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Aim: To investigate the metabolite changes caused by simvastatin or fenofibrate intervention in diet-induced hyperlipidemia rats using 
a GC-MS-based metabolomic profiling approach.
Methods: SD rats were fed with high-lipid diet for 4 weeks to induce hyperlipidemia, then the rats were fed with normal diet, and orally 
administered with simvastatin (10 mg·kg-1·d-1) or fenofibrate (150 mg·kg-1·d-1) for 2 weeks.  Blood samples were collected once a week, 
and potential biomarkers were examined using commercial assay kits and a metabolomic approach.  The metabolomics data were 
analyzed using a multivariate statistical technique and a principal component analysis (PCA).
Results: Oral administration of simvastatin or fenofibrate significantly decreased the plasma levels of total cholesterol (TC) and low-
density lipoprotein (LDL) cholesterol and increased the plasma level of high-density lipoprotein (HDL) cholesterol in the hyperlipidemia 
rats.  Plasma samples were scattered in the PCA scores plots in response to the diet and to the drugs administered.  The main 
metabolites changed in the hyperlipidemia rats were cholesterol, creatinine, linoleic acid, β-hydroxybutyric acid, tyrosine, isoleucine and 
ornithine.  The plasma level of creatinine was significantly lower in the simvastatin-treated rats than in the fenofibrate-treated rats.  The 
plasma tyrosine concentration was declined following intake of high-lipid diet, which was reversed by fenobrate, but not by simvastatin.
Conclusion: A series of potential biomarkers including tyrosine, creatinine, linoleic acid, β-hydroxybutyric acid and ornithine have been 
identified by metabolomic profiling, which may be used to identify the metabolic changes during hyperlipidemia progression.
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Introduction
Hyperlipidemia, a metabolic disorder disease that involves 
abnormally increased levels of lipids (such as cholesterol) 
and lipid proteins in the blood, is one of the main risk factors 
that causes arteriosclerosis, cerebral stroke, coronary heart 
disease, myocardial infarction and renal failure in Chinese 
people[1–3].  Fibrates (ie, fenofibrate) and statins (ie, simvastatin) 
are currently the most commonly used drugs for the treatment 
of hyperlipidemia. Fibrates are activators of PPARα, which 
controls cholesterol levels by transcriptionally inducing the 
synthesis of the major apolipoproteins apoA-I and apoA-II[2–4].  
Statins are also widely used to lower cholesterol levels because 

of their restraint effects on the 3-hydroxyl-3-methyl coenzyme 
A (HMG-CoA) reductase, which is responsible for the rate-
limiting step in cholesterol biosynthesis[3, 4].  Although the 
pharmacological mechanisms of fibrates and statins have been 
extensively studied, their lipid-regulating effects and adverse 
drug reactions in hyperlipidemia patients during long-term 
treatment remain unclear.  Because hyperlipidemia is a sys-
temic disease that affects the metabolism of many endogenous 
small-molecule metabolites, understanding the intervention 
of fibrates or statins within the body’s metabolomic system 
is important.  To date, conventional pharmacological meth-
ods could not effectively illuminate these changes.  In recent 
years, the development of new methodologies for studying 
pharmacological efficacies, mechanisms and metabolomics has 
become a hotspot for pharmacology and pharmacodynamics 
research[5].

Metabolomics is an important subject in the field of systemic 

# These authors contributed equally to this work.
* To whom correspondence should be addressed. 
E-mail nancyzhang03@hotmail.com 
Received 2014-02-24    Accepted 2014-06-23



1266

www.nature.com/aps
Xu QY et al

Acta Pharmacologica Sinica

npg

biology, which includes metabolomics, genomics, transcrip-
tomics and proteomics, and provides a wealth of information 
regarding the biochemical framework in biological samples.  
In recent years, rapid analytical platforms, including GC/TOF-
MS, LC-MS/MS, and NMR spectroscopy, have been applied 
to systematically detecting, characterizing and quantifying 
metabolites and the related metabolic pathways at the cellular, 
tissue, or organ levels.  Among these technologies, GC-MS is 
a highly suitable technique for metabolomics analysis due to 
its high sensitivity and efficient separation in the gas state.  
When it is equipped with extensive databases, it can identify 
or verify various small-molecule metabolites in metabolomics 
studies[6, 7].  Metabolomics has been widely used in discovering 
biomarkers and in monitoring therapeutic efficacy and patho-
genesis in early detection and clinical diagnosis for many 
diseases, including tumors[8, 9], heart disease[10, 11] and diabetes 
mellitus[12, 13].  Moreover, small changes in the activities of 
individual enzymes, genes and proteins or other biomarkers 
can be amplified in metabolomic analysis.  In previous studies, 
we have successfully applied GC-TOF/MS- or GC-MS-based 
metabolomic approaches to study hyperlipidemia and osteo-
porosis by analyzing the serum or urine of rats or humans[14–16].  

Based on global and targeted metabolomic profiling, several 
endogenous metabolites that serve as safety biomarkers dur-
ing treatment with atorvastatin (a statin) in hyperlipidemic 
SD rats have been developed[17].  Strauss and Vassallo et al 
revealed an increased toxicity in healthy rats when fibrates 
and statins were co-administered using a metabolomic 
approach[18, 19].  However, little information on the metabolo-
mic study of hyperlipidemia in a hyperlipidemia model has 
been reported in the literature. 

The aim of this study was to investigate the lipid-regulating 
effects and adverse reactions of simvastatin or fenofibrate 
in diet-induced hyperlipidemia rats using a GC/MS-based 
metabolomic approach.  The traditional pharmacology meth-
ods monitoring the dynamic circumstances in the pathologi-
cal state were used to provide complementary information 
such as the total cholesterol (TC), triglyceride (TG) and high-
density lipoprotein cholesterol (HDL-C) levels.  We also aimed 
to illuminate the differences in the lipid-regulating effects and 
metabolic pathways between the simvastatin and fenofibrate 
treatment of hyperlipidemia rats using GC/MS-based meta-
bolic profiling.  This study may provide the evidence needed 
to allow for a clinical, rational administration treatment of 
hyperlipidemia patients with fibrates and statins.

Materials and methods
Chemicals and reagents
Simvastatin and fenofibrate were obtained from the Zhejiang 
Jiangbei Pharmaceutical Co, Ltd (Taizhou, China) and the 
Nhwa Pharma Corporation (Xuzhou, China), respectively.  
Commercial assay kits for total cholesterol (TC), triglycerides 
(TG), low-density lipoprotein cholesterol (LDL-C) and high-
density lipoprotein cholesterol (HDL-C) were purchased 
from Shanghai Rongsheng Biotechnology Co, Ltd (Shanghai, 
China).  The [2H6]-salicylic acid (97%) that was used as an 

internal standard (IS) was purchased from the Cambridge 
Isotope Laboratories Inc (Andover, MA, USA).  Alkane series 
(C8–C40), N-methyl-N-trimethylsilyl-trifluoroacetamide 
(MSTFA) and trimethyl chlorosilane (TMCS) were obtained 
from Fluka (Buchs, Switzerland).  Methoxyamine was obtained 
from Supelco (Bellefonte, PA, USA).  The HPLC-grade metha-
nol, pyridine and n-heptane were purchased from the Sigma-
Aldrich Corporation (St Louis, MO, USA).  Deionized water 
was produced by a Milli-Q Reagent Water System (Millipore, 
MA, USA).

Animals, diets, and sample preparation
Thirty-two Sprague-Dawley (SD) male rats (age: 4 months) 
with a body weight of 200±10.0 g were obtained from the Sino-
British Sippr/BK Lab Animal Ltd (Shanghai, China).  The rats 
were acclimatized under controlled conditions (room tempera-
ture 20±1 °C, relative humidity 50%±5% and a 12 h light/12 h 
dark cycle) with standard solid food for six days prior to the 
experiments.  This study was conducted in conformity with 
the Guidelines for Animal Experiments of Nanjing University 
of Technology (Nanjing, China).

The 32 rats were randomly assigned to four groups (n=8).  
The rats in the normal control group were fed with a normal 
diet from weeks 1–6.  The rats in the hyperlipidemia model 
control group were fed with a high-lipid diet enriched with 
1% (w/w) cholesterol, 10% (w/w) lard, 0.2% propylthiouracil, 
5% egg yolk and 1% sodium tauroglycocholate[14] during the 
first four weeks, followed by a normal diet in weeks 5–6 with-
out treatment.  Both the simvastatin and fenofibrate treatment 
groups were fed with a high-lipid diet in weeks 1–4 and a nor-
mal diet with simvastatin (10 mg/kg daily) and fenofibrate 
(150 mg/kg daily), respectively, in weeks 5 and 6.  The diet 
and treatment plans for the four groups are listed in Table 1.  
Simvastatin and fenofibrate were orally administered as a 
suspension in water via gavage.  Before and during the experi-
ment, once a week for 6 weeks at 8:00 AM, 2 mL of blood was 
collected into tubes containing EDTA via retro-orbital bleeding 
from each rat under fasting conditions (but water ad libitum 
for 12 h).  Plasma samples were obtained by centrifugation of 
the blood samples at 2000×g for 10 min at 4 °C; the samples 
were then divided into two equal parts in two new Eppen-
dorf tubes.  One portion was used for the detection of TC, TG, 
LDL-C, and HDL-C levels using the commercial assay kits, 
and the other portion was used for the metabolomic analysis.  
All of the plasma samples were stored at -80 °C until analysis.

Table 1.  Diet and treatment plans for all the rat groups.  n=8. 

          Group        Week 1–4               Week 5–6   
 
Normal control Normal diet Normal diet
Model control High-lipid diet Normal diet
Simvastatin-treatment High-lipid diet Normal diet and simvastatin
   (10 mg·kg-1·d-1)
Fenofibrate-treatment High-lipid diet Normal diet and fenofibrate
   (150 mg·kg-1·d-1)
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Determination of TC, TG, LDL-C, and HDL-C
The levels of TC, TG, LDL-C, and HDL-C in the rat plasma 
were determined using enzyme methods with commercial 
kits according to the manufacturers’ protocols. The results 
obtained were compared with those determined in the metab-
olomics study.

Metabolomic studies
Plasma preparation
According to previous reports[14, 20], 400 μL of methanol con-
taining 10 µL of an internal standard (IS) ([2H6]-salicylic acid, 
1 mg/mL) was added to each plasma sample (100 µL) for one-
step protein precipitation.  The samples were vortex-mixed 
for 5 min and centrifuged at 12 000×g for 10 min at 4 °C.  The 
supernatant (100 μL) was transferred to a 1-mL GC vial and 
evaporated to dryness under vacuum in a SpeedVac concen-
trator.  Subsequently, 50 μL of methoxyamine in pyridine (15 
μg/mL) was added to dissolve each dried residue by vigor-
ously vortexing for 10 min.  The redissolved solution was 
trimethylsilylated for an additional 1 h by adding 50 μL of 
MSTFA with 1% TMCS as a catalyst after the methoxamina-
tion reaction proceeded for 16 h at room temperature.  Then, 
40 μL of heptane was added to each GC vial, and the vial was 
vortexed for 10 min before 1 μL of the derivative sample was 
taken for GC-MS analysis using a Finigan TRACE DSQ gas 
chromatograph (Thermo Finigan, San Jose, CA, USA) in split-
less mode, as described below.

GC/MS analysis
The chromatographic separation was performed on a fused 
silica capillary column (30 mm×0.25 mm ID) that was chemi-
cally bonded with a 0.25 μm DB1-MS stationary phase (J&W 
scientific, Folsom, CA, USA).  Helium served as the carrier 
gas through the column.  The GC/MS was operated under 
the following conditions: the injector temperature was at  
270 °C, and the septum purge was turned on 1 min after injec-
tion and set to a flow rate of 20 mL/min.  The gas flow rate 
through the column was 1 mL/min.  The gradient column 
temperature program underwent the following steps: (1) 70 °C 
for 2 min; (2) 70 °C to 240 °C at a rate of 20 °C/min; (3) held at 
240 °C for 1 min; and (4) elevated to 320 °C at a rate of 20 °C/
min and held at 320 °C for 1 min.  The transfer line tempera-
ture was maintained at 270 °C, and the ion source temperature 
was maintained at 200 °C.  The ion source voltage was a 70 eV 
electron beam at a current of 2.0 mA.  After a solvent delay of 
4 min, the acceleration voltage was turned on, and the mass 
spectra were acquired in scan mode over the range from 50 to 
650 m/z at an interval of 2 s[14].

Data and statistical analysis
The mass spectrometry (MS)-based platform involves GC-
single quad MS profiling followed by data analysis with the 
Xcalibur software (Thermo Finigan, San Jose, CA, USA), as 
reported previously[21].  The retention times were corrected, 
and all of the peaks were aligned using the internal standards 
to minimize batch errors.  Peaks with intensities higher than 

30-fold of the ratio of the signal-to noise (S/N) were recorded.  
The retention index for each peak was obtained by comparing 
its retention time with those of the alkane series (C8–C40).  All 
endogenous compounds were identified and assigned by the 
AMDIS (Automatic Mass Spectral Deconvolution and Iden-
tification System) according to the MS spectra and retention 
index.  The endogenous compounds were validated with the 
authentic reference standards listed in the NIST 2.0 (2005), the 
Wiley library and the in-house spectra library constructed in 
the Key Laboratory of Drug Metabolism and Pharmacokinet-
ics, China Pharmaceutical University.  In addition, potential 
metabolites and their physiological roles were searched on the 
Human Metabolome Database (http://www.hmdb.ca)[22].  

The multivariate statistical analysis (MVSA) technique and 
principal component analysis (PCA) were performed for the 
metabolomic data using the SIMCA-P v11 software (Umetrics, 
Umea, Sweden)[23, 24].  The data were analyzed using a one-way 
analysis of variance (ANOVA) followed by a least significant 
difference (LSD) test, with statistical significance set at P<0.01 
or P<0.05.

Results
Assay kit results
Varying trends in the plasma lipid levels were observed in 
the normal control, model control, simvastatin treatment and 
fenofibrate treatment groups (Figure 1).  The TC, TG, LDL-C, 
and HDL-C levels were observed to be stable in the normal 
control group during the six weeks of the experiment.  Com-
pared with the normal control rats, significant increases in 
both the TC (P<0.01) and LDL-C levels (P<0.05) were observed 
in the model control rats from week 3 post-diet induction 
(Figures 1A, 1D).  The level of HDL-C in the plasma gradually 
decreased in the model control rats (P<0.05) starting in the 3rd 
week (Figure 1C).  

The results clearly showed that the oral administration of 
simvastatin or fenofibrate to the rats with lipid metabolic 
disorders resulted in the opposite effects, with a significant 
decrease in the TC (P<0.01 for simvastatin) and LDL-C levels 
(P<0.01/0.05 for simvastatin/fenofibrate) and an increase in 
the HDL-C levels (P<0.05 for simvastatin) in the 5th and 6th 
weeks, which represented the first and second weeks after 
treatment with the drugs.  

Metabolomic profiling by GC/MS
A typical GC-MS (total ion current) chromatogram with some 
chromatographic peaks of representative metabolites is shown 
in Figure 2.  All of the data from the normal control (K), model 
control (M), fenofibrate treatment (B) and simvastatin treat-
ment (T) groups during the 6-week experiment were processed 
using PCA to calculate the basic model and an overview of the 
data.  

A full-scale map of the PCA scores plot depicting the entire 
metabolomic profiling of the four groups is shown in Figure 3.  
Samples from different groups at the same period or the same 
group in different periods were scattered clearly for the first 
two components.  According to the statistical parameters from 
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the PCA model, these two components explained the R2 value 
of 52.7% for all of the GC-MS response variables and predicted 

a Q2 value of 53.1% for all of the observation/sample variables 
(R2 is the percentage of all of the GC-MS response variables 
explained by the model; Q2 is a measurement of the predictive 
ability of the model)[15, 23].  The scores plot shows that the sam-
ples from the model control, the fenofibrate treatment and the 
simvastatin treatment groups changed in a time-dependent 
manner, whereas the samples from the normal control group 
were clustered in the same area throughout the experiment.

The two principal components analysis model for the model 
control group (M0–M4) (Figure 4) showed the metabolomic 
movement during the 4-week high-lipid diet induction, which 
could be classified clearly, with an R2 of 62.5% and a Q2 of 
75.5%.  Interestingly, a distinct segregation between the pre-
experiment and the diet induction was observed starting in the 
2nd week (M2).  Significant differences were not found in the 
classical pathology biomarkers, including TC, TG, LDL-C and 
HDL-C, in the 2nd week (Figure 1).  This possibly indicates 
that the fingerprint of the metabolome is more sensitive than 
the classic biochemical indicators.  

The metabolic patterns changed after treatment with either 
fenofibrate or simvastatin for two weeks (Figure 5).  Interest-
ingly, the fenofibrate treatment (B6) and simvastatin treatment 
(T6) samples gathered in two different regions, indicating that 
the rats had different metabolic responses to fenofibrate and 
simvastatin.

The major metabolites were identified and included a 
number of fatty acids, amino acids, carbohydrates and other 
metabolites.  These potential biomarkers were further ana-
lyzed by ANOVA, and the relative fold change was calculated.  
Differences in the metabolites in model control, the fenofibrate 
treatment and the simvastatin treatment groups compared 
with the normal control group in the 6th week are listed in 
Figure 6 and Table 2.  The fold changes between the model 
control group and the normal control group suggest that there 
is a significant increase in the levels of endogenous metabo-
lites, including cholesterol, ornithine, β-hydroxybutyric acid, 
creatinine, galactose and D-sorbit, and a significant decrease 
in the levels of linoleate, isoleucine, tyrosine, citrate and man-
nose in diet-induced hyperlipidemia rats compared with the 
normal group.  The level of cholesterol, a classical biomarker 
of hyperlipidemia, in both treatment groups was significantly 
lower than that observed in model control group.  Further-
more, metabolite differences existed between the simvastatin 
and the fenofibrate treatment in 6th week according to the 
fold change and P value (P<0.05).  The levels of linoleic acid, 
alanine, valine, phenylalanine, ornithine, tyrosine, mannose, 
glycine, glutamine and creatinine were lower in the plasma of 
the simvastatin treatment group, and the levels of cholesterol, 
proline, myo-inositol and critic acid were higher in the fenofi-
brate-treated animals.

Discussion
Metabolomics is a global level tool that is employed in the 
prognosis or diagnosis of diseases by investigating the endoge-
nous levels of small molecule metabolites in clinical practice[5].  
In this study, metabolomics analysis was applied to systemati-

Figure 1.  The plasma lipid levels of the rats from the four groups during 
the experiment.  (A) TC levels; (B) TG levels; (C) HDL-C levels and (D) LDL-C 
levels.  bP<0.05, cP<0.01 vs normal control group.  eP<0.05, fP<0.01 vs 
model control group.
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cally monitor and evaluate the development of animal models 
and the treatment effects of simvastatin and fenofibrate in 
hyperlipidemia rats.  The results showed that the conventional 
biochemical indicators evaluated by commercial assay kits, ie, 
TC, TG, HDL-C, and LDL-C, changed significantly in the 3rd 
week of the experiment.  In contrast, metabolic data indicated 
that the model rats administered the high-lipid diet only for 
1 week (M1) have been different from the normal rats (M0) in 
the process of developing hyperlipidemia (Figure 4).  Thus, 

metabolic profiling is a more sensitive and effective approach 
than the conventional method (based on assay kits) for detect-
ing the disease status and/or biological responses.  

The changes in the plasma biochemical indexes showed that 
the rats had developed a metabolic disorder of lipids and/
or lipid proteins in the plasma.  This indicated that the diet-
induced hyperlipidemia model had been successfully estab-
lished in the male rats after a continuous four-week admin-
istration of a high-lipid diet, which was also verified by the 
metabolomics analysis in the scores plot.  

Simvastatin can competitively inhibit HMG-coenzyme A 
reductase, an enzyme that catalyzes the rate-limiting step 
of cholesterol biosynthesis in liver cells[25–27].  It increases the 
levels of HDL, which has cardiovascular protective effects 
and reduces the susceptibility of lipoproteins to oxidation in 

Figure 2.  A typical GC/MS chromatogram of the plasma samples obtained from a hyperlipidemic rat.

Figure 4.  The PCA scores plots of the model control group (M) from weeks 
1–4.

Figure 3.  The PCA scores plots of the four groups.  The letters K, M, T and 
B denote the following different treatment groups: K (blue) the normal 
control group; M (purple) the model control group; T (blue hollow) the 
simvastatin treatment group and B (red) the fenofibrate treatment group.  
The numbers 1–6 represent the following different time points during the 
experiment: (0) before the experiment and (1–6) for the weeks during 
the experiment.  For instance, T4 indicates the sample in the simvastatin 
treatment group at the 4th week after the experiment had begun.
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humans[25].  Fenofibrate acts as a PPAR-α receptor agonist: it 
increases fatty acid β-oxidation and the excretion of choles-
terol via bile[28].  Even if their mechanisms of action are differ-
ent, both drugs are able to prevent and treat hyperlipidemia 
efficiently.  Following the oral administration of 10 mg·kg-1·d-1 
simvastatin or 150 mg·kg-1·d-1 fenofibrate for two weeks, rats 
with diet-induced hyperlipidemia showed a trend of reversal 
in TC, HDL-C, and LDL-C levels.  The metabolic profiles of 
the normal control, the model control, the fenofibrate treat-
ment and the simvastatin treatment groups could be clearly 
distinguished from one another using a PCA score plot analy-
sis (Figure 5).  Numerous endogenous molecules, including 
fatty acids, cholesterol, amino acids and carbohydrates, in the 
model control group exhibited significant differences (P<0.05) 
compared with the normal control group.  It is proposed that 
further treatment for 2 weeks may continue to improve the 
hyperlipidemia rats; however, there are no data to support 
this notion.

Many potential biomarkers (Table 2) significantly changed 
and normalized following treatment with simvastatin or feno-
fibrate.  Interestingly, some of the biomarkers, such as choles-
terol, β-hydroxybutyric acid, linoleic acid, creatinine and orni-
thine, changed with the same trend in both treatment groups, 
but other biomarkers, including tyrosine, varied in an opposite 
manner.  

Cholesterol is an important biomarker of hyperlipidemia, 
and its level significantly decreased after two weeks of sim-
vastatin or fenofibrate therapy.  Endogenous cholesterol 
synthesis by acetyl-CoA should be lower, but the β-oxidation 
of fatty acids should be higher in the diet-induced hyperlip-
idemia rats because of the feedback regulation during exces-
sive lipid metabolism.  These processes should result in an 
accumulation of acetyl-CoA in vivo[14].  The excess of acetyl-
CoA may have been converted to acetone bodies, as indicated 

by the high level of β-hydroxybutyric acid in the model con-
trol group.  The lipid-lowering effect led to a decrease in the 

Figure 5.  The PCA scores plots of the samples from the normal control (K), 
model control (M), simvastatin treatment (T) and fenofibrate treatment 
group (B) at the 6th week.

Figure 6.  The relative fold changes of plasma metabolite levels at 6th 
week.  Different groups of rats are represented using the following nota-
tion: (A) the model control group (M) versus the normal control group (K); 
(B) the simvastatin treatment group (T) or fenofibrate treatment group (B) 
versus the model control group (M); (C) the simvastatin treatment group (T) 
versus the fenofibrate treatment group (B).
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β-hydroxybutyric acid level in the plasma after simvastatin 
or fenofibrate therapy in our study.  Linoleic acid (LA, 18:2n-
6) is an essential fatty acid (EFA) in human nutrition and thus 
exclusively reflects the dietary intake[29].  LA also plays an 
important role in reducing the plasma TC and LDL-C levels[30].  
As a polyunsaturated fatty acid (PUFA), LA is a precursor of 
prostaglandins (PGs) via the arachidonic acid (AA) pathway.  
PGs have many beneficial effects against cardiovascular risk, 
including hyperlipidemia and essential hypertension[31, 32].  
Ornithine, a central intermediate metabolite of the urea cycle, 
was notably increased in the rats induced with hyperlipid-
emia by the high-cholesterol diet.  This trend was quickly 
inversed after treatment for 2 weeks with either simvastatin or 
fenofibrate, which may be caused by the dysfunction in lipid 
metabolism[33, 34].  This finding indicates that ornithine might 
be a potential biomarker of the pathological process and lipid 
regulation in hyperlipidemia.

Tyrosine is an essential amino acid that might also be a 
potential biomarker for hyperlipidemia[14].  Tyrosine is a pre-
cursor to catecholamines (epinephrine, norepinephrine and 
dopamine) and is known to promote lipid metabolism[35].  Epi-
nephrine has been shown to cause an increase in endogenous 
lipid hydrolysis in muscle and adipose tissue[36].  Epinephrine 
intervention has also been shown to alter lipid distribution, 
lipid transport and phospholipid metabolism in the liver, aorta 
and plasma[37].  A decrease in the plasma tyrosine levels was 
observed in the hyperlipidemia rats (0.67-fold), possibly due 

to the excessive lipid metabolism in response to the high-lipid 
diet.  The tyrosine levels in the plasma were further increased 
in the fenofibrate treatment group.  In this study, the effects 
of fenofibrate on lipid metabolism regulation were verified by 
examining its effects on the epinephrine pathway and evalu-
ating the tyrosine levels.  Data from many studies in rodents 
and humans indicate that fibrates promote the hydrolysis of 
triglycerides, thereby enhancing the decomposition rate of 
many fatty acids and stimulating reverse cholesterol transport, 
which may relieve stress or substitute for the regulation of the 
lipid metabolism pathway by epinephrine[38–40].  In contrast to 
the fenofibrate treatment, no significant alterations in the tyro-
sine levels were observed in the simvastatin treatment group, 
possibly because simvastatins competitively inhibit the bio-
synthesis of cholesterol but do not intervene in lipid transport 
or lipolysis.  

Creatinine is a product of creatine and phosphocreatine in 
muscle[41].  They both play a vital role in regenerating adenos-
ine triphosphate (ATP) in skeletal muscle to energize muscle 
contraction through the creatine kinase (CK) reaction[42].  Cre-
atinine transfers from the blood plasma to the kidneys before 
eventually being eliminated from the body by glomerular 
filtration and partial tubular excretion[43, 44].  Serum creatinine 
is an important indicator of renal health because it is an easily 
measured byproduct of muscle metabolism[44].  The creatinine 
levels increased significantly by 4.46-fold in the diet-induced 
hyperlipidemia group compared with the normal animals.  

Table 2.  Significant alterations of endogenous metabolites detected by GC-MS. bP<0.05, cP<0.01 vs normal control group. eP<0.05, fP<0.01 vs model 
control group.  hP<0.05, iP<0.01 vs fenofibrate-treatment group.

Metabolites          Biological role
                            Fold change

              A        B    C    D 
 
Linoleic acid An important role in the pathogenesis of essential hypertension 0.67b  1.36e  1.76f  0.77h 
Cholesterol  Biomarker of hyperlipidemia 5.82b  0.54f  0.39f  1.40h 
Alanine An metabolic intermediate in both glycolysis and gluconeogenesis 0.89  0.36f  0.95  0.38i 

Valine  0.96  0.48f  0.70e  0.68h 
Isoleucine Essential amino acids, stress, energy and muscle metabolism 0.39c  0.43e  0.46e  0.94 
Proline Non-essential amino acid synthesized from glutamic acid 1.26b  0.64e  0.38f  1.65i 
Phenylalanine An essential amino acid and the precursor for the amino acid tyrosine 0.97  0.58e  0.91  0.64h 
Ornithine Amino acid produced in the urea cycle from arginine 3.00c  0.30f  0.44f  0.68h 
Tyrosine A precursor for epinephrine 0.67c  0.98  1.36e  0.72h 
Glycine  0.97 1.03 1.27 0.81h 
Myo-Inositol A crucial role in the phosphatidylinositol signaling pathway 0.93  0.72e  0.45f  1.59h 
β-Hydroxybutyric acid A four-carbon fatty acid 1.98  0.24f  0.27f  0.90 
Creatinine An indicator of renal function; A breakdown product of creatine phosphate in muscle 4.46c  0.11f  0.29f  0.37i 
Glutamine A key molecule in cellular metabolism, γ-glutamyl cycle 0.94  0.61f  0.74e  0.82h 
Citric acid Tricarboxylic acid cycle 0.59c  1.02  0.64f  1.58h 
D-glucose Primary source of energy, available from glycogenolysis and gluconeogenesis or food 0.99  1.31e  1.32e  0.99 
D-Sorbit  1.53c  0.81e  0.84e  0.96 
Mannose An important roles in protein quality control 0.53c  0.28f  0.99  0.28i 
Galactose Component of glycerolipid and glycosphingolipid metabolism 1.24  0.59f  0.54f  1.10

A: Ratio of abundance of metabolites in plasma samples between diet-induced hyperlipidemia group and normal control group at week 6.
B: Ratio of abundance of metabolites in plasma samples between simvastatin-treatment group and model control group at week 6.
C: Ratio of abundance of metabolites in plasma samples between fenofibrate-treatment group and model control group at week 6.
D: Ratio of abundance of metabolites in plasma samples between simvastatin-treatment group and fenofibrate-treatment group at week 6.
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The accumulation of plasma creatinine may indicate a poten-
tial risk for or existing renal damage caused by hyperlipid-
emia[41, 45].  The creatinine levels in the plasma significantly 
decreased following treatment with simvastatin (0.11-fold) or 
fenofibrate (0.29-fold).  These results suggest, for the first time, 
that both simvastatin and fenofibrate could prevent renal dam-
age caused by lipid disorders.  However, further examination 
is required to confirm this hypothesis.  

Conclusion
A metabolomic profiling approach based on a GC-MS assay 
has been successfully applied to monitor the pathological 
changes in diet-induced hyperlipidemia rats and the therapeu-
tic processes associated with simvastatin or fenofibrate treat-
ment.  Metabolic profiling is a more sensitive and effective 
approach compared with the conventional methods (based 
on assay kits) that are used to detect disease status or biologi-
cal responses.  A series of potential biomarkers, including 
tyrosine, creatinine, LA, β-hydroxybutyric acid and ornithine, 
were identified by global metabolomics and may be used to 
identify the metabolic effects of hyperlipidemia during disease 
progression.  Further studies of these potential biomarkers 
would provide more useful and valuable information for the 
rational clinical usage of statins or fibrates.
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