  x  

POS - 197.0675 1.52 - x x   

POS - 174.1241 1.56 - x  x  

NEG - 129.0185 1.83 - x  x  

NEG - 222.9905 1.83 - x  x  

NEG 225.9479 270.9496 1.85 - x  x  

NEG - 85.0287 1.85 - x  x  

NEG - 336.9210 1.88 - x  x  

NEG - 205.0336 2.31 - x  x  

NEG - 204.9807 2.51 - x   x 

POS - 124.0760 2.82 - x  x  

NEG - 188.9854 3.05 - x  x  

NEG - 321.0391 3.16 - x  x x 

POS - 367.0218 3.16 - x  x  

POS - 158.0816 3.37 - x   x 

POS - 120.0449 3.39 - x  x x 

NEG - 154.0240 4.03 - x  x  

POS - 127.0362 4.23 - x  x  

NEG - 216.9803 4.26 - x  x x 

NEG - 127.0756 4.30 - x  x  

NEG - 137.0233 4.34 - x  x  
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NEG - 182.0212 4.44 - x  x x 

NEG - 197.0445 4.51 - x  x x 

NEG - 224.0552 4.52 - x  x  

NEG - 336.9649 4.52 - x  x  

POS - 160.0763 4.52 - x  x  

POS 191.0947 174.0914 4.65 - x  x  

NEG - 249.0027 4.91 - x  x  

POS - 280.1510 4.98 - x x   

NEG - 278.0694 5.00 - x  x  

POS - 280.1548 5.00 - x x x  

NEG 249.0644 270.0404 5.02 - x  x x 

POS - 143.0404 5.02 - x  x  

POS - 402.1673 5.07 - x  x  

NEG 172.1091 153.0913 5.15 - x   x 

POS - 239.0898 5.17 - x  x  

NEG - 313.0715 5.33 - x  x  

NEG - 258.9913 5.42 - x  x  

POS - 229.1086 5.48 - x  x  

POS 179.0585 162.0552 5.53 - x x x x 

NEG - 331.9513 5.59 - x  x  

POS - 302.1948 5.66 - x x  x 
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POS - 319.1652 5.69 - x x x x 

POS - 151.0762 5.77 - x  x  

POS 227.1527 210.1495 5.80 - x  x  

POS - 135.1167 5.80 - x  x  

NEG - 179.0649 5.81 - x  x x 

POS - 182.1283 5.87 - x   x 

POS - 332.0920 5.88 - x   x 

POS - 136.0416 5.90 - x x   

NEG - 296.0925 5.95 - x  x  

POS - 213.1162 5.97 - x  x  

POS - 123.0812 5.97 - x   x 

POS - 181.0874 5.97 - x  x  

POS - 259.1022 5.97 - x  x  

NEG - 281.0595 6.01 - x  x  

POS - 116.0711 6.03 - x  x  

NEG 416.0846 415.0773 6.12 - x  x  

NEG - 295.1288 6.12 - x  x  

NEG - 253.1184 6.12 - x  x x 

NEG - 613.2490 6.12 - x  x  

NEG - 379.0806 6.13 - x  x  

POS - 381.1515 6.14 - x  x  
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POS - 295.1134 6.14 - x  x  

POS - 150.0780 6.16 - x  x  

POS - 283.1120 6.16 - x  x  

NEG 151.0626 150.0553 6.17 - x  x  

NEG 210.0896 255.0878 6.31 - x  x  

POS - 249.1067 6.31 - x  x  

POS - 251.1295 6.31 - x  x  

NEG - 375.1302 6.32 - x  x  

NEG - 195.1008 6.34 - x  x  

POS 262.0831 263.0903 6.35 - x  x  

POS - 284.1867 6.41 - x  x  

POS - 359.1827 6.41 - x  x  

POS - 344.2084 6.41 - x  x  

POS - 465.2202 6.45 - x x   

NEG 128.0821 127.0754 6.47 - x x x  

POS - 155.0720 6.47 - x  x  

NEG 163.0281 184.0038 6.50 - x  x  

NEG - 331.0420 6.50 - x  x  

NEG - 155.0689 6.52 - x  x  

NEG 163.0625 162.0547 6.53 - x  x  

NEG - 323.1017 6.53 - x  x  
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NEG - 215.1283 6.61 - x  x  

POS - 123.0805 6.61 - x  x  

POS - 125.0602 6.63 - x  x  

POS - 284.1208 6.63 - x  x  

NEG 205.0737 204.0665 6.65 - x  x  

NEG - 109.0285 6.65 - x  x  

NEG - 116.0496 6.65 - x  x  

POS - 299.0863 6.65 - x  x  

POS - 403.2106 6.65 - x  x x 

NEG - 158.0601 6.67 - x  x x 

POS - 329.2143 6.68 - x  x  

POS - 387.2140 6.68 - x  x  

POS - 381.1865 6.69 - x  x  

POS - 491.1695 6.69 - x  x x 

NEG - 193.0489 6.74 - x  x  

POS 148.0883 149.0963 6.75 - x  x  

POS - 241.0749 6.75 - x  x x 

POS - 225.1104 6.75 - x  x  

NEG - 135.0076 6.78 - x  x  

POS - 323.1041 6.79 - x  x  

POS - 326.1077 6.83 - x  x  
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NEG - 655.1839 6.85 - x  x  

NEG 216.0983 237.0736 6.86 - x  x  

POS 206.0946 207.0994 6.89 - x  x  

POS - 111.0807 6.89 - x  x  

POS - 285.1254 6.90 - x  x  

POS - 257.0767 6.93 - x   x 

POS - 344.2434 6.93 - x  x x 

POS - 387.2084 6.97 - x  x x 

POS - 273.1070 6.97 - x  x  

POS - 387.2105 6.98 - x  x  

POS - 239.0612 7.01 - x  x  

POS - 181.0236 7.01 - x  x  

NEG 160.1088 159.1014 7.02 - x  x  

NEG 264.1011 263.0930 7.02 - x  x  

POS - 132.9971 7.02 - x  x  

POS - 165.0205 7.02 - x  x  

POS - 283.1018 7.02 - x  x  

POS - 190.0176 7.02 - x  x  

NEG 146.0933 127.0755 7.04 - x  x  

NEG 232.1269 253.1073 7.04 - x  x  

POS - 319.1268 7.08 - x  x x 
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POS - 239.1266 7.11 - x  x  

POS - 261.1099 7.11 - x   x 

POS - 229.0817 7.12 - x   x 

NEG - 155.0688 7.23 - x  x  

POS - 368.1171 7.23 - x  x  

NEG - 153.0912 7.24 - x  x  

POS 152.0848 135.0815 7.24 - x  x  

POS 180.0799 181.0850 7.24 - x x x  

POS - 449.2116 7.24 - x  x  

POS - 191.1040 7.24 - x  x  

POS - 237.0443 7.24 - x x   

NEG - 205.0499 7.26 - x  x  

POS - 330.2256 7.27 - x x x x 

POS - 293.1383 7.27 - x x x  

NEG 173.1024 218.1018 7.30 - x  x  

POS - 109.1018 7.30 - x  x  

NEG - 287.1476 7.31 - x  x  

POS 150.1049 151.1122 7.31 - x  x x 

POS - 259.1310 7.31 - x  x  

NEG - 169.1218 7.33 - x  x  

POS 194.0925 217.0812 7.33 - x  x  
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POS - 195.1041 7.33 - x  x  

POS - 237.1127 7.33 - x  x x 

POS - 232.0889 7.34 - x  x  

POS - 473.2284 7.34 - x  x  

POS - 242.1213 7.41 - x x   

NEG - 175.0963 7.42 - x  x  

NEG - 279.1340 7.45 - x  x  

NEG - 273.1692 7.46 - x  x  

POS - 137.0973 7.48 - x  x  

POS - 149.0972 7.49 - x  x  

POS - 291.1208 7.49 - x x x x 

POS - 358.2569 7.51 - x   x 

POS - 193.0872 7.51 - x x x  

POS - 422.2488 7.52 - x  x  

NEG - 429.1936 7.57 - x   x 

POS - 389.2310 7.57 - x  x  

NEG - 185.1168 7.59 - x  x x 

POS 226.1187 227.1260 7.59 - x  x  

NEG - 427.1777 7.60 - x  x  

POS - 109.1019 7.60 - x   x 

POS - 476.2539 7.60 - x  x  
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POS - 153.0902 7.62 - x  x  

POS - 221.1189 7.62 - x  x x 

POS - 460.1405 7.62 - x  x  

POS - 295.1780 7.62 - x  x  

NEG 154.0982 153.0908 7.63 - x  x  

NEG - 219.0633 7.63 - x  x  

POS - 475.2462 7.63 - x  x  

NEG - 191.0329 7.66 - x  x  

NEG - 443.1734 7.69 - x  x x 

POS - 381.1602 7.69 - x  x  

NEG - 511.1591 7.70 - x  x x 

POS - 477.2557 7.70 - x  x  

POS - 289.1395 7.70 - x   x 

POS - 175.1123 7.73 - x  x  

POS - 193.1250 7.74 - x x  x 

NEG - 137.0956 7.75 - x  x  

POS 270.1434 293.1370 7.75 - x   x 

POS - 294.1467 7.75 - x  x  

NEG 158.1316 203.1280 7.78 - x x x  

NEG - 211.0958 7.78 - x x   

POS - 257.1069 7.78 - x  x x 
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NEG 204.1350 185.1171 7.79 - x  x  

POS - 257.1152 7.79 - x  x  

POS - 141.1282 7.79 - x  x x 

POS - 475.2464 7.79 - x  x  

POS - 227.1265 7.79 - x  x  

NEG - 459.1677 7.81 - x  x x 

POS - 225.0874 7.81 - x  x  

POS - 189.1258 7.81 - x   x 

POS - 215.1000 7.82 - x  x  

POS - 221.1174 7.82 - x  x  

POS - 307.1182 7.85 - x  x  

POS - 371.2143 7.85 - x  x  

NEG 114.1038 113.0965 7.86 - x  x  

POS - 309.1669 7.86 - x x x  

NEG - 323.1155 7.88 - x   x 

POS - 137.0978 7.88 - x  x  

POS - 309.1576 7.88 - x  x  

POS - 298.1479 7.88 - x  x  

POS - 271.0874 7.88 - x  x  

NEG - 155.1090 7.90 - x  x  

NEG - 497.1806 7.90 - x   x 
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POS - 201.0919 7.90 - x  x  

POS - 267.1195 7.90 - x  x  

POS - 306.1382 7.90 - x  x  

POS - 288.1133 7.92 - x x   

NEG - 209.1176 7.95 - x  x  

POS - 133.1037 7.95 - x  x  

NEG - 243.1215 7.96 - x  x  

POS - 147.0831 7.96 - x  x  

POS - 387.2076 7.96 - x  x x 

POS - 133.1020 7.96 - x  x x 

NEG - 181.0853 7.97 - x   x 

POS - 393.2207 7.97 - x  x  

POS 234.0913 257.0761 7.99 - x  x  

POS 254.0584 255.0657 7.99 - x  x  

POS - 239.0597 7.99 - x x x  

POS - 109.1018 7.99 - x  x  

POS - 195.0705 7.99 - x  x  

POS - 339.0174 7.99 - x  x  

POS - 371.1369 8.00 - x x   

POS - 137.0958 8.00 - x  x  

POS - 188.0373 8.00 - x  x  
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NEG - 223.1341 8.02 - x  x  

POS 252.1335 275.1247 8.02 - x x x x 

NEG - 251.1267 8.06 - x  x  

POS 240.1347 263.1212 8.06 - x x   

POS - 274.0952 8.08 - x  x  

NEG - 299.0563 8.10 - x  x  

POS - 327.1635 8.10 - x  x x 

POS - 237.1496 8.11 - x  x  

POS - 327.1724 8.12 - x  x  

NEG - 648.1454 8.14 - x  x  

POS 298.1257 321.1109 8.14 - x  x  

POS - 355.0523 8.14 - x  x  

POS - 121.1013 8.14 - x  x x 

POS - 107.0500 8.15 - x  x  

POS - 257.1229 8.19 - x  x  

POS - 243.1010 8.19 - x  x  

POS - 149.0614 8.21 - x  x  

POS - 123.0448 8.21 - x  x  

POS - 133.0653 8.21 - x  x  

POS - 343.1499 8.24 - x  x  

NEG - 139.1120 8.26 - x  x  
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POS - 247.0959 8.28 - x x  x 

POS - 139.1118 8.28 - x  x x 

POS - 373.1937 8.29 - x  x  

NEG - 229.0167 8.32 - x  x  

POS - 333.1186 8.32 - x   x 

POS - 287.1271 8.33 - x   x 

POS - 135.1173 8.35 - x  x  

POS - 270.1463 8.35 - x x   

POS - 123.0813 8.36 - x  x  

POS - 107.0861 8.36 - x x   

POS - 323.1792 8.36 - x x   

NEG - 247.0950 8.37 - x  x  

NEG - 169.1223 8.37 - x  x x 

POS - 145.1021 8.37 - x  x  

POS - 153.1278 8.37 - x x   

POS - 163.1119 8.39 - x  x  

NEG - 225.1121 8.40 - x  x  

NEG - 151.1119 8.40 - x  x  

NEG - 163.1112 8.40 - x  x  

NEG - 293.1017 8.40 - x  x  

NEG - 213.1129 8.40 - x  x  
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POS - 379.2408 8.40 - x  x  

POS - 237.1156 8.40 - x  x  

POS - 237.1118 8.40 - x  x  

POS - 167.1038 8.40 - x  x  

POS - 395.2411 8.40 - x  x  

POS - 137.0950 8.40 - x   x 

POS 166.0992 149.0959 8.41 - x  x x 

POS - 149.0927 8.41 - x  x  

POS - 137.0967 8.41 - x  x  

NEG - 361.2011 8.44 - x  x x 

POS - 323.1748 8.44 - x  x  

POS - 325.1974 8.44 - x   x 

NEG - 363.1808 8.45 - x  x x 

POS 384.1915 385.1988 8.45 - x  x x 

POS - 363.2166 8.45 - x  x x 

POS - 345.2021 8.45 - x  x  

POS - 303.1503 8.48 - x  x  

POS - 401.2824 8.48 - x  x  

NEG 252.1348 251.1275 8.50 - x  x  

NEG 272.1359 293.1397 8.51 - x  x x 

NEG - 307.1210 8.51 - x  x  
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POS - 387.2185 8.51 - x  x  

NEG - 361.1281 8.52 - x  x x 

NEG - 225.0732 8.52 - x   x 

POS 276.1319 277.1421 8.52 - x x x x 

POS - 333.1645 8.52 - x  x  

POS - 317.1386 8.54 - x  x  

NEG 224.1405 223.1332 8.58 - x  x x 

POS - 341.1502 8.59 - x   x 

NEG - 339.1258 8.62 - x x x x 

POS - 293.1380 8.62 - x  x  

NEG - 225.1486 8.63 - x  x  

NEG - 389.0924 8.63 - x  x  

NEG 238.1555 237.1482 8.66 - x  x  

NEG 292.1872 273.1693 8.68 - x  x  

NEG 348.1911 347.1833 8.68 - x  x  

NEG 258.1801 257.1728 8.68 - x  x  

NEG - 315.1956 8.68 - x  x  

NEG - 383.1829 8.68 - x  x  

POS - 297.1730 8.68 - x  x x 

POS - 383.1893 8.68 - x  x  

POS - 361.1999 8.68 - x  x x 
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POS - 445.1599 8.68 - x   x 

POS - 281.1725 8.68 - x  x  

POS - 337.1692 8.68 - x   x 

NEG - 427.1771 8.69 - x  x  

POS - 293.1745 8.69 - x x   

NEG - 405.1875 8.70 - x  x x 

POS - 451.1777 8.70 - x  x x 

NEG 476.2214 497.1809 8.72 - x  x  

NEG - 331.1145 8.72 - x  x  

NEG - 247.0942 8.73 - x  x  

NEG - 359.1151 8.74 - x  x x 

POS - 347.1290 8.76 - x  x x 

POS - 263.1602 8.76 - x   x 

NEG 216.1344 237.1103 8.77 - x  x x 

NEG - 153.1268 8.77 - x  x  

NEG - 379.2081 8.77 - x  x  

NEG - 340.1545 8.77 - x x x  

NEG - 231.1020 8.80 - x   x 

POS - 295.1539 8.80 - x x x  

POS - 277.1381 8.81 - x  x  

POS - 257.1575 8.81 - x  x x 
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NEG - 267.1585 8.83 - x  x  

POS 276.1339 299.1257 8.83 - x  x  

POS - 291.1558 8.83 - x  x  

POS - 231.1355 8.83 - x  x  

POS - 317.1367 8.83 - x x x  

POS - 279.1529 8.84 - x  x  

POS - 169.1044 8.84 - x  x x 

NEG - 361.1981 8.85 - x  x  

NEG - 291.1258 8.87 - x  x  

POS - 345.1952 8.87 - x  x x 

NEG - 269.1374 8.88 - x x x x 

NEG - 399.1451 8.90 - x  x  

POS - 179.1440 8.90 - x   x 

NEG 248.1068 293.1078 8.94 - x   x 

NEG - 198.1127 8.94 - x  x x 

POS - 270.1126 8.94 - x  x  

POS - 292.0984 8.95 - x  x  

POS - 401.2900 8.98 - x  x x 

NEG - 183.1372 9.01 - x  x  

NEG 228.1354 249.1100 9.03 - x  x x 

POS 322.2187 345.2020 9.10 - x x x  
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POS - 345.1982 9.10 - x  x  

POS - 349.2293 9.18 - x  x  

NEG - 459.2046 9.21 - x  x  

POS - 354.1380 9.23 - x  x  

NEG - 293.1413 9.24 - x x x x 

POS - 235.1321 9.27 - x  x  

POS - 383.2804 9.27 - x  x x 

NEG - 363.2168 9.29 - x  x x 

NEG - 431.2039 9.29 - x  x x 

POS 346.2148 347.2217 9.29 - x  x x 

POS - 269.1803 9.29 - x   x 

POS - 352.1209 9.31 - x  x  

POS - 293.1817 9.31 - x  x x 

POS - 387.2141 9.31 - x  x x 

NEG - 379.1760 9.34 - x  x  

NEG - 345.2122 9.34 - x  x  

NEG 423.1710 422.1637 9.35 - x  x  

POS - 446.1653 9.35 - x  x  

NEG - 341.1059 9.36 - x x x x 

NEG - 229.0169 9.36 - x  x  

NEG - 413.1960 9.42 - x   x 
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NEG - 343.0851 9.42 - x  x  

NEG 450.1981 495.1895 9.46 - x  x  

NEG - 501.2091 9.46 - x  x  

NEG - 433.2199 9.46 - x  x  

POS - 405.1960 9.46 - x  x  

POS - 275.1619 9.61 - x  x  

NEG - 354.1359 9.72 - x  x  

POS - 355.1491 9.73 - x  x x 

NEG - 455.1701 9.91 - x  x  

NEG - 387.1820 9.94 - x  x  

POS - 359.1845 9.98 - x  x  

POS - 349.2350 10.00 - x  x  

NEG - 385.1681 10.08 - x  x  

NEG - 265.1438 10.12 - x  x x 

NEG - 333.1701 10.16 - x  x x 

POS 346.2495 347.2220 10.16 - x  x  

POS - 298.1335 10.46 - x  x  

POS 440.3638 423.3605 10.55 - x  x  

NEG - 313.2379 10.74 DiHOME x    

NEG - 293.2109 11.05 - x  x  

NEG 296.2345 295.2271 11.32 EpOME x  x  
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NEG - 363.2146 11.32 - x  x  

POS - 339.1931 11.36 - x   x 

POS - 317.2080 11.36 
Hydroxyretinoic 

acid 
x   x 

POS - 341.2092 11.48 - x x x x 

POS 296.2341 319.2236 11.66 EpETE x  x x 

POS - 321.1830 12.02 - x  x x 

POS - 297.1812 12.06 - x  x  

NEG - 301.2165 12.24 - x  x x 

POS - 357.1531 12.24 - x   x 

POS - 341.1788 12.24 - x  x  

POS - 347.1954 12.24 - x  x x 

POS - 623.4025 12.25 - x  x x 

NEG - 277.2163 12.27 
α-Linolenic 

acid 
x  x x 

NEG - 345.2040 12.27 - x  x x 

NEG - 475.1619 12.27 - x  x  

NEG - 407.1743 12.27 - x  x  

POS 368.1642 333.1504 12.27 - x  x  

POS 278.2248 279.2321 12.27 
α-Linolenic 

acid 
x  x x 
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POS - 691.3913 12.27 - x   x 

POS - 225.0430 12.27 - x  x x 

POS - 617.3866 12.27 - x  x x 

POS - 137.1334 12.27 - x   x 

POS - 123.1168 12.27 - x  x x 

POS - 317.1790 12.27 - x  x  

POS - 323.1963 12.27 - x  x  

POS 350.2206 351.2279 12.46 - x  x x 

POS - 435.1817 12.46 - x  x x 

POS - 329.2514 12.46 - x  x x 

POS 280.2415 263.2370 12.51 - x  x x 

POS 150.1054 133.1021 12.51 - x  x x 

POS 178.1370 161.1337 12.51 - x   x 

POS - 135.1169 12.51 - x  x x 

POS - 599.4339 12.51 - x  x  

POS - 387.1818 12.51 - x  x  

POS - 627.4327 12.51 - x  x  

POS - 325.2116 12.51 - x  x  

POS - 179.1802 12.51 - x  x x 

NEG - 279.2319 12.53 - x  x x 

NEG - 379.1574 12.53 - x  x x 
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NEG - 581.4549 12.53 - x  x x 

NEG - 409.1902 12.53 - x  x  

NEG - 649.4426 12.53 - x  x x 

NEG - 717.4297 12.53 - x  x  

NEG - 551.1824 12.53 - x  x  

POS 180.1516 163.1483 12.53 - x  x x 

POS 164.1202 147.1169 12.53 - x  x x 

POS 166.1354 149.1321 12.53 - x  x x 

POS 672.3979 695.4205 12.53 - x  x  

POS 638.4222 621.4189 12.53 - x  x  

POS 370.1804 335.1666 12.53 - x  x  

POS 138.1029 121.0997 12.53 - x  x x 

POS 136.0894 119.0861 12.53 - x  x x 

POS 192.1530 175.1497 12.53 - x  x x 

POS 206.1680 189.1647 12.53 - x  x x 

POS 560.4787 561.4903 12.53 - x  x  

POS - 339.1645 12.53 - x   x 

POS - 137.1325 12.53 - x  x x 

POS - 123.1169 12.53 - x  x x 

POS - 336.1720 12.53 - x  x  

POS - 337.1692 12.53 - x  x  
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POS - 461.1855 12.53 - x  x  

POS - 109.1018 12.53 - x  x  

POS - 320.1989 12.53 - x  x  

POS - 151.1490 12.53 - x  x x 

POS - 221.2260 12.53 - x  x x 

POS - 170.9962 12.53 - x  x  

POS - 81.0704 12.53 - x  x x 

POS - 227.0389 12.53 - x  x  

POS - 239.0584 12.53 - x  x  

POS 550.4252 551.4325 12.75 - x  x  

POS - 271.2631 12.76 - x  x x 

NEG - 281.2479 12.88 - x  x x 

NEG - 349.2354 12.88 - x  x x 

NEG - 411.2050 12.88 - x  x x 

POS 264.2459 265.2520 12.88 - x  x  

POS 344.2297 327.2264 12.88 - x  x  

POS - 631.4667 12.88 - x  x  

POS - 395.2173 12.88 - x  x  

POS - 339.1848 12.88 - x  x  

POS - 389.1996 12.88 - x  x  

POS - 337.1821 12.88 - x  x  
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POS - 321.2116 12.88 - x  x  

POS - 353.2368 12.88 - x  x x 

POS 358.3089 381.2979 12.91 - x  x  

POS - 463.2017 12.91 - x  x  

POS - 378.7907 12.93 - x  x  

POS - 131.0031 12.93 - x  x  

POS - 299.1427 13.70 - x x   

POS - 607.2530 13.70 - x x     
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국문초록 

만성 신질환 악화의 메커니즘과 새로운 생체 표지자: 

실험적 사구체 신염의 대사체 분석 

 

세포나 분자 수준의 복잡한 네트워크가 만성 신장 질환 (CKD)의 

병태생리학적 기전에 관여하는 것으로 알려져 있지만, CKD 진행을 

유발하는 어떤 사건은 CKD 회복과 악화 사이에 어떤 상관관계 

있는지는 여전히 알려져 있지 않다. 본 연구는 가역적 신장 질환과 

비가역적 신장 질환 간의 다양한 메커니즘을 이해하고 예후를 예측할 수 

있는 소변의 바이오 마커를 찾기 위해 대사체학 분석을 실시하여 급성 

및 만성 실험적 사구체 신염 (GN) 모델을 비교하였다. 만성 신염 

모델과 급성 신염 및 대조군을 비교한 후, 4 가지 대사물질, 즉 에폭시 

옥타데센산 (EpOME), 에폭시 에이코 아세트라에노산 (EpETE), α-

리놀렌산 (ALA) 및 히드록시 레티노산은 예측 마커로 확인되었다 

(false discovery rates, FDR adjusted p <0.05). 사이토크롬 P450 및 

에폭사이드 히드롤라제의 신장 mRNA 발현은 또한 이들 다중 불포화 

지방산으로부터 에폭사이드 대사 산물의 생성에 관여하는 것으로 

확인되었다 (p <0.05). 이러한 결과는 만성 신장 질환의 진행이 

비정상적으로 활성화 된 에폭시드 가수분해 효소와 관련되어 전 염증성 
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에이코사노이드로서 EpOME 및 EpETE 의 증가를 초래한다는 것을 

시사한다. 

주요어 : 만성신장질환; 만성신염; 대사체학; 실험적 

학 번 : 2012-31152 
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