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Abstract

Drug induced toxicities account for nearly half of the cases of acute liver failure in adults over age 50 in the US.

Acetaminophen (APAP) is a commonly used non-prescription drug that can be purchased in drug stores and

supermarkets. Cases of unintentional APAP overdose and associated hepatotoxicity have been reported to the

FDA. Early detection of hepatotoxicity caused by APAP is of great interest to both the scientific and public

communities. Therefore, in this study SELDI based analysis of mouse serum following APAP administration was

conducted to demonstrate the feasibility of identifying hepatic toxicity biomarkers from a readily available body

fluid. Late hepatotoxicity caused by APAP was detected by SELDI. Furthermore, early stage hepatotoxicity

caused by APAP that was not detected pathologically was clearly discernable using SELDI. Our results suggest

that SELDI analysis can be used for early detection of hepatotoxicity based on the expression pattern of the

biomarker peaks.
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tate transaminase.

Introduction

Hepatotoxicity is the number one reason for drug recall

and hence it is of concern to the FDA, to pharmaceutical

companies, and to consumers (Arundel et al., 2007; Mumoli

et al., 2006; Lee, 2003; Boyd et al., 1966). Drug-induced

toxicities account for nearly half of the cases of acute liver

failure in adults over age 50 in the US. Approximately 25%

of these drug-induced toxicities may be due to acetami-

nophen (APAP). APAP is potentially involved in a large
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percentage of adverse drug responses and can result in acute

liver failure leading to death or liver transplantation (Holubek

et al., 2005; FDA, 2002).

APAP is a widely available non-prescription drug that is

used for the treatment of pain and fever.  Cases of uninten-

tional APAP overdose and associated hepatotoxicity have

been reported to the FDA and additional adverse events

have been reported in the medical literature (Andrade et

al., 2007; Larson et al., 2005; James LP et al., 2003; Boyer

et al., 1971; Mitchell et al., 1973a; Mitchell et al., 1973b;).

Thus, prediction or early detection of hepatotoxicity caused

by APAP is of great concern to both the scientific and pub-

lic communities.

Biomarkers of exposure, effect, toxicity, and susceptibil-

ity can be observed following exposure to compounds

(Timbrell, 1998).  These may include markers of liver injury,

liver function tests, and markers of recovery (Amacher,

2002).  The ability to discriminate between the toxicity of

agents and their pharmacological actions is critical for the

future direction of toxicology.  The development of

biomarkers in an accessible biofluid to understand the drug

response continuum in susceptible organs is essential.  In

addition, the development of biomarkers that signal early

but significant adverse effects from exposure to drugs could

prevent future, severe health consequences. In clinical tri-

als, serum levels of hepatic enzymes are measured as indi-

cators of liver injury, but more specific  biomarkers of drug

induced hepatic injury  are needed.  Specific, sensitive, and

predictive biomarkers associated with the induction of liver

toxicity and that have the potential to predict progression to

fulminant liver failure need to be identified.

The development of biomarkers of drug toxicity and safety

have attracted attention from both the pharmaceutical in-

dustry and regulatory agencies (Goodsaid, 2004; Goldber et

al., 2002; Petricoin et al., 2004a; Petricoin et al., 2004b).

Liver enzyme levels in serum, indicative of hepatocellular

damage, have been used as biomarkers for preclinical and

clinical drug safety evaluation (Clarke et al., 1997). The

efforts to discover safety biomarkers for toxicity detection

makes it clear that reliable biomarkers for early detection

of toxicity should ideally be easily measured in easily ac-

cessible tissues for both preclinical and clinical tests. Such

markers have been described that are apparently specific

and sensitive indicators of tissue damage, albeit not neces-

sarily predictive (Wetmore et al., 2004; Petricoin et al.,

2004b).

The purpose of this study was to focus on predictive and

diagnostic biomarkers of hepatotoxicity, thus emphasizing

potential indicators of liver injury.

SELDI-TOF MS is a variation of MALDI-TOF MS that

combines TOF with special chips, which can be modified to

bind required classes of proteins or peptides. Highly spe-

cific proteins or peptides can be immobilized on a specific

chip. Thus, it acts like a separation step for selection of

specific proteins or peptides. But MALDI-TOF MS needs

a separation process and a digestions enzyme. Furthermore,

SELDI performs excellently in separating low molecular

weight proteins. 2D-GE is not efficient for this purpose.

Another advantage of SELDI over MALDI and 2D-GE is

its high thorough-put ability. The SELDI method can simul-

taneously detect the relative expression levels of numerous

proteins in biological fluid and thus has the potential to be

suitable for the identification of toxicity biomarkers (Dare

et al., 2002; Chu et al., 2002; Xiao et al. 2004; Gineste et

al., 2003).

The focus of the present study is the detection of predic-

tive biomarkers of liver injury in the mouse, using exposure

to APAP as an example. We examined SELDI-TOF MS

based proteomic analysis as a method of developing predic-

tive and diagnostic biomarkers of acute liver injury from

readily accessible serum samples.  Our results revealed that

late hepatotoxicity caused by APAP exposure can be de-

tected using SELDI-TOF MS. Furthermore, the early hepa-

totoxicity caused by APAP that was not detected histopatho-

logically was clearly discernable using SELDI-TOF MS. It

was also demonstrated that sample fractionation increases

the ability to identify predictive and diagnostic biomarkers

through SELDI-TOF MS analysis.

Materials and Methods

Sample Treatment for SELDI Analysis

To discover serum biomarkers associated with liver tox-

icity, SELDI based proteomic analysis was performed on

serum samples obtained from mice treated with APAP.

Fourteen male C57/BL mice were treated with APAP at

300 mg/kg IP. Serum samples were obtained at 0.5 hr (6

mice), 4.0 hr (4 mice), and 24.0 hr (4 mice) after dosing.

Control serum samples were obtained from 4 mice that re-

ceived saline injections IP. All mice were obtained from the

Jackson Laboratory (Bar Harbor, Maine, USA). Biochemi-

cal assessment of toxicity was measured through assays

for aspartate transaminase (AST) and alanine transaminase

(ALT) using commercially available kits (Sigma).

Both non-fractionated and fractionated serum samples

were analyzed using the CM10 weak cation exchange
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ProteinChip arrays (Ciphergen Biosystems, Inc., Fremont,

CA) suggested by (Fung et al., 2000). Fractionated samples

were subjected to anion exchange chromatography with

stepwise pH elution into six fractions. Briefly, serum (20 ml)

was centrifuged for 10 minutes and then mixed with 30 ml

chaotropic U9 denaturing and solubilization buffer (9 M urea,

2% CHAPS, 50 mM Tris-HCL, pH 9) for 30 minutes.

Sample fractionation was performed on a Q HyperD F resin

plate (180 ml resin) (Ciphergen, Fremont, CA). The plate

was prewashed and equilibrated with U1 solution (1 M urea,

0.2% CHAPS, 50 mM Tris-HCL, pH 9) prior to the addition

of samples to the 96 well fractionation plate. The anion ex-

change fractionation included the following elution steps:

(1) 50 mM Tris-HCL, 0.1% OGP (a nonionic detergent, b-

D-glucopyranoside), pH 9; (2) 50 mM HEPES, 0.1% OGP,

pH 7; (3) 100 mM Na Acetate, 0.1% OGP, pH 5; (4) 100

mM Na Acetate, 0.1% OGP, pH 4; (5) 50 mM Na Citrate,

0.1% OGP, pH 3; and (6) 33.3% isopropanol, 16.7% aceto-

nitrile, 0.1% TFA (trifluoroacetic acid). Each fractionated

serum sample, as well as the non-fractionated serum, was

spotted in duplicate on CM10 chips.  A matrix of sinapinic

acid (SPA) was added to each spot, and the chips were

read at two appropriate laser energies to permit ionization

and visualization of proteins below 20kD and those above

20kD, respectively.

Spectral Processing

Previously we have shown that the data examined in the

present study were of high quality and did not show signifi-

cant systematic variability between plates, chips or spots

(Hong et al., 2005). The raw SELDI mass spectra were

pre-processed prior to subsequent analysis of the expres-

sion profiles. Normalization by Total Ion Current (TIC) was

applied to all spectra to minimize the variability in spectra

obtained at different times using Ciphergen ProteinChip 3.2

software (Ciphergen Biosystems, Inc., Fremont, CA). The

normalization process averaged the intensity used for all

the spots, and adjusted the intensity scales so that all spec-

tra could be displayed on the same scale. Baseline subtrac-

tion was conducted prior to normalization, as recommended

by Ciphergen. Baseline subtraction offsets in the spectra

were the result of both electrical noise and noise from the

matrix (SPA).  The lowest spectral amplitude was identi-

fied and was then used to correct the peak height and area.

The Biomarker Wizard software application from Ciphergen

was used to automatically detect the peaks present in all of

the spectra. The spectral region from 0 to 2500 Da is unre-

liable for both normalization and peak detection due to ma-

trix interference and was therefore not included in the analy-

sis. A signal to noise ratio greater than 5 was used for the

first pass selection of peaks, and a signal to noise ratio greater

than 3 was used for the second pass. A cluster mass win-

dow of 0.3% was used. The presence of cluster sets in a

minimum of 5% of samples was set because different pro-

tein expressions were expected in samples obtained from

mice treated with APAP for varying time courses. Estimated

peaks were added into the final profiles by the Biomarker

Wizard application.

Data Analysis

Statistics were performed on groups of profiles for iden-

tification of potential biomarker proteins.  Comparisons were

examined between control mice and treated mice (at all

time points) using the Biomarker Wizard software applica-

tion. Intensity differences among the various groups of

samples were calculated for all peaks (m/z positions). A

peak was considered to have potential discriminatory power

if statistically significant differences in its intensities were

observed in all analyses (P < 0.01). Principal component

analysis (PCA) is widely employed in signal processing, sta-

tistics and neural computing to examine the maximum vari-

ability in highly dimensional data. Therefore, all possible

combinations of peaks having potential discriminatory power

in each comparison were tested by PCA using Spotfire

DecisionSite 7.1 software (Somerville, MA,

www.spotfire.com) to find a subset of protein peaks (po-

tential biomarkers) best able to differentiate groups of

samples.

Statistical analysis was performed on all peaks for groups

of profiles for identification of biomarker proteins. The p

values were generated with nonparametric tests from the

Biomarker Wizard software application. Peaks with p val-

ues less than 0.01 were selected as the candidates for fur-

ther analysis for identification of biomarkers. All possible

combinations of the candidate peaks in each comparison

group were analyzed using PCA to identify a subset of peaks

having the most discriminatory power for the coarmpison.

Results

Identification of Differentially Expressed Liver Tox-

icity-Associated Proteins in Serum of Mouse

Using SELDI-TOF mass spectroscopy proteomics tech-

nology (Ciphergen Biosystems), potential liver toxicity

biomarker proteins differentially expressed in serum from

mice at different time points after treatment with APAP

were identified. A representative spectral view of specific

candidate liver toxicity markers is shown in Fig. 1. The PCA

results are listed in Table 1.

When comparing differences in the proteome between
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Figure 1: Examples of differentially expressed liver toxicity associated serum proteins. The representative SELDI-

TOF mass spectra are from fraction 1 of control sample (C3), sample obtained 0.5 hr after APAP (A11), 4 hr after

APAP (A3), and 24 hr after APAP (E8). Arrows at the bottom indicate the positions of biomarker plasma proteins.

The expressions of both proteins 3333 Da and 6733 Da increased after treatment with APAP. The difference

between control and 0.5 hr treatment was very small.
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Table 1:   PCA analysis result

* The compared groups are separated by ~.

** indicates the best fraction for differentiating the groups of samples.

mice with AST levels less than 400 and mice with AST

levels greater than 400, the peaks with m/z values of 3333.1,

6722.4, and 6674.7 in the SELDI spectra of fraction 1 were

able to differentiate the two groups. No biomarker proteins

(peaks in spectra) from other fractions or from the non-

fractionated samples were found to differentiate the two

groups of mice.

A unique set of biomarker proteins that could differenti-

ate each of the treatment groups from the controls could

not be found, either in the fractionated samples, or in the

non-fractionated samples.  Fraction 5 revealed peaks with

m/z values of 2561.2, 4962.5, and 2083.4 that were identi-

fied as biomarkers to differentiate control mice from APAP

treated mice.

Spectra from the non-fractionated serum with peak m/z

values of 18719.6, 8750.4, and 4240.9 were found to differ-

entiate the control plus 0.5 hr treatment groups from the 4

hr plus 24 hr treatment groups.  Spectra from fractions 1, 2,

and 3, with peak m/z values of 6722.4 and 3333.1, 4320.8

and 3787.5, and 6285.8, 6301.3, 3218.7, and 3786.5 respec-

tively, were used to differentiate the two groups (control

plus 0.5 hr versus 4 hr plus 24 hr). Differentiation of the

two groups was most clearly seen in fraction 1.

The group of mice composed of the controls plus 0.5 hr

and 4 hr after APAP exposure could be distinguished from

the group of mice 24 hr after APAP exposure using either

the spectra of (1) the non-fractionated samples (m/z values

of peaks: 9105.0, 7957.7, 26349.7), (2) fraction 1 (m/z val-

ues of peaks: 9109.1, 3490.6), (3) fraction 2 (m/z values of

peaks: 6465.3, 4320.8, 11683.4,), (4) fraction 4 (m/z values

of peaks: 4316.7, 8963.6), and (5) fraction 5 (m/z values of

peaks: 4244.4, 4268.6, 4601.6).  The best separation of the

groups was obtained by using the fraction 5 spectral peaks.

Only the peaks with m/z values of 4320.8, 3787.5, and

6870.7 in the spectra of fraction 2 were identified as able to

separate the controls plus 0.5 hr treatment group from the 4

hr plus 24 hr treatment group.

Peaks with m/z values of 3333.1, 6722.4, 6674.7, and

11900.3 in the spectra of fraction 1, 3787.5, 4320.8, and

8608.6 of fraction 2, and 6285.8, 3218.7, 6301.3, 12170.4,

3786.5, 4095.0, and 4320.0 of fraction 3 were able to differ-

entiate three groups of mice: the controls plus 0.5 hr treat-

ment group; the 4 hr treatment group; and the 24 hr treat-

 
Analysis * Fraction Biomarker Proteins (peaks, m/z) 
AST<400 ~ 
AST>400 

1 3333.1; 6722.4; 6674.7 

0 ~ 0.5 ~ 4 ~ 24  No  
Control ~ treated 5 2561.2; 4962.5; 2083.4 

0 18719.6; 8750.4; 4240.9 
1 ** 6722.4; 3333.1 

2 4320.8; 3787.5 

0 + 0.5 ~ 4 + 24 

3 6285.8; 6301.3; 3218.7; 3786.5 
0 9105.0; 7957.7; 26349.7 
1 9109.1; 3490.6; 9148.1 
2 6465.3; 4320.8; 11683.4 
4 4316.7; 8963.6 

0 + 0.5 + 4 ~ 24 

5 ** 4244.4; 4268.6; 4601.6 
0 ~ 0.5 ~ 4 + 24 2 4320.8; 3787.5; 6870.7 
0 ~ 0.5 + 4 ~ 24  No  

1 3333.1; 6722.4; 6674.7; 11900.3 
2 ** 3787.5; 4320.8; 8608.6 

0 + 0.5 ~ 4 ~ 24 

3 6285.8; 3218.7; 6301.3; 12170.4; 3786.5; 4095.0; 
4320.0 
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Figure 2: Biochemical measures of toxicity.  ALT level of samples (A) and of AST level of samples (B) are shown

in bar charts. Cylinders in blue are group average values of enzyme activity levels and cylinders in red are standard

deviations in groups.
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Figure 3: Principal component analysis of SELDI spectra using biomarker peaks 3878.5, 4320.8, and 8608.6. The

points represent the SELDI spectra from fraction 2 of the samples. Spectra of control samples and samples obtained

from mice sacrificed at 0.5 hr after APAP were color coded in red; spectra of samples from mice sacrificed at 4 hr

after APAP are shown in blue; spectra of samples from mice sacrificed at 24 hr after treatment are shown in yellow.

ment group.  Furthermore, fraction 2 was the best for the

differentiation.

To summarize the PCA results: (1) There were no

biomarkers (peaks) showing differential expression levels

that distinguished all time points following treatment; (2)

biomarkers for treatment effect were detected in fraction

5; (3) protein expression patterns for the control plus the

0.5 hr treatment group were very different and could be

easily differentiated from the four hr after treatment with

APAPgroup; (4) the protein expression pattern was changed

even at 4 hr after treatment with APAP; (5) the protein

expression pattern at 0.5 hr is not only different from the

controls, but also different from the pattern after longer treat-

ment with APAP (4 hr and 24 hr after treatment).

Consistency between SELDI and Classical Pathology

Experiment Results

Biochemical measures of toxicity (AST and ALT levels)

are shown in Fig 2. As demonstrated, AST and ALT values

were significantly increased at 4 and 24 hr after APAP.

These findings are consistent with the SELDI analysis. Fig.

3 shows the PCA analysis of the SELDI-TOF mass spec-

tra from fraction 2 using biomarker peaks at m/z values of

3878.5, 4320.8, and 8608.6. As shown in Fig. 3, the control

samples and the samples from 0.5 hr treatment group (red

points) differed from the 4 hr treatment (blue points) samples
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and from the 24 hr treatment group (yellow points).

Identification of Biomarker Proteins for Early Liver

Toxicity

Early toxicity detection is very important for protection.

The traditional clinical chemistry measures did not show a

statistically significant difference between the samples from

0.5 hr after treatment with APAP and the control samples

(Fig. 2), consistent with previous data (James et al., 2005).

SELDI analysis identified biomarker proteins after 4 hr treat-

ment with APAP, consistent with the AST and ALT data.

In addition, SELDI analysis also identified biomarkers pre-

dictive of early toxicity. The SELDI analysis on fraction 2

identified predictive biomarker peaks at m/z values of 2991.3,

6870.7, and 6577.4 that can differentiate early APAP treated

samples (0.5 hr) from the control samples (PCA figure

shown in Fig. 4).

Fractionation Enhances Biomarker Identification

Fractionation separates highly abundant proteins into a

limited number of fractions, reducing signal suppression ef-

fects on lower abundance proteins. Moreover, fractionation

prior to profiling increases the number of peaks detected

and therefore increases the probability of novel biomarkers

being identified. To compare the difference between frac-

tionating and not fractionating, and demonstrate the utility

of fractionation, all serum samples were assayed with and

without fractionation using SELDI. Biomarker peaks diag-

nostic of liver toxicity (4 and 24 hr treatment groups) as

differentiated from the control and 0.5 hr time point were

Figure 4: Principal component analysis of SELDI spectra using early liver toxicity biomarker peaks 2991.3,

6870.7, and 6577.4. SELDI spectra from fraction 2 of control samples were color coded in red; spectra of samples

obtained at 0.5 hr after APAP are shown in blue.
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Figure 5: Comparison of principal component analysis of SELDI spectra of samples with and without fractionation.
Panels B and D represent the SELDI spectra of non-fractionation samples. The points in A represent the SELDI spectra
of fraction 1 of samples. The points in C represent the SELDI spectra of fraction 5 of samples. In A and B, control
samples and 0.5 hr treatment samples were color coded in red and 4 hr and 24 hr treatment samples were color coded in
blue. In C and D, control samples, 0.5 hr treatment samples, and 4 hr treatment samples were color coded in red and 24
hr treatment samples in blue.


