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Alterations in rabbit kidney protein expression
following lead exposure as analyzed by two-
dimensional gel electrophoresis

It was recently reported that low blood lead levels impaired kidney function in men. To
develop a set of molecular markers of renal lead exposure and effect, we investigated
changes in renal protein expression while approximating occupational lead exposure
at subchronic, low blood levels. Lead was administered to male Dutch Belted rabbits
as a lead acetate solution adjusted weekly to achieve and maintain the target blood
lead levels of 0, 20, 40, and 80 pg/dL for 15 weeks. Lead exposure did not affect kidney
or body weights. The effect of increasing blood lead on protein expression was evalu-
ated in rabbit kidney by large-scale two-dimensional electrophoresis (2-DE). Significant
quantitative changes (p < 0.05) occurred in a dose-related manner in 12 proteins at
20 pg/dL exposure, 25 at 40 ug/dL, and 102 at 80 ug/dL. At a higher level of signifi-
cance (p < 0.001), 40 pg/dL blood lead resulted in one protein alteration and 80 ug/dL
affected 14 proteins. A set of quantitatively altered charge variants was tentatively
identified as glutathione-S-transferase (GST), based on similar observations in rodents
subjected to short-term, very high lead exposure. The significance of the protein altera-
tions observed as markers of toxicity awaits their conclusive identification. Investiga-
tion of the kidney 2-DE profile in lead-exposed rabbit may be useful in understanding
the mechanism of lead nephrotoxicity in humans.
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1 Introduction

According to the National Occupational Exposure Survey
conducted by the National Institute for Occupational
Safety and Health (NIOSH), 827 000 American workers
are potentially exposed to lead [1]. Lead is a common
occupational and environmental hazard because of its
broad industrial use in the manufacturing of batteries, fuel
additives, pipes, pigments, solders, and shielding. Exces-
sive exposures occur most frequently in nonferrous
foundries, radiator repair shops, firing ranges, lead smel-
ters, construction sites, and demolition sites. Uptake of
lead occurs mostly by inhalation, although ingestion may
contribute to exposure. The kidney, a primary target
organ in the initial accumulation of absorbed lead [2],
takes it up through glomerular filtration, tubular reabsorp-
tion, and a small fraction through direct absorption [3-6].
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Lead-induced nephrotoxicity in workers and experimental
animals is well-documented and characterized as
decreased glomerular filtration rate and nephropathy of
proximal tubules [7, 8]. Kim et al. [9] reported increasing
blood lead levels even within a low-range impaired kidney
function in adult men. In carcinogenesis studies, 45% of
male Sprague-Dawley rats developed kidney tumors after
58 weeks of a 1% lead acetate diet [10]. Body weight
decreased to 80% of the control and the organ/body
weight ratio of kidney and liver increased to 200% and
114% of the control levels, respectively. Choie and
Richter [11] reported that a single dose of lead acetate
(0.04 mg/g body weight) stimulated a remarkable replica-
tion of proximal tubular cells in rat kidney in two days.
Rabbits and humans share many similarities in the lumi-
nal lead load of renal tubular cells and haemsynthesis
pathway response to lead intoxication [12]. It has been
suggested that the luminal lead load of renal tubular cells
may be very similar in man and rabbit [13], because of the
similarity in the single nephron glumerular filtration rate
and the average length of the proximal tubules in humans
and rabbits. We have developed an experimental rabbit
model with sustained blood levels comparable to those
found in occupational settings (20-80 ng/dL). As part of a
multidisciplinary research project to evaluate the rabbit as
a toxicological model for lead exposure, we investigated
the effect of elevated blood lead on rabbit renal two-
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dimensional gel (2-DE) protein profiles. Using 2-DE and
computerized image analysis, we resolved the complex
mixture of hundreds of cellular proteins and mapped phe-
notypic alterations in lead-treated rabbit kidney cells.
These studies provide a preliminary mechanistic under-
standing at the biochemical level of the lead-induced toxic
effect on the kidney glomerulus and proximal tubules and
offer insight into the putative basis for lead nephrotoxicity
in the exposed worker.

2 Materials and methods

2.1 Animal care

Sexually mature male Dutch Belted rabbits (approxi-
mately 67 months of age, 2 kg) were obtained from
Hazelton Research Products (Aberdeen, MD). They were
individually housed in an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)
approved animal facility (19-21°C) in stainless steel (25”
X 20”7 X 16”) cages as required by the current United
States Department of Agriculture (USDA) guidelines. All
rabbits were individually marked/identified and were ob-
served daily. A 12 h light/dark cycle was maintained. Each
rabbit was fed certified High Fiber Purina (Nr. 5325) rabbit
chow (limited to 125 grams/day) and water ad libitum.
Trace analyses including lead and pesticides were con-
ducted on food and water.

2.2 Treatment and blood collection

The lead treatment protocol consisted of a 5-week pre-
dosing period and a 15-week dosing period [14]. Follow-
ing the baseline period the rabbits were randomized into
a control and three dose groups (n = 15/group). Lead was
administered as a lead acetate solution in sterile 5% dex-
trose via subcutaneous injection to circumvent dietary
effects on gastrointestinal absorption and allow enhanced
control of blood lead concentrations. The controls were
given a subcutaneous injection of 5% dextrose. Each rab-
bit was given 3 mL of the loading dose solution three
times per week during study weeks 6-10. Animals were
dosed on a mg/kg basis as follows: 260, 360, or 1300 pg/
kg lead to achieve targeted blood levels of 20, 40 or
80 pg/dL, comparable to those lead levels achieved in the
exposed worker. Following the loading dose period, rab-
bits were then placed on maintenance dose solutions dur-
ing study weeks 11-20. The concentration of the mainte-
nance dose solution administered was calculated using
the previous week's blood lead value as a percentage of
the expected dose. Blood lead levels were determined
weekly throughout the entire 20-week period. Blood was
collected by jugular phlebotomy, added to 1 mL EDTA
(ethylenediaminetetraacetic acid) solution, and analyzed
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for lead by GFAAS-Z (graphite furnace atomic absorption
spectroscopy with Zeeman background correction) [15].
As quality control checks, reference blood pools for instru-
mental calibration along with centers for Disease Control
and Prevention (CDC) certified blood pools were in-
cluded. The limit of detection was determined to be

0.1 nug/g.

2.3 Collection of rabbit kidney

Animals were injected intravenously with 1250 IU heparin
sodium via the marginal ear vein at least 20 min prior to
sacrifice. Animals were weighed, then sacrificed by over-
dose with a concentrated solution of sodium pentobarbital
(approximately 75 mg/kg) via the marginal ear vein. Major
organs, i.e., the brain, liver, gall bladder, accessory sex
organs as well as kidney, were evaluated for pathological
changes. A 250 mg piece of kidney was sectioned (coro-
nally) at or near the cortico-medullary boundary such that
each sample was composed primarily of renal cortical
cells. Kidney sections were removed and stored at
—70°C.

2.4 Two-dimensional gel electrophoresis

Tissue samples were minced, ground-glass homogenized
and solubilized in 2 mL of a lysis buffer (pH 9.5) con-
taining 9 m urea (BDH Chemical, Poole, UK), 4% 3-[(3-
cholamidopropyl)dimethylammonio] - 1 - propanesulfonate
(CHAPS; Calbiochem, La Jolla, CA), 1% dithiothreitol
(DTT; Sigma, St. Louis, MO) and 2% carrier ampholytes,
pH 8-10.5 (Sigma). Sample proteins were resolved by
2-DE using the 20 X 25 cm ISO-DALT™ 2D gel system
(Hoefer Scientific Instruments, San Francisco, CA) [16].
Solubilized protein samples (175 ug) were applied to each
isoelectric focusing (IEF) gel tube, and the gels were run
for 25000 Vh using progressively increasing voltage
(500 V for 1 h, 750 V for 1 h, 1000 V for 1 h, and 1200 V
for 19 h). A computer-controlled gradient casting system
was used to prepare second-dimension SDS (sodium
dodecyl sulfate) gradient slab gels in which the acryl-
amide concentration varied linearly from 11 to 17%T.
First-dimensional IEF tube gels were loaded directly onto
the slab gels. Second-dimensional slab gels were run in
groups of 20 in a DALT slab electrophoresis tank at 10°C
for 18 h at 160 V. Following SDS electrophoresis, slab
gels were stained for protein using Coomassie Brilliant
Blue G-250, a colloidal staining procedure, for 96 h, after
which equilibrium intensity was achieved [17].

2.5 2-DE analysis

Stained gels were digitized at 125 micron resolution using
a CCD (charge-coupled device) scanner and images
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were processed using the KEPLER™ software system to
generate a parameter list giving x, y position, shape, and
density information for each detected spot. Groupwise
statistical comparisons were made to screen for protein
alterations (two-tailed Student's ttest) and pattern uni-
formity (coefficient of variation, CV). Corresponding spot-
integrated density information was presented graphically,
as maps, bar graphs, and screen captures shown in Fig.
3—7. Consistency of protein spot abundance, i.e., disper-
sion of values around group means, was accomplished
by calculating the CV for each group and generating an
average of all the individual CVs. CV was determined by
dividing the standard deviation by the group mean and
expressing this value as a percentage.

2.6 Immunoelectrophoresis

Protein patterns on replicate gels were electroblotted for
immunological identification of glutathione-S-transferase
(GST) protein spots. Proteins were transferred from the
polyacrylamide gel slabs onto polyvinylidene difluoride
(PVDF) membranes (in 49 mM Tris — 39 mwm glycine buffer
with 0.04% SDS and 20% methanol, pH 9.2) using a
semidry transfer cell for 37.5 Vh at room temperature.
The PVDF membranes were washed and blocked with
several exchanges of 0.3% Tween-20 in phosphate buff-
ered saline (PBS; 0.15 m NaCl, 0.01 m sodium phosphate
buffer, pH 7.4) and incubated with primary antibody
(1:2000; Biotrin, Dublin, Ireland) for 1.5 h. Blots were
washed with 0.3% Tween-20 in PBS, incubated 1.5 h with
an alkaline phosphatase-conjugated secondary antibody
(Biotrin) and visualized using 5-bromo-4-chloro-3-indo-
lyl phosphate/nitroblue tetrazolium (BCIP/NBT, Sigma
Fast™ tablets). Following visualization, all blots were
rinsed with water and scanned as described below. They
were then air-dried, blocked with 0.3% Tween-20 in PBS,
rinsed with water, and stained with stabilized colloidal
gold reagent [18].

2.7 Glutathione-S-transferase activity
determination

GST activity was determined by assaying the amount of
1-chloro-2,4-dinitrobenzene (CDNB) conjugated with glu-
tathione per mg of cytosolic protein [19]. CDNB was incu-
bated with glutathione and a source of GST in phosphate
buffer, pH 6.5. The change in absorbance at 340 nm was
monitored for 2 min and GST activity was calculated as
nmol/min/mg protein.

3 Results
3.1 Blood lead

A lead exposure of 5-8 weeks was necessary to achieve
the target blood lead concentrations of 20, 40 and 80 pg/
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dL. Once these levels were obtained, rabbits were admin-
istered maintenance doses of lead. Blood lead levels fluc-
tuated only slightly from targeted values for the remainder
of the study (data not shown).

3.2 Pathology

Average body weight increased minimally, from 2161 to
2277 g, through the 20-week study irrespective of lead
treatment (Fig. 1). There were no differences in the kid-
ney/body weight ratio as the blood lead level increased
(Fig. 2). Major organs, i.e., the brain, liver, gall bladder,
accessory sex organs as well as the kidney, were evalu-
ated for pathological changes. No gross pathological
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Figure 1. Mean rabbit weight versus weighing periods
within each lead treatment group at 5-week intervals dur-
ing study.
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Figure 2. Correlation of kidney weight/body weight ratio
to blood lead level. Dotted curve represents 95% confi-
dence interval.
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Figure 3. 2-DE protein master pattern of rabbit kidney. The proteins labeled by MSN are altered by lead exposure
(p < 0.005). Acidic and basic proteins are oriented to the left and the right, respectively. Low M, and high M, proteins are ori-
ented to the top and bottom, respectively. The gel pattern represents a vertical acrylamide gradient of approximately 11—
17% and a horizontal pH gradient of approximately 4-7.5. Molecular weight and p/ calibrations are estimates based on the
calculated M, and p/ of protein spots from samples separated on replicate gels. This pattern includes all proteins detected
in all samples and is thus a composite, not necessarily representative of any one sample pattern.

changes or histopathological lesions were noted in these
organs at target blood lead levels, 20-80 pg/dL.

3.3 2-DE

A 2-DE master pattern of rabbit kidney, a composite of all
protein spots resolved in the numerous sample patterns,
is shown in Fig. 3. The average number of individual kid-
ney proteins which could be reproducibly resolved and
matched to the master pattern per sample, “matched
spots” in Table 1, is 1100. There is a coefficient of varia-
tion of less than 15%, an indication of relative protein pat-
tern consistency, for 200 (18%) of the matched spots
(Table 1). The mean abundance of each matched protein
spot in the master pattern was compared with that for the
corresponding spot in the patterns from the lead-treated

samples. Figure 3 displays the positions of those proteins
identified by master spot number (MSN) that were signifi-
cantly (p < 0.005) altered by lead exposure.

As an initial screen for renal markers of lead toxicity, a
statistical analysis of protein abundance changes in the
various sample patterns was performed. The protein
alterations detected in the various exposure groups show
a dose-related lead effect (Table 1). Only two protein
spots were altered with a significance of p < 0.001, and
these were in the highest lead level group (80 ug/dL). At
p < 0.005, protein changes again occur only in the 80 pg/
dL group with the exception of one protein which was
altered in the 40 pg/dL level group, MSN 299. The dose-
related nature of the renal effect is clearly demonstrated
by the protein alterations compared by Student's t-test at
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Table 1. Statistical analysis of kidney homogenates from
lead-treated rabbits

Number of protein spots Percent matched
(blood lead; pg/dL) protein spots

Matched protein

spots? 1100 -

CV < 15% 200 (18%)

p<0.001 2 (0.18%)

(vs. control)® (80 pg/dL)

p<0.005 1 (0.09%)
(40 pg/dL)

p<0.005 14 (1.3%)
(80 ng/dL)

p<0.05 12 (1.1%)
(20 ug/dL)

p<0.05 25 (2.3%)
(40 ug/dL)

p<0.05 102 (9.3%)
(80 ug/dL)

a) Average number of kidney protein spots in the master
reference pattern (Fig. 1) reproducibly resolved and
matched to the individual sample gel patterns in each
group.

b) Student's t-test

a low significance level, p < 0.05. As Table 1 shows, the
number of proteins exhibiting a change in mean quantity
at this level increased almost exponentially with treat-
ment. Alterations were noted in all lead groups, but the
number increased with the level of lead (12, 25 and 102
proteins in 20, 40 and 80 ug/dL lead, respectively).

Individual abundances of the proteins identified by MSN
in Fig. 3 are shown by bar graphs in Fig. 4. Bars are
grouped by exposure and each individual bar represents
the abundance of that protein in the kidney sample gel
pattern. Most (11) of the fifteen protein alterations
resulted from increased abundance. Figures 5 and 6 illus-
trate the modest changes in protein abundance associ-
ated with lead exposure. The expression of one of the
induced proteins (twofold), MSN 446, a potential marker,
is shown in Fig. 5. Figure 5, a screen capture of Kepler™
system montage format, illustrates that section of each
gel pattern in which MSN 446 is resolved. The far-left
frame in each row is the master pattern for that group.
The remaining six frames show the sample pattern from
individual gels. In contrast, the expression of a protein
whose abundance declined significantly (approximately
50%), MSN 395, is shown in Fig. 6. The far-left frame
illustrates the master pattern, and the remaining six
frames show the sample pattern from individual gels with-
in the corresponding treatment group.
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Putative GST proteins were induced by lead exposure
(Fig. 7) as was GST enzymatic activity, as measured by
thioether formation (nmoles CDNB/min/mg). Four pro-
teins cross-reacted with anti-rat GSTP1 (pi class GST Yp)
antibody, MSN 187, 201, 246 and 392 (data not shown).
The sum of the four spot abundances in each sample
gives the total GSTP1 abundance. This figure parallels
induced GST activity as determined in the same tissue
samples (Fig. 8). In contrast, tentative identification of
stress proteins (hsc 70, hsp 70 and hsp 90) based on
homologous coordinate position as compared to kidney
patterns from rodents revealed no change in abundance
with lead exposure [20].

4 Discussion

Previous epidemiological evidence has shown that neph-
rotoxicity occurs in lead-exposed workers. In the present
investigation we attempted to identify molecular corre-
lates of renal toxicity in a rabbit model developed for
assessing toxic effects of experimental lead exposures
that mimicked occupational exposures. The rabbit pro-
vided an ideal experimental animal model for assessing
the concentration-dependent effects of lead at blood lev-
els below 100 pug/dL since the dosing procedure produced
stable blood levels at or near the three targeted levels.
Further, rabbit renal tissue exhibited a burden of lead that
reflected the blood lead concentrations of the experimen-
tal groups. Choie and Richter [11] reported that rodent
kidney responded to a single injection of lead (4 mg lead/
100 g body weight) with a dose-dependent increase in
body weight and kidney/body weight. In contrast, Kaspr-
zak et al. [10] reported that feeding rats with a 1% lead
diet for 18 months decreased body weight by 80% and in-
creased the kidney/body weight ratio 200%. However, the
response of rat and rabbit to lead appear to be quite dif-
ferent since in this investigation overt toxic effects of lead
were absent. Following subchronic lead treatment in low
to mid-range blood levels (20-80 ug/dL) body weight in-
creased across all groups, and kidney weights were nor-
mal. Further, the kidney/body weight ratio showed only a
slight increase with increasing lead exposure.

The histopathology of an acute lead renal exposure has
been characterized by proximal tubular dysfunction and
interstitial nephritis [21]. Acute toxic effects are primarily
manifested as dilation of endoplasmic epithelium, bulbing
of the nuclear membrane, changes in mitochondrial struc-
ture, and formation of inclusion bodies [22]. Chronic lead
toxicity has been characterized as gradual tubular atrophy
and interstitial fibrosis [23]. Chronic exposure can dam-
age glomeruli and proximal tubules, affect glomerular fil-
tration, renal clearance and tubular reabsorption, and
eventually lead to renal failure [2]. In this study no renal
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Figure 4. Bar graphs of rabbit kidney proteins significantly altered (p < 0.005) by lead exposure. Bars are grouped by
exposure, and each individual bar represents the abundance of that protein (identified by MSN, see Fig. 3) in the kidney
sample gel pattern. The abundances are integrated densities (product of optical density, sx and sy) and have no units. CV

< 15%.

pathological lesions were noted at necroscopy, although
it is possible that any lesions involved only highly subtle
renal tubular degeneration. Interestingly, in rabbits which
received higher doses of lead (over 100 ug/dL), tubules at
the cortico-medullary junction were slightly dilated and
lined by squamous epithelial rather than cuboidal cells.
Further, nuclei of the epithelial cells contained eosino-
philic intranuclear inclusion bodies.

Lead is a powerful enzyme inactivator and reduces oxida-
tive phosphorylation in kidney mitochondria [24]. It
impairs cation transmembrane transportation in mito-
chondrion through inhibition of sodium and potassium
ATPases [25]. It has also been reported that lead acetate
is a strong protein synthesis inhibitor in rabbit reticulo-
cytes in vitro [26]. Choie and Richter [11] reported that a
single injection of lead to rats (4 mg/100 g body weight)
resulted in an increased incorporation of labeled protein

and nucleic acid precursors in vivo accompanied by an in-
creased proliferation of proximal tubular epithelium over a
period of 72 h. Another investigation by Choie and Richter
[22] revealed an increase in protein synthesis following
acute lead administration at a low level (0.54 nug/100 g
body weight). In this study 2-DE was employed to detect
dose-dependent changes in gel protein profiles obtained
from lead-exposed rabbit kidney. Our study of protein pro-
files revealed that significant quantitative variation occur-
red in a small subset of over 1100 matched proteins. The
Student ttest at p < 0.005 revealed that protein altera-
tions occur only in the highest treatment group, 80 ug/dL,
with the exception of one protein, MSN 299. However, at
p < 0.05 the protein alterations detected in the various
lead exposure groups clearly showed a dose-related renal
effect. At this significant level the number of protein quan-
tity changes increased almost exponentially with treat-
ment (Table 1).
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Figure 5. The effect of lead exposure on MSN 446 abundance. The first montage frame in each row
represents the reference or master pattern. The top row shows that portion of each sample containing
MSN 446. The second row shows the 20 pg/dL exposure, the third row 40 ug/dL, and the fourth row

80 pg/dL.
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Figure 6. The effect of lead exposure on MSN 395 (arrows) abundance. The first montage frame in
each row represents the reference or master pattern. The top row shows that portion of each sample
containing MSN 395. The second row shows the 20 pg/dL lead exposure, the third row 40 ug/dL, and
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Figure 7. The effect of lead exposure on MSN 187, 201, 246 and 392 (arrows) abundance. The first
montage frame in each row represents the reference or master pattern. The top row shows that por-
tion of each sample containing MSN 187, 201, 246 and 392. The second row shows the 20 ug/dL lead

exposure, the third row 40 pg/dL, and the fourth 80 ug/dL.
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Figure 8. The effect of lead exposure on total GST activ-
ity (measured by thioether formation) and total putative
GSTP1 abundance (sum of integrated densities of MSN
187, 201, 246 and 392). Values are means + SEM. * p <
0.05 following ANOVA (analysis of variance) via post hoc
multiple range analysis.

The blood lead levels studied have clearly altered the nor-
mal pattern of kidney protein expression. These observa-
tions are without precedent. Protein databases of kidneys
from experimental animals are not numerous. Previously,
we have observed severe acute effects in Sprague-Daw-
ley rats subjected to short-term, high lead exposure
(114 mg/kg, three intraperitoneal injections daily). Here
36% of matched proteins in the cytosolic fraction pre-
pared from whole kidney were altered at p < 0.05 and
17% at p < 0.005 [27]. To our knowledge, however, the
present study represents the first presentation of a 2-DE
protein expression profile of rabbit kidney. Additionally,
the relatively low blood levels used in this study are com-
parable to those seen in the exposed worker. This is sig-
nificant since this model may thus provide an enhanced
understanding of the biochemical mechanism for lead-
induced toxicity.

The physiological significance of the observed protein
alterations in kidney cannot be accurately assessed until
the altered proteins are identified. Of particular interest
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are MSN 446 (Fig. 5), which demonstrated a mean dose-
related increase in abundance, and MSN 395 along with
the possible charge variant of MSN 395 (Fig. 6), which
demonstrated a dose-related decrease. Additionally,
MSN 187, 201, 246 and 392 were induced to a lesser ex-
tent (Fig. 7). Based on their coordinate positions and
immunoreactivity to rat anti-GSTP1 (glutathione-S-trans-
ferase), these proteins may be GSTP1 charge variants
(Fig. 8). This identification and induction corresponded
with previous rodent studies in our lab which identified the
various GST charge variants and documented lead-medi-
ated inductions and charge modifications in Yp and Yb
GST [27].

Our experiment has begun to reveal the kidney protein
profile of the lead-exposed rabbit. We have exposed
these to relatively low blood levels, 20 and 40 pg/dL,
which are representative of that seen in the workplace.
Further development of this in vivo model, by conclusive
protein identification and expansion of the pH gradient
using first-dimensional IPG separation, is planned. These
studies will provide enhanced understanding at the bio-
chemical level of the lead-induced toxic effect on the kid-
ney and offer additional insight into the putative basis for
lead nephrotoxicity in exposed workers.
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