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Schistosoma mansoni eggs produced by adult worms in the mesenteric vasculature become trapped in the
liver, where they induce granulomatous lesions and strong immune responses. Infected individuals suffer from
intestinal schistosomiasis (INT) in 90% of cases, whereas the remaining 10% present with severe hepatosplenic
schistosomiasis (HS). The CBA/J mouse model mimics human disease, with 20% of infected mice developing
hypersplenomegaly syndrome (HSS) that resembles HS and 80% developing moderate splenomegaly syndrome
(MSS) similar to INT. We studied differential patterns of protein expression in livers of 20-week-infected
CBA/J mice with MSS or HSS to understand the molecular changes that underlie these two disease forms.
Using differential in-gel electrophoresis to identify differentially expressed protein spots, we found 80 protein
spots significantly changed with infection and 35 changes specific to severe disease. In particular, the abun-
dances of prohibitin 2, transferrin isoforms, and major urinary protein isoforms were significantly altered in
HSS mice. Furthermore, annexin 5, glutathione S-transferase pi class, and S. mansoni phosphoenolpyruvate
carboxykinase expression levels changed significantly with schistosome infection. Additionally, levels of major
urinary protein decreased and levels of transferrin increased significantly in the sera of HSS mice compared
to levels in sera of MSS or control mice, and these differences correlated to the degree of splenomegaly. These
findings indicate that the liver protein abundances differ between MSS and HSS mice and may be used for the

development of diagnostic markers for the early detection of hepatosplenic schistosomiasis.

Schistosomiasis affects 200 million people worldwide (13),
and Schistosoma mansoni-associated hepatomegaly is esti-
mated to affect 8.5 million people (62). From animal studies, it
is estimated that the acute phase of infection for schistosomi-
asis occurs roughly 5 to 6 weeks after infection, when the
parasitic eggs are swept into the liver microvasculature and
induce granulomatous lesions. The chronic phase begins more
than 12 weeks postinfection, with periportal liver fibrosis and
extreme splenomegaly. In 90% of infected individuals, the egg-
associated inflammation recedes, resulting in intestinal schis-
tosomiasis (INT). In contrast, 10% of infected individuals
present with severe hepatic and periportal fibrosis, portal hy-
pertension, and portal-systemic venous shunts due to hepatic
granulomas; these contribute to life-threatening hepatosplenic
schistosomiasis (HS) (27). Granulomas play an important role
in the development of the severe pathology of schistosomiasis
(56). Previous studies have shown that the development of
schistosomiasis causes liver dysfunction by altering metabolic
processes through the upregulation or downregulation of en-
zymes (25, 67). Despite successful control measures for schis-
tosomiasis in many countries, population growth and move-
ment (13) and risk of reinfection (38) have played major roles
in the transmission and spread of schistosomiasis to new areas.

Our research focuses on an understanding of the protein
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patterns associated with the two distinct pathological forms of
schistosomiasis. We used the CBA/J mouse model, as it repro-
duces human discase forms, with 20% of CBA/J mice devel-
oping hypersplenomegaly syndrome (HSS), which resembles
HS, and 80% of the mice developing moderate splenomegaly
syndrome (MSS), which is similar to INT (27). We have used
two-dimensional differential in-gel electrophoresis (2D-DIGE)
wherein protein samples are prelabeled with CyDyes before
two-dimensional electrophoresis (2DE) for differential analy-
sis, enabling the accurate tracking of qualitative and quantita-
tive differences between MSS and HSS samples. Matrix-as-
sisted laser desorption ionization (MALDI)-time of flight
(TOF) mass spectrometry was used to identify protein spots
that changed during the development of MSS and HSS. We
believe that identifying disease-specific proteins may contrib-
ute to the early detection of and treatment strategies for hepa-
tosplenic schistosomiasis.

MATERIALS AND METHODS

Mouse model and liver sample collection. Male CBA/J mice were obtained
from the Jackson Laboratory and were maintained at the American Association
for Accreditation of Laboratory Animal Care, Centers for Disease Control and
Prevention, in accordance with institutional guidelines and federal regulations.
Mice were infected by the subcutaneous injection of 45 cercariae of a Puerto
Rican strain of S. mansoni that had been maintained in Biomphalaria glabrata
snails. At 20 weeks of infection, animals were sacrificed and classified as having
MSS or HSS based on percent spleen body weight and gross pathological ap-
pearance (27). Liver and serum samples were collected from the three groups
(uninfected age-matched controls, MSS, and HSS; n = 5 per group) and snap-
frozen at —80°C. A similar but different set of liver samples was collected from
uninfected age-matched control, MSS, and HSS groups as described above along
with liver samples from 12-week-infected CBA/J mice (n = 10) and stored at
—80°C. All the samples were collected within the same time period to avoid bias
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due to collection time. The Victoria University of Wellington Animal Ethics
Committee approved all experiments.

Extraction of protein from liver tissue. For each liver sample, approximately
10 mg of tissues was homogenized in 100 wl standard lysis buffer containing 30
mM Tris-HCI (Sigma-Aldrich, St. Louis, MO), 2 M thiourea (Merck, Darmstadt,
Germany), 7 M urea (Merck), and 4% (wt/vol) CHAPS {3-[(3-cholamidopro-
pyl)-dimethylammonio]-1-propanesulfonate} (Sigma-Aldrich). Homogenates
were vortexed for 10 min and centrifuged at 13,000 rpm for 10 min. The protein
concentration was determined by using a 2D-Quant kit (GE Healthcare, Upp-
sala, Sweden) (7). Lysates were stored at —20°C until further use.

Differential in-gel electrophoresis (DIGE) with CyDyes. Liver lysates and sera
were thawed, vortexed, and centrifuged before labeling, and the pH was adjusted
to 8.5 by the addition of 1.5 M Tris-HCI (pH 8.5). The Minimal CyDye kit (GE
Healthcare) was used to label the liver lysates according to the manufacturer’s
recommended protocol. The internal standard, a pool of all 15 lysates, was
labeled using Cy2; individual samples were labeled with Cy3 and Cy5. Ten
micrograms of protein was labeled with 80 pmol of amine-reactive CyDyes
reconstituted in anhydrous dimethylformamide (Sigma-Aldrich) for 30 min at
4°C in the dark. The reaction was quenched by the addition of 1 pl 10 mM lysine
to the mixture (7). Labeled samples were combined for electrophoresis as indi-
cated in Table S1 in the supplemental material.

Two-dimensional gel electrophoresis. Seven-centimeter Immobiline immobi-
lized pH gradient (IPG) DryStrips (pH 4 to 7) were placed in contact with the
labeled protein sample diluted to 125 pl with rehydration buffer containing 2 M
thiourea, 7 M urea, 2% IPG buffer (pH 3 to 10; GE Healthcare), 2% dithio-
threitol (DTT), 4% (wt/vol) CHAPS, and 0.5% bromophenol blue. The strips
were subjected to first-dimension separation by using an IPGphor system (GE
Healthcare) with the following protocol: temperature of 20°C; current of 50 pA
per strip; and 300 V (step) for 30 min, 1,000 V (gradient) for 30 min, 5,000 V
(gradient) for 85 min, and 5,000 V (step) for 25 min. The 7-cm IPG strips (pH
6 to 11; GE Healthcare) were subjected to overnight rehydration without the
CyDye-labeled sample by using 125 wl rehydration buffer containing 2 M thio-
urea, 4 M urea, 1% IPG buffer (pH 6 to 11; GE Healthcare), 2% (wt/vol)
CHAPS, 10% isopropanol, 2.5% DTT, 5% glycerol, and 0.5% bromophenol
blue. Labeled samples were diluted to 100 pl with rehydration buffer and incu-
bated overnight in the dark at room temperature. A Multiphor II system (GE
Healthcare) was used to focus IPG (pH 6 to 11) strips by using the following
protocol: temperature of 20°C; current of 2 mA per strip; and 200 V (step) for
1 min, 3,500 V (gradient) for 90 min, and 3,500 V (gradient) for 64 min. Samples
were loaded by cup loading at the anodic end. The focused strips were equili-
brated at room temperature for 10 min in equilibration buffer (50 mM Tris [pH
8.8], 6 M urea, 30% glycerol, 2% SDS, 0.5% bromophenol blue) with 1% DTT,
followed by an equilibration at room temperature for 10 min in equilibration
buffer with 2.5% (wt/vol) iodoacetamide. The equilibrated strips were electro-
phoresed on NuPAGE Novex 4 to 12% Bis-Tris Zoom gels and IPG Well (1.0
mm) (Invitrogen, Carlsbad, CA) using NuPAGE MOPS (morpholinepropane-
sulfonic acid) SDS running buffer with the addition of 0.5 ml NuPAGE antiox-
idant (Invitrogen) in the inner chamber (7). The pH 3 to 10 strips for serum
DIGE were electrophoresed by using the same procedure as that described
above for the pH 4 to 7 strips.

Scanning of DIGE-labeled images. Gels were scanned by using a Fuji film
FLA-5100 apparatus (Fuji Photo Film Co., Tokyo, Japan). The Cy2, Cy3, and
Cy5 images were scanned sequentially. The filter specifications for Cy2, Cy3, and
Cy5 images were described previously (7).

Image analysis. DIGE gels were analyzed for differentially expressed proteins
using DeCyder 2-D 6.5 software (GE Healthcare). The internal standard assisted
in linking protein spots in the gel, giving an accurate quantitation and minimizing
the effects of variation between gels. The standard was included for all gels, and
each gel was matched to the standard. The biological variation analysis (BVA)
module was used for matching multiple gels, comparing protein spots, and
calculating statistics for differences in protein spot abundance. The spot detec-
tion limit was set to 2,500. The difference in protein spots between gels is
expressed by using the average volume ratio among the three groups, with “+”
indicating the increase in the average volume ratio and “—” indicating the
decrease in the average volume ratio (Table 1). The false discovery rate (FDR)
is a statistical method to interpret the proportion of false-positive results among
those proteins that are thought to be significantly changed. Due to the high
dimensionality of the data, the FDR feature was applied as a multiple-test
correction to minimize the false-positive discovery of protein spots and keep the
overall error rate low. The data were analyzed according to the guidelines for a
target power of 0.8 (i.e., a 2-fold change in the average volume ratio can be
accepted using four replicates with a one-way analysis of variance [1-ANOVA]
value of =0.01) (31, 32). Multivariate analysis was performed by using the
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DeCyder-Extended data analysis module with the principle-component analysis
(PCA) and hierarchical cluster analysis (HCA) features. PCA and HCA reduced
the multidimensionality of the protein spot data across gel images. Individual
spot volumes extracted from the DeCyder software were compared by use of
GraphPad Prism v 4 software. Protein spot Gene Ontology functional data were
plotted by using SPSS 16.0.1 software.

Spot picking and enzymatic digestion. The preparative gels (75 pg protein per
gel) for liver lysates and sera were fixed, prestained, and stained as described
previously (25). The gels were scanned by using a Molecular Dynamics (Sunny-
vale, CA) Personal Densitometer SI scanner. Spots were excised from the pre-
parative gels by using a 1.5-mm Spot Picker Plus apparatus (The Gel Company,
San Francisco, CA) and transferred into v-bottom-shaped 96-well polypropylene
plates (Greiner Bio-One, Germany). An Ettan digester (GE Healthcare) was
used for destaining and to perform in-gel digestion of gel plugs by using the
following protocol. The gels plugs were washed four times for 30 min with 100 pl
50 mM NH,HCOj; (Sigma-Aldrich) in 50% methanol (Merck) and dried at room
temperature for 60 min. Ten microliters of trypsin (0.05 pg/10 pl in 20 mM
NH,HCO3) (trypsin-modified sequencing grade; Roche Diagnostics, Germany)
was added to each well, and digestion was carried out for 6 h at room temper-
ature. The tryptic digests were transferred onto a fresh plate, and the gel plugs
were washed with 10 pl 0.1% trifluoroacetic acid (TFA) (Sigma-Aldrich) in 50%
acetonitrile (Merck) for 20 min two times each. The digestion and wash solutions
were collected and combined. The tryptic peptides were dried overnight com-
pletely in a laminar flow hood.

Protein identification by mass spectrometry. The dried tryptic digests were
resuspended in 1 pl of 10 mg/ml a-cyano-4-hydroxycinnamic acid (CHCA;
Sigma-Aldrich) solution prepared in a 50% (vol/vol) solution of acetonitrile and
0.25% TFA and spotted onto a MALDI plate and air dried prior to mass
spectrometry. All tryptic digests were analyzed by MALDI-TOF (Voyager-DE Pro
MALDI-TOF mass spectrometer; Applied Biosystems, Foster City, CA). The
spectra were collected over the range m/z 800 to 3,500. External calibration was
performed by using calibration mixture 2 of the Sequazyme peptide mass stan-
dard kit (Applied Biosystems), containing angiotensin I (m/z 1,297.51), frag-
ments of the adrenocorticotropic hormone 1-17 (m/z 2,094.46), and 18-39 (m/z
2,466.72). Internal calibration was performed by using monoisotopic trypsin
peaks (m/z = 805.41 and 2,163.05). Spectra were processed by using Data
Explorer software (v 5.1; Applied Biosystems) to generate monoisotopic peptide
masses, which were used to identify proteins using Mascot Server, MatrixScience,
v 2.1.03, against the complete NCBInr and schistosome database (updated 27
March 2007). Complete cysteine modification by iodoacetamide, methionine
partial modification by oxidation, 50 ppm peptide tolerance, and one missed
trypsin cleavage were included as search parameters. Criteria for a match in-
cluded the number of peptides matched, sequence coverage, and the difference
in probability between the first and second matches (7).

Western blots. Liver lysate proteins separated by one-dimensional electro-
phoresis on a 1.0-mm 12-well NuPAGE Bis-Tris gel (Invitrogen) were transblot-
ted onto Hybond-LFP, a low-fluorescent, hydrophobic polyvinylidene difluoride
(PVDF) membrane (GE Healthcare). The proteins were blotted at 25 V for 2.5 h
and blocked for 1 h at room temperature by using 5% nonfat dry milk in
Tris-buffered saline-Tween (TBST) (pH 7.4) for phosphoenolpyruvate car-
boxykinase (PEPCK) and 1% casein (Merck) in TBST for major urinary protein
(MUP) and transferrin. The membranes were washed three times for 5 min with
TBST and probed with primary polyclonal antibodies (PEPCK rabbit polyclonal
antibody, MUP goat polyclonal antibody, and transferrin goat polyclonal anti-
body; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a 1:600 dilution
overnight at 4°C, followed by three washes for 5 min with TBST. This was
followed by 2 h of incubation with secondary Cy5-labeled anti-rabbit and anti-
goat antibodies, respectively (Jackson ImmunoResearch Laboratories, West
Grove, PA) at a 1:2,000 dilution at room temperature. Mouse anti-actin mono-
clonal antibody (Chemicon International, Inc., Millipore, CA) was used as a
loading control with Cy3-labeled anti-mouse antibody (Jackson Immuno-
Research Laboratories). Protein bands were visualized by using a Fujifilm FLA-
5100 scanner (Fuji Photo Film Co.). ImageQuant 5.2v (GE Healthcare) software
was used to analyze protein band volumes. Sera (10 g protein/well, diluted 1:50
with phosphate-buffered saline [pH 7.4]) were treated similarly to liver lysates
and probed for mouse transferrin by Western blotting.

RESULTS AND DISCUSSION

All of the 20-week S. mansoni-infected CBA/J mice had
enlarged, granulomatous livers and were classified as being
MSS or HSS by the percent spleen-to-body weight ratio
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TABLE 1. Identified protein spot comparisons between study groups

AVR“

e . Molecular .
Spot Protein’ HC wC oy gi no. pl mass (kDa) Function” Reference(s)
1 Actin +2.12 +1.81  +1.17 809561 5.8 39.45 STR 25
2 Actin +2.39 +2.04 +1.17 49868 5.8 39.45 STR 25
3 Albumin +3.26 +1.88  +1.73 19353306 5.8 70.73 APP 25
4 Albumin +2.84 +1.71  +1.66 33859506 5.8 70.73 APP 25
5 Albumin +2.83 +1.73  +1.63 19353306 5.8 70.73 APP 25
6 Albumin -2.13 -1.51 -141 26341396 5.5 67.04 APP 25
7 Aldehyde dehydrogenase 9 +2.87 +1.90 +1.51 9910128 6.6 54.47 ROX 17, 64
8 Annexin 5 +4.52 +2.17  +2.08 6753060 4.8 35.78 SIG 43
9 ATPS —2.05 -1.88  —1.09 23272966 52 56.65 EGM 11, 25
10 ATPS -2.13 -1.72  -1.24 23272966 52 56.65 EGM 11, 25
11 Betaine homocysteine +3.80 +2.54 +1.50 62533211 6.0 40.28 MYL 20, 59
methyltransferase 2
12 Brain and reproductive organ- +3.04 +2.08  +1.46 38173925 5.7 43.95 APO 12, 36
expressed protein
13 Carbamoyl phosphate synthase —2.60 -1.87 —-1.39 73918911 6.5 165.8 EGM 25, 60
14 Chaperonin-containing TCP-1 theta —2.85 -1.78 —1.60 5295992 54 60.06 PRF 1,25
subunit
15 Collagen 6al +17.8 +12.2 +1.45 12805443 5.8 44.76 STR 19, 25
16 Collagen 6al +47.8 +32.3 +1.48 12805443 5.8 44.76 STR 19, 25
17 Collagen 6al +55.8 +36.2 +1.54 12805443 5.8 44.76 STR 19, 25
18 Collagen 6al +47.8 +31.9 +1.50 12805443 5.8 44.76 STR 19, 25
19 Collagen 6al +34.7 +24.2 +1.43 12805443 5.8 44.76 STR 19, 25
20 Collagen 6al +21.0 +15.5 +1.36 12805443 5.8 44.76 STR 19, 25
21 Collagen 6al +10.2 +7.81  +1.30 12805443 5.8 44.76 STR 19, 25
22 Collagen 6al +5.38 +4.94  +1.09 12805443 5.8 44.76 STR 19, 25
23 Collagen XIV +5.13 +240  +2.13 30420885 5.0 194.3 STR 19, 25
24 Collagen XIV +4.27 +2.78  +1.54 30420885 5.0 194.3 STR 19, 25
25 Collagen XIV +7.13 +3.61  +1.97 30420885 5.0 194.3 STR 19, 25
26 DMDH —2.04 -1.71  -1.20 59808083 7.8 97.44 CHO 25
27 DMDH -221 -1.74  -1.27 59808083 7.8 97.44 CHO 25
28 DMDH —2.34 -1.76  —1.33 59808083 7.8 97.44 CHO 25
29 EH —2.46 -1.78 —1.38 15929294 59 63.07 XBM 44
30 EH -2.41 -203 -1.19 15929294 59 63.07 XBM 44
31 EH -2.82 -185 -1.52 15929294 59 63.10 XBM 44
32 10-FTHFDH —2.52 -1.49  -1.69 20380027 5.6 99.55 MYL 33, 64
33 10-FTHFDH —2.56 -143 -1.79 20380027 5.6 99.55 MYL 33, 64
34 10-FTHFDH —2.28 —-154 —1.48 23271467 5.6 99.55 MYL 33, 64
35 10-FTHFDH —2.36 -151 —1.56 20380027 5.6 99.55 MYL 33, 64
36 10-FTHFDH —2.47 -1.70  —1.46 23271467 5.6 99.55 MYL 33, 64
37 Glucosidase II +3.53 +2.47  +1.43 57013837 4.4 59.74 PRF 2,49
38 Glucosidase 1I B +2.47 +2.13  +1.16 57013837 4.4 59.74 PRF 2,49
39 Group-specific component +2.89 +1.81  +1.60 51172612 5.4 55.18 APP 40, 55
40 Keratin D +2.43 +1.52 +1.60 293682 53 47.47 STR 9,53
41 Lymphocyte cytosolic protein 1 +4.17 +3.06 +1.36 26326929 52 70.77 PRF 57
(plastin 2)
42 Plastin 2 +3.24 +2.45 +1.32 26326929 52 70.77 PRF 57
43 MUP —8.11 -1.69 —4.80 53271 4.8 17.71 PHE 18
44 MUP —7.54 -1.50 -=5.02 12851568 4.8 17.71 PHE 18
45 MUP —10.3 -261 =396 13276755 4.8 17.71 PHE 18
46 MUP —5.56 -235 —237 494384 4.8 17.71 PHE 18
47 MUP —3.51 -150 —-2.34 38488789 4.8 21.73 PHE 18
48 Myosin light polypeptide 6 —2.15 -1.68 —1.28 33620739 4.6 17.09 STR 66
49 NADH dehydrogenase (ubiquinone) -2.12 -1.75 -121 21704020 55 80.76 EGM 8
Fe-S protein 1
50 Protein disulfide-isomerase A3, Erp57 +3.17 +1.94 +1.63 26353794 5.8 57.12 ROX 25, 54
51 Pyruvate carboxylase —3.44 -217 -1.58 26346581 6.1 103.8 EGM 24, 25

Continued on following page
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TABLE 1—Continued
e AVR? . Molecular .

Spot Protein’ HC wC oy gi no. pl mass (kDa) Function” Reference(s)
52 Pyruvate carboxylase —2.35 -1.72  —-1.36 26346581 6.1 103.8 EGM 24, 25
53 Retinol binding protein type I +2.73 +191  +1.43 21730472 5.1 15.86 APP 61
54 RNase/angiogenesis inhibitor +2.15 +2.16  —1.00 14577933 4.6 51.21 IMM 14
55 S-Adenosylhomocysteine hydrolase -2.10 -1.68 —1.25 63471580 6.1 48.08 MYL 35
56 SARDH -2.16 -135 —1.59 26352359 6.4 57.84 CHO 37
57 SARDH —2.80 —146  —1.92 26352359 6.4 57.84 CHO 37
58 SARDH —6.43 -323 -1.99 26352359 6.4 57.84 CHO 37
59 SBP2 —3.66 —240 —1.53 188848341 5.8 53.16 XBM 25,28
60 SBP2 +2.99 +1.63 +1.84 18848341 6.0 52.90 XBM 25,28
61 Succinate dehydrogenase Fp subunit -2.33 -1.81 —-1.29 15030102 6.2 59.27 EGM 8
62 Transferrin +2.83 +1.43  +1.98 62027488 7.0 78.87 APP 25
63 Transferrin +4.17 +1.66  +2.52 62027488 7.0 78.87 APP 25
64 Transferrin +4.72 +1.71  +2.76 62027488 7.0 78.87 APP 25
65 Transferrin +4.60 +1.68  +2.74 62027488 7.0 78.87 APP 25
66 Tropomyosin 3 +2.19 +1.61  +1.37 26341416 4.7 27.88 STR 25, 46
67 Valosin-containing protein +4.76 +3.68  +1.29 26350783 5.1 80.70 PRF 68
68 Vimentin +2.31 +2.67 —1.16 31982755 4.9 53.73 STR 9,25
69 Vimentin +2.54 +2.68  —1.06 31982755 4.9 53.73 STR 9,25
70 Aldehyde dehydrogenase Al —2.62 -202 -141 32484332 8.3 55.08 ROX 17, 64
71 Catalase 1 —3.00 -261 —1.15 15004258 7.8 60.01 ROX 25, 48
72 Glutamate dehydrogenase —2.76 -212  -1.30 26354278 8.6 61.60 EGM 42, 63
73 Glutathione S-transferase pi class -3.27 -205 —1.59 2624496 8.3 23.52 XBM 25, 26
74 H2 Q4 +5.01 +323 —1.55 51770518 7.3 71.74 IMM 22,29
75 H2 Q4 +8.09 +4.88  —1.66 51770518 7.3 71.74 IMM 22,29
76 H2 Q4 +12.2 +729  -1.67 51770518 7.3 71.74 IMM 22,29
77 H2 Q4 +18.3 +11.6 —1.58 51770518 7.3 71.74 IMM 22,29
78 H2 Q4 +17.2 +10.4 —1.66 51770518 7.3 71.74 IMM 22,29
79 sm-Phosphoenolpyruvate +14.4 +8.05 —1.79 74828716 6.8 71.46 GLN 5

carboxykinase
80 Prohibitin 2 +3.25 +1.61  +2.02 61556754 9.8 33.29 PRF 6, 41
(76363295)

“ AVR: average volume ratio between study groups (C, control; M, MSS; H, HSS).
® APO, antiapoptotic; APP, acute-phase protein; CHO, choline metabolism; EGM, energy metabolism; GLN, gluconeogenesis; IMM, immune response; MYL,
methylation; PHE, pheromone; PRF, protein folding; PRM, protein metabolism; ROX, redox reactions; SIG, cell signaling; STR, structural protein; XBM, xenobiotic

metabolism.

¢ ATPS, ATPS5 beta synthetase; DMDH, dimethylglycine dehydrogenase; EH, epoxide hydrolase; 10-FTHFDH, formyl tetrahydrofolate dehydrogenase; SARDH,

sarcosine dehydrogenase; H2 Q4, MHC class I H2 Q4 alpha chain.

(%SBW) and gross pathological characteristics. The average
percent spleen-to-body weight ratio for uninfected mice was
0.272, that for MSS mice was 0.578, and that for HSS mice was
2.314; these values are similar to those reported in previous
studies (27).

2D-DIGE was used to measure the biological variation in
protein abundance from uninfected and S. mansoni-infected
animals with either MSS or HSS (n = 5 per group). This
experiment was performed twice with independent sets of sam-
ples, and similar results were obtained for each replicate. Fig-
ure 1 is a pseudocolor map of superimposed DIGE images for
pH 4 to 7 and pH 6 to 11 IPG strips and compares control liver
lysate to a 20-week-infected HSS liver lysate. DeCyder soft-
ware detected 2,550 spots each in the pH ranges of 4 to 7 and
6 to 11 by using the BVA module. The numbers of protein
spots that changed for the pH ranges of 4 to 7 and 6 to 11 were
295 and 129, respectively. Furthermore, 134 and 38 protein
spots in the pH ranges of 4 to 7 and 6 to 11 showed a =2-fold
change in the average volume ratio, with an ANOVA value of

=0.01. These were designated proteins of interest. The appli-
cation of the false discovery rate (FDR) to eliminate false-positive
results gave a total of 107 and 17 protein spots for each pH range,
respectively. These 124 spots were subjected to MALDI-TOF
mass fingerprinting and matched to database sequences, resulting
in the identification of 80 protein spots (Fig. 1 and Table 1; see
Table S2 in the supplemental material).

A previous study by our group used the 2DE approach to
understand the impact of infection on 8-week S. mansoni-
infected C57BL/6 mice and reported the impairment of mul-
tiple functional pathways in the liver during schistosomiasis
(25). In a similar manner, we have assessed how the func-
tional pathways were altered at 20 weeks of infection in
CBA/J mice and compared the control mice with mice with
MSS and HSS for changes that occurred (Fig. 2 and Table
1). In particular, we found that structural proteins, immune
response proteins, and acute-phase proteins showed in-
creased abundances, while the proteins related to energy
metabolism, choline metabolism, and xenobiotic metabo-
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FIG. 1. Pseudocolor map of total liver proteins from uninfected and HSS mice separated by 2D-DIGE. Liver lysates from control/uninfected
liver were labeled with Cy5 (green), lysates from 20-week-infected HSS liver were labeled with Cy3 (red), and a pooled internal standard of liver
lysates from all mice in the study (n = 15) was labeled with Cy2 (blue) (not shown). Isoelectric focusing was performed on 7-cm IPG strips (pH
4 to 7 and pH 6 to 11), and proteins were then separated by using SDS-PAGE. The image overlays of Cy5- and Cy3-labeled proteins appear yellow.
The numbers correspond to the protein spots in Table 1. Note that the MUP (protein spots 45 to 49) is green, showing higher abundance in control
mice, and that collagen (protein spots 16 to 23) is red, showing higher abundance in HSS mice.

lism were decreased in abundance. Specific proteins of in-
terest are discussed below.

Acute-phase protein: transferrin. Transferrin is a negative
acute-phase protein, and decreased serum levels in patients
with liver diseases were previously reported (45), while high
levels are linked to alcoholic fatty liver disease (47). In patients
with hepatosplenic schistosomiasis (51) and urinary schistoso-
miasis (4, 52), both increased (52) and decreased (4, 51) serum
levels have been reported. Our previous work with C57BL/6
mice demonstrated increased liver transferrin levels after 8
weeks of S. mansoni infection (25). Similarly, this study shows
a significant 2.5- to 4.6-fold increase in 4 transferrin spots
(spots 62 to 65) (Fig. 1) in CBA/J mice with HSS but not MSS
(Fig. 3 and Table 1) during the chronic stage of disease. The
increased abundance of transferrin may be attributed to the
growth of schistosome worms since a previous study found that
schistosomes require iron and bind host transferrin for devel-
opment (16). Our results suggest that increased levels of trans-
ferrin in HSS mice is a patent feature of that disease form and
thus has potential as a biomarker for hepatosplenic disease.

Structural proteins. Intestinal and hepatosplenic schistoso-
miases are marked by fibrosis, which is the major cause of

pathology and changes the structural composition of the liver.
We found significant changes to two actins, gamma and beta
actins (2-fold increase), and 11 collagens (2- to 55-fold in-
creases) during schistosome infection (spots 1, 2, and 15 to 25)
(Fig. 1 and Table 1). These findings support data from previous
work (25), and the specific deposition of collagen isoforms 6a
and XIV is consistent with previously documented liver fibrosis
(19, 25). Another cytoskeletal protein, keratin D (type I) in
mouse liver, corresponds to K18 (type I, acidic pI) in human
liver and is associated with liver diseases (58). Using male
Swiss Albino mice fed the fungistatic drug griseofulvin (53),
Salmhofer et al. previously studied posttranslational modifica-
tions that were associated with the phosphorylation and pro-
teolytic degradation of keratin filaments. Although that group
investigated the structural disturbances caused by the modifi-
cation of keratin in alcoholic hepatitis, our study shows that a
similar protein change develops in severe schistosome-medi-
ated liver pathology. Indeed, we found increased levels of
keratin D associated with HSS but not MSS. This finding is
unique to our study. Furthermore, research by Boehme et al.
detected autoantibodies to keratin in patients with schistoso-
miasis infection (9), which, together with our findings, suggests
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FIG. 2. Distribution of protein abundance during schistosomiasis by Gene Ontology molecular function categories.

that the development of a response to modified cytoskeletal
proteins such as keratin may contribute to disease pathology.

Energy metabolism. Schistosomiasis causes liver dysfunction
and the disruption of major metabolic pathways, including
proteins involved in energy and nitrogen metabolism such as
the ATP synthase beta subunit, carbamoyl phosphate synthase
1, and pyruvate carboxylase. The ATP synthase beta subunit is
a mitochondrial respiratory chain component of the ATP syn-
thesis complex and is involved in liver regeneration (11). We
found significant decreases in levels of this enzyme during
chronic HSS schistosomiasis, consistent with previous results
for mice with acute infections (25). Carbamoyl phosphate syn-
thase 1 is a urea cycle enzyme that is associated with liver
carcinogenesis and hepatotoxicity. Likewise, the level of this
enzyme was decreased in mice with HSS (25, 60). The level of
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FIG. 3. The abundances of MUP isoforms, transferrin isoforms,
SmPEPCK, and prohibitin 2 are significantly altered in HSS livers.
One-way ANOVA for all spots gave a P value of =<0.01. %, P < 0.05
compared to control; #, P < 0.05 compared to MSS mice by Newman-
Keuls multiple-comparison test. The numbers on the x axis correspond
to the protein spots in Table 1.

pyruvate carboxylase, a gluconeogenic enzyme that was previ-
ously reported to have decreased levels in rat and human
hepatomas (24) and in schistosomiasis (25), was also de-
creased. The reduction of these protein spots by 2- to 3-fold is
suggestive of changes in liver metabolism during the develop-
ment of the more severe 20-week schistosome-mediated liver
pathology.

Choline metabolism. We found a significant decrease in the
abundances of two proteins associated with choline metabo-
lism, dimethylglycine dehydrogenase (DMDH) and sarcosine
dehydrogenase (SARDH). These mitochondrial dehydroge-
nases catalyze the final steps of choline metabolism, converting
dimethylglycine to sarcosine and then sarcosine to glycine. The
predicted native masses of the proteins are 97.3 and 101.7 kDa
for DMDH and SARDH, respectively, corresponding to their
positions on the gels. Both proteins have predicted posttrans-
lational modifications including phosphorylation that would
potentially give rise to isoforms that differ in their isoelectric
points. In HSS livers, three DMDH spots (spots 26 to 28) (Fig.
1) showed a greater-than-2-fold loss, with a smaller nonsignif-
icant decrease in MSS compared to controls (Table 1). The
levels of three SARDH isoforms (spots 56 to 58) also de-
creased more than 2-fold in HSS, with smaller decreases in
MSS. The greatest loss of more than 6-fold in HSS mice was
for the most basic (spot 58) of the three SARDH isoforms. The
loss of DMDH is similar to the findings described previously by
Harvie et al. (25), and the loss of SARDH was reported pre-
viously for hepatocellular carcinoma (37). Our research found
2- to 6.4-fold decreases in the SARDH spots, suggesting sim-
ilar hepatic responses in schistosomiasis and hepatocarcino-
genesis. Furthermore, SARDH may be useful to differentiate
between HSS and MSS, since the average volume ratio de-
crease for three SARDH spots in HSS is large in comparison
to that in MSS, which is suggestive of an isoform pattern
specific for severe disease. Additionally, schistosomes use host
lipids for survival, as they do not make sterols or fatty acids de
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gave a P value of =0.01. Newman-Keuls multiple-comparison test compared HSS mice to control and MSS mice with a P value of <0.05.

novo. Choline is crucial for phosphatidylcholine biosynthesis in
schistosome development, especially in female worms (3). The
decreased levels of SARDH and DMDH reported in our study
could mean increased choline uptake toward phosphatidylcho-
line biosynthesis.

Xenobiotic metabolism. Schistosome infection induces alter-
ations in the redox balance due to increases in numbers of
schistosome eggs in the host liver microvasculature that cause
oxidative stress from immune-generated radicals (34). More-
over, the release of toxic heme and ferrous ions generated due
to the consumption of hemoglobin by schistosome larvae (10)
contributes to the increase in amounts of xenobiotic proteins.
In contrast, the xenobiotic proteins identified in our study
showed decreased amounts (Fig. 2 and Table 1). The glutathi-
one S-transferase (GST) enzyme family is associated with the
detoxification of endogenous and exogenous toxins. Increased
levels of glutathione S-transferase class pi (GSTPi) in tumor
tissues (26) as well as in schistosomiasis (25) were previously
reported. In contrast, our study found decreased levels of
GSTPi (spot 73) in MSS and HSS mice, and this decrease may
represent alterations in protein abundance during the chronic
stage of infection compared to the acute stage.

Selenium binding protein 2 (SBP2) is a liver protein that has

anticancer and neuroprotective properties (15, 21). Henkel et
al. previously used carbon tetrachloride to induce liver fibrosis
and portal hypertension in BALB/c mice and found that the
level of SBP2 was decreased by using DIGE techniques (28).
Similar to these findings and those described previously by
Harvie et al. using schistosome-infected mice (25), our re-
search shows decreased levels of SBP2 (spot 59) (Table 1) in
HSS mice by 3.5-fold and in MSS mice by 2.5-fold. However,
we also report one upregulated SBP2 spot (spot 60) (Table 1)
in HSS. While this finding seems contradictory, it indicates that
a more in-depth analysis of different SBP2 isoforms may pro-
vide a better perspective of the involvement of these isoforms
in schistosomiasis and determine their relevance as specific
biomarkers.

Immune-related proteins. Schistosome eggs are well-char-
acterized inducers of immune responses (27). In MSS and HSS
mice, there was a 2- to 18-fold elevation of the level of the
major histocompatibility complex (MHC) class I histocompat-
ibility antigen H2 Q4 alpha chain precursor, a nonclassical
MHC class Ib-like molecule (spots 74 to 78). This upregulation
may reflect an increased or altered immune recognition of
parasite-derived products. While Hernandez et al. showed that
classical MHC class II, but not MHC class I, molecules are
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involved in granuloma formation in early-stage disease (29),
our data suggest a possible role for the nonclassical MHC
molecules like H2 Q4 in the development of schistosome-
induced immune responses.

Levels of two other immune-related proteins, lymphocyte
cytosolic protein 1 and prohibitin 2, were significantly in-
creased in chronically infected mice. Lymphocyte cytosolic
protein 1 (plastin 2) is an actin-binding protein expressed in
monocytes, B lymphocytes, and myeloid cells. A recent study
showed an increased abundance of lymphocyte cytosolic pro-
tein 1 in chemically induced mouse liver tumors (57), and
another study reported a 3-fold increase of lymphocyte cyto-
solic protein 1 transcript levels using Affymetrix microarray
profiling in C57BL/6J mice with traumatic brain injury (30).
Although the technique, mouse model, and tissue studied dif-
fer, we report similar findings with two lymphocyte cytosolic
protein 1 spots (spots 41 and 42) (Table 1) showing an in-
creased protein abundance (3- to 4-fold). Taken together, we
believe that increased levels of this protein are associated with
tissue injury and stress conditions and suggest effects on stress
metabolism in moderate and severe schistosomiasis.

Prohibitin 2 (B-cell receptor-associated protein 37) is closely
related to and complexed with prohibitin 1 (p32). It plays a role
in tumor suppression and cell cycle regulation as well as in-
ducing apoptosis (23). Because the level of prohibitin gene
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expression increases in rat bladder carcinomas and it interacts
with tumor suppressor gene proteins (6), it was highlighted as
a possible therapeutic target (41). Our study shows a significant
3.25-fold increase in HSS but not MSS mice (spot 80) (Table 1
and Fig. 3) and may indicate its involvement in cell prolifera-
tion and/or apoptosis during severe disease. Furthermore, it
provides further support for the idea that similar pathological
mechanisms may be occurring during schistosome-mediated
liver disease and carcinogenesis.

Major urinary protein and phosphoenolpyruvate carboxyki-
nase. Major urinary protein (MUP) is from the lipocalin family
and functions as a pheromone transporter in mouse urine.
MUP has similarity to human epididymis-specific lipocalin 9,
but more elaborate studies are needed to understand the re-
lationship between this protein in mice and that in humans
(65). Previous research suggested that a decrease in MUP
levels is an early event in the development of mouse liver
tumors and may be used as a tumor marker in mouse hepato-
carcinogenesis (18). Our study shows five MUP spots (spots 43
to 47) (Table 1) with a 2- to 10-fold decrease in expression
levels specifically in HSS livers, while MSS livers showed only
two spots with a 2.6-fold decrease in expression levels. This is
the first report of a specific alteration in this protein during
schistosomiasis (Fig. 3 and Table 1). The large decrease of
MUP levels in HSS livers lends further support to the possi-
bility of early-stage responses to hepatocarcinogenesis having
similarities to hepatosplenic schistosomiasis.

Asahi et al. previously proposed that S. mansoni phos-
phoenolpyruvate carboxykinase (SmPEPCK) is a novel antigen
for schistosome infection and suggested its potential as a dis-
ease-specific protein marker (5). In agreement with those find-
ings, we found that SmPEPCK abundance increased >13-fold
in HSS livers and 8-fold in MSS livers (spot 79) (Table 1 and
Fig. 3). While mice do express a murine PEPCK, the results
from the proteomic analyses have matched the protein spot to
the parasite and not mouse PEPCK. Thus, due to the large
increase in amounts of SmPEPCK in our study, we agree with
the conclusions of Asahi et al. that this protein is a good
candidate for development as a biomarker for schistosome
infection.

Protein abundance verification. To verify the huge changes
in the abundance of SmPEPCK, mouse MUP, and mouse
transferrin, we performed Western blot analysis of liver lysates
and serum samples from uninfected, MSS, and HSS mice (Fig.
4a and b). Liver lysates from 3 mice per group were analyzed
and probed for the expression of MUP, PEPCK, transferrin, or
actin as a loading control. The antibody used to detect PEPCK
was known to recognize mouse PEPCK, but its reactivity to
SmPEPCK was unknown, and thus, we included soluble schis-
tosome egg antigen (SEA) to test its specificity. Although there
was no reaction with the schistosome protein, increases in
levels of PEPCK were observed for MSS and HSS liver lysates
(Fig. 4a and b). This indicated that in addition to the increase
in SmPEPCK detected by DIGE, the mouse liver enzyme also
increased in abundance. Furthermore, the PEPCK results in-
dicate that there is a potential for enhanced gluconeogenesis in
infected liver through the increased activity of this hepatic
enzyme. PEPCK also has a role in glucose metabolism in
schistosomes, as PEPCK carboxylates phosphoenolpyruvate to
oxaloacetate that is then converted to malate for the parasite’s
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energy needs (39). These results suggest that levels of PEPCK
of mouse origin as well as SmPEPCK increase in MSS and HSS
mice and that further studies are needed to target SmPEPCK
specifically.

In contrast to SmPEPCK, our 2D-DIGE results indicated
that both transferrin and MUP changes were greater for HSS
mice. Using Western blotting, we found that the MUP band
intensity for MSS mice and especially HSS mice was decreased
compared to that for control mice (Fig. 4b). In contrast, the
transferrin protein band intensity for HSS mice was signifi-
cantly higher than those for both MSS and control mice (Fig.
4b). These results verify our 2D-DIGE findings for the MUP
and transferrin abundance in the liver (Fig. 1 and 4b). To
determine if the difference in transferrin expression levels was
reflected in serum, we assessed serum transferrin levels by
Western blotting and found a significant increase for HSS mice
compared to MSS and control mice (Fig. 4c). In addition,
2D-DIGE confirmed that the level of serum MUP was signif-
icantly decreased in HSS mice compared to that in MSS and
control mice (Fig. 4d). Together, these findings indicate that
the differences in liver abundance of transferrin and MUP are
reflected in the serum and are markers for chronic hepato-
splenic disease in mice.

Multivariate analysis. Principal-component analysis was
used to compare the protein spot map data from the three
study groups. This supervised analysis showed a close cluster-
ing of the individual 2D-DIGE spot maps within each group
and thus revealed that control, MSS, and HSS mice have dis-
tinct and unique liver protein patterns (Fig. 5 and see Fig. S1
in the supplemental material). Hierarchical cluster analysis is
an unsupervised multivariate analysis depicted by a dendro-
gram and heat map; this analysis gave an overview of the
different proteins and study groups with similar expression
profiles grouped together (see Fig. S2 and S3 in the supple-
mental material). As seen on the left-hand side of the heat
map, the proteins with similar functional groups are clus-
tered together, while the 2D-DIGE spot maps with similar
levels of protein expression are segregated into experimen-
tal groups, as stated in our study. Taken together, the results
of the supervised and unsupervised multivariate analyses
indicate that MSS and HSS mice have distinct proteomic

signatures that reflect the pathology of schistosomiasis, and
further analysis of the unique protein changes may provide
insight into the molecular changes that drive these disease
forms.

Protein abundance and disease severity. We explored the
relationship between the percent spleen-to-body weight ratio
(%SBW) and transferrin and MUP abundances. We found a
significant correlation between the change in MUP and trans-
ferrin abundances and %SBW for control, MSS, and HSS mice
(Fig. 6). To further understand if this relationship was appar-
ent at an earlier time point after infection, we compared the
liver spot volumes of MUP and transferrin of 12-week-infected
mice (n = 10) with their %SBW and found that the expression
of these two proteins correlated with disease severity (Fig. 6).
Associations between %SBW and MUP and transferrin were
tested by using simple linear regression. There were significant
correlations with disease severity (* = 0.538 and P < 0.001 for
MUP and 7 = 0.754 and P = 0.0011 for transferrin). Overall,
these results show that the unique liver protein changes that
distinguish HSS and MSS correlate to pathology and are de-
tectable during the early chronic stage of disease.

The use of the CBA/J mouse chronic experimental schisto-
somiasis model allowed us to explore the physiological roles
and biochemical activities of various protein isoforms and vari-
ants associated with MSS and HSS disease forms. The liver
2D-DIGE profiles depicted a unique picture of protein pat-
terns expressed between MSS and HSS and revealed an in-
creased abundance of proteins associated with energy metab-
olism, choline metabolism, and xenobiotic metabolism. The
uniqueness of this study lies in the fact that lymphocyte
cytosolic protein 1 isoforms, sarcosine dehydrogenase iso-
forms, prohibitin 2, transferrin isoforms, and MUP have not
previously been associated with hepatosplenic schistosomi-
asis. Furthermore, we were able to verify that changes in
transferrin and MUP levels in the liver were reflected in the
serum and that these changes correlated with disease sever-
ity even at early time points. Thus, we believe that these
proteins may be valuable as potential diagnostic biomarkers
that may assist in the early detection and treatment of schis-
tosomiasis patients.
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