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Summary Our earlier studies indicated that members of
the inter-a-inhibitor (IaI) family of glycoproteins may
play an important role in urolithiasis. Indeed bikunin,
the light chain of IaI is a potent inhibitor of calcium
oxalate crystallization. In order to understand this role,
the distribution of IaI and its related proteins, as well as
the expression of bikunin, were studied in normal and
nephrolithic rats. In normal rats, IaI immunoreactivity
was located mainly in proximal tubules. However, in
nephrolithic rats, in addition to proximal tubules, the
staining was intensively extended to tubules in the cor-
ticomedullary junction. Furthermore, by using poly-
merase chain reaction technique, we demonstrated that
gene encoding for bikunin was activated in kidneys of
nephrolithic rats. We have previously demonstrated
increased staining for osteopontin in association with
calcium oxalate crystal deposition in rat kidneys. Others
have shown an increase in osteopontin production by
renal epithelial cells on exposure to calcium oxalate
crystals. Based on these observations we conclude that
kidney cells possess an auto-defense system against
calcium oxalate crystallization and stone formation
in which members of the IaI family may be closely
involved.
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Introduction

Urinary stone formation or urolithiasis is a common
human urological disorder that is still characterized by
con¯icting experimental and clinical ®ndings. Patho-
genesis of urolithiasis involves nucleation, growth, ag-
gregation, and retention of crystals within the urinary
tract. Several macromolecular modulators such as
glycoproteins control these processes and promote or
inhibit them [1, 7, 12, 17, 22, 29]. Among these mod-
ulators is bikunin, a glycoprotein that inhibits calcium
oxalate (CaOx) crystallization [2±5]. Bikunin belongs to
the inter-a-inhibitor (IaI) family, a serine protease in-
hibitor present in plasma. The IaI family has ®ve major
well-characterized members [27]. Three members of
the family contain bikunin covalently linked by a
chondroitin-4-sulfate glycan bond to one or two heavy
or H chains (Fig. 1). The fourth member of H4 poly-
peptide is found free. Bikunin is also found in the free
state, in plasma as well as urine. At least ®ve genes
namely a1-microglobulin/bikunin precursor gene
(AMBP), H1, H2, H3, and H4, are involved in the
synthesis of various members of the IaI family [27]. The
genes encoding for H1, H3, and H4 are on chromo-
some 3. H2 gene is on chromosome 10 and bikunin
gene is on chromosome 9. The AMBP mRNA encodes
a precursor for a1-microglobulin (a1m) and bikunin.
The precursor undergoes a cleavage that releases the
two proteins.

Inter-a-inhibitor (IaIH1,2,B), with a molecular
weight of about 220 kDa, contains H1, H2, and bikunin
[10, 25, 28]. Another macromolecule related to the IaI
family has also been found and named pre-a-inhibitor
(IaIH3, B) [14]. It has a molecular weight of 125 kDa
and is made of a heavy chain H3 and bikunin. Members
of the IaI family are synthesized mainly in the liver and
excreted in plasma. This ®nding was con®rmed by mo-
lecular biology techniques [26]. However, in addition to
liver, the gene encoding for H3 is also expressed in the
brain [25]. Furthermore, mRNA encoding for the pre-
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cursor a1-microglobulin/bikunin was found in rats at a
high level in the liver and kidney, and at a low level in
the brain and testis [20]. Also, the expression of this
precursor was found at a high level in the liver and a low
level in the pig's stomach [30]. Under normal circum-
stances by using immunohistochemical techniques, IaI-
related proteins were found in di�erent organs including
kidneys in which the immunoreactivity was observed
especially in renal proximal tubules [8, 23, 32].

The aim of the present study was (1) to compare the
immunohistological distribution of IaI related proteins
in the kidney of normal and nephrolithic rats, and (2) to
study the expression of the bikunin gene in the kidney
of nephrolithic rats.

Materials and methods

Induction of hyperoxaluria and CaOx crystals deposition
in rat kidneys

Eleven male Sprague Dawley rats weighing 120±125 g were housed
in metabolic cages and allowed to acclimatize to their environment
for 3 days prior to the start of the experiment. During the ®rst
week, animals were given regular drinking water ad libitum. On the
day 8, animals were given 0.75% ethylene glycol in the drinking
water to induce hyperoxaluria and CaOx crystals deposit. The ex-
periment was conducted for 6 weeks. During the experimental
period, animals were provided ground regular rat chow. A daily
weight, urine collection on ice, pH, and light microscope exami-
nation were done. Urinary constituents were determined in the end
of each week by ion chromatography and atomic absorption. All
rats were killed by intraperitoneal injections of sodium pentobar-
bital. Kidneys were perfused with saline solution and removed. One
kidney was sectioned into cortex, medulla, and papilla, frozen in
liquid nitrogen, and stored at )70°C. The other kidney was ®xed in
either 10% formalin or half-strength Karnovsky's ®xative solution.
They were examined for crystal deposit and localization of IaI
related proteins on 5 lm thick sections.

Immunohistochemical staining

Tissue sections were depara�nized in two changes of xylene an re-
hydrated through a graded series of ethanol. After three washes in
PBS of 5 min each, endogenous peroxidase activity was blocked by
incubation in 3% hydrogen peroxide during 30 min at room tem-
perature. Slides were again washed three times in PBS and treated
with 0.1% trypsin (Sigma Chemicals, Mo.) for 10 min at 37°C.
Nonspeci®c binding sites were blocked by incubation with 2% bo-
vine serum albumin in PBS containing 15 ll/ml nonimmune goat
serum for 1 hour and then incubated with anti-IaI antibodies (Ac-
curate Chemical and Scienti®c, N.Y.) at a dilution of 1:100 in the
same bu�er without goat serum for 1 hour at room temperature.
After rinses with PBS sections were incubated with goat anti-HRPO
conjugate (Fisher Scienti®c, Pa.) at a dilution of 1:200 for 30 min.
Color was developed by using 3,3¢-diaminobenzidine (Sigma
Chemicals, Mo.) as the substrate for 1 min and then rinsed in PBS.
Sections were counterstained with hematoxylin, dehydrated through
progressive alcohol washes, and mounted with Permount (Fisher
Scienti®c, Pa.).

Polymerase chain reaction (PCR) ampli®cation
of bikunin mRNA sequence

Total mRNA were isolated from frozen, pulverized rat organs
using a Boehringer Mannheim kit. Approximately 2 lg of total
mRNA was used as template for cDNA synthesis by reverse
transcription. Speci®c oligonucleotide primers were designed ac-
cording to the published sequence of bikunin mouse cDNA [9]
which are as follow: 3¢-GCAGTGCTGCCCCAAGAG-5¢ and
5¢-TGACGCATAGTCAAGGAGCAT-3¢. PCR reactions were
conducted for 35 cycles. The PCR products were subjected to
electrophoresis on 1% agarose gel containing ethidium bromide to
visualize the bands.

Results and discussion

IaI is the most studied and well-characterized serum
proteinase inhibitor. It is a large serine proteinase in-
hibitor which is believed to be the precursor of smaller
inhibitors present in di�erent biological ¯uids [15]. These

Fig. 1 Current view of the
structure of IaI family and its
related derivatives according to
Salier et al. [27]. a1-M a1-mico-
globulin, H heavy chain, IaI
inter-a-inhibitor, PaI pre-a-in-
hibitor. P Precursor, GAG Gly-
cosaminoglycon chain

Table 1 E�ect of ethylene
glycol on urinary chemistries
determined by ion chromato-
graphy. ** Signi®cant P<0.05,
**P < 0.005 *** very sig-
ni®cant P < 0.0005. Values
were compared between
week 1 vs. week 2 and week
1 vs. week 6

Urinary constituents
(mg/24 h)

Week 1 Week 2 Week 6

Sodium 65.22 � 1.95 61.04 � 1.51 68.52 � 2.35
Ammonia 9.90 � 0.37 10.58 � 0.43 12.29 � 0.81**
Potassium 187.20 � 4.69 181.01 � 3.79 184.28 � 16.27
Magnesium 7.52 � 0.51 7.93 � 0.91 8.43 � 1.34
Calcium 4.63 � 0.47 2.25 � 0.22*** 1.93 � 0.26***
Sulfate 43.21 � 1.28 45.45 � 1.44 60.51 � 1.93***
Oxalate 1.71 � 0.05 8.01 � 1.23*** 9.82 � 1.71***
Phosphate 15.43 � 0.93 20.62 � 1.50** 17.70 � 1.21
Citrate 97.25 � 3.71 68.56 � 3.52*** 38.12 � 5.13***
pH 6.76 � 0.04 6.50 � 0.05*** 6.33 � 0.09***
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Fig. 2 Immunohistochemical localization of IaI-related proteins in
the cortex of normal kidney rat. Weak staining is observed in
proximal tubules (arrows)

Fig. 3 Immunohistochemical localization of IaI-related proteins in
the corticomendullary junction of normal kidney rat. No staining is
observed

Fig. 4 Immunohistochemical localization of IaI-related proteins in
the papilla of normal kidney rat. No staining is observed

Fig. 5 Immunohistochemical localization of IaI-related proteins in
the cortex of nephrolithic kidney rat. Intense staining is observed in
proximal tubules (arrows)

Fig. 6 Immunohistochemical localization of IaI-related proteins in
the corticomedullary junction of nephrolithic kidney rat. Intense
staining is observed (arrows)

Fig. 7 Immunohistochemical localization of IaI-related proteins in
the papilla of nephrolithic kidney rat. No staining is observed
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inhibitors appear to be involved in the inhibition of
various enzymes which are activated during diverse
pathological circumstances such as cancer, ®brinolysis,
and in¯ammation [11, 18, 24]. Distribution and local-
ization of IaI-related proteins have been a focus of
several investigations. Indeed, IaI immunoreactivity has
been shown in liver, kidney, testis, gross intestine, cutis,
and brain [8, 23, 32]. Its presence in various tissues
suggests that it may ful®ll di�erent physiological func-
tions. So far, however, many of these roles remain ten-
tative. In the kidneys, IaI immunoreactivity was found
essentially in proximal tubules [8, 23, 32]. According to
our earlier studies, bikunin and other members of the IaI
family may be involved in urolithiasis [5]. We have
shown that bikunin inhibits CaOx crystallization and
bikunin and other IaI-related proteins are included in
the matrix of CaOx crystals experimentally induced in
human urine [6]. We postulate that the presence of IaI-
related proteins in the kidney may be bene®cial against
crystallization in the renal tubules. In order to under-
stand the role of IaI family in urolithiasis, experiments
were carried out in normal and nephrolithic rats. The
later were used to mimic stone formation in humans by
experimental induction of hyperoxaluria, which is the
main risk factor for nephrolithiasis. Our objective was to
investigate the occurrence of any speci®c changes in the
localization of IaI-related proteins and the expression of
bikunin gene in nephrolithic rat kidneys as a conse-
quence of hyperoxaluria and CaOx crystal deposition.

Ethylene glycol administration caused an increase in
urinary oxalate excretion and CaOx supersaturation
(Table 1) similar to our earlier observations [21]. The
light microscopic analysis of urine specimens showed a
high amount of calcium oxalate monohydrate and
dihydrate crystals. The examination of kidneys after 6
weeks of ethylene glycol administration showed that all
rats formed crystal deposits, which were located essen-
tially in corticomedullary junction, papilla, papillary tip,
and fornices.

Examination of normal kidneys of control rats showed
the expected pattern of IaI immunoreactivity in the
proximal tubules only (Fig. 2±4). Our ®nding is in
agreement with studies performed by other investigators
[8, 23, 32]. In the nephrolithic rats our major ®nding was
that, in addition to the proximal tubules, IaI immunore-
activity was intensely localized in the renal tubular seg-
ments of the corticomendullary junction (Fig. 5±7). These
results are similar to earlier reports from our laboratory
[16] of increased osteopontin expression in kidneys of
nephrolithic rats. Osteopontin is another macromolecule
that modulates biomineralization. However, the in-
creased localization does not necessarilymean production
by the renal epithelial cells. In order to prove this point,
total mRNA was extracted from di�erent parts of the
kidney. In parallel, total liver mRNA was also extracted
as a control. PCR technique was used to amplify the bi-
kunin gene. PCR products obtained by using either 3¢
primer or both 3¢ and 5¢ primers were subjected to elec-
trophoresis on agarose gel. As it can be seen in Fig. 8, an

intense band at 450 bp corresponding to the bikunin gene
appears for both liver and kidney of nephrolithic rats.
This suggests that the bikunin gene is upregulated in
response to hyperoxaluria and CaOx crystals deposition.
Our ®nding is in con¯ict with results obtained by Salier
et al. [26] who demonstrated that IaI and its related pro-
teins are synthesized only in the liver. This discrepancy
may be explained by the fact that Salier and colleagues
studied the expression of these proteins 'in normal rat
kidneys. Our laboratory has also shown an increase in
bikunin gene expression in LLC-PK1 and MDCK cells
exposed to oxalate and CaOx crystals [19]. These two cell
types were used as representative of epithelia lining the
proximal tubule and collecting ducts, respectively. Based
on our results described here and elsewhere we hypothe-
size that the bikunin gene is upregulated by hyperoxaluria
and calcium oxalate crystal deposition.

A number of studies are currently underway in our
laboratory to determine increased production of bikunin
and localize the site of its production. It is, however,
apparent that members of the IaI family are involved in
urolithiasis. The synthesis of bikunin protein appears to
be stimulated following the activation of its gene by
hyperoxaluria and/or CaOx crystal deposition. A similar
increase has been seen in osteopontin expression by
nephrolithic rats. The kidneys appear to respond to
biomineralization challenge by producing macromolec-
ular modulators including members of the IaI family of
proteins.
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Fig. 8 Polymerase chain reaction products were subjected to electro-
phoresis on agarose gel. Arrow indicates the position of the bikunin
gene. MW molecular weight markers
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