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1 Introduction
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Two-dimensional electrophoresis of liver proteins:
Characterization of a drug-induced hepatomegaly
in rats

Two-dimensional electrophoresis (2-DE) of liver proteins was applied to further charac-
terize an unusual drug-induced increase in heptocellular rough endoplasmic reticulum
(RER) in Sprague-Dawley rats given a substituted pyrimidine derivative. Absolute liver
weights of drug-treated rats (9.9 + 0.4 g) increased above vehicle-treated controls (7.2
+ 0.2 g) by 37%. Light microscopy revealed diffuse granular basophilia of the hepato-
cellular cytoplasm, uncharacteristic of hepatocytes and suggested cells rich in ribo-
somes, which was confirmed by electron microscopy. Immunostaining for cell prolifera-
tion, viz., 5-bromo-2'-deoxyuridine (BrdU) and proliferating cell nuclear antigen
(PCNA), indicated marked hepatocellular proliferative activity. 2-DE of solubilized liver
using an ISO-DALT gel system indicated significant (p<0.001) quantitative changes in
at least 17 liver proteins (12 increased, 5 decreased) compared to controls. The protein
with the largest increase was homologous to acute-phase reactant, contrapsin-like pro-
tein inhibitor-6. Other markedly upregulated proteins were methionine adenosyltrans-
ferase, a catalyst in methionine/ATP metabolism and mitochondrial HMG-CoA syn-
thase, involved in cholesterol synthesis. The complementary strategies of 2-DE
coupled either with database spot mapping or protein isolation and amino acid
sequencing successfully identified a subset of proteins from xenobiotic-damaged
rodent livers, the expression of which differed from controls. However, the current bio-
informatics platform for rodent hepatic proteins and limited knowledge of specific pro-
tein functionality restricted application of this proteomics profile to further define a
mechanistic basis for this unusual hepatotoxicity.
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with spontaneous diseases. These protein pattern profiles
may potentially represent signatures of specific host/

Two-dimensional electrophoresis (2-DE), a technique
which enables resolution and quantification of hundreds
of proteins simultaneously, has driven enthusiasm to
completely define proteins expressed in diseased tissue.
2-DE, backed by recent advances in robotics, alternative
protein screening methodologies and data mining of bioin-
formatics platforms, is beginning to offer opportunities to
characterize complex patterns of tissue protein expres-
sion associated with the administration of xenobiotics or
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organ responses or offer insights into pathogenic proc-
esses and/or potential surrogate markers for specific tox-
icity or disease process. A rudimentary database of rat
liver proteins and 2-DE characterization of some xenobi-
otic responses has been initiated [1, 2]. Profiling the pro-
teome of xenobiotic-damaged rodent livers has the long-
term objectives of (i) assisting in investigations of molecu-
lar mechanisms of hepatotoxicity, and (ii) establishing sig-
nature patterns of liver toxicity for high-throughput screen-
ing of drug candidates.

During early preclinical assessment of drug candidates,
we identified by histopathology an unusual hepatomegaly
in rats treated with a series of substituted pyrimidine de-
rivatives [3]. Light microscopy revealed enlarged hepato-
cytes with an unusual cytoplasmic basophilia, atypical of
the usually eosinophilic hepatocyte cytoplasm; this
appearance suggested liver cells rich in ribosomes. Ultra-
structural assessment confirmed an abundance of mem-
brane-bound ribosomes and arrays of vesiculated rough
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endoplasmic reticulum (RER). Hepatomegaly is a well-
recognized response of the rodent liver to xenobiotics and
is generally associated either with an abundance of
smooth endoplasmic reticulum (SER) and increased
microsomal cytochrome P450 [4, 5], or with granular eosi-
nophilic cytoplasm and peroxisome proliferation [6, 7].
Features of this pyrimidine-induced rodent hepatomegaly
were clearly distinct from either of the typical rodent
responses. Since cellular protein synthesis resides pre-
dominantly within RER, it was hypothesized that this
unusual rodent hepatomegaly with abundant RER would
be associated with an abundance of protein synthesis
and perhaps with a specific protein, unique to this particu-
lar drug-induced event. Consequently, 2-DE was utilized
to characterize the protein profile. Specifically, we sought
to test the ability of 2-DE to (i) identify the principal protein
products, (ii) to further define at a molecular level the
mechanism of this hepatomegaly and (iii) to produce a
protein signature pattern which would be of value to future
drug candidate screening. Further, since liver enlarge-
ment was a prominent feature, the magnitude of hepato-
cellular proliferation was characterized using both exoge-
nous and endogenous markers of cell proliferation.

2 Materials and methods

2.1 Animals

Female Sprague-Dawley (Crl:CD®BR) rats were obtained
from Charles River Laboratories (Raleigh, NC). Following
quarantine procedures, rats were acclimatized to local
housing conditions for at least seven days and were 9-10
weeks old at study start. Rats were housed individually in
stainless-steel cages in a controlled environment (68—
76°F; 40-70% relative humidity) with 12 h light-dark cycle
and were offered certified Rodent Diet #5002 (PMI Feeds,
St. Louis, MO) and filtered tap water ad libitum. The stud-
ies were conducted under veterinary supervision and con-
formed to NRC Guidelines for animal use [8].

2.2 Experimental design

A substituted pyrimidine analog was administered to rats
(10/group) once daily by oral gavage for seven days, as
a suspension in 1% aqueous methyl cellulose (Sigma,
St. Louis, MO); controls received an equivalent volume
(10 mL/kg) of the vehicle only. To assess hepatocellular
proliferative activity, an osmotic minipump (Alzet model
2ML1, 10 ul/h; Alza Corporation, Palo Alto, CA) was
implanted subcutaneously, under isoflurane inhalation
anesthesia (Florane; Ohio Medical Products, Madison,
WI), into the back of each rat on the first day of study
and 5-bromo-2'-deoxyuridine (BrdU; 20 mg/mL in 0.01 N
NaOH; Sigma) was continuously delivered to each rat
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over the course of the 2-day experiment. Rats were killed
by carbon dioxide exposure, the livers were weighed and
slices collected from the left and right lateral lobes for
microscopy. For 2-DE, approximately 0.5 g of liver tissue
was taken from the apical end of the left liver lobe of each
rat and held on ice prior to solubilization.

2.3 Light and electron microscopy

Liver slices were immersion-fixed in 10% neutral buffered
formalin, routinely processed to 5 um paraffin sections,
stained with hematoxylin and eosin (H&E) and examined
by light microscopy. For ultrastructural evaluation, por-
tions, of formalin-fixed liver were transferred to phos-
phate-buffered 2.5% glutaraldehyde and processed into
epoxy resin. Thin sections (70 nm) were collected on cop-
per grids, stained with uranyl acetate and lead citrate and
examined with a JEOL 1200EX transmission electron
microscope.
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Figure 1. Photomicrographs of rat liver sections stained
concurrently with hematoxylin and eosin from (a) a control
and (b) a rat given pyrimidine derivative for 7 days. Hepa-
locytes of pyrimidine-treated rat are uniformly more blue
than those of control, but cells do not differ in size. Bar =
50 um.
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Figure 2. Transmission electron micrographs of portion
of a hepatocyte from (a) a control and (b) a rat given pyri-
midine derivative for 7 days. Heptocyte from drug-treated
rat possesses abundant profiles of vesiculated RER
(arrows) in contrast to the orderly RER profiles of the con-
trol. Bar = 1.5 um.

2.4 Assessment of hepatocellular proliferation

The percentages of hepatocytes in S-phase (labeling
index) from pyrimidine-treated and control rats were cal-
culated from paraffin sections of liver stained immunohis-
tochemically for BrdU incorporation [9] using a BrdU mon-
oclonal antibody (Anti-BrdU; Becton Dickinson, San Jose,
CA) and an anti-mouse IgG biotinylated secondary anti-
body (Vector Laboratories, Bulingame, CA), followed by
streptavidin (Streptavidin-HRP; DAKO, Carpinteria, CA)
and 3,3-diaminobenzidine staining. A labeling index was
obtained by counting 1000 hepatocytes/rat. Additional
sections were stained immunohistochemically for the
endogenous replication marker, proliferating cell nuclear
antigen (PCNA) [10, 11], using a PCNA monoclonal anti-
body (Coulter Corporation, Hialeah, FL) and an anti-
mouse IgM biotinylated secondary antibody (Vector Labo-

Electrophoresis 2000, 21, 2122-2128

Table 1. Hepatocellular labeling indices for pyrimidine-
treated rats and controls

Hepatocellular labeling index
(%; mean = SEM)

Antibody Controls Pyrimidine-treated  p-value®
BrdU 13.48+1.98 48.37+4.39 0.00008
PCNA 19.59+4.97 37.72+5.49 0.02476

a) Comparison of mean by non-paired, 1-tailed ttest;
n=10

ratories) followed by streptavidin and 3,3-diaminobenzi-
dine. A proliferating index was obtained based on 1000
hepatocytes/rat.

2.5 2-DE

Liver samples were homogenized in eight volumes of 9 m
urea, 2% NP-40 detergent, 0.5% dithiothreitol (DTT) and
2% pH 8-10.5 Pharmalytes. The homogenates were
centrifuged at 420 000 X g at 22°C for 30 min (TL 100
ultracentrifuge, TLA 100.3 rotor, 100 000 rpm; Beckman
Instruments, Palo Alto, CA). The supernatant was re-
moved, divided into four aliquots and stored at —80°C until
analysis. Sample proteins were resolved by 2-DE using
the 20 X 25 cm ISO-DALT 2-D gel system [12] operating
with 20 gels per batch. All first-dimensional isoelectric
focusing gels were prepared using the same single stand-
ardized batch of carrier ampholytes (BDH 4-8A) selected
by Large Scale Biology's batch testing program for all rat
and mouse database work. Eight uL of solubilized liver
protein were applied to each gel, and the gels were run
for 33 000-34 500 Vh using a progressively increasing
voltage protocol implemented by a programmable high
voltage power supply. An Angelique computer-controlled
gradient casting system was used to prepare second-
dimensional SDS gradient slab gels in which the top 5%
of the gel was 11% T acrylamide, and the lower 95% var-
ied linearly from 11% to 18% T. First-dimensional IEF
tube gels were loaded directly onto the slab gels without
equilibration and held in place by polyester fabric wedges
(Wedgies) to avoid the use of hot agarose. Second-
dimensional slab gels were run in groups of 20 in thermal-
regulated (10°C) DALT tanks with buffer circulation. Fol-
lowing SDS electrophoresis, the slab gels were fixed
overnight in 1.5 L/10 gels of 50% ethanol/3% phosphoric
acid and then washed three times for 30 min in 1.5 L/10
gels of cold double ionized water. They were transferred
to 1.5 L/10 gels of 34% methanol/17% ammonium sul-
fate/3% phosphoric acid for 1 h and after the addition of
1 g powdered Coomassie Brilliant Blue G-250 the gels
were stained for three days to achieve equilibrium inten-
sity. Stained slab gels were digitized in red light at 133 um
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resolution, using an Eikonix 1412 scanner and images
were processed using the Kepler software system as de-
scribed previously [13]. The liver master 2-D pattern used
in this study was Wistarlivi. This master was used and
described in previous studies [14]. A Student t-test was
used to detect quantitative protein changes between con-
trol and treated groups with a cutoff made at p < 0.001.
This yielded a total of 52 spots with significant abundance
changes. Spots were identified from their master spot
numbers in the Wistar rat liver master number database
(MS numbers).

3 Results

3.1 Liver weight and morphology

The mean absolute liver weight of pyrimidine-treated rats
increased above that of controls by 37% (9.9+0.4 g vs.
7.2 £ 0.2 g) and mean relative weight, based on body
weight, increased 55% above control values. Light micro-
scopic examination of H&E sections from pyrimidine-
treated rats revealed cytoplasm of hepatocytes that was
conspicuously more basophilic than in concurrently stain-
ed liver sections from controls (Fig. 1). This tinctorial
change was present diffusely throughout the hepatic

WISTARLIVI 1

S2 spots with P<0.001

Figure 3. Map of protein spots showing the complete 2-
D pattern with the 52 spots changes by treatment (p
< 0.001) highlighted by filled ellipses and remaining spots
shown as open ellipses. Molecular masses range from
approximately 10—200 kDa (y-axis, bottom to top) and p/
from 4 to 7 (x-axis, left to right).
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lobules. Hepatocytes from treated and controls rats ap-
peared of similar size but occasional mitotic figures were
observed within livers from pyrimidine-treated rats;
inflammatory cell infiltrates and/or hepatocellular necrosis
was not a feature of this drug-induced response. Bile
ducts and the vasculature appeared normal. By electron
microscopy, hepatocellular cytoplasm of pyrimidine-treat-
ed rats contained abundant membrane-bound ribosomes
and arrays of vesiculated RER in contrast to orderly, non-
vesiculated RER observed in controls (Fig. 2).

3.2 Assessment of hepatocellular proliferation

The hepatocellular labeling indices obtained from BrdU
and from PCNA immunostaining are shown in Table 1.
Both were significantly increased with drug treatment
when compared to controls, indicating a hepatocellular
proliferative effect of drug over the course of the study.

3.3 2-DE

There were significant (p<0.001) abundance changes in
52 spots of which 36 increased and 16 decreased (pyrimi-
dine-treated rats vs. controls). One protein increased 12-
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52 spots with P<0.001

Figure 4. Map showing the 52 protein spots changed by
treatment (p < 0.001) with their spot master numbers in
the Wistar rat liver master number system. Molecular
masses range from approximately 10 to 200 kDa (y-axis,
bottom to top) and p/from 4 to 7 (x-axis, left to right).
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fold and six other proteins increased 3 to 6-fold above
control. Two schematic 2-D maps are presented (Figs. 3
and 4) showing the locations of these spots and their MS
numbers. A series of bar graphs (Fig. 5) illustrates the
normalized abundances of each protein on each gel.

3.4 Identity of proteins

From the 52 spots with significant abundance change with
treatment, several proteins have been previously identi-
fied in the F344 rat liver reference 2-D pattern [1] which is
linked to the Wistar rat liver reference 2-D pattern through
a translation table. Seventeen proteins were identified
from their MS number(s) and are listed in Table 2.

Electrophoresis 2000, 21, 2122-2128

4 Discussion

The unusual morphological feature of this hepatomegaly
was the abundance of RER within hepatocytes which, in
this case, was coupled with a marked hepatocellular pro-
liferative response. Replication of RER and associated
accumulation of ribosomal ribose nucleic acid (rRNA) is
an unusual drug-induced response in the rodent liver. In
general, hepatomegaly in rodents is associated either
with cytochrome P450 induction and SER replication or
with peroxisomal proliferation. The morphological ab-
sence of SER corresponded with an assessment of hep-
atic cytochrome P450 enzyme activities in that an in-
crease was not detected in these livers (data not shown).
This was further correlated with the absence in abun-
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Figure 5. Bar graphs display normalized abundancies of each protein on each gel. Each panel repre-
sents the integrated Coomassie blue adsorbance measurements (abundance) for one protein, with
MS number listed at top left of each panel. Each bar represents the value from one rat (controls on

left, pyrimidine-treated on right).
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Table 2. The 17 proteins, based on gel spots with signifi-
cant (p<0.001) abundance change (pyrimidine
treatment vs. control) identified from the Wistar-
liv 1 MS numbers

Abundance

MS change vs

Number control® dentity

55 1 SMP30 Senescence marker
protein 30

80 1 LAMR Laminin receptor

133,144,235 1 HMGcoAS-f  Hydroxymethylglutaryl-
coenzyme A synthase

307 1 HO1 Heme oxygenase 1

320 1 PKI1 Protein kinase C inhibitor 1

322 1 DOPD_RAT  Dopachrome tautomerase

356 1" ATPA_RAT  ATP synthase a-chain

385 1 ER60_RAT  Probable protein disulfide
isomerase ER-60

438 1" PRCZ_RAT  Proteasome zeta-chain

474 " CPSM_RAT  Carbomyl-phosphate
synthase (weak signal)

837 1" METL_RAT  S-adenosylmethionine
synthetase

1247,1249 " Contrapsin-like protein
inhibitor 6

17 ! ATPB ATP synthase beta-chain

94 ! ICDH Isocitrate dehydrogenase

104 ! MBP-23 23 kDa morphine-
binding protein

139 l HPP_RAT 4-Hydroxyphenylpyruvate
dioxygenase

395 ! DHA5 Aldehyde dehydrogenase
mitochondrial X
precursor

a) increased <3-fold, 11 3 to 5-fold; 111 12-fold; | de-
creased

dance changes for P450 proteins in the 2-DE assess-
ment. Induction of hepatic cytochrome P450 was clearly
not a feature of this hepatic response. Regarding peroxi-
somal proliferation, the morphological and 2-DE data also
correlated: There was no ultrastructural evidence of in-
creased hepatocellular peroxisomes nor of protein abun-
dance increases of enzymes [15] associated with peroxi-
somal fatty acid 3-oxidation.

Replication of RER, when observed in other cell types
(e.g., plasma cells), can be associated with increased
serum concentrations of very homologous proteins, sug-
gesting synthesis and secretion of consistent protein
product. However, the serum protein concentrations in
drug-treated rats from this study were comparable to con-
trol values; evidence of hyperproteinemia was not ob-
served. Since numerous dilated vesicles were present
within the hepatocellular RER, it appeared that the riboso-
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mal product(s) were possibly being retained within hepa-
tocytes. Based on histopathological experience with other
hepatotoxicities, we did not attribute this striking degree
of RER replication to the hepatocellular proliferative re-
sponse, regardless of its magnitude. Accordingly, we
hypothesized that this drug-induced replication of RER
would be associated with a specific protein product and
that 2-DE would allow isolation and identification. Unex-
pectedly, a complex array of 52 hepatocellular proteins,
which were either increasing or decreasing in abundance,
was identified.

The protein which increased to the greatest magnitude in
the drug-treated rats was represented by two spots which
closely resembled o4-antitrypsin. Comparison of these
spots (MS #1247 and 1249) to the Wistar rat liver master
number database indicated homology to contrapsin-like
protein inhibitor-6. Contrapsins are serine protease inhibi-
tors synthesized in rat liver, they are acute-phase reactant
and function in a variety of physiological and inflammatory
processes. As markers of biological responses, contrap-
sins lack specificity and regulation of their expression is
little understood. Kordula and co-workers [16] have stud-
ied three contrapsins from rat liver and provide data sug-
gesting that interleukin-6 (IL-6), in conjunction with leuke-
mia inhibitory factor (LIF) and glucocorticoids, functions to
regulate contrapsin expression in primary cultures of rat
hepatocytes. Since IL-6 has a regulatory role in hepato-
cellular proliferation [17], it is likely that the enhanced
expression of contrapsin in these drug-treated rats was
more reflective of the proliferative response rather than of
the RER replication. An additional series of spots (MS
#133, 144 and 235) was identified, again from the Wistar
rat liver database, to represent mitochondrial hydroxymet-
hylglutaryl-coenzyme A synthase (HMG-CoAS-f), an en-
zyme important in cholesterol synthesis. Clinical chem-
istry parameters (data not shown) monitored in rats given
this substituted pyrimidine derivative for up to 1 month did
not indicate altered cholesterol plasma concentrations as
a consequence of enhanced HMG-CoAS-fi in these livers;
consequently the biological implications of the increased
intracellular enzyme concentrations are unknown. En-
hanced expression of S-adenosylmethionine synthetase
(MS#837) was also observed. This enzyme which cata-
lyzes the formation of S-adenosylmethionine from methio-
nine and ATP has been associated with rat hepatocellular
regeneration [18].

The biological implication of alterations in abundance of
other proteins in this rat liver response, including those
which decreased in abundance with treatment (ATP syn-
thase B-chain, isocitrate dehydrogenase, 23 kDa mor-
phine-binding protein, and 4-hydroxyphenylpyruvate de-
oxygenase) are even less clear. Of the 36 spots which
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increased in abundance, including two (MS #617 and
1189) which increased more than 3-fold, and also of the
16 spots which decreased in abundance, the majority
remain to be identified. Until platform databases of protein
identity are more complete and accessible to investiga-
tors, and details of protein expression, regulation and pro-
tein functionality are better defined, the interpretation of
these complex protein profiles in context of their mecha-
nistic implication in diseased organs will necessarily
remain restricted.

In summary, application of 2-DE to characterize the pro-
teome of rat hepatocytes which displayed a unusual hep-
atomegaly resulted in a successful characterization of a
complex array of altered liver proteins. Consistent with
challenges becoming more broadly recognized in the sci-
ence of proteomics [19], the current limited state of knowl-
edge regarding liver protein identities, function, pathway
interactions and ultimate biological outcomes constrained
our intepretative ability; this protein data set provided little
to further understanding of the mechanism(s) or patholog-
ical consequences of this liver response. Considerable
challenges remain ahead in the definition of protein signa-
tures and in the functional characterization of a broad
assortment of proteins.

The authors thank Ms Kate Rhodes for technical assis-
tance with assessment of hepatocellular proliferation.
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