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Abstract

Objectives: The objective of this work was to investigate if the application of factor analysis to the SELDI–TOF MS data could contribute to
the characterization of the serum low-molecular weight proteins/peptides in liver injury.

Design and methods: Distinguished SELDI–TOF mass spectral peaks of the liver injury group were identified by comparing with those of the
control group. Factor analysis was introduced to classify these peaks into different groups, assignable to the possible underlying factors. Based on
original mass spectral plot, loading and current medical knowledge, the common characteristics of the peaks in same group were revealed and the
underlying factors were tentatively defined.

Results: The SELDI profiles of liver injury group exhibit 43 discriminating peaks from the control group. Factor analysis extracted 4 common
factors, which were the cholestasis, coagulation, attenuation and 9292 factors. And a plausible interpretation for some undetermined peaks was
proposed.

Conclusion: The application of factor analysis to SELDI–TOF MS data extracted valuable information out of complex and high-dimensional
mass spectra data.
© 2007 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
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Introduction

Liver injury leads to distinctive alterations in its protein
metabolism and synthesis. The changes in proteins such as
albumin, alpha-foetal protein (AFP), fibrinogen, and transferrin
are observed in patients with the hepatocellular dysfunction.
Plasma amino acid levels are severely deranged in acute liver
failure patients. A decreasing ratio of branched-chain amino
acids to aromatic amino acids is implicated in the pathogenesis
of hepatic encephalopathy. Although the changes of large
proteins and amino acids are fairly well known, the under-
standing of the changes of low-molecular weight proteins/
peptides in liver injury is poor.
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Mass spectrometry (MS) has been a powerful platform for
the identification and characterization of proteins. SELDI–TOF
MS (surface-enhanced laser desorption ionization–time of
flight–mass spectrometry), a MS-based technique, is character-
ized by the investigation of proteins less than 20 kDa [1,2].
Application of this technique has led to the discovery of many
serum low-molecular weight proteins/peptides biomarkers for
various diseases, and attempts to sequence and identify these
molecules are currently underway [3–8]. However, the char-
acteristics of obtained mass spectral data are complexity and
high dimensionality. It is important to address the correlations
among peaks and mine information as much as possible from
mass spectral data before the further sequence identification of
the biomarkers [9].

As a model-based method, factor analysis is often applied as
a data reduction or structural detection method. It had been
widely used in disciplines as diverse as chemistry, sociology,
. Published by Elsevier Inc. All rights reserved.
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Table 2
Summary of factor loadings and communalities

m/z Factor 1 Factor 2 Factor 3 Factor 4 Communalities

The variables for factor 1 (ordered by the loadings on factor 1)
1698 0.93777 −0.18524 −0.19894 −0.13948 0.97276135
1714 0.93461 −0.19087 −0.20404 −0.14252 0.97186940
2174 0.92230 −0.17397 −0.15937 −0.09244 0.91485676
1890 0.91796 −0.12900 −0.16552 −0.07740 0.89268117
1731 0.91679 −0.22578 −0.13005 −0.12318 0.92357337
2459 0.91597 −0.12507 −0.12798 −0.10381 0.88179147
1874 0.91079 −0.13522 −0.19773 −0.07953 0.89325551
1522 0.86737 −0.18543 −0.19754 −0.16314 0.85236207
1537 0.86484 −0.20889 −0.24917 −0.16470 0.88080158
2475 0.84780 0.01589 −0.15970 −0.16365 0.77129584
1221 0.81102 −0.25975 −0.19120 −0.12264 0.77681340
TB 0.73699 −0.26706 −0.39122 −0.14423 0.78833500
DB 0.70499 −0.26097 −0.42121 −0.11462 0.75566600
3089 0.59186 −0.21764 −0.04938 −0.36868 0.53602868
1065 0.51263 −0.10858 −0.42162 −0.01181 0.45247926

The variables for factor 2 (ordered by the loadings on factor 2)
4075 −0.10661 0.91778 0.19088 0.11341 0.90297528
4051 −0.02431 0.89752 0.18898 0.19560 0.88009786
3954 −0.10126 0.88615 0.13147 0.09868 0.82253881
3937 −0.02813 0.88168 0.13695 0.14312 0.81739092
5882 −0.28111 0.85299 0.11982 0.14050 0.84071355
5948 −0.33111 0.83938 0.07504 0.23747 0.87621566
2955
(5908, 2H+)

−0.25237 0.83895 0.13857 0.11898 0.80088850

5908 −0.35763 0.80350 0.09090 0.24307 0.84084938
5924 −0.34800 0.79529 0.03113 0.19323 0.79189516
4239 −0.11266 0.74041 0.32722 0.15234 0.69117595
4175 −0.24977 0.69683 0.27689 0.42248 0.80311942
6053 −0.40666 0.69426 0.15375 0.16148 0.69707641
8570 −0.22020 0.66078 0.58889 0.01269 0.83206775
4060 −0.12124 0.62431 0.27157 0.48940 0.71771768
4187 0.01498 0.61284 0.35223 0.33645 0.61306169
4206 −0.20479 0.51648 0.50790 0.39675 0.72406527

The variables for factor 3 (ordered by the loadings on factor 3)
3318
(6635, 2H+)

−0.24352 0.17284 0.83086 0.06901 0.78426312

6635 −0.34983 0.25142 0.81551 0.14516 0.87172757
4715
(9431, 2H+)

−0.13142 0.06619 0.81040 0.43897 0.87110133

6436 −0.30367 0.17767 0.79499 0.14420 0.77659173
8695 −0.34655 0.45808 0.72484 −0.00609 0.85537095
8924 −0.23852 0.18447 0.70403 0.34340 0.70450967
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economics, psychology, education and biological sciences [10–
13]. Commonly, the main applications of factor analysis were:
(1) to reduce the number of variables and (2) to detect structure
in the relationships between variables, which was to classify
variables.

In this paper, SELDI–TOF MS was used to detect the serum
low-molecular weight proteins/peptides in hepatitis B patients.
The peaks associated with liver function impairment were
identified by comparing mass spectra of hepatitis group with
those of the control group. Factor analysis was then introduced
to investigate whether it could contribute to extracting informa-
tion out of complex and high-dimensional mass spectra data.

Methods

Study population and sample collection

After approval by the local ethics committee, the patients and
control cases were recruited at the First Affiliated Hospital of
Medical College, Zhejiang University with written consent
form. Liver injury group consisted of 52 chronic hepatitis B
patients who were hospitalized for acute deterioration in liver
function: model for End-Stage Liver Disease (MELD) score
b20 (n=23), 20bMELD scoreb40 (n=24), MELD scoreN40
(n=5). The control group consisted of blood samples from 22
healthy individuals, taken during physical check-up. All of
them had no evidence of the diseases. Demographics of both
groups were summarized in Table 1. The gender of the liver
injury group was similar to that of the control group.

Fasting blood samples were drawn into standard and citrated
tubes for sera and plasma, respectively. The samples were stored
at room temperature for 2 h. After centrifugation at 3000×g for
10 min at 4 °C, the serum/plasma was stored at −70 °C prior to
the analysis.

SELDI–TOF MS analysis

Various chip chemistries (hydrophobic, anionic, cationic,
and metal binding) were initially evaluated. The Q10 chip (a
strong anion exchange chip; Ciphergen Biosystems, Freemont,
CA, USA) was used throughout the study because it produced
Table 1
Demographic and laboratory data for control group and liver injury B group

Control group (n=22) Liver injury group (n=52)

Male, n (%) 16 (73) 40 (77)
Age, years 38 (30, 45) 36 (31, 43)
ALT, U/L 26 (23, 31) 125 (57, 391)
AST, U/L 22 (19, 25) 127 (63, 237)
TB, μmol/L 15 (12, 16) 226 (70, 426)
PT, s 12 (11, 13) 19 (15, 26)
MELD score / 22 (16, 29)

ALT, alanine aminotransferase; AST, aspartic aminotransferase; TB, total
bilirubin; PT, prothrombin time; MELD, Model for End-Stage Liver Disease.
Data are expressed as the number of subjects (percentage) or median values (25,
75 percentile).
MELD scorewas calculated as 9.57× loge (Crmg/dL)+3.78× loge (TBmg/dL)+
11.20× loge (international normalized ratio)+6.43.

4348
(8695, 2H+)

−0.34136 0.43120 0.69905 −0.03790 0.79256238

9431 −0.24083 0.06042 0.66564 0.55117 0.80851414
6894 −0.36827 0.30641 0.62158 0.13978 0.63540513

The variables for factor 4 (ordered by the loadings on factor 4)
9292 −0.07818 0.33827 0.41809 0.68356 0.76259536
9195 −0.17363 0.08952 0.38194 0.68030 0.64684070
4618 −0.12939 0.11368 0.54544 0.65942 0.76200732
4598
(9195, 2H+)

−0.15066 0.09567 0.38903 0.62117 0.56904262

6314 −0.18766 0.18166 0.26453 0.57670 0.47077481
PT 0.26739 −0.34573 −0.04623 −0.60085 0.55418251
AST 0.08776 −0.26147 0.07203 −0.62112 0.46705157
ALT 0.08165 −0.23262 0.13761 −0.62646 0.47216214
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more discriminating peaks than the other chips. The Q10 chips
were installed in 8-well bioprocessors to allow for a larger
volume of serum for the chip array and were equilibrated twice
with the binding buffer (100 mmol/L Tris–HCl, pH=9.0).
Samples (10 μL) were denatured in U9 solution (20 μL,
9 mmol/L urea, 20 g/L 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulfonate, and 1% dithiothreitol) at 4 °C for
30 min and were then diluted by 360 μL binding buffer. The
diluted samples (100 μL) were added to each well on the chip
surfaces. After gentle agitation for 1 h at the room temperature,
the chips were washed with binding buffer (3μtimes, 5 min) and
1 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH=9 (2 times, 30 s). The chips were then removed
from the processors. CHCA solution (1 μL, 50%) was applied to
each spot of the chips twice. The chips were then air-dried at
room temperature.

The arrays were analyzed by using a SELDI–TOF mass
spectrometer (PBS IIc, Ciphergen Biosystems). The instrument
was set as follows: laser intensity, 170; detector sensitivity, 7;
mass deflector, 500 Da. The mass accuracy was calibrated
externally using the All-in-1 peptide molecular mass standard
(Ciphergen Biosystems).

Statistical analysis

The peak intensities of all spectra between masses ranging
from 1 kDa to 10 kDa, were normalized according to the total
ion current. 237 common peaks among the SELDI–TOF mass
spectra were identified, and the peak intensities were compared
between the control and liver injury groups by a Ciphergen
Biomarker Wizard software. The liver function-associated
peaks were obtained with the p-value less than 0.00001.
Fig. 1. SELDI–TOF mass spectra of healthy control and hepatitis serum samples (m
clusters ofm/z 1522/1537 and 1698/1714/1731 is 176 Da. So is the difference between
group. Furthermore, m/z 1522, 1698, 1874, and 2459 are exactly the molecular w
bilirubin. These characteristic features strongly suggest that the peaks of m/z 1522
bilirubin.
These significantly different peaks plus 5 traditional markers of
biochemical liver tests, i.e. total bilirubin (TB), direct bilirubin
(DB), alanine aminotransferase (ALT), aspartic aminotransfer-
ase (AST), and prothrombin time (PT), were considered as
variables for the following data analysis.

Factor analysis (FA) was employed to classify the biomar-
kers into several groups, which belonged to the possible
underlying factors. The factor analysis was conducted using
SAS 8.2. Three steps were taken: (1) extraction of the initial
factors using PCA; (2) orthogonal factor rotation to transform
the extracted factors into the interpretable factors; and (3)
interpretation based on the rotated factor loadings. In the factor
analysis, it is important to decide how many factors should be
kept. By comparing the results from 3, 4, and 5 factors, four
factors were selected. The final choice was based on the
proportions of the sample variance explained (about 80%), the
subject matter knowledge, and the “reasonableness” of the
results.

Results

The SELDI profiles of liver injury groups exhibited 43
discriminating peaks from the control group. The intensities
of 13 peaks were significantly higher and 30 peaks were
significantly lower in the liver injury group than that in the
control group. These 43 peaks and TB, DB, ALT, AST, and
PT were included in the following factor analysis. The factor
loadings and communalities of the variables were listed in
Table 2.

The four factors explained 76.57% of the total variance.
Communalities (most of them were greater than 70%) indicated
that the four factors could explain the data without losing too
/z 1000–3200). The discriminating peaks were labeled. The distance between
1698/1714/1731 and 1874/1890. 176 Da is the molecular weight of glucuronide
eights of different combinations of monoglucuronidated and diglucuronidated
/1537, 1698/1714/1731, 1874/1890, and 2459/2475 are the micropolymers of



Table 3
Relationship of 6 discriminating clusters and bilirubin

m/z Comments

1522–1537 761*2
1698–1714–1731 761+937
1874–1890 937*2
2459–2475 761*2+937

The molecular weights of unconjugated bilirubin and bilirubin in the forms of
monoglucuronides and diglucuronides are 585 Da, 761 Da, and 937 Da,
respectively.
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much information. But we should be careful about the variables,
which had communalities less than 0.5, such as ALT, AST, m/z
1065 and m/z 6314 (Table 2). The result suggested that these
variables were not suitable for the model assumptions.

The peaks, which had major loadings on factor 1, were
shown in Fig. 1. Similar shapes were observed in the
discriminating clusters of m/z 1522/1537, 1698/1714/1731,
and 1874/1890. It was interesting to note that the mass
difference between them was 176, which corresponds to the
molecular weight of glucuronide group. Furthermore, m/z 1522,
1698, and 1874 were exactly the molecular weights of different
combination of monoglucuronidated and diglucuronidated
bilirubin, respectively (Table 3). The characteristics of m/z
1522/1537, 1698/1714/1731, and 1874/1890 peaks indicated
that they were the micropolymers of bilirubin (the SELDI mass
spectra could include a few components besides the proteins
and peptides). Similarly, m/z 2459/2475 was assigned to the
Fig. 2. Comparison of SELDI–TOF mass spectra of control and hepatitis samples
controls; (E, F) serum of hepatitis patients; (G, H) plasma of hepatitis patients.
polymers of bilirubin (Table 3). Thus, we could define factor 1
as the cholestasis factor.

The results of factor analysis suggested that m/z 1221 and
m/z 2174 were also produced by factor 1. As up-regulated
peaks, the lower loadings of m/z 3089 and m/z 1065 from factor
analysis suggested that the reason of the rising of m/z 3089 and
m/z 1065 might be different from other variables on the factor 1.

The peaks other than m/z 8570, which had major loadings on
factor 2, were shown in Fig. 2. The spectra of serum samples
were compared with those of the plasma ones. It was noticed
that all these peaks except for m/z 8570 (Fig. 3) were not
observed in the plasma samples of both the liver injury and
control groups. In addition, these peaks were down-regulated in
the sera of the patients. It strongly indicated that these peaks
should relate to the coagulation process. Accordingly, we de-
fined factor 2 as the coagulation factor. m/z 8570 had moderate
loadings on both factors 2 and 3. From the original plot in Fig.
3, we assume that the peak of m/z 8570 belonged to factor 3.
The peak of m/z 4206 had moderate loadings on factors 2, 3
and 4. This variable was different from the other variables on
factor 2.

The variables, which had major loadings on factor 3, were
illustrated in Fig. 3. The peak intensities of m/z 6436, 6635,
6894, 8695, 8924, and 9431 were all down-regulated in
hepatitis serum samples, and they were not related to the
coagulation process according to Fig. 3. The factor analysis
suggested that they were highly correlated and influenced by the
same factor and could be classified as a group. However, their
(m/z 3900–6200): (A, B) serum of healthy controls; (C, D) plasma of healthy



Fig. 3. Comparison of SELDI–TOF mass spectra of control and hepatitis samples (m/z 6000–9500): (A, B) serum of healthy controls; (C, D) plasma of healthy
controls; (E, F) serum of hepatitis patients; (G, H) plasma of hepatitis patients.
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chemical property was still unknown. Therefore, we tentatively
define the factor 3 as the attenuation factor.

The variables, which had major loadings on factor 4, were
shown in Fig. 2 (m/z 4618) and Fig. 3 (m/z 6314, 9195, and
9292). It can be seen that the peaks of m/z 4618, 6314, 9195,
and 9292 were related to the coagulation process. PT, a
traditional clotting parameter, had greatest loadings on factor 4.
Therefore, similar to factor 2, factor 4 was also related to the
coagulation process. Prior to a further exploration, we called
factor 4 as 9292 factor since the m/z 9292 had a greater loading
on factor 4.

Discussion

The liver performs a complex array of critical biochemical,
synthetic, and excretory functions. It was understandable that
the serum of liver injury patients exhibits 43 discriminating
peaks in the SELDI–TOF MS spectra. Facing so many peaks, it
was important to address the correlations among peaks and
mine information as much as possible from mass spectral data
before further sequence identification.

In our study, factor analysis was used to analyze the 43 peaks
in SELDI–TOF MS spectra of compounds associated with the
liver function impairment and 5 traditional markers of bio-
chemical liver tests. The factor analysis model fit our data very
well, and the discriminating peaks were classified into 4 groups
belonging to possible underlying factors. Based on original
mass spectral plot, loading and current medical knowledge, the
common characteristics of the peaks in same group were
revealed and 4 underlying factors were tentatively defined.
Moreover, a plausible interpretation for some unknown peaks
such as m/z 1221, m/z 2174, and m/z 3089 was proposed. Our
study revealed that factor analysis was a very useful method to
identify peaks produced by the same process in one spectrum
and provided a valuable insight into the identity of the unknown
peaks.

Recent studies revealed that most of the serum low-
molecular weight proteins/peptides were fragments of circulat-
ing proteins that have been partially degraded by various
enzymes [14–16]. Villanueva et al. identified 61 cancer-type-
specific peptides, the results showed that the peptides fell into
several tight clusters, and most of them were fragments
generated ex vivo by proteinase-mediated enzymatic cleavage
as part of the coagulation and complement activation pathways
[17]. Our study suggested that many serum low-molecular
weight proteins/peptides associated with liver injury were
related to coagulation process, which was consistent with the
current knowledge about low-molecular weight proteome and
the coagulation disorders of liver diseases.

Coagulation is a very complicated process, in which pro-
thrombin is cleaved to thrombin, fibrinogen is removed (to form
the clot), and a limited series of other protein changes (mainly
proteolytic cleavages) take place. Considering the complexity
of the coagulation process, it was reasonable that both factors 2
and 4 (defined as coagulation factor and 9292 factor, res-
pectively) were related to the coagulation disorders in liver
injury. However, the difference between them was unclear,
which would have to be further investigated.

In conclusion, factor analysis method was introduced to
analyze the SELDI–TOFMS data of liver injury samples. Based
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on original mass spectral plot, loading and current medical
knowledge, the peaks produced by the same process were iden-
tified and 4 common factors were extracted. Moreover, a plau-
sible interpretation for some undetermined peaks was proposed.
Our study revealed that factor analysis was capable of extracting
valuable information out of complex and high-dimensional mass
spectra data. Of course, the current work was largely descriptive;
the application of factor analysis to the MS data could not
substitute sequence identification. Without sequence identifi-
cation of the proteins/peptides, definite conclusions regarding
the nature of the peaks and factors are not possible.
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