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a b s t r a c t

A simple approach for comprehensive profiling of fatty acids in human plasma based on gas
chromatography–mass spectrometry (GC–MS) was described and validated. With this method, plasma
fatty acid metabolic profiles of 23 coronary heart disease (CHD) patients and 25 healthy subjects were
determined. Pattern recognition technology was used to establishing differences in the metabolic pro-
vailable online 28 October 2008

eywords:
oronary heart disease
C–MS
etabolic profile

files of these two groups. Furthermore, CHD patients with two different patterns in Traditional Chinese
Medicine clinical practices could be classified by the corresponding metabolic profiles, and several poten-
tial biomarkers were discussed.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Coronary heart disease (CHD), as one of the most mortal dis-
ases, is afflicting millions of people every year [1–3]. Till now,
esearchers have paid close attention to the correlation between
lood lipid level and CHD. And plasma fatty acids were emphasized,
or they not only provide an important energy source as nutrients,
ut also act as signaling molecules in various cellular processes in
ardiovascular risks [4].

Nowadays, with the development of system biology, novel
ethods and techniques emerged to meet the needs of explor-

ng the complex biological system. Metabolomic analysis has been
hown to provide useful information in clinical diagnostics of some
iseases, such as diabetes mellitus and liver failure [5–7]. Also, a 1H-
MR-based metabonomics method has been established for rapid
nd noninvasive diagnosis of the presence and severity of coronary
eart disease [8]. However, metabolic profile and especially lipid
etabolic profile analysis were not involved. “Metabolic profile” is

spectrum of the composition and abundance of the metabolites,
hich can be used to monitor changes over time and in response to
articular stimuli [9]. And lipids metabolic profile will contribute to
ppreciating how lipids react in a biological system and providing a

∗ Corresponding author at: No. 388 Yuhangtang Road, Hangzhou 310058, PR
hina. Tel.: +86 571 88208428; fax: +86 571 88208428.
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owerful tool for elucidating the mechanism of lipid-based disease,
creening novel biomarker, and monitoring clinical pharmacologic
herapy [10].

Researchers have developed methodologies to monitor lipid
omposition in biological samples. Gas chromatography–mass
pectrometry (GC–MS) has been a technique widely used for the
dentification of fatty acids in biological mixtures. Methyl esters
re used almost universally for GC analysis of fatty acids [11,12].
oron trifluoride (BF3) in methanol is the most commonly used
eagent for the derivatization step [13]. In addition to this method,
here have been some reports on direct derivatization methods for
he fatty acids in plasma extracts under selective conditions [7,14].
ecently, several benzylation, silylation and amide reagents were
eveloped for robust and gentle derivatization of fatty acid for GC
nalysis, such as pentafluorobenzyl (PFB) [15], trimethylsilyl (TMS)
16], tert-butyldimethylsilyl (TBDMS) [17], deoxo-fluor [18] and so
n.

The present paper utilize a simple method for comprehen-
ive profiling of fatty acids in human plasma based on GC–MS,
nd apply to plasma samples of coronary heart disease patients.
etabolic profiles was used to reflect the perturbations of plasma

atty acids of CHD patients with different patterns, and pattern

ecognition methods were employed such as principal component
nalysis (PCA) to classify the CHD patients and healthy subjects, and
artial least squares-discrimination analysis (PLS-DA) to discrimi-
ate two different patterns of CHD in Traditional Chinese Medicine
TCM) clinical practices. We attempted to find out whether differ-

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:quhb@zju.edu.cn
dx.doi.org/10.1016/j.jpba.2008.10.018
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nt patterns on which TCM always focused might have dissimilar
echanisms in the modern medicine research.

. Experimental

.1. Sample collection and study population

Fasting blood samples were collected from 25 healthy subjects,
3 CHD patients. CHD patients were characterized by the gold-
tandard angiographic technique and recruited to the coronary
eart disease group who had significant coronary artery disease
defined as a reduction of more than 50% in the intralumenal diam-
ter of major coronary arteries). In TCM clinical practices, CHD
atients of ‘heart deficiency of Qi’ (HDQ) pattern customarily had
epeat chest distress, palpitation, short breath and hypodynamia,
hile ‘heart blood stasis’ (HBS) patients often had chest pain on the
xed position and their sublingual vein had stagnant blood. The
ealthy subjects did not have chest pain, and electrocardiograms
ere normal. Consecutive subjects presenting at Traditional Chi-
ese Medical Hospital of Zhejiang Province (Hangzhou, China) and
he Sixth People’s Hospital of Xiaoshan District (Hangzhou, China)
ho met the above criteria for either the CHD or healthy group were

ecruited to the study. All the CHD samples were collected before
he medication regime been implemented. The informed consents
ere obtained. The clinical data for the two groups are shown in

able 1. Blood samples were drawn into Eppendorf tubes, and EDTA
as used to prevent blood coagulation. Platelet-poor plasma was
repared by centrifugalization (3000 rpm for 10 min). Aliquots of
lasma were stored at −80 ◦C until assayed.

.2. Solvents and standards

Fatty acid methylester standards (FAME), myristic acid methyl
ster (C14: 0 ME), pentadecanoic acid methyl ester (C15: 0
E), palmitoleic acid methyl ester (C16: 1n-9 ME), palmitic acid
ethyl ester (C16: 0 ME), heptadecanoic acid methyl ester (C17:
ME), �-linolenic acid methyl ester (C18: 3n-6 ME), linoleic

cid methyl ester (C18: 2n-6c ME), oleic acid methyl ester
C18: 1n-9c ME), elaidic acid methyl ester (C18: 1n-9t ME),
tearic acid methyl ester (C18: 0 ME), arachidonic acid methyl
ster (C20: 4n-6 ME), cis-5,8,11,14,17-eicosapentaenoic acid methyl
ster (C20: 5n-3 ME), cis-8,11,14-eicosatrienoic acid methyl ester
C20: 3n-6 ME), cis-11,14-eicosatrienoic acid methyl ester (C20:

ME), cis-11-eicosatrienoic acid methyl ester (C20: 1 ME), and
,7,10,13,16,19-docos-ahexaenoic acid methyl ester (C22: 6n-3 ME)

ere purchased from Supelco (Bellefonte, PA) with more than 99%
urity.

Chromatographic grade methyl nonadecanote as internal stan-
ard (I.S.) was purchased from Sigma (USA). The solution 5%

able 1
linical data for the healthy group and the CHD group.

Healthy subjects CHD patients

ge 72.3 ± 7.8 72.6 ± 10.4
ex
ale, n 16 15

emale, n 9 8
ystolic BP (mmHg) 128 ± 15 129± 27
iastolic BP (mmHg) 78± 11 73± 8.5
urrent smokers, n 17 15
reatinine (�M) 85.3 ± 9.1 83.0 ± 18.1
lucose (mM) 4.2 ± 0.7 5.5 ± 1.4
otal cholesterol (mM) 4.0 ± 0.5 3.7 ± 1.0
riglycerides (mM) 1.1 ± 0.5 1.2 ± 0.6
latelets (109/L) 162.7 ± 38.0 180.9 ± 65.0
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2SO4/CH3OH was freshly prepared by diluting H2SO4 (98% purity)
y analytical grade methanol, and 0.4 mol L−1 KOH/CH3OH was
reshly prepared in our laboratory by dissolving analytical grade
OH in methanol. 2-tert-Butyl-4-methyl-phenol (BHT, 99% purity)
as obtained from Sigma (USA). Analytical grade n-hexane and

nhydrous sodium sulfate were purchased from Sinopharm Chem-
cal Reagent Co., Ltd. (China).

.3. Sample preparation

Samples preparation procedures have been described previ-
usly in Ref. [7]. Briefly, aliquots (200 �L) of plasma were spiked
ith internal standard solution (100 �L C19:0 methyl ester) and

ntioxidant (20 �L BHT), lipid extraction was carried out using n-
exane after two-step methylation method. The methyl esters were
xtracted into hexane, and concentrated under nitrogen before
C–MS analysis.

.4. Preparation of standard solution

The standard stock solution was prepared with n-hexane of C16:
n-9 ME (0.746 mmol L−1), C16: 0 ME (2.22 mmol L−1), C18: 2n-6c
E (0.680 mmol L−1), C18: 1n-9c ME (1.35 mmol L−1), C18: 1n-9t
E (0.676 mmol L−1), C18: 0 ME (1.34 mmol L−1), C20: 4n-6 ME

0.629 mmol L−1), C20: 3n-6 ME (0.625 mmol L−1), and C22: 6n-3
E (0.585 mmol L−1). The stock solution was further diluted with

-hexane, adding I.S. (1.12 mmol L−1) in each diluted solution. The
.S. solution was dissolved at a concentration of 0.641 mmol L−1 in
-hexane, in order to obtain relative concentrations of FAs in plasma
amples.

.5. GC–MS analysis

GC–MS analyses were performed on an Agilent Technologies
890N Network gas chromatograph coupled to an Agilent Tech-
ologies 5973 Network quadrupole mass selective spectrometer.
eparation was performed on a ZB-5MS (Phenomenex) capillary
olumns (30 m × 0.25 mm I.D., 0.25 �m film thickness). Helium was
sed as carrier gas with a flow rate of 1.0 mL min−1. The temperature
f the injector was 270 ◦C, and the sample (0.2 �L) was injected in
he splitless mode. The column temperature was set at 160 ◦C, and
amped at 1 ◦C min−1 to 220 ◦C, where after the temperature was
amped again at 7 ◦C min−1 to 260 ◦C. The tandem quadrupole mass
pectrometer was operated in electron impact (EI) mode and full
can monitoring mode (m/z 80–800). The quadrupole temperature
as set at 150 ◦C, the source temperature at 230 ◦C, electron energy

t 70 eV.
Mass spectrometry operating in SIM mode was used for quan-

itative analysis of fatty acids. Those characteristic fragment ions
hich gave a satisfactory intensity of response and at the same time
ere specific only for plasma fatty acids. This choice had permitted

o obtain the best compromise between sensitivity and specificity
f analysis, resulting in the highest value of signal-to-noise (S/N)
atio. Selected ion monitoring was carried out by monitoring m/z
3 for C16: 1n-9, m/z 87 for C16: 0, m/z 81 for C18: 2n-6c, m/z 83 for
18: 1n-9c, m/z 83 for C18: 1n-9t, m/z 87 for C18: 0, m/z 91 for C20:
n-6, m/z 93 for C20: 3n-6, m/z 91 for C22: 6n-3, and m/z 87 for I.S.
dwell time of 100 ms was used for all SIM ions and EM voltage

400 V.
.6. Method validation

.6.1. Linearity and range
Linearity and range of the analytical procedure were per-

ormed by serial dilution of standard stock solution. 7-Point
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ulti-component internal standard calibration curves were per-
ormed by calculating the ratios between the peak area of
ach substance and the peak area of the relative internal
tandard.

.6.2. Precision and accuracy
Precision was evaluated both intra- and inter-day by analysis of

lasma samples from CHD patients and the data compared after
ix consecutive runs (intra-day) and from data obtained over a
-day period (inter-day). To validate the accuracy of the method,
he recoveries experiments were performed by adding accurate
mounts of the standards to plasma samples of CHD patients, and
hen samples were treated and analyzed.

.6.3. Limit of quantification and method reproducibility
Quantification limits were determined using a signal-to-noise

pproach, which corresponded to the concentration that gave a
ignal-to-noise ratio of 10:1. The method reproducibility was exam-
ned by six duplicate plasma samples from the same CHD patient,
reated according to the same preparation procedure and analyzed
ith the optimized GC-SIM-MS method.

.6.4. Freeze–thaw stability and room temperature stability
All stability experiments were performed on plasma samples

rom CHD patient. Stability experiments included evaluation of the
tability of fatty acids during three freeze–thaw cycles and stability
f derivatized fatty acids at room temperature for 16 h.

.7. Processing and pattern recognition of GC–MS data

The plasma samples from the healthy subjects group and
atients group were analyzed in a random order. Enhanced Chem-
tation software (Agilent Technology) was used for automatic peak
etection and calculating peak areas of internal standard and
pecific compounds. Identification of the interested peaks was
upported by NIST v1.0.0.12 mass spectra library and FAME mix
tandards. Automatic peak detection was performed with peak
idth set to 0.2 s, and initial threshold set to 15.6. Peaks whose

ignal-to-noise ratios were lower than 3 had been rejected. The
ommon peaks in all GC–MS profiles were matched and extracted,
nd relative area values of these common peaks were used as
he variables to construct a multidimensional vector to character-
ze the biochemical pattern of each plasma sample. The further
tudy depended on the pattern recognition of the multidimen-
ional data, principal component analysis (PCA) and partial least
quares-discrimination analysis (PLS-DA) were employed. All of the
ultivariate analysis was performed with SIMCA-P 11.0 software

Umetrics, Sweden).

. Results and discussion

.1. Derivatization

Some derivatization methods for fatty acids have been reported

ill now. Two common methods: silylation with BSTFA and
MCS and methylation methods (direct esterification (DE) and
aponification–esterification (SE)) were tested. The results showed
hat firstly saponification–esterification and then direct esterifica-
ion could get more kinds of fatty acids than the other methods in
his experimental condition. Considering the purpose of metabolic
rofiling, this rapid, convenient, and less expensive methylation
ethod was chosen.
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.2. Method validation

The mean correlation coefficients (R2) of the calibration curves,
hich is higher than 0.996 showed good linearity of the method

n the range of 0.025–14.780 mmol L−1. The precisions were evalu-
ted as ranging from 4.77% to 14.63% for intra-day assay and from
.65% to 14.96% for inter-day assay, except C22: 6n-3 confirming
hat the method has good precision. Due to its polyunsaturation,
22: 6n-3 had a larger value of 16.08% and 20.99% for intra-day and

nter-day, respectively. The results of accuracy test showed that the
ecovery of fatty acids were in the range of 85.07–104.49%, within
00 ± 15% to validate this method. The LOQs of the fatty acids varied
rom 0.4 ng L−1 to 13.8 ng L−1, which meet the demand of sensi-
ivity of metabolic profiling analysis. The R.S.D.s of reproducibility
ere all below 11.51%, which indicating a good repeatability of this
ethod. Biological samples were found to be stable for at least 16 h

t room temperature, allowing for overnight autosampler loading.
nd during three freeze–thaw cycles, fatty acids were found to be
table.

.3. Application of analyzing plasma samples of healthy subjects
nd CHD patients

In this method, plasma fatty acids metabolic profiles of 23 CHD
atients and 25 healthy subjects were obtained by GC–MS with
his method. Typical GC–MS total ion current (TIC) chromatogram
s shown in Fig. 1. In this profile, there are more than 40 peaks, in

hich 34 peaks are common peaks in the TIC chromatograms of the
8 samples, and among the 34 peaks, 21 fatty acids are unequiv-
cally determined by the corresponding standards in the FAME
ix standards according to their retention times and mass spectra

haracteristics. The other metabolites were tentatively determined
ased on their electron ionization (EI) MS data according to the
IST mass spectra library.

.4. Principal component analysis of GC–MS data

A total of 21representative fatty acids peaks with their relative
eak areas were used to construct a vector to describe the biochem-

cal characteristics of each sample. Principal component analysis
ummarizes a data set with many variables by creating a few new
ariables (called principal components, PCs) containing most of the
nformation [19]. The score plot of PCA represented the distribution
f all samples. It is shown in Fig. 2, in which data of one patient and
wo healthy people were discarded for they were out of the 95%
onfidence interval (the ellipse). The clustering of the two groups
as within the 93.5% correct rate. It might be concluded from the

CA results that plasma fatty acids metabolic profiling could reflect
art of the perturbations of the CHD patients.

.5. Partial least squares-discrimination analysis of
iscrimination of different patterns of CHD patients

PLS-DA is a multivariate classification method based on PLS, the
egression of PCA. PLS-DA explains maximum separation between
efined class samples in the data set [20]. After the crude screening
y PCA, a PLS-DA model was constructed in order to discriminate
wo different patterns of CHD in Traditional Chinese Medicine clin-
cal practices.

In TCM, observed signs and symptoms of patients (e.g. pulse

racing, coating on the tongue, etc.) are analyzed to identify the type
f internal maladjustments. All these information together reflect
special functional state which is called a ‘pattern’ [21]. In prac-

ices, TCM practitioners would give individualized therapy based
n ‘pattern differentiation’ even when treating the same patho-
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Fig. 1. A typical total ions current chromatogram with two parts showed in suitable size. 21 fatty acids are identified and labeled.
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ig. 2. PCA score plot of 25 healthy subjects and 23 CHD patients with the two-di
eople were discarded for they were out of the 95% confidence interval (the ellipse

ogical change. For instance, CHD patients are identified mainly as
wo patterns: ‘heart blood stasis’ and ‘heart deficiency of Qi’, to
hich different herbal formulae are administered [22], and produce

ood clinical curative effect. Considering the inter-relationship of
herapeutic targets in these complicated disease, the pattern classi-

cation of TCM is worthy of exploring by modern medicine science.

In this study, a PLS-DA model was established for the clas-
ification of these two patterns and the detection of potential
iomarkers. The PLS-DA score plot is shown in Fig. 3, with one
utlier been discarded. The absolute coefficients plot shown in

3

e
t

ig. 3. Two-dimension plots of PLS-DA of the 23 CHD samples. The discrimination betwee
or heart blood stasis, and HDQ for heart deficiency of Qi).
on visualization of the first two PCs in which data of one patient and two healthy

ig. 4 interpreted the influence of each variable on the classifica-
ion of the two groups, and the corresponding compounds which
ad the stronger influence would be the candidates of the potential
iomarkers.
.6. Potential biomarkers and possible regulate mechanism

PCA was used to analyze the multidimensional data, and differ-
nt plasma fatty acids metabolic profiles were observed between
he samples of CHD patients and healthy people. It suggests that

n two different patterns in Traditional Chinese Medicine of CHD was obtained (HSB
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Table 2
The potential biomarkers and their possible regulate mechanism on CHD.

Type of FA Members Possible regulate mechanism on CHD Ref.

SFA C14:0 High capacity to raise LDL cholesterol levels [23]
C16:0
C18:0

trans-FA trans-C18:1 (1) Led to changes in the phospholipid fatty acid composition in the aorta, the target
tissue of atherogenesis

[24]

(2) This inhibition of EFA to PUFA by the isomeric fatty acids in hydrogenated fat is a
risk factor in the development of CHD

n-3 PUFA C22:6 C20:5 (1) Has beneficial impact on mitochondrial biogenesis, intrinsic antioxidant enzyme
expression and efficiency in oxygen consumption

[26]

(2) May affect the adjustment of myocardiac metabolism to tolerate hypoxia and
cardiac output

[28–31]

n-6 PUFA C20:4 (1) Alter the artery endothelial cell function, and enhance the inflammatory response [25–27]
(2) Vary hemorheological indice
stenosis ultimately

SFA for saturated fatty acid, PUFA for polyunsaturated fatty acid, and EFA for essential fatt
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ig. 4. Absolute values of coefficients of the nine fatty acids had the most strongly
nfluence of the PLS-DA model. The absolute values of coefficients can render the
nfluence of corresponding variables on separation between these two patterns.

odification of fatty acids may contribute diversely in the devel-
pment of coronary heart disease.

In our study, several potential biomarkers were found to be
elated with the cause of CHD. Their possible regulate mechanisms
re summarized in Table 2.

It was conjectured that the modification of n-6 and n-3 polyun-
aturated fatty acids (PUFAs) might have the main influence on the
heart blood stasis’ and ‘heart deficiency of Qi’ patterns. High levels
f n-6 fatty acids and low levels of n-3 might lead to an athero-
enic state, which may at last lead to the heart blood stasis pattern.
lso they may affect the adjustment of myocardiac metabolism to

olerate hypoxia and cardiac output, which finally cause the repeat
hest distress, palpitation, short breath and hypodynamia of ‘heart
eficiency of Qi’ patterns of patients.

. Conclusions

In this paper, an optimized assay was established and validated
or comprehensive determination of fatty acids in human plasma.
he results suggested that the GC–MS-based method developed
erein was useful and reliable for discriminating CHD patients and
ealthy persons and for identifying other metabolic syndromes
elated to fatty acids. The employment of multivariate analysis of
C–MS data made it possible to classify CHD patients and health
ontrols, and a PLS-DA model was constructed to represent the
lterations of two patterns of CHD in Traditional Chinese Medicine.
urthermore, several potential biomarkers which were related to

he development of CHD were discussed. This method could be an
lternative for disease diagnosis, pathogenesis research, and the
odern research of Traditional Chinese Medicine theories. Limited

o the time and cost, we studied only a small number of subjects.
owever, the aim of the present study is to investigate the science

[
[

[

s and lead to coronary artery plaque and artery

y acid.

hat underpins this novel field. Further studies will be required to
ompare different methodological approaches in various clinical
pplications.
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