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We recently reported that peritoneal fluid mainly
contains two proteoglycans; one is the interstitial
proteoglycan referred to as decorin, and the other an
uncharacterized small chondroitin sulfate proteogly-
can. In the present study, we have used a two-step
process to isolate the small chondroitin sulfate pro-
teoglycan free of decorin. The purified molecule ran
as a single band on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis with apparent molecular
mass 50 kd made up of a chondroitin-4-sulfate glycos-
aminoglycan chain and a 30-kd core protein. NH2-
terminal analysis of the core protein showed signifi-
cant sequence homology with bikunin, a component
of the human inter-a-trypsin inhibitor (IaI) family. A
Western blot analysis using anti-human inter-a-tryp-
sin inhibitor confirmed the identity of the small
chondroitin sulfate proteoglycan as bikunin, and a
trypsin inhibitor counterstain assay confirmed its an-
ti-trypsin activity. Examination of serum from pa-
tients receiving continuous peritoneal dialysis sug-
gests that free bikunin in peritoneal fluid may be the
result of leakage of serum proteins into the perito-
neum. Our findings further show that the interaction
of serum with peritoneal mesothelial cells offers a
new and novel explanation for the presence of
bikunin in peritoneal fluid. (Am J Pathol 1998,
153:1267–1276)

The introduction of continuous ambulatory peritoneal di-
alysis (CAPD) has led to a heightened interest in the
biological and physical properties of the peritoneum and,
in particular, the mesothelial cell that covers the visceral
and parietal peritoneum with a simple epithelial mono-
layer. The function of these cells has not been clearly
defined, but evidence to date suggests that they act as a
selective barrier regulating the transport of fluids and
solutes between the circulation and the body cavity.1

Mesothelial cells also produce macromolecules that
serve as lubricants for the surface of the mesothelium
and that serve to prevent adhesions.2–4 In addition, they

synthesize a number of other proteins and glycoproteins
that also are released directly into the peritoneal fluid.5,6

These molecules include a number of different proinflam-
matory cytokines; growth factors; and a variety of extra-
cellular matrix components including fibronectin, laminin,
and type I and type IV collagens. Our studies suggest
that human peritoneal mesothelial cells also contribute
several different proteoglycans (PGs) to the peritoneal
fluid.7,8

PGs are a heterogeneous group of glycoconjugates
that are found on cell surfaces, in basement membranes
and extracellular matrices, and in secretary granules and
are widely distributed in tissue.9,10 The common factor
that distinguishes these molecules from other glycocon-
jugates is the substitution of the protein core with glycos-
aminoglycan (GAG) chains, either chondroitin sulfate
(CS) or heparan sulfate chains. PGs have been impli-
cated in a diverse range of biological functions such as
cell adhesion and recruitment, cell differentiation and
proliferation, and the flow of cells and proteins between
bloodstream and tissues. They are also involved in the
control of proteolytic events in tissues through their ability
to enhance the inhibitory activity of serine proteinase
inhibitors such as antithrombin and heparan cofactor II,
which are involved in blood coagulation.11 PGs, or more
specifically their GAG side chains, also interact with other
serine proteinase inhibitors such as human neutrophil
elastase and protease nexin-1 and thus possibly modu-
late the extracellular proteolysis in the pericellular envi-
ronment.12,13 In other serine proteinase inhibitors GAG
chains, although part of the subunit structure, are not
responsible for the inhibitory activity. This is exemplified
by inter-a-trypsin inhibitor (IaI), which consists of an in-
hibitory unit, referred to as bikunin, and two heavy chains
(H chains) covalently joined by a CS chain.14 It has also
been shown that the ectodomain of syndecan-1 and syn-
decan-4, cell surface heparan sulfate PGs, reduces the
proteolytic activities of elastase and cathepsin G in
wound fluid.15 The detection of PGs in peritoneal fluid
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may indicate that these molecules play a role in the
control of proteinases within the peritoneum.

Analysis of the PGs in peritoneal fluid obtained from
patients receiving CAPD suggests that CS was the pre-
dominant GAG in this fluid, some of which was associ-
ated with a protein core immunologically related to
decorin. In addition, however, a high proportion of CS
eluted with a molecular size suggesting the presence of
free GAG chains or their degradation products. The ob-
jective of this investigation was to identify this CSPG. We
present biochemical and immunological evidence that
the CS GAGs are not in fact free chains but are covalently
linked to a small peptide of molecular mass 30 kd that is
immunologically related to bikunin. We also present evi-
dence that the presence of free bikunin in the peritoneal
fluid is due in part to an interaction between peritoneal
mesothelial cells and IaI in serum.

Materials and Methods

Materials

Uninfected heparin-free peritoneal fluid was obtained
from patients receiving continuous peritoneal ambulatory
dialysis therapy for end-stage renal failure. The underly-
ing renal diseases included cystinosis, acute and chronic
renal failure, polycystic kidney, immunoglobulin A ne-
phropathy, anti-glomerular basement membrane glomer-
ulonephritis, hypertension, vasculitis, and type I diabetes
mellitus. Human omentum was obtained with consent
from nonuremic patients undergoing abdominal surgery;
normal human serum was obtained with consent from
healthy laboratory staff with no clinical signs of renal
impairment. Medium 199, fetal calf serum, penicillin,
streptomycin, glutamine, insulin, transferrin and hydro-
cortisone were purchased from Life Technologies, Inc.
(Paisley, UK); cetyltrimethylammonium bromide (CTAB),
guanidine HCl, Triton X-100 was from Aldrich (Gilling-
ham, Dorset, UK); diethylaminoethyl-Sephacel was from
Pharmacia Ltd. (Uppsala, Sweden); bovine serum albu-
min, Alcian Blue 8GX, N-acetyl-DL-phenylalanine b-napthyl
ester, N,N-dimethylformamide, and tetrazolatized o-dia-
nisidine were from Sigma Chemical Co. (Poole, Dorset,
UK); proteinase-free chondroitin ABC lyase and CS dis-
accharide standards were from ICN (Theme, UK); and
EconoPac Q columns, chemicals, and apparatus for so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) were from Bio-Rad (Hemel Hemstead, UK).
The following antibodies were used: rabbit anti-human
decorin (LF-30) and anti-human biglycan (LF-15) (the
kind gift of Dr. L. W. Fisher, National Institute of Dental
Health, Bethesda, MD); rabbit anti-bovine versican (the
kind gift of Prof. D. Heinegard, Lund, Sweden);16 and
mouse monoclonal antibodies (mAbs) 2B6 and 3B3 (the
kind gift of Prof. B. Caterson, University of Wales College
of Cardiff, Cardiff, UK). mAbs 2B6 and 3B3, respectively,
recognize the unsaturated C4- and C6-sulfate disaccha-
rides remaining on the core protein of CSPGs after de-
polymerization of the GAG chains with chondroitin ABC
lyase.17 Additionally, rabbit anti-human IaI was obtained

from DAKO Ltd. (High Wycombe, Bucks, UK). This anti-
serum recognizes both the heavy (H1, H2, and H3) and
light (bikunin) chains of IaI. Purified samples of tissue
inhibitor of metalloproteinase TIMP-1 and TIMP-2 were
kindly donated by Prof. T. E. Cawston (Newcastle, UK).

Isolation of PGs from Peritoneal Dialysate Fluid

Peritoneal fluid was centrifuged at 5000 3 g for 15 min-
utes at 4°C to remove cells and insoluble debris, and the
PGs in the supernatant were concentrated either by pas-
sage over diethylaminoethyl-Sephacel anion-exchange
chromatography as previously reported by us8 or by
precipitation with CTAB according to the method of
Meyer et al,18 as described by Dietrich et al,19 for the
isolation of GAGs from human urine. Briefly, for the latter
method, the peritoneal fluid (;2 L) was adjusted to pH
6.0 by the addition of 6 mol/L HCl, CTAB (34 ml of 5% w/v
solution in water) was then added, and the mixture was
incubated overnight at 4°C. The precipitate formed was
collected by centrifugation at 5000 3 g for 15 minutes,
washed with 3 volumes of 95% v/v ethanol, dried under
N2, and then extracted with 4 mol/L guanidine-HCl con-
taining 0.5% v/v Triton X-100 and 50 mmol/L sodium
acetate, pH 6.0. This extract was subjected to three
further precipitation cycles with 1.3% w/v potassium ac-
etate in 95% w/v ethanol. The final pellet was incubated
with 20 ml of 2 mol/L NaCl overnight at 4°C, insoluble
material was removed by centrifugation at 15,000 3 g for
30 minutes at 4°C, and then the PGs in the supernatant
were precipitated with 3 volumes of potassium acetate
ethanol and dried under N2. Finally, the pellet was dis-
solved in 20 ml of 50 mmol/L Tris-HCl, pH 7.4 (Tris buffer),
filtered through a 0.2-mm Millipore (Bedford, MA) mem-
brane. The PGs prepared by either diethylaminoethyl-
Sephacel or CTAB precipitation were further purified us-
ing an EconoPac Q column, pre-equilibrated with Tris
buffer, and interfaced with a fast protein liquid chroma-
tography system (Pharmacia). Nonbound material was
removed by washing the column with three volumes of
Tris buffer, and the bound PGs eluted stepwise with NaCl
in the same buffer.

Isolation and Culture of Human Peritoneal
Mesothelial Cells

Human peritoneal mesothelial cells were isolated by en-
zymatic disaggregation of human omentum and cultured
as reported by us previously.7,20 The cells were main-
tained and propagated in Medium 199 supplemented
with 10% fetal calf serum and containing 100 U/ml pen-
icillin, 100 mg/ml streptomycin, 2 mmol/L glutamine, 5
mg/ml insulin, 5 mg/ml transferrin, and 0.4 mg/ml hydro-
cortisone (Medium 199) and incubated at 37°C with 5%
CO2 in humidified air. For the tissue culture experiments,
cells (2 3 105/ml) were seeded onto 35-mm plastic petri
dishes and grown in the above medium for 20 hours. The
medium was then removed, the cells thoroughly washed
with phosphate-buffered saline and then grown in the
same medium, but with the fetal calf serum replaced by
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10% heat-inactivated human serum, at 37°C for 24 hours.
The medium was collected and the cell layers extracted
with 1% SDS at room temperature for 2 hours. In control
experiments medium 199 containing 10% heat-treated
human serum was incubated in the absence of cells. To
prepare conditioned medium, cells (1 3 106/ml) were
cultured in Medium 199 without serum for 24 hours, after
which the medium was removed under aseptic condi-
tions and centrifuged at 1000 3 g for 10 minutes and the
supernatant was frozen and stored at 220°C until sub-
sequent use.

SDS-PAGE

SDS-PAGE was carried out under reducing conditions
according to the procedure of Laemmli21 on either 3 to
12% or 5 to 15% gradient gels using a Bio-Rad minigel
system. Aliquots for analysis were diluted 1:1 with a so-
lution of 2% SDS, 20% glycerol, 0.005% (w/v) bromphe-
nol blue, and 0.125 mmol/L Tris, pH 6.0 with 10% (v/v)
2-mercaptoethanol and then heated at 100°C for 5 min-
utes. After electrophoresis gels were stained with either
Coomassie brilliant blue (BDH, Poole, UK) to visualize the
protein bands or Alcian blue 8GX (Sigma) to visualize
GAGs.22 For Western blot analysis, the separated pro-
teins from a second gel run under identical conditions
were transferred to nitrocellulose membrane (Schleicher
& Schuell, Keene, NH). The membrane was blocked with
Tris-buffered saline containing 5% nonfat powdered milk
for 1 hour and then incubated with the primary antibody in
Tris-buffered saline containing 1% bovine serum albumin
and 0.05% Tween 80 (Tris-buffered saline-Tween) for 1
hour at room temperature. The blots were subsequently
washed in Tris-buffered saline-Tween and then incu-
bated with the appropriate secondary antibody. Proteins
were visualized either using streptavidin/biotinylated al-
kaline phosphatase complex (Boehringer Mannheim,
Mannheim, Germany) or enhanced chemiluminescence
(Amersham, Little Chalfont, UK) according to the manu-
facturer’s instructions.

Trypsin Inhibitor Counterstain (TIC) Assay

To visualize trypsin proteinase inhibitory activity, the
method described by Enghild et al23 was used. Briefly,
nonreduced samples were electrophoresed on 3 to 12%
gradient SDS-PAGE, and the gels were equilibrated in
0.1 mol/L sodium phosphate buffer, pH 7.8, at 37°C for 15
minutes followed by the same buffer containing 40 mg/ml
trypsin for a further 15 minutes. The buffer was decanted,
and the gels were rinsed with water (50 ml, two times)
and then incubated with solution prepared by adding 10
ml of N-acetyl-DL-phenylalanine b-napthyl ester (2.5
mg/ml in N,N-dimethylformamide) and 50 ml of tetrazola-
tized o-dianisidine (1 mg/ml in 50 mmol/L sodium phos-
phate buffer, pH 7.0) for 30 minutes at 25°C.
Active proteins are defined as the clear area on the
TIC-stained gels.

Other Analytical Methods

GAGs were assayed by the dimethylmethylene blue
binding method24 using shark CS as the standard. De-
polymerization of CS and dermatan sulfate chains was
carried out by incubating samples with 100 mU of pro-
teinase-free chondroitin ABC lyase (ICN) at 37°C for 20
hours as described previously by us.25

Analysis of CS GAG by Capillary Electrophoresis

The analysis of CS GAG chains depolymerized by incu-
bation with chondroitin ABC lyase was carried out on an
Applied Biosystems 270A HT CE apparatus following the
methods of Carney and Osborne.26 Electrophoresis was
carried out on a 72-cm, 50 mm-diameter capillary column
using either 15 kV at 40°C for 30 minutes in 40 mmol/L
sodium phosphate-10 mmol/L sodium borate buffer, pH
9.0, containing 40 mmol/L SDS, or reverse polarity at 215
kV in 200 mmol/L orthophosphoric acid, pH 3.0, at 40°C
for 30 minutes. The material eluted was monitored at 232
nm and compared with standard disaccharides (ICN).

Results

Isolation of a CSPG of Molecular Mass 50 kd

In initial experiments the PGs in overnight dwell fluid were
concentrated as described previously8 and then ana-
lyzed by ion exchange chromatography on a EconoPac
Q column. Assay of the individual fractions for PGs using
the Farndale et al24 assay revealed two populations: a
low-charge pool (designated F1) and a more highly
charged pool (F2). Analysis by SDS-PAGE of these pools
showed that F1 contained a PG with an apparent molec-
ular mass of 50 kd (Figure 1 lane 1), whereas the PG in F2
ran as a diffuse band of molecular mass ;150 kd (lane
3). Analysis of the material in F2 by Western blot using
three different polyclonal antisera that recognize the core
proteins of decorin (LF-30), biglycan (LF-15), and versi-
can indicated that these CSPGs were only present in F2
(Table 1).

Characterization of the 50-kd CSPG

To investigate the 50-kd CSPG in F1 in more detail, the
PGs in the overnight dwell fluid from 10 different patients
were precipitated with CTAB, and the precipitates were
bulked and fractionated into low- and high-charge spe-
cies on an EconoPac Q column as above. The amount of
GAG present in F1 from overnight dwell was 302 6 146
mg per 2 L (n 5 10). Aliquots of F1 were separated on
gradient gels before and after digestion with chondroitin
ABC lyase, and the gels were either stained directly with
Coomassie blue or transferred to nitrocellulose mem-
branes and Western blotted using two mAbs (2B6 and
3B3) that recognize the unsaturated disaccharides in the
CS “stubs” that remain associated with the core protein
after digestion with chondroitin ABC lyase.17 Staining
with Coomassie blue revealed a single band at molecular
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mass 50 kd, which after chondroitin ABC lyase-treatment
was reduced to a single new protein band with an ap-
parent molecular mass of ;30 kd (Figure 2, compare
lanes 1 and 2). In a Western blot, the 30-kd band was
also identified with mAb 2B6, which recognizes chon-
droitin-4-sulfate stubs (Figure 2, lanes 3 and 4), but not
mAb 3B3 (which recognizes chondroitin-6-sulfates) (Fig-
ure 2, lanes 5 and 6). Capillary electrophoresis analysis
of the disaccharides derived from the digestion of F1 with
the same lyase confirmed that this CSPG contained
mainly chondroitin-4-sulfated disaccharide together with
a small amount of nonsulfated disaccharide but no chon-
droitin-6-sulfate (Figure 3).

To identify the 30-kd PG, samples of the 50-kd CSPG
were treated with chondroitin ABC lyase and after SDS-
PAGE the products transferred to a polyvinylidene diflu-
oride membrane for NH2-terminal amino acid sequence

analysis. This indicated a 13-amino acid sequence, A V L
P Q E E E G (G) G G G (Table 2), which is 92% in
agreement with the published amino acid sequence of

Figure 1. SDS-PAGE of peritoneal fluid PGs. Peritoneal fluid was passed over
an EconoPac Q column, and the nonbound material and GAGs were eluted
with increasing concentrations of NaCl (see Materials and Methods). The
materials that eluted with 0.4 mol/L NaCl (F1) and 0.6 mol/L NaCl (F2) were
separately pooled. Aliquots of F1 (lanes 1 and 2) and F2 (lanes 3 and 4)
were incubated with buffer alone (lanes 1 and 3) or chondroitin ABC lyase
(lanes 2 and 4) and subjected to SDS-PAGE under reducing conditions on a
3 to 12% gradient gel and stained for GAG with Alcian blue. The prestained
molecular mass markers are indicated with arrowheads, and the resolved
PGs are indicated with arrows.

Table 1. Inventory of Peritoneal Fluid PGs

Fraction from ion exchange
chromatography

F1 F2

PG size 50 kd 100 to 200 kd
Total GAG 240 mg 180 mg
CS GAG 100% 81%
Decorin ND 111
Biglycan ND 1
Versican ND 1

GAGs were assayed before and after incubation with chondroitin
ABC lyase using the Farndale assay24 with shark CS GAGs as
standards. The PG size was determined by SDS-PAGE (see Figure 1).
The presence of decorin, biglycan, and versican was determined using
Western blot analysis. ND, not detected.

Figure 2. Western blot analysis of the 50-kd CSPG. Peritoneal fluid was
concentrated by precipitation with CTAB and F1 obtained as outlined in
Figure 1. Aliquots were either incubated with buffer alone (lanes 1, 3, and 5)
or chondroitin ABC lyase (lanes 2, 4, and 6) and run on a 3 to 12% gradient
gel. The gel was cut as indicated and stained for either protein with Coo-
massie brilliant blue (lanes 1 and 2) or blotted and probed with mAb 2B6
(lanes 3 and 4) or mAb 3B3 (lanes 5 and 6). The prestained molecular mass
markers are indicated with arrowheads and the resolved PGs with arrows.
The open arrows indicate the core protein released after incubation with
chondroitin ABC lyase.

Figure 3. Capillary electrophoresis. An aliquot (1 mg/ml) of the 50-kd CSPG
was incubated with chondroitin ABC lyase, and the released disaccharides
were electrophoresed under normal polarity (15 kV) (a) or reverse polarity
(215 kV) (b) at 40°C for 30 minutes. The peaks were monitored at 232 nm
and compared with standard disaccharides: HA, hyalurono-DDi-0S; 0S, chon-
dro-DDi-0S; 4S, chondro-DDi-4S; 6S, chondro-DDi-6S; 2S, chondro-DDi-
UA2S; B, dermato-DDi-di-4S, UA2S; D, chondro-DDi-di6S, UA2S; E, chondro-
DDi-di-4,6S; and tri, chondro-DDi-tri-4,6S, UA2S.

1270 Thomas et al
AJP October 1998, Vol. 153, No. 4



the Kunitz-type serine proteinase inhibitor bikunin, the
inhibitory component of several members of the IaI fam-
ily.23,27 Thus, to confirm the identity of the 50-kd PG as
bikunin, samples either before or after digestion with
chondroitin ABC lyase were subjected to SDS-PAGE fol-
lowed by Western blot analysis using rabbit anti-human
IaI immunoglobulin G or to inhibition studies using the
TIC assay.23 The antiserum identified both the intact
50-kd PG (Figure 4, lane 1) and its 30-kd core protein
(Figure 4, lane 2), whereas the results from the TIC assay
(Figure 5) showed that both intact PG (Figure 5, lane 1)
and its core protein (Figure 5, lane 2) inhibited trypsin
activity. No other new peptide or inhibitory bands were
observed even on overloaded gels (data not shown).
From the above studies, we conclude that the 50-kd PG
is immunologically related to bikunin.

Detection of IaI in Peritoneal Fluid

In serum, the majority of bikunin is covalently linked to at
least one of four peptides referred to as H chains. There-
fore, we next investigated whether in peritoneal fluid
bikunin is also present complexed to H chains. Peritoneal
fluid was subjected to SDS-PAGE, and the gels were
analyzed as above. Western blot with anti-IaI revealed, in
addition to the expected band at 50 kd, major protein
bands of molecular masses 300 kd, 220 kd, and 125 kd,
as well as two minor bands of ;70 kd each (Figure 6,
lane 1). Incubation with chondroitin ABC lyase resulted in
the loss of the 300-kd, 220-kd, 125-kd, and 50-kd bands
and the appearance of new peptide bands with apparent
molecular masses of 150 kd and 30 kd (Figure 6, lane 2)
and an enhancement of the 70-kd bands. TIC gel analy-
sis of fresh peritoneal fluid also showed intense inhibitory
bands at 50 kd and, in addition, bands at molecular
masses 220 kd and 125 kd (Figure 7 lane 1). After diges-
tion with chondroitin ABC lyase, only a single inhibitory
band was shown at molecular mass 30 kd (Figure 7, lane 2).

Source of the Bikunin in the Peritoneum

The peritoneal fluid contains proteins because of the
leakage of serum into the peritoneal cavity. In our exper-
iments, the peritoneal fluids contained serum proteins
(1.53 6 0.61 mg/ml; n 5 20), which therefore represent a
source of bikunin. To investigate this possibility we com-
pared serum from healthy donors (n 5 10) and serum
and fluid from patients receiving CAPD (n 5 6). Figure 8
shows that normal serum contains little or no free bikunin
(Figure 8, lane 1), whereas it is clearly present in the

Table 2. Amino Acid Sequence of the 50-kd proteoglycan

Amino acid sequence

50 kd PG AVLPQEEEG[G]GGG
Bikunin* AVLPQEEEG[ ]GGG
Bikunin† AVLPQEEEG[S]GGG

The 50-kd CSPG isolated as described in Figure 2 was incubated
with chondroitin ABC lyase and the protein core electrophoresed on a
3 to 12% gradient gel and electroblotted onto a polyvinylidene
difluoride membrane for amino acid sequencing using the Edmund N-
terminal procedure. Amino acid NH2-terminal sequences are consistent
with the cDNA analysis of bikunin.57 The failure to recognize serine 10
is due to its glycosylation as the GAG attachment site for this
proteoglycan.

*Amino acid NH2-terminal sequence determined by Enghild et al.23

†Amino acid NH2-terminal sequence determined by a combination
of NH2-terminal sequencing and amino acid analysis.27

Figure 4. Identification of the 50-kd CSPG as bikunin. Aliquots of the 50-kd
CSPG were incubated with buffer alone (lane 1) or chondroitin ABC lyase
(lane 2), electrophoresed on 3 to 12% gels, blotted onto nitrocellulose, and
probed with an antiserum raised to human serum IaI. The prestained mo-
lecular mass markers are indicated with arrowheads and the resolved PGs
with arrows. The open arrows indicate the core protein released after
incubation with chondroitin ABC lyase.

Figure 5. Trypsin inhibitory activity of the 50-kd CSPG. Aliquots of the CSPG
were incubated with buffer alone (lane 1) or chondroitin ABC lyase (lane 2)
and electrophoresed under nonreducing conditions on 3 to 12% gels, and the
trypsin inhibitory activity was determined using the TIC assay. The clear
areas on the gel represent trypsin inhibitory activity. The prestained molec-
ular mass markers are indicated with arrowheads and the resolved PGs with
arrows. The open arrows indicate the core protein released after incubation
with chondroitin ABC lyase.
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serum from patients receiving CAPD (Figure 8, lane 2).
Bikunin was also detected in serum of patients with im-
paired renal function (creatinine clearance .630 mmol/L)
but not receiving replacement therapy (Figure 8, lane 4).

The Mesothelium as a Source of Free Bikunin

Recently it has been reported that murine granulosa cells
release a factor that catalyzes the interaction of the H

chains of IaI and hyaluronan with the release of free
bikunin.28 This report raises the possibility that the pres-
ence of bikunin in peritoneal fluid could also be explained
by the cleavage of serum-derived IaI by the mesothelial
cells that line the peritoneum. A second possibility is that
the mesothelial cells in vitro themselves synthesize and
release bikunin. To investigate these possibilities, human
peritoneal mesothelial cells were cultured in Medium 199
alone or in the presence of heat-treated normal human
serum. As a further control, a sample of the serum was
incubated with culture medium alone. After incubation,
aliquots of the SDS-extract of the cell layer and culture
medium were electrophoresed, blotted, and probed with
the IaI antiserum. The medium derived from cells incu-
bated without serum contained no detectable IaI or
bikunin when analyzed on Western blot (data not shown).
Furthermore, serum incubated in culture medium alone
showed no detectable cleavage of IaI or release of free
bikunin (Figure 9, lane 1). In contrast, analysis of the
culture medium of serum incubated with mesothelial cells
revealed a slight reduction of the 220-kd band and new
bands at 130 kd and 50 kd (Figure 9, lane 3). The failure
of chondroitin ABC lyase to alter the molecular mass of
the 60-kd band (Figure 9, lane 4) suggests that it was a
modified free H chain. In contrast, the band at 50 kd was
sensitive to chondroitin ABC lyase, indicating that it was
free bikunin (Figure 9, compare lanes 3 and 4). These
experiments indicated that peritoneal mesothelial cells
have the potential to cleave IaI with the subsequent re-
lease of free bikunin and H chains into the culture me-
dium. Furthermore, the examination of the Western blot
from the cell layer from this experiment (Figure 9, lanes 5
and 6) suggests that the 120-kd protein, together with a
small amount of the modified free H chain, possibly
equivalent to the 60-kd band present in the medium,
binds to the cell membrane of mesothelial cells.

Figure 6. Western blot of peritoneal fluid. Peritoneal fluid (5 ml) was incu-
bated with buffer alone (lane 1) or with chondroitin ABC lyase (lane 2), and
a Western blot was generated with anti-human IaI antibody. The prestained
molecular mass markers are indicated with arrowheads and the resolved PGs
with arrows. The open arrows indicate the core protein released after
incubation with chondroitin ABC lyase.

Figure 7. Trypsin inhibitory activity in peritoneal fluid. Fresh peritoneal fluid
was concentrated as outlined in Figure 1. Aliquots were incubated with
buffer alone (lane 1) or with chondroitin ABC lyase (lane 2), electropho-
resed under nonreducing conditions on 3 to 12% gels, and the trypsin
inhibitory activity was determined using the TIC assay. The prestained mo-
lecular mass markers are indicated with arrowheads and the resolved PGs
with arrows. The open arrows indicate the core protein released after
incubation with chondroitin ABC lyase.

Figure 8. IaI of normal and uremic serum. Aliquots of normal serum (0.5 ml)
(lane 1), serum from a patient receiving peritoneal dialysis (0.5 ml) (lane 2),
peritoneal fluid from the same patient (5 ml) (lane 3), and serum from a
patient with advanced renal failure not receiving CAPD (0.5 ml) (lane 4) were
run on 3 to 12% gels, and a Western blot was generated with anti-human IaI
antibody. Arrow: Free bikunin; arrowheads: prestained molecular mass
markers.
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To determine the nature of the causal agent, mesothe-
lial cells were incubated in serum-free medium for 24
hours; the conditioned medium was removed, and then
the cells were incubated with serum as above. Again, the
IaI remained intact when incubated with Medium 199
alone over 24 hours (Figure 10, lane 1). In contrast, after
incubation of serum with medium conditioned by me-
sothelial cells, an immunoreactive band corresponding to
bikunin was detected by Western blot (Figure 10, lane 2).
In addition, the IaI antiserum detected a protein of 60 kd,

which corresponds to the modified H chain described in
Figure 9 (lane 3). The formation of both of these products
was prevented by the addition of ethylenediaminetet-
raacetic acid (Figure 10, lane 6) but not by group-specific
inhibitors. Heat treatment of the conditioned medium re-
sulted in complete loss of activity.

Discussion

Bikunin proteins are members of the pancreatic trypsin
inhibitory family. This family, in addition to bikunin, is
made up of at least four other different gene products that
are referred to as H chains (see Ref. 29 for review and
suggested nomenclature). Three of these chains (H1, H2,
and H3), in various combinations, are covalently linked to
bikunin via a chondroitin-4-sulfate glycan bond.27 At
present, five such combinations of mature proteins have
been identified in the serum, of which IaI (H1 plus H2 plus
bikunin) and pre-a-trypsin inhibitor (PaI) (H3 plus
bikunin) are the best characterized.

In the present study, we have isolated and character-
ized from peritoneal fluid a small CSPG of molecular
mass ;50 kd. Several biochemical and immunological
observations clearly indicate that this molecule repre-
sents free bikunin. This result therefore extends the in-
ventory of PGs identified in peritoneal dialysis fluid and
means CS accounts for more than 90% of the GAGs in
this fluid. Of this figure, we estimate that bikunin accounts
for ;65%, of which 43% is free and the remainder co-
valently linked to H chains in the form of IaI or PaI.

The liver is the principal site of synthesis of the IaI and
bikunin, and, apart from the brain and placenta,30 no
other tissue to date has been reported to express mRNA
for bikunin or any of the different H chains. The different
proteins of the IaI family are the products of separate
genes, and the current view is that once transcribed, their
association into a mature protein complex takes place in
the liver and to a lesser extent in the brain. It is uncertain
to what extent free H peptide chains or bikunin are re-
leased from the liver directly into the circulation.29,31 The
presence of free bikunin in normal human serum is con-
troversial. Huang et al,32 on the basis of SDS-PAGE anal-
ysis of serum published by several different authors,33–35

argue that serum contains free bikunin. Examination of
the published gels, however, fails to reveal a band at ;50
kd that was sensitive to chondroitin ABC lyase. This in-
terpretation is in agreement with a number of other re-
ports that free bikunin is not a component of normal
serum.23,31,36,37 The presence of bikunin in normal serum
is also likely to be very low, given that, despite its simi-
larity in charge and hydrodynamic size to serum albumin,
it has a relatively high glomerular clearance.38–40 This
would explain the presence of free bikunin (urinary tryp-
sin inhibitor), but not free H peptides in normal urine.41,42

We were unable to detect in normal human serum using
SDS-PAGE a ;50-kd band that resembled bikunin. We
can, however, report that this proteinase inhibitor is
present in the serum of patients receiving CAPD as well
as individuals with raised serum creatinine levels, ie,

Figure 9. Mesothelial cells generate bikunin from serum IaI. Heat-treated
human serum (10%) was incubated in Medium 199 in the presence and
absence of confluent human peritoneal mesothelial cells at 37°C for 24 hours.
The supernatants were collected, and the cell layer was extracted with 1%
SDS. Samples of the supernatant before and after digestion with chondroitin
ABC lyase were electrophoresed on a 5 to 15% gel, and a Western blot was
generated with anti-human IaI antibody. a: The supernatants obtained in the
absence (lanes 1 and 2) or presence (lanes 3 and 4) of cells. Prestained
molecular mass markers are indicated with arrowheads and released H
chains (60 kd) and free bikunin (50 kd) with arrows. The open arrows
indicate the core protein released after incubation with chondroitin ABC
lyase. b: Control incubation (lane 5) and cell extract of mesothelial cells
incubated with serum (lane 6). Prestained molecular mass markers are
indicated with arrowheads and bound proteins with arrows.

Figure 10. Mesothelial cell-conditioned medium releases bikunin from se-
rum IaI. Conditioned medium was obtained from mesothelial cells as de-
scribed in Materials and Methods and incubated in Medium 199 containing
10% heat-inactivated normal human serum in the absence (lane 2) or pres-
ence (lanes 3 to 7 of the following proteinase inhibitors at 37°C for 20 hours:
1 mmol/L phenylmethylsulfonyl fluoride (lane 3), 1 mmol/L benzamidine
(lane 4), 0.01 mmol/L leupeptin (lane 5), 10 mmol/L ethylenediaminetet-
raacetic acid (lane 6), 0.36 mmol/L pepstatin (lane 7), 250 ng/ml TIMP-1
(lane 8), and 250 ng/ml TIMP-2 (lane 9). Lane 1: Serum incubated with
Medium 199 alone. Aliquots were electrophoresed on 5 to 15% gels, and a
Western blot was generated with anti-human IaI antibody. Prestained mo-
lecular mass markers are indicated with arrowheads and released H chains
(60 kd) and free bikunin (50 kd) with arrows.
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advanced renal failure, but not receiving replacement
treatment. Thus, the appearance of free bikunin in serum
is probably related to loss of renal function, and its rela-
tively high levels in peritoneal fluid are the result of its
leakage together with other serum proteins into the peri-
toneum. The same explanation would also account for the
presence in peritoneal fluid of IaI and PaI, a finding that
is in keeping with the general understanding that the
peritoneal membrane constitutes a size-selective, but
probably not a charge-selective, barrier for the transport
of serum proteins between blood and dialysate during
stable CAPD.43 It remains to be determined whether
there is a correlation of serum bikunin levels with the
degree of renal failure or peritoneal levels with the effi-
ciency of peritoneal dialysis.

An alternative explanation to account for bikunin in
dialysate arises from the observation that the addition of
hyaluronic acid (HA) to human or bovine serum under
physiological conditions results in the formation of a
HA-H chain complex, devoid of bikunin or CS.32,44,45 The
same complex is found in human synovial fluid45,46 and
mouse follicular fluid,47 both which are rich in HA. Peri-
toneal fluid contains significant amounts of HA, which is
considerably enhanced in peritonitis.7 Thus, conditions
exist within the peritoneum for the formation of the HA-H
chain complex and the concomitant release of bikunin.
The precise manner in which this complex is formed is
not known, but it is Ca21 dependent and clearly involves
the formation of a covalent bond between HA and one H
chain of either IaI or PaI. Energy considerations for such
a reaction suggest that a catalyst is required to bring
about the exchange between these two molecules. In-
deed, Huang et al32 suggest that such a catalyst is
present in serum. More recently, work by Chen et al28

have shown that a factor(s) is released by granulosa
cells, which catalyzes a transesterification between HA
and the CS chain at the C-terminal asparagine of an H
chain. Our results also show that when human peritoneal
mesothelial cells or mesothelial cell-conditioned medium
are cultured in the presence of fresh human serum as a
source of IaI/PaI, free bikunin was generated. In our
system the release of free bikunin was achieved in the
absence of added HA. We have, however, previously
shown that under such culture conditions human perito-
neal mesothelial cells are stimulated to secrete significant
amounts of HA, the majority of which is located in the
culture medium. The factor produced by the peritoneal
mesothelial cells was sensitive to ethylenediaminetet-
raacetic acid but not several other proteinase inhibitors,
including TIMP-1 and TIMP-2, thus suggesting a Ca21-
dependent mechanism. The identification of this factor is
a major aim of our current studies.

IaI is one of several plasma proteins that could play an
important role in the control of proteolytic activity within
the peritoneum, in particular the inhibition of elastase and
cathepsin G released from activated neutrophils.48,49 The
principal inhibitors of these serine proteinases in serum
and dialysate are probably a-1-proteinase and a-1 anti-
chymotrypsin, which belong to the serpin supergene
family and which account for more than 90% of the total
serum proteinase inhibitory activity. In contrast to these

two serpins, IaI and bikunin, although present in human
serum in relatively high amounts (0.45 mg/ml) account for
less than 5% of the serine inhibitory activity.41 In addition,
IaI and bikunin bind weakly with serine proteinases and
consequently even at high enzyme/inhibitor ratios they
have little effect on elastase and cathepsin G activity.50

This has prompted speculation that the function of IaI
may not be related directly to its inhibitory properties.50

Indeed, current opinion supports the idea that IaI is in-
volved in the stabilization of the extracellular matrix of
cells, thus playing a role in controlling cell growth, migra-
tion, and differentiation.

In summary, the present study provides evidence that
free bikunin is the major CSPG of dialysate from patients
receiving CAPD. How this fact relates to the function of
the peritoneum is not known, but it could well be related
to the presence of HA within this cavity. HA is an impor-
tant component of the pericellular matrix that surrounds
many different cell types, including normal pleural me-
sothelial cells.51 The formation of the HA-containing coat
requires the presence of serum IaI and involves a reac-
tion in which HA is covalently linked to H1 or H2.32,45,52 A
similar interaction is also required to stabilize the cumu-
lus-oocyte extracellular matrix in the process of oocyte
maturation after ovulatory stimulus.47,53,54 Preliminary
data from our laboratories indicate that human peritoneal
mesothelial cells in vitro also contain a HA-rich glycocalyx
(S. Yung, unpublished data). Because the dialysate from
patients receiving CAPD contains significant levels of HA
that is synthesized by the resident mesothelial cells,7 it is
an attractive proposition that the IaI in the peritoneal fluid
in concert with HA is involved in the maintenance and
organization of the peritoneal serous membrane. The
possible clinical relevance of such an interaction is high-
lighted by recent studies with an experimental system of
peritoneal dialysis, which suggest a role for hyaluronan in
the control of fluid balance within the peritoneum.55,56
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