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Renal interstitial fibrosis closely relates to chronic kidney disease and is regarded as the final common
pathway in most cases of end-stage renal disease. Metabolomic biomarkers can facilitate early diagnosis
and allow better understanding of the pathogenesis underlying renal fibrosis. Gas chromatography
—mass spectrometry (GC/MS) is one of the most promising techniques for identification of metabolites.
However, the existence of the background, baseline offset, and overlapping peaks makes accurate
identification of the metabolites unachievable. In this study, GC/MS coupled with chemometric methods
was successfully developed to accurately identify and seek metabolic biomarkers for rats with renal
fibrosis. By using these methods, seventy-six metabolites from rat serum were accurately identified and
five metabolites (i.e., urea, ornithine, citric acid, galactose, and cholesterol) may be useful as potential
biomarkers for renal fibrosis
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1. Introduction

Metabolomics, which involves the nontargeted, whole-profiling
analysis of the changes of metabolites in cells, tissues, or body
fluids, has received increasing interests in recent years [1-5].

Chronic kidney disease (CKD) is a major public health problem
worldwide [6—9]. Renal interstitial fibrosis (RIF) closely relates to
CKD and is regarded as the final common pathway in most cases of
end-stage renal disease [10]. Early diagnosis of RIF contributes to
timely treatment. Renal biopsy is, however, the golden standard for
diagnosis of RIF. Therefore, to find non-invasive early biomarkers is
becoming more and more urgent for risk assessment of RIF.

Unilateral ureteral obstruction (UUO) induces renal fibrosis in
rats [11]. The UUO rat model is characterized by renal tubular at-
rophy, tubular cavity expansion, and interstitial fibrosis, which
eventually lead to the structural breakdown and dysfunction of the
whole kidney. Screening metabolomic biomarkers can facilitate
early diagnosis and allow better understanding of the pathogenesis
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underlying renal fibrosis in UUO rats. Using 1H NMR-based
metabonomics, Zhang et al. studied the metabolic changes of rats
with RIF induced by the UUO [12].

Gas chromatography—mass spectrometry (GC/MS) is a robust
method for qualitative and quantative analyses of metabolites.
Because of its greater sensitivity and separation power than the
conventional NMR approach and better reliability in the structure
identification of candidate biomarkers than LC/MS, GC/MS has been
extensively used in the metabolomics [13—17].

Metabolites in the metabolomic profile of the GC/MS are
currently identified and structurally confirmed by comparing
samples with standards. Different laboratories run samples at their
own equipment, searched MS libraries available, and made struc-
tural identifications based on mass spectral data of electron impact
(EI) and chemical ionization. Nevertherless, these methods show
difficulty in accurately identifying and quantifying metabolites that
are co-eluted with, or eluted close to high abundant overloaded
metabolites due to overlapping chromatographic peaks [18,19]. In
this case, chemometric resolution method may be useful and can be
employed to improve the efficiency of metabolomics research.

In this study, the GC/MS coupled with two chemometric reso-
lution methods, heuristic evolving latent projections (HELP)
[20,21], and selective ion analysis (SIA) [22—24] was first used to
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investigate metabolites in sera from UUO rats. HELP resolved the
partial overlapping chromatographic peaks, and SIA resolved some
severely overlapping peaks and embedded peaks. Furthermore, the
competitive adaptive reweighted sampling (CARS) method [25]
coupled with partial least squares linear discriminant analysis
(PLS-LDA) was employed to seek the most potential biomarkers to
distinguish UUO rats from the controls.

2. Materials and methods
2.1. Chemicals and reagents

Heptadecanoic acid (98%) (the internal standard), butenedioic
acid, oxaloacetic acid,x-oxoglutarate, dodecanic acid, oleic acid,
arachidonic acid, aconitic acid, hydroxylamine HCl and N,O-
bistrimethylsilyl-trifluoroacetamide (BSTFA) with 1% trimethyl-
chlorosilane (TMCS) were obtained from Sigma—Aldrich (St. Louis,
MO, USA). Other chemicals and reagents were purchased from
Shanghai Chemicals and Reagents Co. (Shanghai, China).

2.2. Experimental design and sample collection

Specific pathogen-free male Wistar rats (Shanghai Laboratory
Animal Center. Shanghai, China), aged 6—8 weeks, were used in the
experiment. Animals were housed 4 per cage in rooms maintained
at 21 + 2 °C and 55% relative humidity with alternating 12-h
light—dark cycle. Food and water were provided ad libitum
throughout the experiments. Rats were acclimated to their sur-
roundings over 1 week to eliminate the effect of stress prior to
initiation of the experiments. All of the experimental protocols
involving animals and their care were carried out according to the
regulations of the National Institutes of Health (NIH) of USA and
were in compliance with the Institutional Guidelines of the Central
South University's.

The experiment included the sham-operated group (SO control
group, n = 11) and UUO group (model group, n = 13). The UUO
model was established according to the method as described pre-
viously [26]. In brief, the left ureter of rats was isolated, exposed,
and completely ligated with 4—0 silk suture. The SO group rats
underwent an identical surgical intervention except for the ureter
ligation. On day 14 after the surgical operation, rats were sacrificed
and blood samples was collected from hearts of each rat. Sera were
separated from blood samples by centrifugation at 3000 x g for
15 min at 4 °C after clot at room temperature for 1 h. Serum sam-
ples were stored at —80 °C until required for the GC/MS analysis.

2.3. Sample preparation

A 100 pl of sera was added with 400 pl methanol, and 30 ul
heptadecanoic acid as internal standard which was dissolved in
methanol at a concentration of 1 mgml~'. The mixture was then
mixed for 1 min and centrifuged for 15 min at 16,000 rpm
(17,800x g) at 4 °C. A 400 pl of supernatant was transferred into a
5 ml glass centrifugation tube and evaporated to dryness under a
stream of N; gas. 50 pl methoxyamine (15 pg/ul) in pyridine was
added into residues, and the resultant mixture was mixed for
10 min. Methoxymation was carried out at 70°Cfor 1 h Finally100 pl
MSTFA with 1% TMCS was added, mixed for 1 min and heated in a
water bath at 60 °C for 45 min before the GC/MS analysis.

2.4. GC/MS conditions
Data were collected on an Agilent 7890A GC with an Agilent

5975C mass selective detector. In the gas chromatographic system,
a DB-5 capillary column (30 m, 0.25 mm id. film thickness

0.25 mm) was used. Column temperature was held at 100 °C for
3 min, then increased by 8 °C min~"' to 300 °C, and held there for
6 min. Inlet temperature was kept at 250 °C. Helium carrier gas was
used at a constant flow rate of 1.0 ml min~’. A sample of 1.0 pl was
injected with an autoinjector, the split ratio of the injector being
1:10. Mass conditions were as followed: ionization voltage, 70 eV;
ion source temperature, 230 °C. Mass data were collected in a full-
scan mode (m/z 50—800). The solvent delay was set at 3.5 min.

2.5. Identification of metabolites

The identification of the metabolites was based on comparison
of their mass spectra with NISTO8 database or with mass spectra
reported in the literature [27—30].

Chemometric resolution methods were employed to recognize
and identify overlapping peaks for accurate candidates. Further-
more, the HELP method was utilized for those partially overlapped
peaks which had their own selective regions [20,21]. In addition,
the SIA method was applied for those seriously overlapped peaks
which had not their own selective regions [23]. All computer pro-
grams of the HELP and SIA methods used in this study were coded
in MATLAB 6.5.

2.6. Data processing and analysis

After sample analysis and metabolites identification, peak areas
of 76 metabolites were then extracted to generate a data matrix, in
which the rows and columns represented the metabolites and the
peak area ratios to the internal standard of the same chromato-
gram, respectively. Multivariate data analysis was performed using
Matlab R2008.a (MathWorks, Inc., MA). Autoscaling, which placed
all the measured metabolites on an equal level, was used to pre-
process data before multivariate statistical analysis. Principal
components analysis (PCA) was used to examine inherent clus-
tering and correlations within the data. CARS method coupled with
PLS-LDA [25] was introduced into metabolomics to seek the most
probable biomarkers. Statistical significance of the biomarkers was
determined by Student's t-test. Data with a P value of less than 0.05
were considered significant.

3. Results and discussion
3.1. Resulotion of overlapped peaks by HELP

In order to give accurate results, chemometric resolution
methods were needed to recognize and identify overlapped peaks.

Representative chromatogram segment in the range of
11.90—12.09 min is shown in Fig. 1A which illustrate the resolution
of the overlapping peaks by the HELP method. The HELP method
was fully described in previous literature [20,21]. After subtract
background and determine the number of components, zero-
component and selective regions of the target components by
HELP method, pure chromatogram and spectrum were obtained by
means of the rank estimation method, and finally three components
were resolved in the chromatogram segment of 11.90—12.09 min,
and the resolution results are shown in Fig. 1B. Searching with the
NIST mass spectral database, components 1 and 2 were provision-
ally identified as .-methionine(Fig. 1C) and 5-Oxo-proline(Fig. 1D),
respectively. Component 3 was not determined due to low similarity
indices or because it did not exist in the mass library.

3.2. Resolution of overlapped peaks by SIA

For seriously overlapped peaks which had not selective region in
the chromatogram and could not resolved by the HELP method, the
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Fig. 1. Resolution of overlapped peaks by HELP. A The total ion chromatogram of the sample within 11.90—12.09 min, B Resolved chromatograms within 11.90—12.09 min
containing three components 1, 2 and 3, C The resolved mass spectra of components 1 (1a) and the standard mass spectra of .-methionine (1b), D The resolved mass spectra of

components 2 (2a) and the standard mass spectra of 5-Oxo-L-proline (2b).

SIA was introduced because of its high selectivity of mass spectra. A
different response at certain m/z points might be found if a small
difference in structure was recognized between the mass spectra of
two analytes. Representative chromatogram segment in the range
of 21.03—21.17 min is shown to demonstrate how SIA method
worked [22—24]. Its original peak cluster and corresponding two-
dimensional plot are shown in Fig. 2A and B, respectively. Only
one component was seen in the figure. However, the matching
index obtained from direct searching with the NIST mass spectral
database was as low as about 64%. It suggested that more than one
constituent existed in this interval of time. The selective ions of the
two components could be found based on the principle of least
entropy. The ion at m/z 202 was the selective ion of the first
component, and the ion at m/z 341 the selective ion of the second
component (Fig. 2C). Chromatographic profiles of the two constit-
uents were extracted according to the two selective ions (Fig. 2D).
After the pure mass spectra (Fig. 3) were obtained by means of least
squares technique, the identification of chemical compounds was
performed directly by similarity searches in the NIST mass spectral
database. The results showed that components 4 and 5 were
identified as tryptophan and octadecanoic acid, respectively.

Other peaks in the test sample were determined by the method
as described above. In experimental conditions, glycine, urea,
asparagine, lysine, inositol, fructose, galactose and glucose pre-
sented two various isomeric forms of TMS derivatives, respectively.
Finally, seventy-six metabolites were determined, of which 39
metabolites were confirmed by comparing with standards. The
qualitative results of the constituents of the sample are shown in
Table 1.

3.3. Pattern recognition and screening potential biomarkers

The patterns of variation in the serum metabolites were
analyzed to assess the clustering of SO and UUO groups by using the
multivariate statistics from PCA. Superficially, the PCA score plots of
the principal components failed to demonstrate distinct clustering
or a clear separation of the two groups (Fig. 4A). Thus, the newly
proposed CARS method coupled with PLS-LDA was introduced to
demonstrate distinct clustering and seek the most probable bio-
markers of UUO. CARS, which was based on the simple but effective
principle “survival of the fittest” of Darwin's Evolution Theory, was
an effective strategy for picking out the key discriminating vari-
ables [25]. By using CARS, five metabolites were finally selected,
which were urea, ornithine, citric acid, galactose, and cholesterol.
A PCA model was reconstructed based on these five metabolites. It
was noticable that SO group was distinguished from the UUO group
(Fig. 4B). The result indicate these five metabolites may be potential
biomarkers. The relative amount of these metabolites was calcu-
lated by the integrating area under the peak compared with that
under the peak of internal standard (heptadecanoic acid). The
quantitative results are shown in Table 2 (data was expressed as the
mean + SD).

Investigators have shown that these metabolites have close
relationship with renal disease. Blood urea nitrogen (BUN) is the
main terminal product of body protein metabolism and excretes
mostly from kidney. Urea filtrates from glomerulus and absorbs at
kidney tubules. High protein diets, high catabolism state, water
shortage, renal ischemia, insufficient blood volume and kidney
damage can raise urea. Though it occurs late in disease progression
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Fig. 2. Resolution of overlapped peaks by SIA. A The total ion chromatogram of the sample within 21.03—21.17 min, B The two-dimension chromatogram of the sample within
21.03—21.17 min, C The selective ion detecting plot, D Resolved chromatograms within 21.03—21.17 min containing three components 4 and 5.

and does not accurately represent the ongoing underlying renal
damage, BUN is still current most widely used biomarker for
assessing renal function [31]. Ornithine, an alkaline amino acid,
plays a role in the urea cycle and has tight relationship with urea
[32]. Urea cycle, also called ornithine cycle, is the primary metabolic
pathway involved in the clearance of ammonia produced by the
breakdown of proteins into urea. Urea cycle not only synthesizes
ammonia and CO, into urea, but also links urea cycle with citric acid
cycle through generating fumaric acid. Any problem in steps of urea
cycle will produce diseases. Though disorders of the urea cycle can
result from inherited deficiencies or defects of any of eight en-
zymes, the majority of patients with these disorders are secondary
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to deficiency of the ornithine. Meanwhile, ornithine is abnormally
accumulated in the body in ornithine transcarbamylase deficiency
[33]. Citric acid is an important intermediate of the Krebs cycle.
Citric acid plays an important role in biological metabolism. Citric
acid inhibits development of cataracts, proteinuria and ketosis in
streptozotocin (type 1) diabetic rats. Citrate inhibited development
of nephropathy (albuminuria) in the diabetic rat and significantly
reduced ketonemia in the diabetic rat [34]. Rats with polycystic
kidney disease show abnormal renal handling of citrate and
ammonia. Citrate salts that have an alkalinizing effect preserve
glomerular filtration rate and extend survival [35,36]. Galactose, a
normal reducing sugar in the body, has many important biological
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Fig. 3. Resolved mass spectra and their counterpart standard mass spectra. (A) The standard mass spectra of tryptophan, (B) The resolved mass spectra of components 4, (C) The
standard mass spectra of octadecanoic acid, (D) The resolved mass spectra of components 5.
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Table 1

Metabolites of rat serum as trimethylsilyl (oxime) derivatives using GC—MS
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coupled with two chemometric resolution methods.

No. Retention Name of compound Matching
time(min) index
1 4.20 2 -Hydroxy propanoic acid 96.34%
2 4.84 Alanine® 99.11%
3 5.26 2 -Hydroxy butanoic acid 96.02%*
4 5.42 Sarcosine(TMS)“ 90.05%
5 5.82 3 -Hydroxy butanoic acid 98.63%
6 6.83 Valine® 97.81%
7 6.26,7.28 Urea 98.50%
8 7.84 Leucine® 99.46%
9 7.93 phosphoric acid 99.14%
10 8.23 Isoleucine® 99.42%*
11 8.29 Proline © 94.01%*
12 8.39 Malonic acid 91.07%*
13 5.11,8.46 Glycine® 99.32%*
14 8.53 Succinic Acid® 96.66%"
15 8.93 2,3-Dihydroxy propanoic 98.56%
acid
16 9.01 pyrimidine 98.10%*
17 9.18 2,3-Dihydroxybutanoic acid 98.82%"
18 943 Serine® 95.08%
19 9.93 Threonine® 92.83%
20 11.25 Aminomalonic acid 99.17%*
21 11.29 Aspartic acid® 90.63%
22 11.55 Malic acid3¢ 97.81%
23 11.96 Methionine® 97.38%"
24 12.03 5-0xo0- proline 97.09%*
25 12.13 4- Hydroxy proline 98.99%
26 12.52 Oxaloacetic acid® 96.17%"
27 12.58 Creatinine® 96.88%
28 12.78 2,3,4-Trihydroxybutyric 97.47%*
acid
29 12.87 2-(Methoxyimino)-Pentane 98.22%
dioic acid
30 1334 a-oxoglutarate® 90.13%
31 13.43,16.29 Ornithine® 99.37%
32 13.51 Glutamate® 99.05%
33 13.61 Phenylalanine® 99.63%
34 13.74,14.27 Asparagine 95.38%
35 13.81 Dodecanic acid® 92.23%
36 14.55 Xylose 98.71%
37 14.75,17.62 Lysine® 98.51%
38 15.13 Ribitol® 97.86%
39 1534 Aconitic acid® 89.54%*
40 15.67 Glutamine® 97.48%
41 16.06 N-benzoyl-glycine 95.54%
42 16.38 Citric Acid® 93.29%
43 16.49 Tetradecoic acid © 93.49%
44 16.55 Ribose 96.62%
45 16.66,16.81 Fructose* 95.26%
46 16.90,17.20 Galactose® 95.84%
47 17.28 Alloxanoic acid 93.33%
48 17.38 Glucitol® 96.32%
49 17.41 Galactopyronose© 99.53%
50 17.58 Histidine® 93.04%"
51 17.56,17.77 Glucose* 96.81%
52 17.83 Tyrosine® 95.71%
53 17.93 Mannitol 93.44%
54 18.03 Gluconic acid 92.86%
55 18.19 Mannonic acid lactone 97.86%
56 18.33 Xylofuranose 97.81%
57 18.48 Xylonic acid lactone 98.61%
58 18.50 Glucopyranose 91.55%"
59 18.67 Palmitelaidic acid 99.01%
60 18.85 Altronic acid 94.07%
61 18.91 palmitic acid® 97.63%
62 19.48 1H-Indole-3-propanoic acid 96.29%
63 18.23,19.82 Inositol 97.54%
64 19.88 uric acid 98.37%
65 20.80 9,12-Octadecadienoic acid 97.05%
66 20.85 Oleic acid® 98.24%
67 20.92 11- octadecenoic acid 96.34%
68 21.09 L-tryptophan® 99.17%"
69 21.12 Octadecanoic acid® 99.01%"
70 21.92 Glucose phosphate® 95.30%

Table 1 (continued )

No. Retention Name of compound Matching
time(min) index
71 22.48 Arachidonic acid® 97.11%
72 22.75 Hexanedioic,bis 98.67%
(2-ethylhexyl) ester
73 23.42 Myo-Inositol phosphate 92.02%
74 29.71 Cholesterol ¢ 98.04%
75 31.14 campesterol* 95.00%
76 32.35 B-sitosterol® 94.20%

2 The peak was resolved by HELP.
b The peak was resolved by SIA.
¢ The peak was confirmed by comparing with samples of standards.

functions and imbalance of it will cause diseases. At the normal
level, it is usually converted into glucose by galactose-1-phosphate
uridyltransferase and galactokinase. At the high level, it will cause
accumulation of ROS, or stimulate free radical aproduction indi-
rectly by the formation of advanced glycation end products (AGEs)
in vivo, finally resulting in oxidative stress [37,38]. Galactose is also
an essential basic substrate for biosynthesis of many macromole-
cules in the body. Leptin [39] and b3-adrenergic receptor agonists
[40] can reduce absorption of galactose and aldose reductase can
enhance the breakdown of galactose by catalyzing the NADPH-
mediated conversion of galactose to galactitol. The latter pathway
is very important in galactose toxicity via accumulation of galac-
titol. Cholesterol, a multi-cyclopentane hydrogen of the derivatives,
have a strong correlation with renal dysfunction [41,42]. Renal
cholesterol crystal embolization, also known as atheroembolic
renal disease, is caused by showers of cholesterol crystals from an
atherosclerotic aorta that occludes small renal arteries. Cholesterol
crystal embolism may give rise to different degrees of renal
impairment [43]. Many researchers nowadays are with a view to
make clear relationship between lipids and renal dysfunction.
Cholesterol lies in the blood in form of lipoprotein cholesterol
(LDL-C). LDL-C level is associated with atherosclerosis and fibrosis
in different organs [44—46].

These five metabolites have their own important role in bio-
logical metabolisms. Simultaneously, they tightly relate to each
other and involve in energy metabolism. Abnormal of urea, orni-
thine, citric acid, galactose and cholesterol in serum of UUO rats
may be an early information of renal injury.

4. Conclusions

Application of metabolic profiles is significantly useful to
discover informative biomarkers which are predictive of a clinical
outcome under investigation. Therefore, the metabolomic research
shall involve comprehensive analyses of metabolites from body
fluids. In the present study, the GC/MS combined with chemo-
metric methods, for the first time, were employed to identify the
constituents in sera of rats. The results showed that the HELP and
SIA methods effectively recognized overlapping peaks of GC/MS
data, and a total of 76 metabolites were identified. By using CARS,
five metabolites were finally selected. These five metabolites
quantatively distinguished the diseased condition of UUO rats from
control rats, which supported that the five metabolites might be
useful as potential biomarkers. Therefore, this well-developed new
method will be a promising and efficient tool to seek the most
potential biomarkers useful for distinguishing the rats with UUO-
induced renal fibrosis from the control. It is worthwhile noting
that the pathogenesis of renal fibrosis is complex and complicated;
therefore, the investigation different animal models resembling
renal firobsis will be able to determine comprehensive changes of
metabolites as possible as it can.
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Fig. 4. PCA score plot based on the metabolites. A PCA score plot based on the all metabolites from the serum samples, (SO, represents sham-operated controls group; UUO,
represents Unilateral ureteral obstruction model group), B PCA score plot based on the five metabolites from the serum samples, (SO, represents sham-operated controls group;
UUO, represents Unilateral ureteral obstruction model group).

Table 2
The relative concentrations of Urea, Ornithine, Citric Acid, Galactose and Cholesterol.

Metabolites SO group concentration(ng/ul) UUO group concentration(ng/ul)

Urea 517.48 + 108.11 702.78 + 149.09
Ornithine 11.99 + 2.22 16.88 + 3.85
Citric Acid 12.52 + 2.69 17.30 + 4.62
Galactose 1.41 + 0.58 0.55 + 0.35*
Cholesterol 113.65 + 28.94 157.85 + 26.52

Concentration values shown are mean + SD of ratio to LS.
P value of <0.05 was considered statistically significant and signed .
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