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Okadaic acid (OA) is a principal diarrhetic shellfish poisoning toxin produced by marine
dinoflagellates. This study compared protein profiles of mice small intestines at four time
points (0, 3, 6 and 24 h) after a single oral administration of 750 μg/kg OA, and identified the
differentially expressed proteins using 2-D DIGE and MALDI-TOF-TOF mass spectrometry.
The results showed that the toxin content of the intestines reached its peak 3 h after oral
administration and then decreased rapidly. OA remarkably inhibited the intestinal PP activity
but it recovered to thenormal levelswithin 6 to 24 h. Electronmicroscope revealed the collapse
of the villous architecture and the intestinal microvilli fell off at 3 h, but were repaired within
24 h. Notable damage to the intestinal ultrastructure was observed after oral administration.
Comparison of the small intestine protein profiles at four timepoints revealed that 58 proteins
were remarkably altered in abundance, and these proteins were involved in macromolecular
metabolism, cytoskeleton reorganization, signal transduction,molecular chaperoning and ox-
idative stress, suggesting that OA toxicity in mouse intestines was complex and diverse, and
that multiple proteins other than PP were involved in the diarrhetic process. Villin 1 and
hnRNP F might be the key triggers inducing diarrhea in the mouse small intestines.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Diarrhetic shellfish poisoning (DSP) is a gastrointestinal ill-
ness of worldwide distribution through the ingestion of filter
feeding bivalves contaminated by the dinoflagellatesDinophysis
spp. and Prorocentrum spp. [1], which can produce diarrhetic
shellfish toxins, a type of lipophylic natural biotoxin [2]. Over
the past few decades, the outbreak of DSP has increased signif-
icantly all over theworld and has become of worldwide concern
to public health and the shellfish industry [3].

Among the diarrhetic shellfish toxins, okadaic acid (OA) is the
principal DSP toxin and presents a rapid-onset diarrheogenic in-
toxication. The gastrointestinal symptoms of DSP typically begin
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within half an hour to a few hours after consumption of OA-
contaminated shellfish, and the recovery from intestinal injuries
is completed within 3 days [4,5]. It has been demonstrated that
OAacts as an inhibitor of serine/threonine proteinphosphatases
(PPs), which are responsible for the diarrheogenic effects ob-
served in animals, including humans, after ingestion of OA
contaminated bivalves, and which can be attributed to the
accumulation of phosphorylated proteins which regulate
metabolism, transport and secretion in the membrane [6–8].
OA has been recognized as a general tumor promoter in vari-
ous murine organs, including the skin, glandular stomach
and liver, and has been identified withmany cell transforma-
tion tests in vitro [9–11]. In addition, OA belongs to the class of
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non-TPA-type tumor promoters, which do not bind to the
phorbol ester receptors in cell membranes or activate protein
kinase C in vitro.

A number of studies have been devoted to the cytotoxicity
and genotoxicity of OA using different in vitro cell lines. OA in-
duces apoptosis of SCC-25 cells via stimulating the expression
of the Fas receptor and Fas ligand [12]. Parameswaran et al.
[13] report that OA induces significant apoptosis through in-
creasing cytoplasmic nucleosome-associated DNA fragmenta-
tion and stimulating caspase activity in cultured rat mesangial
cells at different time points. However, due to the different ex-
perimental designs, the molecular effects on cell proliferation,
apoptosis, and cell cycle progression induced by OA are incom-
patible [14–16], although themultiple genes and signaling path-
ways involved in the process have been revealed [17].

So far, almost all the knowledge concerning the toxicological
mechanisms of OA have been obtained from in vitro assays and,
although the toxic effects of OA have been described in vivo
based on traditional toxicological indices and morphological
changes [18,19], the precise toxicological mechanism of OA
resulting in diarrhea and its subsequent effects in mammals
are not well established. On the other hand, taking account of
themultiple genes and signaling pathways involved in themo-
lecular mechanistic basis for the effects induced by OA, further
study of the toxic mechanisms, particularly at the proteomic
and genomic levels should be carried out in order to elucidate
the precise toxicological mechanism of OA in vivo.

Global techniques such as proteomics provide effective
strategies and tools for toxicological studies. In contrast to con-
ventional biochemical approaches that address one or a few
specific proteins at a time, proteomic techniques allow simulta-
neous isolation and identification of hundreds to thousands of
proteins in one sample. Two-dimensional difference gel elec-
trophoresis (2D-DIGE) technology is a newly developed 2-D
gel-based approach that employs three fluorescent succinimi-
dyl esters, termed CyDyes, to differentially label proteins prior
to electrophoretic separation [20]. Because of the sensitivity
and extended linear dynamic range of these dyes, this tech-
nique facilitatesnot only thequantification over a comparative-
ly wide dynamic range with high accuracy, but also enables
relative quantification with reference to an internal standard,
thereby also facilitating the analysis of an adequate set of bio-
logical replicates in order to obtain the most significant data
on protein regulation. This technique has recently been applied
for identifying biomarkers, designing novel drug targets, and
monitoring therapeutic processes [21].

In the present study, male ICR mice were acutely treated
with 750 μg/kg OA using a single administration by gavage.
The protein profiles of the small intestines at four time points
(0, 3, 6, and 24 h after treatment) were analyzed using the 2D-
DIGE approach, and the differentially expressed proteins were
identified using MALDI-TOF-TOF mass spectrometry. The
toxin content as well as the PP activity and any ultrastructural
changes in small intestines was also investigated. Further-
more, western blot was carried out to validate the protein ex-
pression patterns of villin 1, heat shock protein 90 (HSP90),
keratin 19 (KRT19), heterogeneous nuclear ribonucleoprotein
F (HnRNP F) and 14-3-3 protein. The purpose of this study
was to investigate the acute toxicity of OA in mice at the pro-
teomic level and, together with the ultrastructural analysis, to
provide a new insight into the molecular mechanism of OA
resulting in diarrhea in mammals.
2. Materials and methods

2.1. Mice exposure experiment

Adult male ICR mice (18.0±1.0 g body weight) were purchased
from the Experimental Animal Centre of Xiamen University
(Xiamen, China) and used for the experiments according to
the guidelines of the Xiamen University AnimalWelfare Com-
mittee. Mice were housed in plastic cages with air condition-
ing (20–23 °C) under a 12 h light–dark cycle with free access
to food and water that were supplied daily. After 2 days accli-
mation, the mice were divided into four groups (six mice per
group) according to their body weights.

The dose of OA was determined based on our preliminary
experiment and previously published OA data [19,22]. OA
was dissolved in saline solution (0.9% NaCl) containing 1.8%
ethanol (v/v). All mice were exposed to OA via single oral ad-
ministration at a dose of 750 μg/kg body weight/day using a
dosing volume of 20 mL/kg of body weight and then one
group of six mice were sacrificed at each time interval, that
is 0, 3, 6, and 24 h after oral administration of OA. The small
intestine was dissected and one part was immediately frozen
in liquid nitrogen and stored at −80 °C for proteomic, PP activ-
ity and toxin content analysis as well as western blot analysis
of selected proteins. The other part was fixed in 3.0% glutaral-
dehyde for cell ultrastructure analysis.

2.2. Toxin content analysis

The OA content of the intestinal tissue was analyzed according
to the reported methods [23,24], but with minor modification.
Briefly, 0.5 mL of 80% methanol (MeOH) was added to 100 mg
of intestinal tissue, and homogenized with an ultrasonic dis-
rupter (Model 450, Branson Ultrasonics, Danbury, CT, USA) in
an ice-bath for 5 min and then centrifuged (16,000 g) at 4 °C for
10 min. The pellet was extracted again using the same proce-
dure. The two supernatants were pooled together and washed
once with the same volume of hexane. The hexane layer was
discarded and the aqueous methanolic solution was extracted
twice with equal volumes of chloroform. The combined chloro-
form solutions were dried with anhydrous sodium sulfate and
centrifuged. The supernatant was evaporated using Speed Vac
Concentrator (Thermo Scientific, MA). The residue was resus-
pended in 0.5 mL 80% MeOH prior to analysis. The analysis of
OA in intestinal tissue was carried out using Agilent 6460 Triple
Quad LC/MS System (Agilent Co, USA), equipped with an elec-
trospray ionization interface (ESI). Separation was achieved on
a Merck Lichospher-100 RP-18 (5 μm, 150 mm×3mm I.D). Col-
umn temperature was kept at 30 °C. The mobile phase con-
sisted of acetonitrile–0.1% acetic acid (70:30, v/v) and the flow
rate was set at 250 μL/min. The MS was operated in negative
ion mode for the detection of OA with an ESI source set at
500 °C. The collision energy was set at −70 V for the precursor/
product ion combinations m/z 803.6/255.0. The toxin content
was quantified using anOA standard and expressed as ng cellu-
lar OA per gram tissue weight.



Table 1 – Schematic overview of the 2D-DIGE experimen-
tal conditions.

Gel Cy2 Cy3 Cy5

1 Internal standard 0 h 3 h
2 Internal standard 6 h 24 h
3 Internal standard 24 h 0 h
4 Internal standard 3 h 6 h
5 Internal standard 0 h 6 h
6 Internal standard 24 h 3 h
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2.3. PP activity analysis

The analysis of PP activity was conducted according to previ-
ous studies [25,26], and 100 mg of intestinal tissue was soni-
cated in 1 mL T-PER reagent (Pierce Biotechnology Inc.,
Rockford, IL, USA) in an ice-bath. The supernatant was recov-
ered by centrifugation (16,000 g) at 4 °C for 20 min. Then, 35 μL
of the intestinal homogenate was mixed with 5 μL of NiCl2
(40 mM), 5 μL of 5 mg/mL bovine serum albumin (BSA, Sigma,
USA) and 35 μL of phosphatase assay buffer (50 mM Tris–HCl,
0.1 mM CaCl2, pH 7.4) and incubated at 37 °C for 10 min.
After that, 120 μL of 100 μM 6, 8-difluoro-4-methylumbelli-
feryl phosphate (DiFMUP, Sigma, USA) was added and incu-
bated at 37 °C for another 30 min. PP activity was analyzed
using a fluorescencemicroplate reader (RF-5301PC, Shimadzu,
Japan) at 355 nm (excitation) and 460 nm (emission).

2.4. Ultrastructure analysis

The small intestine of the individually sacrificedmicewas fixed
in a solution of 3.0% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) for 4 h at 4 °C. The fixed intestines were washed three
times using 0.1 M phosphate buffer (pH 7.4) at 20min intervals
with periodic agitation, and postfixed in 1% osmium tetroxide
for 2 h at 4 °C, followed by a phosphate buffer wash three
times at 20min intervals. After dehydration in alcohol, the in-
testines were embedded in Epon-Araldite. Ultra-thin sections
(50–80 nm) were moved onto titanium grids, stained with ura-
nyl acetate and lead citrate and examined with a transmission
electron microscope (TEM, JET 1200, JEOL Ltd, Japan).

2.5. Protein extraction

For 2D-DIGE and western blot analysis, the small intestinal tis-
sues of twomice in each groupwere pooled together as one pro-
tein sample, so therewere threeprotein samples for eachgroup.
Frozen intestinal samples were pulverized to a fine powder in
liquid nitrogen and suspended in 10% w/v trichloroacetic acid
(TCA)/acetone for 1 h at 4 °C. After centrifugation at 19,000 g
for 30min at 4 °C, the supernatant was removed and the pellet
was suspended in 20% w/v TCA/acetone for 30min at 4 °C.
The pellet was recovered by centrifugation at 19,000 g for
30min at 4 °C and washed twice with 80% acetone (v/v) and
once with ice-cold acetone. Residual acetone was removed in
a Speed Vac for about 5 min. The protein pellet was dissolved
in 100 μL rehydration buffer containing 30mM Tris, 7 M urea,
2 M thiourea, and 4% CHAPS (Bio-Rad, USA). Insoluble material
was removed after centrifugation at 19,000 g for 20min at
10 °C and the supernatants were collected for 2D-DIGE and
western blot analysis. Protein concentration was determined
using a 2-D Quant kit (GE Healthcare, USA) following themanu-
facturer's instructions.

2.6. CyDye labeling

Protein labeling was performed according to reported methods
[27]. Each experiment contained four groups repeated in tripli-
cate, generating 12 individual samples that were co-resolved
across six DIGE gels all coordinated using the samepooled sam-
ple internal standard to reduce inter-gel variation. Experiments
utilizing 24 cm pH 4–7 IEF gradients (Bio-Rad, USA) containing
150 μg of total protein were equally divided between any two
samples and an aliquot of the internal standard as follows: pro-
teins in each sample were fluorescently tagged with a set of
matched fluorescent dyes according to the standard protocol
(GE Healthcare, USA) for minimal labeling. To eliminate any
dye-specific labeling artifacts, three samples of each group
were labeled with Cy3 or with Cy5, respectively. The pooled
sample internal standard was always Cy2-labeled (Table 1). In
each case, 400 pmol of dyewas used for 50 μg of protein. Briefly,
labelingwasperformed for 30min on ice indarkness and the re-
actions were quenched with the addition of 1 μL of 10 mM L-ly-
sine (Sigma, USA) for 10min on ice under the same conditions.

2.7. 2-D DIGE

The pair of Cy3- and Cy5-labeled samples was combined and
mixed with a Cy2-labeled pooled standard. The mixtures con-
taining 150 μg of protein were brought up to a final volume of
450 μL with 1× rehydration buffer, after which 0.5% IPG buffer
4-7(GE healthcare, USA) was added and they were mixed thor-
oughly. The labeled samples were then applied to the strips
on an Ettan IPGphor III Isoelectric Focusing System (GE
Healthcare, USA). Isoelectric focusing was conducted for a
total of 60 kV-h using the following conditions: 40 V for 5 h,
100 V for 6 h, gradient to 500 V in 30 min, gradient to 1000 V
in 30 min, gradient to 2000 V in 1 h, gradient to 10,000 V in
1 h, and finally 10,000 V for 6 h. At the end of focusing, the
IPG strips were equilibrated with 10 mL equilibration buffer
containing 50 mM Tris (pH 8.8), 6 M urea, 30% glycerol (w/v),
2% SDS (w/v), 1% DTT (w/v) and a trace amount of bromophe-
nol blue. The strips were then equilibrated for 17 min in this
solution but without DTT and with 2.5% iodoacetamide (Bio-
Rad, USA). For the second-dimension electrophoresis, the equil-
ibrated strips were transferred onto 12.75% SDS-polyacrylamide
gels cast on low fluorescence glass plates using an Ettan-DALT
six system (GE Healthcare, USA). Electrophoresis was carried
out at 1W/gel for 30 min followed by 20W/gel until completion
at 10 °C.

The differentially labeled co-resolved proteomic maps with-
in each DIGE gel were imaged at 100-μm resolution separately
using dye specific excitation and emission wavelengths and an
Ettan DIGE Imager (GE Healthcare, USA). Cy2-, Cy3-, and Cy5-
labeled images of each gel were acquired at excitation/emission
values of 488/520, 523/580, and 633/670 nm, respectively. Gels
were scanned directly on the low fluorescence glass plates,
and 16-bit image file format images were exported for DIGE
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data analysis. After imaging for CyDye, the gels were removed
from the plates and subjected to silver staining.

2.8. DIGE image analysis

The DeCyder version 6.5 suite of software tools (GE Health-
care, USA) was used for DIGE analysis. The Differential In-gel
Analysis (DIA) module was used for automatic spot detection
and abundance measurements for each individual gel by
comparing the normalized volume ratio of each protein spot
from a Cy3- or Cy5-labeled sample on a given gel relative to
the Cy2 signal from the pooled sample internal standard cor-
responding to the same spot feature. The DIA data sets from
each individual gel were collectively analyzed using the bio-
logical variation analysis (BVA) module, which allows inter-
gel matching and calculation of average abundance for each
protein spot among the DIGE gels of this study. Statistical sig-
nificance was assessed for each change in abundance using
Student's t-test and analysis of variance (ANOVA) to compare
the variation of expression within a group to themagnitude of
change between groups. Based on a standardized average spot
volume ratio, proteins whose abundance presented a relative
change of 1.5 times or greater (either increase or decrease)
among the four time points at 95% confidence level (p<0.05)
were considered to be significant. Those protein spots with
significant relative change across two or more time points
were selected for further protein identification.

2.9. Silver staining

Sliver staining was performed following the method of Wang
et al. [28]. Briefly, the gel was fixed for 2 h in a fixed solution
containing 40% (v/v) ethanol and 10% (v/v) acetic acid and
then transferred to a sensitizing solution containing 0.05%
(w/v) sodium thiosulphate. The gel was washed by Milli-Q
water three times for 5 min each time. Then the gel was
stained in a 0.20% (w/v) silver nitrate solution with 0.015%
(v/v) formaldehyde for 20 min and washed twice with Milli-Q
water (15 s each time). The gel was developed with 2.5% (w/
v) sodium carbonate containing 0.0074% (v/v) formaldehyde
for 15 min, followed by the addition of 1.5% (w/v) ethylenedia-
minetetraacetic acid, disodium salt to stop the reaction. Final-
ly, the gel was washed three times with Milli-Q water.

2.10. Protein identification

The differentially expressed protein spots were manually ex-
cised from silver stained DIGE gels and identified using MALDI-
TOF-TOF MS as previously described [29]. Briefly, the spots
were washed twice with 200 mM ammonium bicarbonate in
50% acetonitrile/water for 20 min at 30 °C, dehydrated with ace-
tonitrile and then spun dried. In-gel trypsin digestion was car-
ried out with 20 ng/μL trypsin (Roche, USA) in 25 mM
ammonium bicarbonate overnight at 37 °C. After trypsin diges-
tion, 1 μL of the peptide mixture was spotted on the target
plate with 1 μL of 100 mM α-cyano-4-hydroxy-cinnamic acid in
50% acetonitrile and 0.1% trifluoroacetic acid and then dried. Fi-
nally, MALDI mass spectrometry was performed using an AB
SCIEX 5800 MALDI TOF/TOF™ MS (Applied Biosystems, USA).
MALDI-TOF MS and TOF-TOF tandem MS were performed and
data were acquired in the positive MS reflector mode with a
scan range from 850 to 4000 Da, and five monoisotopic precur-
sors (S/N >50) were selected for MS/MS analysis. For interpreta-
tion of the mass spectra, a combination of peptide mass
fingerprints and peptide fragmentation patterns were used for
protein identification in an NCBI non-redundant database (se-
lected for Mus musculus, 15,720 entries, updated on October 18,
2010) using the Mascot search engine (version 2.2, Matrix Sci-
ence, London, UK). The raw MS and MS/MS spectra were pro-
cessed using GPS Explorer software (Version 3.5, Applied
Biosystems, USA) with the following criteria: minimum S/N: 10;
peak density filter: 50 peaks per 200 Da; maximum number of
peaks: 65; MS/MS peak filtering-mass range: 60–200 Da. Search
parameterswere set as follows: taxonomy:M.musculus (NCBInr);
enzyme: trypsin; monoisotopic/average: monoisotopic; missed
cleavage sites allowed: 1; fixed modification: carbamidomethyl;
variable modifications: oxidation of methionine; fragment
mass tolerance: 0.25 Da; peptide mass tolerance: 50 ppm; MS/
MS ion tolerance: 0.1 Da. Results with C.I.% values greater than
95% were considered to be a positive identification. The identi-
fied proteins were then matched to specific processes or func-
tions by searchingGene Ontology (GO) (www.geneontology.org).

2.11. Immunoblot analysis

To further validate the 2-D DIGE results, five proteins, villin 1,
HSP90, KRT19, HnRNP F and 14-3-3 protein were selected for
western blot analysis based on their higher fold difference on
DIGE analysis and their potential roles in inducing the diarrhea.
30 μg protein for each protein sample was incubated in 95 °C for
5min and separated on 12.0% SDS-polyacrylamide gels (Hoefer
SE 600 Ruby, GE Healthcare, USA) using Laemmli buffer system.
Proteins were transferred to polyvinylidene difluoride (PVDF)
membrane (Millipore, Bedford, MA) using Trans-Blot SD Semi-
Dry Transfer Cell (Bio-Rad, USA) at 200mA for 3 h. Membranes
were blockedwith 5%non-fat drymilk for 2 h and then incubated
with the primary antibodies for 2 h at room temperature as fol-
lows: anti-villin (1:1000 dilution; Abcam), anti-HSP90 (1:1000 dilu-
tion; Abcam), anti-KRT19 (1:1000 dilution; Abcam), anti-14-3-3
(1:1000 dilution, Santa Cruz), anti-HnRNP F (1:1000 dilution,
Santa Cruz), and anti-GAPDH (1:1000 dilution, Santa Cruz). Fol-
lowing three washes in PBS containing 0.05% Tween 20 (PBST),
the membranes were incubated with a secondary anti-rabbit or
mouse IgG (1:5000; Jackson ImmunoResearch Laboratories, West
Grove, PA) for 1 h at room temperature and then washed five
times in PBST. Finally, the membranes were incubated with
peroxidase-labeled streptavidin–biotin complex (Nichirei Biosci-
ence Inc., Tokyo, Japan) for 10min. The images of immunoblots
were visualized using the Enhanced Chemiluminescent Sub-
strate (Invitrogen) and the intensity of the bandswas determined
by densitometric analysis. The target protein signals were nor-
malized to the GAPDH signal and analyzed semiquantitatively
using Quantity One system.

2.12. Statistical tests

All measurements were replicated at least three times and all
values were expressed as mean values±standard deviation.
For the analysis of protein expression in 2-D DIGE, the signifi-
cant difference between four groups was analyzed as described

http://www.geneontology.org
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above. For PP activity, OA content andwestern blot analysis, the
raw data were analyzed using SPSS for Windows 13.0 Software
(SPSS, Inc) and determinedwith a one-wayANOVAanalysis fol-
lowed by the Bonferronimultiple range test and Student's t-test
to evaluate whether the means were significantly different
among the groups. Significant differences were indicated when
the probability was less than 0.05 (p<0.05).
3. Results

3.1. Symptoms and lethality

Two hours after a single oral administration of an OA dose of
750 μg/kg, themiceweremotionless, and theypresenteddiarrhea
and reduction of food consumption 3 h after oral administration.
Bodyweight losswas observed 24 h after oral administration, but
nomouse died during the 24 h experimental period. Necroscopic
analysis ofOA-treatedmice showed that both the small and large
intestineswere hyperemic and contained a pale fluid 3 h, 6 h and
24 h after oral administration.

3.2. Toxin content and PP activity in mouse intestines

The toxin contents in themice intestinal tissues at the four time
points are shown in Fig. 1. No OA was detected in the intestinal
tissues immediately after oral administration. However, the
toxin content reached its peak 3 h after oral administration
(up to 798.05 ng/g intestinal tissue) and then it decreased rapid-
ly and reacheda low level at 24 h, indicating that OAwas rapidly
eliminated from the mice.

Variations of PP activity in themice intestinal tissues at the
four time points are shown in Fig. 2. The intestinal PP activity
decreased significantly 3 h and 6 h after oral administration
(p<0.05), and then recovered to the normal level by the end
of the experiment (24 h).

3.3. Ultrastructural analysis

Variations in the intestinal microvilli and cellular ultrastruc-
ture of OA-treated mice were analyzed at the four time points.
Fig. 1 – OA content in the intestinal tissues of ICR mice at 0 h,
3 h, 6 h and 24 h after a single oral administration of OA
(750 μg/kg body weight). Values are given as mean values±
SD (n=6).
Electron microscopy revealed tightly packed, slender, and
uniform-shaped microvilli on the surface of the intestinal ep-
ithelial cell at 0 h, but the microvilli were damaged markedly
at 3 h andmanymicrovilli were sloughed off (Fig. 3A). With in-
creased time, the microvilli were repaired gradually and pre-
sented no significant difference from that at 0 h. For the
cellular ultrastructure (Fig. 3B), dilation of the rough endoplas-
mic reticulum (rER) in the intestinal cells was observed 3 h
after oral administration, while swelling, ridge disappearance
and destroyed structure of the mitochondria were observed
6 h after oral administration. These ultrastructural changes
were still observed even at the end of the experiment.

3.4. 2-D DIGE analysis of differential protein expression

Protein profiles of mice intestinal tissues at the different time
points were analyzed using 2-D DIGE, and representative 2-D
DIGE images of the different time point samples (0 h vs 3 h;
6 h vs 24 h) are shown in Fig. 4A. Based on the DIA module
analysis, 2034±209, 2175±197, 2081±186 and 2111±224 pro-
tein spots were detected in the intestinal cells at 0, 3, 6, and
24 h, respectively. Among them, a total of 58 exhibited statis-
tically significant alterations (p<0.05, ANOVA, n=3) and the
variations in abundance were more than 1.5 fold. For the al-
tered spots, 40 were detected localized in the 3 h vs 0 h gel
(12 up-regulated proteins and 28 down-regulated proteins),
and 38 were detected localized in the 6 h vs 0 h gel (3 up-
regulated proteins and 35 down-regulated proteins). In addi-
tion, 34 of the 58 spots which showed alterations in protein
abundance were detected localized in the 24 h vs 0 h gel (2 up-
regulated protein and 32 down-regulated proteins) (Fig. 4B).

3.5. Protein identification and variation at different time
points

All the protein spots showing alterations were submitted for
identification usingMALDI-TOF-TOF analysis and then searched
in theNCBImice database. The information concerning differen-
tially expressed proteins of mice intestinal tissues is shown in
Fig. 4B. Details of NCBI ID number, theoretical pI value, theoreti-
cal molecular weight, protein score, protein score C.I. %, as well
Fig. 2 – PP activity in the intestinal tissues of ICR mice at 0 h,
3 h, 6 h and 24 h after a single oral administration of OA
(750 μg/kg body weight). Values are given as mean values±
SD (n=6). *p<0.05.

image of Fig.�1


Fig. 3 – Transmission electron micrographs of intestinal cells of ICR mice at 0 h, 3 h, 6 h and 24 h after a single oral
administration of OA (750 μg/kg bodyweight). A: Microvilli (black arrow indicated); B: Mitochondria (black arrow indicated) and
endoplasmic reticulum (black triangle indicated).
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as average relative change at each time point, for all identified
proteins are listed in Table 2.

Based onGOclassification, the 58 proteinswere assigned into
five functional groups, i.e. macromolecular metabolism (lipid,
amino acid and sugarmetabolism),molecular cytoskeleton reor-
ganization, molecular chaperones, signal transduction, and oxi-
dative stress (Fig. 5). Overall, the majority was seriously down-
regulated after a single oral administration of OA. The 18 protein
spots (31%) involved in macromolecular metabolism were al-
tered in abundance: two digestive enzymes, chymotrypsin B1
precursor (spots 6 and 48) and trypsin 4 (spot 20) were down-
regulated markedly during the whole experimental period.
Fatty acid binding protein (spot 36) and retinol binding proteins
(spots 37 and 38) decreased significantly in abundance at 3 h

image of Fig.�3


Fig. 4 – 2-D DIGE analysis of intestinal cells at 0 h, 3 h, 6 h and 24 h after a single oral administration of OA (750 μg/kg body
weight). A: Representative 2-D DIGE image for protein expression maps using a 12.75% homogeneous SDS-PAGE gel with the
pH range from 4 to 7. B: Differentially expressed protein spots determined by DeCyder software. The molecular weights (MW)
and pI scales are indicated. Each gel is representative of three independent replicates.
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and 6 h, but they recovered to the normal levels 24 h after oral
administration. Four proteins, including phosphoglucomutase
1 (spot 28), fructose-1,6-bisphophatse (spot 31 and 51), and
NADHdehydrogenase, flavoprotein 2 (spot 49), involved inglyco-
metabolism were suppressed in protein expression 6 h and/or
24 h after oral administration, whereas six proteins, aminoacy-
lase 1 (spot 35), spermidine synthase (spot 50), purine nucleoside
phosphorylase (spot 53), adenosine kinase (spot 54), ornithine
aminotransferase (spot 55), arginase type II(spot 57) related to
amino acid metabolism were almost down-regulated during
the whole experimental period. Eight protein spots believed to
be molecular chaperones were changed in protein expression
at 3 h and/or 6 h, including heat shock protein 90, t-complex pro-
tein and protein disulfide-isomerase A6. Seven oxidative stress
protein spots, including galactose binding lectin, peroxiredoxin
2 (PRX2) and Cu/Zn superoxide dismutase (Cu/Zn SOD), were
down-regulated by OA. Eleven cytoskeleton reorganization pro-
teins, such as keratins (Keratin 7, 8 and 19), villin 1, myosin and
actin were affected by OA; among them, EndoA' cytokeratin
and villin 1 (spot 26 and 27) were down-regulated significantly
during the whole experimental period. Three major groups of
signal transduction proteins, 14-3-3 protein isoforms (epsilon,
gamma and beta), eukaryotic translation initiation factors (eIFs)
and heterogeneous nuclear ribonucleoprotein F (hnRNP F) were
identified. Among them, four eIFs, eIF6 (spot 3), eIF4A1 (spot
18), eIF5A (spot 46) and eIF2 (spot 52) altered in abundance over
time. eIF4A1 and eIF5A were down-regulated at 3 h, while eIF6
and eIF2 were down-regulated 6 h after OA treatment. Three
14-3-3 proteins (spots 4, 58 and 59) were down-regulated during
the whole experimental period. However, hnRNP F (spots 21
and 22) was only induced 3 h after oral administration but it
was not detected at other time points.

image of Fig.�4
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3.6. Western blot analysis on villin 1, HSP90, KRT19, HnRNP
F and 14-3-3 protein

Western blot analysis was then conducted to validate the dif-
ferentially expressed proteins villin 1, HSP90, KRT19, HnRNP F
and 14-3-3 protein identified by 2-D DIGE. Results shown in
Fig. 6 that indicated the changes in protein levels from the re-
sult of western blot were generally consistent with the varia-
tions from 2-D DIGE analysis. For example, the expression of
villin 1 was down-regulated with the treatment of OA com-
pared with the protein level of 0 h sample, while the changes
in protein level of HSP90, KRT19 and HnRNP F were up-
regulated at 3 h after OA treatment (p<0.05). The expression
levels of 14-3-3 protein at four time points showed no signifi-
cant change (p>0.05) compared to 2-D DIGE result.
4. Discussion

A number of studies demonstrate that the small intestine is
the target organ of OA in mammals [30,31], and OA is detected
inmouse small intestines 5 min after oral administration, and
swollen intestinal villi and erosion are observed within 1 h.
Other studies also report that OA causes edema in the upper
part of the small intestine within 1 h, and results in hyperse-
cretion and erosion, but that recovery from this damage oc-
curs within 48 h. The present study confirmed the above
findings: OA destroyed the intestinal microvilli to a remark-
able extent and the microvilli became disorganized 3 h after
oral administration. However, the damaged microvilli recov-
ered gradually within 24 h (Fig. 3A). OA also resulted in the di-
lation of the rER in the intestinal cells as well as swelling,
ridge disappearance and damaged mitochondrial structure.
These results suggested that OA destroyed the microvilli struc-
ture and function, and subsequently the cellular ultrastructure
of the small intestines, which resulted in their dysfunction.

The serine/threonine PPs are a group of enzymes that per-
form dephosphorylation of numerous proteins which regulate
many essential metabolic processes in eukaryotic cells. The in-
hibition of serine/threonine PPs leads to the collapse of regula-
tory mechanisms and results in cell death [32]. OA can inhibit
PP activity, which results in the accumulation of phosphorylat-
ed proteins and subsequently diarrhea in animals including
humans. In thepresent study, intestinal PP activity declined sig-
nificantly 3 h and 6 h after oral administration of OA, but it re-
covered to the normal level after 24 h. Our results suggested
that the inhibition of PP by OA might be one trigger resulting
in the diarrhea, but this adverse effect was short and PP activity
recovered rapidly from OA toxicity.

The present study revealed that the 18 protein spots in-
volved in various types of macromolecular metabolism (i.e.
lipid, amino acid and sugar) were significantly down- or up-
regulated at different time points after oral administration of
OA. Among these proteins, fatty acid-binding protein (I-
FABP, spot 36), an important cytosolic protein in small intes-
tine epithelial cells, was down-regulated at 3 h in protein
level. I-FABP participates in the uptake, intracellular metabo-
lism and/or transport of long chain fatty acids [33]. Studies
also show that OA can significantly disrupt the secretory pro-
cessing of apolipoprotein B by increasing cellular protein
phosphorylation in Caco-2 cells [34]. The down-regulation of
I-FABP in our study suggested that OAmight have interrupted
the lipid metabolism and fatty acid transport of the intestine.
Retinol-binding protein (RBP) is the sole specific transport pro-
tein for retinol (vitamin A) in circulation, and its single known
function is to deliver retinol to the tissues [35]. Vitamin A per-
forms a key role in maintaining the structural integrity of ep-
ithelial cells, and deficiencies of vitamin A could interrupt the
biosynthesis of glycoprotein in mucosal cells, and then affect
the physiological functioning of the mucosa. In our study,
RBP2 (spots 37 and 38) was also down-regulated significantly
at 3 h and 6 h, suggesting that OA destroyed the structural in-
tegrity of intestinal epithelial cells through inhibiting the
transport of vitamin A. Moreover, the aldehyde dehydroge-
nase 1 family member L1 (spot 25), an enzyme involved in cat-
alyzing the conversion of retinal to retinoic acid, was also
down-regulated during the whole experiment, and retinol
and retinoic acid could decrease squamous epithelization by
regulating gene expression. Apart from these proteins, chy-
motrypsin B1 precursor (spot 6 and 48) and trypsin 4 (spot
20), two important proteolytic enzymes involved in the diges-
tive systems of mammals, were noticeably down-regulated
during the whole experimental period. Hence, we speculated
that OA might destroy the absorptive functions of the intesti-
nal epithelium through impairing the structure of intestinal
cells and inhibiting the activities of digestive enzymes, and
so result in diarrhea.

The presence of OA affected glycometabolism of the mouse
small intestines in that four proteins involved in glycometabo-
lism were altered in protein abundance during the experimen-
tal period. NADH dehydrogenase flavoprotein 2 (NDUFV2, spot
49) was down-regulated dramatically 6 h after oral administra-
tion, while phosphoglucomutase 1 (PGM1, spot 28) was signifi-
cantly up-regulated at 3 h and down-regulated at 6 h and 24 h.
NDUFV2 is the core subunit of themitochondrial membrane re-
spiratory chain, theNADH-ubiquinoneoxidoreductase complex
(complex I), that is believed to catalyze the transfer of electrons
fromNADH to ubiquinone. A previous study shows that the de-
crease of NDUFV2 can directly impair electron transport in the
mitochondrial inner membrane, and then increase ROS and in-
duce apoptosis [36]. PGM1 is an important regulatory enzyme
in cellular glucose utilization and energy homeostasis, which
catalyzes the interconversion of mannose-6-phosphate and
mannose-1-phosphate in the early stage of the biosynthesis of
lipid-linked oligosaccharides. The deficiency of PGM is responsi-
ble for a disorder called congenital disease of glycosylation 1a
[37]. Our ultrastructure results also indicated the impairment
ofmitochondria 6 h after OA treatment. These results suggested
that OAmight induce the disorder of energy metabolism in mi-
tochondria coupled with the apoptosis of intestinal cells.

In this study, six proteins associated with amino acid me-
tabolism were down-regulated 6 h and 24 h after oral admin-
istration. Among these proteins, ornithine aminotransferase
is a mitochondrial matrix enzyme that catalyzes a reversible
reaction involving the interconversion of ornithine and gluta-
mate semi-aldehyde, and is therefore involved in the metabo-
lism of arginine and glutamine which play a major role in N
homeostasis [38]. Ornithine is involved in the urea cycle,
which processes the excess nitrogen generated when protein
is broken down by the body. In addition to its role in the



Table 2 – Differentially expressed proteins of intestinal cells at various time points after OA treatment.

Spot
ID a

NCBI b Protein name Theoretical
pI

Theoretical
MW

No. of
matched
peptides

Sequence
coverage

(%)

Protein
score

Protein
score
C.I.%

3 h vs 0 h 6 h vs 0 h 24 h vs 0 h

Av.
ratio c

p value Av.
ratio c

p value Av.
ratio c

p value

Macromolecular metabolism
6 255522937 Chymotrypsin B1 precursor 4.91 28,431.0 10 54 499 100 −7.34 0.006 −7.58 0.004 −6.01 0.005
20 6755893 Trypsin 4 5.48 26,941.2 8 43 321 100 −7.37 0.003 −5.13 0.005 −4.14 0.007
25 27532959 Aldehyde dehydrogenase 1 family,

member L1
5.64 99,501.9 35 52 1250 100 −2.30 0.021 −2.20 0.026 −9.15 0.004

28 21410124 Phosphoglucomutase1, isoform CRA_b 5.78 69,072.4 19 35 444 100 +3.15 0.017 −1.80 0.054 −4.78 0.006
31 122937183 Fructose-1,6-bisphosphatse 2 5.90 37,209.0 14 35 416 100 −3.12 0.007 −1.02 0.926 +1.17 0.480
35 148689188 Aminoacylase 1 5.84 42,354.2 23 65 1210 100 −3.98 0.004 −1.29 0.461 −1.98 0.038
36 6679737 Fatty acid binding protein 2,

intestinal
6.62 15,116.7 7 46 336 100 −2.87 0.005 −2.77 0.006 +1.19 0.010

37 255759938 Retinol-binding protein 2 6.14 15,770.8 9 59 133 100 −5.27 0.003 −11.22 0.003 +1.70 0.070
38 255759938 Retinol-binding protein 2 6.14 15,770.8 6 44 125 100 −5.25 0.003 −5.19 0.005 +1.81 0.053
45 188036180 Chain A, crystal structure of 5-aminolevulinic

acid dehydratase
6.32 36,472.5 13 30 246 100 −1.72 0.057 −1.57 0.103 +2.57 0.017

48 255522937 Chymotrypsin B1 precursor 4.91 28,431.0 9 59 902 100 +1.12 0.599 −6.41 0.004 −7.45 0.002
49 12850902 NADH dehydrogenase [ubiquinone]

flavoprotein 2, mitochondrial precursor
7.00 27,610.0 9 52 477 100 −1.12 0.885 −5.13 0.005 −3.62 0.008

50 6678131 Spermidine synthase 5.31 34,543.0 11 43 513 100 −1.47 0.171 +1.88 0.046 −4.44 0.006
51 122937183 Fructose-1,6-bisphosphatase 2 5.90 37,209.0 15 44 402 100 +1.78 0.148 −2.41 0.020 −1.36 0.183
53 7305395 Purine nucleside phosphorylase 5.78 32,527.0 18 58 1120 100 −1.29 0.168 −6.04 0.005 −1.73 0.004
54 148669527 Adenosine kinase, isoform CRA_a 6.11 39,129.0 16 42 566 100 +1.07 0.270 −5.21 0.005 −5.20 0.005
55 8393866 Ornithine aminotransferase, mitochondrial

precursor
6.19 48,723.1 15 37 783 100 +1.66 0.082 −12.12 0.003 −11.49 0.002

57 19484063 Arginase type II 6.20 39,195.2 13 50 716 100 +1.10 0.784 −3.04 0.012 −2.18 0.027

Molecular chaperones
8 118142832 HSP90 aa1 protein 5.05 66,080.5 17 36 281 100 +3.06 0.004 −1.90 0.045 −1.26 0.327
9 40556608 Heat shock protein, HSP90 beta 4.97 83,752.1 24 27 588 100 +6.98 0.004 −1.85 0.049 −1.18 0.460
15 40556608 Heat shock protein, HSP90-beta 4.97 83,572.1 13 20 259 100 +1.63 0.008 −1.11 0.646 −3.45 0.003
17 51455 Heat shock protein 65 5.91 61,074.4 13 31 199 100 −2.59 0.007 +1.16 0.504 +1.20 0.432
30 148670089 t-complex protein, isoform CRA_b 6.02 55,880.3 21 34 704 100 −2.92 0.008 −2.65 0.016 +1.97 0.366
41 62510933 Protein disulfide-isomerase A6 5.00 48,469.4 5 14 306 100 +1.96 0.007 −1.87 0.047 −3.19 0.011
42 62510933 Protein disulfide-isomerase A6 5.00 48,469.4 12 30 459 100 +2.34 0.006 −1.27 0.311 −1.88 0.046
56 14714615 Heat shock protein 90, beta 4.74 92,717.4 38 52 1420 100 −1.37 0.175 −8.59 0.004 −4.54 0.006
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Cytoskeleton
5 148672102 Keratin 7 5.01 32,603.4 6 15 114 100 +4.89 0.003 −1.50 0.124 −1.28 0.299
11 76779293 Keratin 8 5.70 54,513.5 27 55 481 100 −1.69 0.006 −2.79 0.014 −2.68 0.015
12 309215 EndoA' cytokeratin, putative 5.42 53,209.7 9 20 90 99.984 −7.02 0.004 −7.70 0.003 −8.18 0.004
13 6680606 Keratin 19 5.28 44,514.7 28 69 636 100 −2.95 0.008 −2.46 0.003 −4.81 0.006
14 6680606 Ketatin 19 5.28 44,514.7 20 51 425 100 +1.78 0.056 −4.57 0.003 −5.77 0.005
26 190684696 Villin-1 5.72 93,229.8 36 41 777 100 −3.37 0.006 −2.75 0.014 −2.91 0.013
27 148667910 Villin-1 5.77 93,328.9 36 36 479 100 −2.44 0.010 −3.32 0.010 −5.38 0.005
29 76779293 Keratin 8 5.70 54,513.5 29 59 723 100 −4.51 0.013 +2.18 0.027 +1.66 0.077
39 198278553 Myosin, light polypeptide 9,

regulatory
4.80 19,898.5 8 41 416 100 −2.05 0.030 +2.49 0.018 +2.30 0.023

40 119850791 Krt 78 protein 5.97 55,423.6 3 6 100 99.999 +3.24 0.003 −1.80 0.050 −2.10 0.029
44 49864 Actin, aortic smooth muscle 5.45 38,016 12 39 583 100 −3.02 0.007 −3.47 0.003 −1.80 0.054

Oxidative stress
1 12805209 Lectin, galactose binding, soluble 1 5.32 15,210.4 4 36 148 100 +1.39 0.020 −2.59 0.017 −2.32 0.022
2 12805209 Lectin, galactose binding, soluble 1 5.32 15,210.4 8 49 421 100 +1.39 0.015 +1.03 0.910 −2.74 0.015
16 148747558 Peroxiredoxin 2 5.20 21,936.1 6 28 181 100 −3.04 0.008 −1.07 0.755 +1.23 0.043
19 6680117 Glutathione synthetase 5.56 52,442.0 27 53 773 100 −2.79 0.007 +1.27 0.317 +1.58 0.098
23 148680717 Thioredoxin-like 5, isoform CRA_a 4.56 8661.1 1 18 75 99.507 +1.03 0.096 −3.51 0.009 −3.38 0.009
34 165932331 Lactoylglutathione lyase 5.24 20,967.4 13 56 693 100 +1.12 0.602 −1.63 0.084 −5.38 0.005
47 45597447 Cu/Zn Superoxide dismutase 6.03 15,922.8 7 43 403 100 +1.22 0.154 −5.29 0.005 −4.41 0.006

Signal transduction
3 27501448 Eukaryotic translation initiation factor 6 4.63 27,007.4 5 27 276 100 +3.00 0.003 −1.53 0.112 −1.21 0.396
4 5803225 14-3-3 protein epsilon 4.63 29,326.5 9 37 204 100 −1.91 0.018 −2.06 0.033 +1.07 0.773
7 205371731 Serine protease inhibitor 5.25 45,965.5 11 31 316 100 +1.58 0.020 −1.714 0.072 −4.90 0.006
10 62024907 Ribosomal protein SA 4.80 32,935.5 17 61 1020 100 −5.83 0.006 +1.24 0.852 +1.35 0.222
18 4503529 Eukaryotic initiation factor 4A-1 5.32 46,352.6 23 54 677 100 −3.47 0.005 −1.67 0.077 +1.26 0.321
21 58476100 Heterogeneous nuclear ribonucleoprotein F 5.30 43,943.0 8 20 247 100 +3.13 0.004 −1.21 0.407 +1.12 0.606
22 58476100 Heterogeneous nuclear ribonucleoprotein F 5.30 43,943.0 10 21 332 100 +2.63 0.004 −1.11 0.642 +1.04 0.874
24 3065925 14-3-3 protein beta 4.78 28,192.9 15 49 467 100 −1.07 0.238 −3.54 0.009 −2.12 0.030
32 148682303 Lysophospholipase 1, isoform CRA_c 5.91 19,460.8 5 42 166 100 −2.53 0.012 −2.70 0.003 +1.17 0.494
33 148702066 mCG7879, isoform CRA_a 4.75 29,294.6 12 37 422 100 −2.02 0.010 −2.88 0.013 −2.43 0.020
43 6671569 60S acidic ribosomal protein P0 5.91 34,365.8 21 70 1480 100 −4.69 0.005 +1.48 0.912 +1.18 0.470
46 148680528 Eukaryotic translation initiation

factor 5A, isoform CRA_a
5.12 12,466.1 5 58 293 100 −1.85 0.038 +1.15 0.536 +1.59 0.096

52 12805513 Eef2 protein 6.36 32,378.4 18 73 765 100 −1.19 0.584 −5.76 0.005 −1.79 0.055
58 3065929 14-3-3 protein gamma 4.80 28,516.0 14 43 443 100 −1.51 0.047 −2.79 0.014 −1.97 0.038

a Spot ID represents the protein spot number on the 2-D DIGE gels.
b Accession numbers according to the NCBI database.
c Spot abundance is expressed as the average ratio of intensities of up-regulated (positive values) or down-regulated (negative values) proteins at 0, 3, 6 and 24 h after OA treatment.
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Fig. 5 – Functional distribution of altered proteins in intestinal tissues of ICR mice at 0 h, 3 h, 6 h and 24 h after a single oral
administration of OA (750 μg/kg body weight).
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urea cycle, ornithine participates in several reactions that
help ensure the proper balance of protein building blocks
(amino acids) in the body. Spermidine synthase (spot 50) and
adenosine kinase (spot 54) were down-regulated 6 h and 24h
after oral administration. The former is one of the four en-
zymes in the polyamine-biosynthetic pathway and carries
out the final step of spermidine biosynthesis, the latter plays
a key role in catalyzing the phosphorylation of ribofurnosyl-
containing nucleoside analogues at the 5′-hydroxyl position
using ATP or GTP as the phosphate donor and maintains the
energy homeostasis. The present results suggested that the
down-regulation of these proteins at 6 h and/or 24 h might
be due to the negative nitrogen balance induced by the diar-
rhea caused by the OA treatment.

Epithelial cells display distinct structural and functional
attributes and serve both as a physiological and structural
barrier. The microvilli are believed to increase cell surface
area thus regulating the absorptive and secretory functions
of epithelial cells. Recently, OA was proved to cause rapid
changes in the structural organization of the intermediate fil-
ament, followed by a loss of microtubules, solubilization of in-
termediate filament proteins, and disruption of desmosomes
Fig. 6 – Western blot analysis of five selected proteins in the intes
oral administration of OA (750 μg/kg body weight). Intensities of
level. Values are given as means±SD (n=3).A: Representative we
ysis. *p<0.05.
[39–41]. So it is not surprising that a total of 11 cytoskeleton re-
organization related proteins were altered after oral adminis-
tration of OA and most of them were down-regulated. These
proteins included keratins, villin 1, myosin regulatory light
polypeptide 9 and actin. Among these altered proteins, villin
1 (spot 26 and 27) was down-regulated during the entire ex-
perimental period. Villin is an epithelial cell-specific protein
and belongs to a family of actin-binding proteins, which is as-
sociated with actin filaments in the microvilli and terminal
web of epithelial cells. One study demonstrates that villin
plays important roles in regulating actin dynamics, cell mor-
phology, cell mobility, cell migration and cell survival [42].
Moreover, villin is also involved in the initial organization
and formation of the microvilli [43]. As part of the epithelial
cytoskeleton, keratins are important for the mechanical sta-
bility and integrity of epithelial cells and tissues. Some kera-
tins also have regulatory functions and are involved in
intracellular signaling pathways, e.g. protection from stress,
wound healing, and apoptosis [44]. In our study, several kera-
tins (keratin 7, 8 and 19) were identified and most of them
were down-regulated during the entire experimental period,
especially EndoA' cytokeratin (spot 12), suggesting that OA
tinal tissues of ICR mice at 0 h, 3 h, 6 h and 24 h after a single
the proteins were normalized to the corresponding GAPDH
stern blots, B: Western blot results from densitometry anal-
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could induce the functional secretory disturbance of the intes-
tinal gland. The present study demonstrated that the down-
regulation by OA of cytoskeletal proteins, especially villin 1
and EndoA' cytokeratin, affected actin dynamics and the mi-
crofilament network, and subsequently interrupted cytoskele-
ton reorganization of intestinal epithelial cells. Evidence from
morphological changes of microvilli (Fig. 3A) in the present
study also confirmed the toxic effects of OA on epithelial cells.

Homeostatic balance between proliferation and apoptosis
is essential for the intestinal epithelium to function as a phys-
iological and structural barrier. Intestinal epithelial cells have
a high turnover rate as well as a high apoptosis rate. A recent
study indicates that the physiological function of villin is not
only as a cytoskeletal protein, but also as an epithelial cell-
specific anti-apoptotic protein and it can protect cells from
apoptosis by maintaining mitochondrial integrity and thus
inhibiting the activation of caspase-9 and caspase-3 [45].
Many studies demonstrate that apoptosis is induced by OA
through the inhibition of PP1 and PP2A activities [46–50]. Our
study found that the down-regulation of villin was accompa-
nied by damage of mitochondrial structure, suggesting that
villin might play a key role in inducing the apoptosis of epi-
thelial cells by OA. In addition, calcium ions are recognized
as an important regulator in the signal transduction pathway
of apoptosis, and calcium homeostasis is an important mech-
anism involved in neurodegenerative and aging processes
Fig. 7 – The proposed scheme illustrating cellular events in intes
OA.
[51,52]. As a Ca2+ binding protein, villin might induce apopto-
sis via the Ca2+-induced cell death pathway in OA-treated in-
testines. Thus, villin might play a key role in the OA induced
diarrhea of mice and could be used as a candidate biomarker
for acute OA toxicity.

Apart from villin, other apoptosis-related proteins were
also found to alter significantly in OA-treated intestines, i.e.
14-3-3 proteins and eIFs. The 14-3-3 proteins are a group of di-
meric acidic proteins with a relative molecular mass of 30 kDa
and are relatively conserved in all eukaryotes. Studies demon-
strate that the 14-3-3 epsilon protein is one of the caspase-3
substrates, and the cleavage of 14-3-3 protein can promote
cell death by releasing the associated BAD from the 14-3-3
protein, and so facilitate BAD translocation to the mitochon-
dria and its interaction with Bcl-x [53]. In our study, three iso-
forms of 14-3-3 protein were identified and the expressions of
two isoforms (spot 4 and spot 58) were down-regulated at 3 h
after OA exposure. We speculated that the down-regulation
of 14-3-3 proteins might have led to cytoplasmic release of
phosphorylated BAD protein and so induced apoptosis. Re-
cent studies indicate that PP1 and PP2A are important regula-
tors of 14-3-3 binding interactions, and PP2A contributes to
the regulation of 14-3-3 binding to the pro-apoptotic agent
BAD and to two components of the Ras signal transduction
[54–56]. The eIFs are proteins which regulate protein synthesis
in cells. Some of them play an important role in the association
tinal tissues of ICR mice after a single oral administration of

image of Fig.�7


2050 J O U R N A L O F P R O T E O M I C S 7 5 ( 2 0 1 2 ) 2 0 3 8 – 2 0 5 2
or dissociation of the ribosomal subunit for the translation of
themRNA into protein, and are involved in cell stress response.
Many studies report that the eIFs play an important role in cell
apoptosis [57,58]. Among of them, eIF6 is believed to be part of
a mechanism acting on the specific translation of messengers
regulating cell survival [59]. An over-expression of eIF5A1 results
in the loss of mitochondrial transmembrane potential, translo-
cation of Bax to the mitochondria, release of cytochrome c, cas-
pase activation, up-regulation of p53, and up-regulation of Bim
[57]. Thus, the down-regulation of eIFs in our study indicated
that OA might have induced the apoptosis of epithelial cells.
Nevertheless, the results in this study suggested that OA caused
intestinal dysfunction in mice via destroying the cytoskeleton
and inducing apoptosis of intestinal epithelial cells, thus result-
ing in diarrhea.

One interesting finding of this studywas that a new protein,
hnRNP F, was induced by OA 3 h after oral administration but it
was not found at other time points. hnRNP F is an RNA binding
proteinwhich is associatedwith pre-mRNAs in the nucleus and
regulates alternative splicing, polyadenylation, and other as-
pects of mRNAmetabolism and transport [60]. Previous studies
demonstrate that hnRNP Fmight be involved in apoptotic signal
pathways, and play a positive role in the production of the proa-
poptotic regulator Bcl-x (S.) [61]. The induction of hnRNP F 3 h
after oral administration indicated that hnRNP Fmight promote
the apoptotic progress of intestinal cells under OA stress, de-
generate the gut barrier function, and then induce diarrhea.

Recent studies indicate that OA induces oxidative stress in
mice brains, characterized by a high level of lipid peroxidation
and decreases in GSH content and that it destroys the activities
of antioxidative enzymes [62]. Moreover, OA induces apoptosis
via increasing reactive oxygen species (ROS), protein carbonyla-
tion, lipid peroxidation, caspase-3 activity, and mitochondrial
dysfunction in many cell types [46,47]. Our proteomic analysis
found that seven proteins related with oxidative stress altered
significantly in OA-treated mice. Two antioxidative enzymes,
antioxidant protein PRX2 and Cu/Zn SOD, were down-regulated
3 h and 6 h after OA oral administration, respectively. PRX2 is a
ubiquitously expressed thiol-specific antioxidant enzyme that
catalyzes the degradation of H2O2 and other ROS, while Cu/Zn
SOD is an important enzyme involved in antioxidant defense
in nearly all cells through catalyzing the dismutation of superox-
ide into oxygen and hydrogen peroxide. As the thirdmost abun-
dant protein in erythrocytes, PRX2 competes effectively with
catalase and glutathione peroxidase to scavenge low levels of
hydrogen peroxide, including that derived from hemoglobin au-
toxidation. It is possible that oxidation represents an alternative
mechanism for stimulating cellular responses relevant to the di-
arrhetic effects of OA. In addition, our results found that eight
molecular chaperone proteins were altered in expression by
OA. Heat shock proteins (HSPs) are highly regulated proteins
that are involved in normal cellular activity, and are up-
regulated when the cell is exposed to stress such as heat or ex-
cess ROS production [63]. Our results showed that the protein
level of HSPs increased at 3 h, but decreased at 6 h and 24 h.
These results suggested that OA might induce excess ROS pro-
duction in the intestine especially 3 h after oral administration,
which depressed the expression of antioxidative enzymes and
enhanced the expression of HSPs, and subsequently destroyed
the antioxidant defense barrier of the mouse intestines.
5. Conclusions

The present study provided a new insight at the proteomic level
into the acute toxicity of OA on mouse intestines. The presence
of OA destroyed the intestinal microvilli and cellular ultrastruc-
ture (rER andmitochondria), and also inhibited PP activity signif-
icantly, which resulted in the dephosphorylation of numerous
proteins regulating essential metabolic processes in intestinal
cells, and subsequently to diarrhea. The proteomic analysis
revealed that OA toxicity destroyed the digestive enzyme system,
affecting lipid, amino acid and sugar metabolism, cytoskeleton
reorganization, and inducing oxidative stresswith a concomitant
interference with cell signal transduction in the intestinal cells,
suggesting that OA toxicity in mouse intestines is complex and
diverse, and multiple proteins and biological processes are in-
volved in the diarrhetic process (Fig. 7). Villin 1 and hnRNP F
might be the key triggers inducing diarrhea via interrupting cyto-
skeleton reorganization and cell apoptosis in themouse small in-
testines, and could be used as candidate biomarkers for acute OA
toxicity. However, it isworthnoting that the adverse effects of OA
were short and the small intestine could recover its normal func-
tions gradually within 24 h.
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