Analytical
Methods

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Anal tical Royal Society of Chemistry peer review process and has been

M th d y accepted for publication.

e o s Ll Accepted Manuscripts are published online shortly after

p— - acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

l(’msm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

[y RO~YAL SOCIETY
OF CHEMISTRY www.rsc.org/methods


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 22 Analytical Methods

1

2

3

4 1 Serum metabolic profiling study of endometriosis by using wooden-tip
5

? 2 electrospray ionization mass spectrometry

g 3 Bi-cheng Yang®", Fa-ying Liu®", Li-qun Wang®, Yang Zou®, Feng Wang®, Wei Deng",
12 4 Xi-di Wan®, Xiao Yang®, Ming He"", Ou-ping Huang **

ig 5  alJiangxi Provincial Maternal And Child Health Hospital, Nanchang, Jiangxi, 330006,
14 6 P. R. China.

15

16 7 b Department of Pharmacology & Molecular Therapeutics, Nanchang University
17

18 8 School of Pharmaceutical Science, Nanchang 330006, China

19

20 9

21

29 10 * Corresponding author. Tel.: +86 791 86296519; fax: +86 791 86296519.
” 11 E-mailjxxs6519@126.com

gg 12 * Corresponding author. Tel.: +86 791 86362231.; fax: +86 791 86362231.

% 13 E-mail;jxhm@hotmail.com

29 14

30

31 15 + Bi-cheng Yang and Fa-ying Liu contributed equally to the work, and should be
32

33 16 considered as first authors.

34

35 17

36

37 18

38

39 19

40

a1 20

42

43 21

44 22

45

46 23

47

48 24

49

50 25

51

52 26

53

54 27

55

56 28

57

58 29

59



©CoO~NOUTA,WNPE

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Analytical Methods

Abstract

A high throughput metabolite fingerprinting tool based on wooden-tip electrospray
ionization mass spectrometry (WT-ESI-MS) has been established for serum metabolic
profiling study of endometriosis with little sample pre-treatment, no chromatography
and instrument cycle times of less than 5 min. Serum samples from endometriosis
patients and healthy controls were analyzed by direct WT-ESI-MS with a high
resolution ESI-Q-TOF-MS. The resulting data were analyzed by multivariate data
analysis. MS/MS experiments were carried out to identify potential biomarkers. The
global metabolic profiling and subsequent multivariate analysis clearly distinguished
endometriosis patients from healthy controls. The total of ten metabolites,
up-regulated or down-regulated, were identified and contributed to endometriosis
progress. These promising identified biomarkers underpinning the metabolic pathway
including steroid hormone biosynthesis, glycerophospholipid metabolism,
sphingolipid metabolism, pyruvate metabolism, bile acid biosynthesis, androgen and
estrogen metabolism. Considering that a much higher throughput can be obtained
without a chromatographic step, the present WT-ESI-MS method could be developed
as a fast prognostic or diagnostic method for endometriosis.

key words: WT-ESI-MS, endometriosis, metabolomics, biomarkers
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Introduction

Metabolomics, based on the dynamic changes of low molecular weight metabolites
in organisms, indicates the overall physiological status in responding to
pathophysiological stimuli or genetic, environmental, or lifestyle factors."? Metabolic
profiling has attracted an interest for biomarker discovery and for investigating the
pathogenesis of diseases. The development of metabolomics requires high resolution
analytics.” No single analytical platform can offer a fully comprehensive survey of the
chemical diversity representing the metabolome.® Of various analytical techniques,
mass spectrometry (MS) method has been widely used, because of their high
sensitivity, good specificity, and high accuracy.’

There is a trade-off between comprehensive sample analysis and high sample
throughput in MS-based metabolomics.® Traditional approaches for metabolomics
analysis by mass spectrometry involve the use of liquid (LC-MS) or gas (GC-MYS)
chromatography to first attempt to separate metabolites before detection. Although
being beneficial to comprehensive analysis, the chromatographic step limits the
throughput, especially when the number of sample sets is large.” Furthermore, these
metabolite “profiling” methods demand careful control over the chromatographic
process to ensure reproducibility and require significant time, effort and expertise for
data pre-processing in order to deconvolve, align and annotate peaks correctly.
Unfortunately, any chromatography column matrix will undergo gradual detoriation
with repetative use, resulting in significant changes in data characteristics after a
period of constant operation in larger (>200 samples) profiling experiments.®
Therefore, development a spectrometric “fingerprint” without recourse to any
chromatographic separation is highly beneficial to capture information relating to total
metabolite.

Electrospray ionization mass spectrometry (ESI-MS) is a useful analytical tool for
the analysis of complex mixtures, providing information on the molecular weights and
chemical structures of the analytes. In conventional ESI, a sample solution is
introduced into a capillary and usually with the assistance of gas. In the late 1990s,
use of a copper wire as solid-substrate ESI emitter was firstly introduced by Shiea et
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al. ° Recent non-capillary ESI techniques with solid substrates, such as metal needle,'’

1, and other solid materials'*!” have been

wooden tip,'" paper,”® aluminium foi
successfully developed as emitters for ESI and applied for direct analysis of complex
solid materials or liquid aerosols without the need for sample pre-treatment or
extraction.

Endometriosis is a common, chronic gynaecological disease affecting up to 10% of
women in their reproductive years.'® The diagnosis of endometriosis can be suspected
in women with pelvic pain and/or subfertility, although endometriosis may be
completely asymptomatic.lg Clinical detection of abdominal or pelvic pain can be
suggestive of endometriosis. Vaginal ultrasound is an adequate diagnostic method to
detect ovarian endometriotic cysts and deeply infiltrative endometriotic noduli, but
does not rule out peritoneal endometriosis or endometriosis-associated adhesions. The
gold standard for the diagnosis of endometriosis is laparoscopic inspection, ideally
with histological confirmation '>**. Development of a non-invasive diagnostic test for
endometriosis would have a groundbreaking impact on the patients’ quality of life, on
the efficacy of available treatment as well as on the cost of endometriosis.”’ However,
non-invasive approaches such as ultrasound, magnetic resonance imaging or blood
tests have not yielded sufficient power for the diagnosis of endometriosis.”> > A
noninvasive diagnostic test in easily accessible fluid (i.e., plasma, serum, urine) would
be beneficial to both physicians and patients but does not exist.”**> Once diagnosed,
the options for treatment of endometriosis include non-invasive medical therapy and
surgery.”*® The use of a biomarker may help to reduce the need for diagnostic
surgery in some women, enable monitoring of the disease progression by non-surgical
methods, and potentially allow for better pre-operative assessment of women with
endometriosis.”’

In this study, a simple wooden-tip ESI-MS (WT-ESI-MS) was adopted for serum
metabolic profiling study of endometriosis patients and healthy controls (Figure 1).
The resulting data were analyzed by multivariate data analysis. MS/MS experiments
were carried out to identify potential biomarkers, the aims are to develop a novel

strategy for rapid distinguish endometriosis patients from healthy controls, to identify
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potential biomarkers and to explore the potential mechanisms of endometriosis.
Experimental
Sample collection and preparation

Serum samples during proliferative phase were obtained from 22 patients (range
31-48 years) who had been diagnosed with endometriosis by laparoscopy and
confirmed by pathologic examination (stages I-IV) at the Jiangxi Provincial Maternal
And Child Health Hospital. Another 25 age matched fertile women who were selected
from the health examination center of the Jiangxi Provincial Maternal And Child
Health Hospital were regarded as the control group. The sampling conditions between
endometriosis patients and healthy controls are identical. These control women were
healthy (with neither clinical symptoms of endometriosis nor any abnormality
detected during the clinical examination) according to physical examination,
transvaginal ultrasound, and biochemical blood tests. Irregular cycling, amenorrheic
postmenopausal women and those who had received steroid hormone therapy in the
last 6 months were excluded from the study. All patients signed a written informed
consent form and agreed to the collection of tissues for research. This study was
approved by the local ethics committee of Jiangxi Provincial Maternal And Child
Health Hospital.

Overnight fasting blood samples were obtained by venipuncture, and the samples
were centrifuged at 2000 g for 10 min. Serum aliquots of approximately 500 ul were
then transferred into sterile cryovials, frozen and stored at -80 °C.

Wooden-tip ESI-MS analysis

In this study, a simple wooden-tip ESI-MS (WT-ESI-MS) was adopted for analysis
of serum. The wooden toothpicks (purchased from Nanchang supermarket) were
manufactured by SunChua wood and bamboo company (Zhejiang, China). The
wooden toothpicks have a length of ~5cm, one end with an o.d. of ~2mm, the
other sharp-end with an o.d. of ~0.2mm. The disposable wooden tips used are cheap,
are readily available, and can be directly mounted on commercial nano-ESI ion source
device; the angle between wooden tip and the MS inlet was ninety degrees like
previous methods.'"*** Briefly, 2 pl serum samples were loaded to the sharp tip-end

5
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by pipetting. Upon application of a high voltage (+3.5 kV) to the wooden tip, spray
ionization was generated and mass spectrum was observed by a quadrupole
time-of-flight mass spectrometer (Q-TOF-MS) (Waters, Manchester, U.K.). The mass
scan range of Q-TOF-MS is m/z: 10-1000, scan rate is 0.2 second per spectrum. The
positive ion mode was used because more compounds can be ionized in this mode and
because it is more widely used in serum metabolite profiling.

According to the previous studies and our experimental investigation,'"***>? in
general, when wooden tips were used for sample loading and ionization, no
significant background noises and interfering mass peaks were observed, probably
because of wooden tip is inert material. The chemical noises might become more
significant when the sample solution is approaching completely consumed, but this
usually did not remarkably affect the spectral quality after averaging of the whole
mass spectrum. To further reduce chemical noises in this study, the experimental data
were averaged within the first two minutes. Wooden-tip ESI-MS not only allows less
sample consumption, but also to avoid the clogging problem in conventional capillary
ESI and for more convenient sample loading. Longer duration of ion signals could be
obtained by introducing a larger volume of sample solution on the tip. In this study, 2
pl serum sample is sufficient for MS analysis, and the rest of sample, for other
purposes, e.g. proteomics research, is being investigated . To avoid the
cross-contamination, a blank run was inserted between sample runs.

Date processing

After data acquisition by using WT-ESI-MS, the data mining algorithms were
followed by using the program of MassLynx Workstation software (Version 4.1,
Waters). Firstly, background subtract algorithm was utilized to reduce the chemical
noise. The algorithm fitted well with a polynomial of specified order to a spectrum: a
specified percentage (usually 30-50%) of the data points was positioned below the
polynomial. Then, Spectra Smooth algorithm was used to reduce the high-frequency
noise present in a spectrum. In averaging the data, the smoothing method was sliding
a window along the data as to produce a point in the smoothed spectrum. After that, a
peak centering process was used either to label each peak with the calculated mass, or

6
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to produce a single bar from each peak in a continuum spectrum. The feature
detection performed a combination of background subtraction, smoothing and
centering all in one command. Then, all the ions above the MS threshold (200 counts)
were found and extracted as directed features. The ion list was exported to an EXCEL
file, which included information of the m/z and intensity. Each run, including blanks,
was set as a dataset.

Metabolomic data normalization was usually necessary and had been done prior to
statistical analysis and pathway analysis by means of MetaboAnalyst (a web service
for metabolomic data analysis). There are two major types of data normalization
provided by the MetaboAnalyst to make the data follow the Gaussian distribution as
closely as possible. The parameters of data normalization could be adjusted timely,
since the results of data normalization can be visualized with kernel density plots and
box plots of the data distributions. Row-wise normalization (samples in row) aims to
reduce systematic bias from samples, while column-wise normalization (variables in
column) attempts to make each variable comparable to others from the same sample.

Following normalization, Principal Component Analysis (PCA) and Partial Least
Squares Discriminant Analysis (PLS-DA) were performed using web-based
metabolomic data processing tool MetaboAnalyst 2.0 .>* In MetaboAnalyst, statistical
computing and visualization operations are performed using functions from the R and
Bioconductor packages. PCA is used to detect intrinsic clusters and outliers within the
data set, while PLS-DA maximizes class discrimination. In PLS-DA model,
metabolite ions with VIP (variable importance in the projection) > 1.0 were selected
as differential ions beneficial to the phenotype classification in the study, and a 1000
permutation test was implemented to validate the reliability of the model because of
its propensity to overestimation of the separation performance, which could be
inspected by permutation tests, but not always by cross-validation .**

Metabolites identification

The identities of the metabolites were confirmed by the library search and the
available confirmation standard based on the information of mass spectra. The Mass
Fragment application manager (Waters MassLynx v4.1, Waters corp., Milford, MA)
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was used to facilitate the MS/MS fragment ion analysis process by way of chemically
intelligent peak-matching algorithms. This information was then submitted for
database searching, either in-house or using the online ChemSpider database

(www.chemspider.com), data source. Moreover, the identified metabolites were

retrieved in HMDB (Human Metabolome Database, http://www.hmdb.ca/) for
auxiliary confirmation of structures and the biological functions.
Metabolic pathway analysis

Detailed analysis of the most relevant metabolic pathways and networks in women
with endometriosis was performed by Metaboanalyst that combines results from
powerful pathway enrichment analysis involved in the conditions under study.
Metaboanalyst uses high-quality HMDB metabolic pathways as the back end
knowledge base. It integrates many well-established methods and novel algorithms
and concepts with pathway analysis.
Results and discussion
Analytical performance of serum metabolic profiling

Having wooden-tip ESI-MS to become a potential high-throughput ionization
method for metabolomics analysis without sample cleanup or chromatography, it must
be able to meet some important and stringent requirements. These requirements
include reproducibility, sensitivity, linearity, and cross contamination or memory
effects.”> Ton formation in wooden-tip ESI-MS did not result in serious cross
contamination and memory effects, because of the use of disposable wooden tips for
loading and ionization of samples. Meanwhile, previous study demonstrated the
sensitivity and linearity of wooden-tip ESI-MS were high and acceptable.”” In
metabolomics analysis, a subtle, gradual change in the performance of the system will
lead to a result which may be closely related to the run order, rather than any
differences in the samples, so false negative results were more acceptable than false
positive results;*® therefore, reproducibility should be considered first and fully
validated, even if sensitivity is sacrificed. A reliable MS method with adequate
reproducibility is critical for metabolomics analysis.’’ One example of the
reproducibility test was shown in Figure 2. In this test, a total of nine injections of an
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identical serum sample were analyzed by wooden-tip ESI-MS. Then, three
representative ions of serum were chosen for evaluation the reproducibility of this
method. The coefficients of variance of their peak height were between 11.46% to
14.48%, which was acceptable for the metabolomics analysis. Hence, the
reproducibility and stability of global experimental performances were high and
acceptable, and that the variances from the samples were likely the real reflection of
metabolic differences underlying the biological systems rather than the artifactual
biases from instrumental analysis.

Metabolic Profiling Analysis

Representative mass spectra of serum collected from endometriosis patients and
healthy controls in positive modes were shown in Figure 3. A total of 423 ions in
serum samples at positive mode were detected from endometriosis patients and healthy
controls. The unsupervised principal component analysis (PCA) model was used to
separate serum samples into two blocks between endometriosis patients and healthy
controls. As can been shown in Figure 4 A and B, it was evident in PCA model that
endometriosis patients samples could separated from healthy control samples. PCA
scores plots showed clear clustering of endometriosis patients samples versus healthy
control samples.

To improve the separation and find the differentially produced metabolites, a partial
least squares discriminant analysis (PLS-DA) was used to process the datasets. The
score plots are shown in Figure 4 C and D. The endometriosis patients are clearly
distinguished from healthy controls using their serum metabolites. Leave-one-out
cross-validation (LOOCV) was used, from which Q* and R* values representing
predictive capability and explained variance, respectively, were extracted. The model
with R? = 0.67 and Q = 0.43 showed a reasonable predictive ability. Moreover, using
1000 permutation test, it was obvious that B/W ratio (ratio of sum of squares between
groups to that within group) of the original classes was markedly different from the
distribution of permuted data (p < 0.001), indication that the good separation
performance was achieved by analyzing real metabolic signals but not random noises,
and the results of cross validation were reliable (Figure 5 A). Prediction accuracy
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10

during training using 1000 permutation, the p value is reported as p < 0.001, denoting
that none of the results are better than the original one (Figure 5 B).

A staging system has been developed by the American Society of Reproductive
Medicine. The stage of the endometriosis does not relate to the level of pain
experienced, risk of infertility, or symptoms present. For example, it is possible for a
woman in stage I to be in tremendous pain, while a woman in stage IV may be
asymptomatic.”® In this study, the global metabolic profiling and subsequent
multivariate analysis did not distinguish endometriosis patients of different stages.

Identification of potential biomarkers

As an example, we took m/z 546.6878 to illustrate the marker identification process.

At first, an accurate mass of the marker (M + Na]" at m/z 546.6878) was found from
the mass spectrum. Secondly, particular MS/MS information about fragmentation
pattern of the marker was acquired from the Q—TOF system. Under positive ion mode,
MS/MS figure contains fragment ion 487.6833([M +Na -N(CH3)3]+), 279.9414
([Palmitic acid +NaJ+). It can be inferred that this marker might be a
lysophosphatidylcholine (LPC). Finally, the database of Human Metabolome was
searched based on the clues we got from the above process. As a result, the marker
was identified as LysoPC (18:0).

According to the protocol detailed above, ten endogenous metabolites, contributing
to the separation between endometriosis patients and healthy controls, were identified
(Table 1). The precise molecular mass was determined within measurement errors (<5
ppm) by Q-TOF. Compared with healthy controls, there are up regulated metabolites
in endometriosis patients, including CE (16:0), CE (18:2(9Z,12Z7)), SM (d18:1/16:0),
TAG (52:3), TAG (54:4). While the significantly down regulated ones were LysoPC
(16:0), LysoPC (18:0), PC (34:2), PC (36:2), PC (38:8).

It should be noted that most of the detected species in serum by WT-ESI-MS are
lipids, and their distribution gives sufficient information to distinguish between
endometriosis patients and healthy controls. Similar to the results obtained by
WT-ESI-MS for animal tissue analysis, lipids were predominantly observed in the
spectrum.’”” Lipids are very abundant in biological systems, constitute ~50% of the

10
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11

mass of most animal cell membranes, and exhibit crucial roles in cellular energy
storage, structure and signaling.3 ’ Lipid homeostasis is fundamental to maintain health,
and lipid defects are central to the pathogenesis of important and devastating
diseases.* WT-ESI-MS metabolite fingerprinting may be utilized in situations where
there is a need for a high-throughput screening method with comprehensive coverage
of metabolite diversity that allows sample classification or discrimination according to
their origin or biological relevance. With an analytical cycle time of typically 3-5 min
per sample, it is considered that WT-ESI-MS metabolite fingerprinting in particular is
an ideal choice for high throughput “first pass” screening analysis. Following “first
pass” screening stage more time consuming chromatographic separation by LC or CE
can be used to obtain a more complete metabolic profiling if necessary.
Metabolic pathway and function analysis

It was found from pathway analysis that metabolic regulations associated with
endometriosis were chiefly involved in steroid hormone biosynthesis,
glycerophospholipid metabolism, sphingolipid metabolism, pyruvate metabolism, bile
acid biosynthesis, androgen and estrogen metabolism (Figure 6). The pathogenesis of
endometriosis associated with metabolic disturbance can been shown figure 7 based
on our researches and literatures. It was implied that the pathway of steroid hormone
biosynthesis, glycerophospholipid metabolism, sphingolipid metabolism, pyruvate
metabolism, bile acid biosynthesis, androgen and estrogen metabolism in serum were
disturbed. In addition, thirteen endogenous metabolites, contributing to the separation
between endometriosis patients and healthy controls were identified. These promising
biomarkers candidates verified that the pathogenesis of endometriosis is closely
related to multiple etiology and pathogenesis. On the basis of these findings, further
studies have to be performed in order to validate the changes and targeted metabolites.
Conclusion

A high throughput metabolite fingerprinting tool based on WT-ESI-MS has been
established for serum metabolic profiling study of endometriosis. This approach is
employed without recourse to chromatographic separation make it particularly
attractive when dealing with large sample sets. The global metabolic profiling and
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12

subsequent multivariate analysis clearly distinguished endometriosis patients from
healthy controls. WT-ESI-MS offers a very powerful “first pass” screening of large
sample populations. Considering that a much higher throughput can be obtained
without a chromatographic step, the present WT-ESI-MS method could be developed

as a fast prognostic or diagnostic method for endometriosis.
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Figure legends

Figure 1 WT-ESI-MS-based metabolomic platform.

Figure 2 Reproducibility test of nine repeated injections of serum sample from
endometriosis patients by wooden-tip ESI-MS, the average % coefficient of variation
(CV) of three representative peak heights is 12.57%.

Figure 3 Representative mass spectra of serum from (A) healthy control (B)
endometriosis patient at positive ESI mode.

Figure 4 PCA and PLS-DA model results of MS data between endometriosis patients
and healthy controls in positive modes. (A) 2-D PCA scores plot; (B) 3-D PCA scores
plot; (C) 2-D PLS-DA scores plot; (D) 3-D PLS-DA scores plot.

Figure 5 Permutation test statistics at 1000 permutations with observed statistic at
P<0.001. (A) separation distance (B/W); (B) Prediction accuracy during training.

Figure 6 Pathway analysis of based on pathway-matched identified differential
metabolites.

Figure 7 Proposed pathogenesis of endometriosis with metabolic disturbance.
sphingosine-1-phosphate (S-1P), lysophosphatidylcholine (LPC), lysophosphatidic
acid (LPA), cyclo-oxygenase-2 (COX-2), androstenedione (A), estrone (E;), estradiol
(E2), vascular endothelial growth factor (VEGF), steroidogenic acute regulatory
protein  (StAR), 17B-Hydroxysteroid dehydrogenase type 1 (17-BHSDI1),
17B-Hydroxysteroid dehydrogenase type 2 (17-BHSD2).
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Figure 7
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612  Table.1l

Table.1 Identified differential metabolites accountable for the discrimination between endometriosis and healthy controls in serum

Analytical Methods
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mwz Matn fragment fons of MS/MS Metabolites VIP'  Content
variance

6476285 2799150 ([Palmitic acid +Na]) CE (160) 18 1

6716627 303,056 ((Linolec acid#Na]) CE(182) I

SIB3TL 4589773 (LysoPC (16:0)+Na -N(CHy)]) LysoPC (16:) M6 |
279.9414 ([Palmitic acid +Na]')

S46.6878  487.6833((LysoPC (18:0) +Na -N(CHy)).279.9414 (Palmitic acid +Na]) LysoPC (18:) |

TSSSTT 666474(SM (d18:1/16:0)+Na -N(CH),]) SM (d18:1/160) 0 o
524 4174([SM (d18:1/16:0)*Na- 183 polar head group)])

7806434 7215334 ([PC (34:2) +Na -N(CH;);]"), 597.5134 ([PC (34:2) +Na -183(polar head PC(342) 23.54 |
group)['). 575.5236 ([PC (34:2)+H -183 (polar head group)]")

808.6724 7495624 ([PC (36:2) +Na -N(CHy)s]), 625.5324 ([PC (36:2) *Na -183 (polar head PC(36:2) 8.84 |
group)]'). 601.5426 ([PC (36:2)+H -183 (polar head group)]")

8326912 773.5812 ([PC (38:4)+Na -N(CH;)s]"), 649.5512 ([PC (38:4) +Na -183(polar head PC(38:4) 5.12 |
group)]'), 6275614 ((PC (38:4)+H -183(polar head group)]")

8798475 6234 4234((TAG (54:4)+Na —palimtic acid)]"), 597.3861([TAG (54:4)+Na —oletc TAG (523) 821 |
acid)]). 599.4020 ([ TAG (54:4)* Na-linoleic acid]"), 305.4512([Oleic acid+Na])

9058365 6233751 ((TAG (54:4)*Na —oleic acid)].625 3910 (| TAG (54:4)+ Na~lnoleic acid]), TAG (54:4) 31

305.4512([Oletc acid=Na')

"Variable importance n the projection (VIP) values were obtained from PLS-DA models. 1, content increased, |, content decreased.
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