J c I The Journal of Clinical Investigation

Transport of urokinase across the intestinal tract of normal
human subjects with stimulation of synthesis and/or release of
urokinase-type proteins.

N Toki, ..., | Boreisha, K C Robbins

J Clin Invest. 1985;75(4):1212-1222. https://doi.org/10.1172/JCI111818.

Research Article

Oral administration of clinical-type high molecular weight urokinase (HMW-UK) in a single dose of 30,000-60,000
International Units (IU) in enteric-coated capsules, in a group of normal human subjects, induced a plasma fibrinolytic
state suggesting transport of HMW-UK across the intestinal tract. Other groups of human subjects were given a single
dose of 120,000 IU daily of pure HMW-UK for 1 d and 7 d together with a placebo dose, all of the ingredients except
urokinase (UK), daily for 7 d. UK-type proteins were isolated from the plasma of blood samples drawn 6 h after
administration of the final dose, by a sequential two-step affinity chromatography method first with [N alpha-(epsilon-
aminocaproyl)-DL-homoarginine hexylester]-Sepharose and second with a specific rabbit anti-HMW-UK-1gG-Sepharose.
The yield of UK-type proteins from the 7-d group, 0.79 mg/dl, was approximately twofold greater than that obtained from
either the placebo or 1-d groups. The specific plasminogen activator activity of the 1-d and 7-d groups were similar, 508
and 537 1U/mg protein, respectively; negligible plasminogen activator activity could be detected in the placebo group. The
kinetics of activation parameters of human Glu-plasminogen of the UK-type protein, isolated from the 1-d group, were
similar to those obtained with urinary HMW-UK. The UK-type proteins isolated only from the 7-d group showed, in sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, a major protein band of [...]

Find the latest version:

https://jci.me/111818/pdf



http://www.jci.org
http://www.jci.org/75/4?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI111818
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/111818/pdf
https://jci.me/111818/pdf?utm_content=qrcode

Transport of Urokinase Across the Intestinal Tract of Normal Human Subjects
with Stimulation of Synthesis and/or Release of Urokinase-type Proteins

Naotika Toki

Department of Dermatology, Hiroshima University School of Medicine, Hiroshima 734, Japan

Hiroyuki Sumi

Department of Physiology, Miyazaki Medical College, Miyazaki 889-16, Japan

Koji Sasaki

Zeria Pharmaceutical Co., Ltd., Central Research Laboratories, Saitama 360-01, Japan

Irena Boreisha and Kenneth C. Robbins

Department of Pathology, Michael Reese Hospital and Medical Center, Chicago, Hlinois 60616

Abstract

Oral administration of clinical-type high molecular weight
urokinase (HMW-UK) in a single dose of 30,000-60,000
International Units (IU) in enteric-coated capsules, in a group
of normal human subjects, induced a plasma fibrinolytic state
suggesting transport of HMW-UK across the intestinal tract.
Other groups of human subjects were given a single dose of
120,000 1U daily of pure HMW-UK for 1 d and 7 d together
with a placebo dose, all of the ingredients except urokinase
(UK), daily for 7 d. UK-type proteins were isolated from the
plasma of blood samples drawn 6 h after administration of the
findl dose, by a sequential two-step affinity chromatography
method first with [N°-(e-amiriocaproyl)-DL-homearginine hex-
ylester]-Sepharose and second with a specific rabbit anti-
HMW-UK-IgG-Sepharose. The yield of UK-type proteins
from the 7-d group, 0.79 mg/dl, was ~ twofold greater than
that obtained from either the placebo or 1-d groups. The
specific plasminogen activator activity of the 1-d and 7-d
groups were similar, 508 and 537 IU/mg protein, respectively;
negligible plasminogen activator activity could be detected in
the placebo group. The kinetics of activation parameters of
human Glu-plasminogen of the UK-type protein, isolated from
the 1-d group, were similar to those obtained with urinary
HMW-UK. The UK-type proteins isolated only from the 7-d
group showed, in sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, a major protein band of molecular weight
53,000 in the same position as HMW-UK. In addition, twe
other major protein bands of ~140,000 and ~120,000 mol
wt were found in the 7-d placebo-, and 1-d groups, and also in
the 7-d group. The 53,000 mol wt protein, about 50% of the
total protein in the 7-d group, was further purified by preparative
SDS-polyacrylamide gel electrophoresis, and found to be a
two-chain protein with a specific activity of 1,241 IU/mg
protein. The protein showed common antigenic determinants
with urinary HMW-UK. The oral administration of 120,000
IU HMW-UK to human subjects for 7 d stimulated the
synthesis of a UK-type protein of 53,000 mol wt, probably the
zymogen, from either the liver or vascular endothelium, which
was released into the circulation, and converted into active UK
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by circulating plasmin. The induction of the ﬁbrinolytic state
produced thie conversion of native circulating Glu-plasminogen
into the degraded Lys-plasminogen form, which was found in
large amounts in the plasma of the 7-d group. The new plasma
components, e.g., the 53,000-mol wt UK-zymogen and Lys-
plasminogen, could play an important role in clot resolution of
the fibrin-thrombus in thromboembolic diseases. Oral admin-
istration of HMW-UK has been shown to be clinically effective
in patients with cerebral thrombosis in a multicenter double
blind study.

Introduction

Urokinase (UK)' is currently being used clinically as a throm-
bolytic agent in patients with various thromboembolic diseases
(1). This therapeutic plasminogen activator has always been
infused intravenously in human subjects. We have been study-
ing the oral administration of high molecular weight urinary
urokinase (HMW-UK) in a dog model and in normal human
subjects, and have reported that orally administered HMW-
UK was absorbed through the intestinal tract in an experimental
dog model and in human subjects (2-5), producing a plasma
fibrinolytic state. A plasma fibrinolytic state was developed, as
defined by an increase in urokinase amidolytic activity with a
specific synthetic substrate, a decreased euglobulin lysis time,
and an increase in plasmin activity, in a large series of
volunteer normal human subjects after oral administration of
either 30,000 or 60,000 International Units (IU) of clinical-
type HMW-UK. After oral administration of 120,000 IU of
pure HMW-UK for either 1d or daily for 7d, and oral
administration of a placebo daily for 7 d, a new 53,000-mol
wt urokinase (UK)-type protein was isolated from plasma
samples, from blood drawn 6 h after administration of the
capsules. A sequential two-step affinity chromatography method,
followed by preparative sodium dodecyl sulfate (SDS)-poly-
acrylamide electrophoresis, was used to isolate the UK-type
protein. The protein was characterized by functional, SDS-
polyacrylamide gel electrophoretic, and immunological
methods.

1. Abbreviations used in this paper: ACH-Sepharose, (N*-[e-aminocap-
royl]-DL-homoarginine hexylester)-Sepharose; ELT, euglobulin lysis
time; FDP, fibrinogen/fibrin split products; Glu-Plg, Glu-plasminogen;
H-D-Val-Leu-Lys-pNA, H-D-valyl-L-leucyl-L-lysine-p-nitroanilide;
HMW-UK, high molecular weight urokinase; IAEF, immunoadsorbent
adsorbed-eluted fraction; LMW-UK, low molecular weight urokinase;
NPGB, p-nitrophenyl-p-guanidinobenzoate; pyro-Glu-Gly-Arg-pNA,
L-pyroglutamyl-glycyl-L-arginine-p-nitroanilide; UK, urokinase.



Methods

Reagents. Benzamidine- HCl (Aldrich Chem. Co., Milwaukee, WI),
Trasylol (Bayer Pharmaceutical Co., Ltd., Federal Republic of Ger-
many), Pyro-Glu-Gly-Arg-pNA (S-2444; Kabi Diagnostica, Sweden)
and H-D-Val-Leu-Lys-pNA (S-2251; Kabi Diagnostica), Sepharose 4B
(Pharmacia Fine Chemicals, Piscataway, NJ), bovine thrombin, 90%
pure (Mochida Pharmaceutical Co., Japan), bovine plasminogen-rich
fibrinogen (Povite Products, Nakarii Chemicals, Japan), Agarose-L
(Behringwerke, Federal Republic of Germany), and plasminogen-free
bovine fibrin plates (Daiichi Pure Chemical Co., Japan) were purchased.
Human Glu-plasminogen used in the kinetic studies and for plasminogen
activator assays was prepared by methods previously described (6).
[N°~(e-aminocaproyl)-DL-homoarginine hexylester]-Sepharose (ACH-
Sepharose) was prepared by methods previously described (7).

UK preparations. Enteric-coated gelatin capsules were prepared
containing either clinical-type human urinary UK powder, with a
specific activity of 40,000 IU/mg protein (15,000 IU, 30,000 IU, or
60,000 IU per capsule), or pure HMW-UK powder, with a specific
activity of 110,000 IU/mg protein (30,000 IU per capsule). The
intravenous preparations (30,000 IU) were clinical-type human urinary
HMW-UK. The pure HMW-UK was prepared by a previously described
affinity chromatography method with ACH-Sepharose, from partially
purified urinary HMW-UK (7). It had a molecular weight of 53,000,
with 92.8% active sites by p-nitrophenyl-p-guanidinobenzoate (NPGB)
titration (8). It was similar to the highest purity urinary HMW-UK
preparation previously used for kinetic studies (6, 9), and was used as
the HMW-UK standard in these studies. For the immunodiffusion
studies, pure urinary LMW-UK, prepared from partially purified
urinary LMW-UK by the ACH-Sepharose method, was used. It had a
molecular weight of 33,000, a specific activity of 230,000 IU/mg
protein, and 91.2% active sites.

The enteric-coated gelatin capsule contained, in addition to the
HMW-UK powder, 6 'mg sodium chloride (Wako Pure Chemical
Industries, Ltd., Japan), 24 mg glycine (Wako Pure Chemical Industries,
Ltd.), 3 mg Bacto-Gelatin (Difco Laboratories Inc., Detroit, MI), 10
mg porcine gastric mucin (Yamanouchi Pharmaceutical Co., Japan),
3 mg sucrose fatty acid ester (Ryoto Co., Ltd., Japan), and 247 mg
lactose D.M.V. (Zuid-Nederlandse Melkindustrie b.v., Holland). The
placebo capsule contained all of the ingredients with the exception of
the HMW-UK powder.

Human subjects. 40 healthy normal Japanese individuals (20 men
and 20 women), all volunteers, between the ages of 17-63 yr, weighing
from 55 to 65 kg, were selected as subjects for the clinical oral
administration groups, and 10 healthy normal Japanese individuals
(five men and five women), all volunteers, between the ages of 21-52
yr, were subjects for the intravenous administration group. 30 additional
healthy normal persons (15 men and 15 women), all volunteers,
between the ages of 25-35 yr, weighing from 50 to 65 kg, were selected
as subjects for pure HMW-UK and placebo oral administration groups
used for the isolation of HMW-UK-type proteins. All individuals were
found to have normal concentrations of both the blood coagulation
system components and the fibrinolytic system components.

Administration of UK. 40 human subjects (oral groups) were each
given one capsule containing three different doses of clinical-type
urinary HMW-UK, 15,000 IU, 30,000 IU, and 60,000 IU, at 1-wk
intervals. 10 human subjects (intravenous group) were each given
30,000 IU of clinical-type urinary HMW-UK intravenously in a single
bolus. After administration of the HMW-UK preparations, all individ-
uals were required to rest during the blood collection period. Blood
samples were collected from each individual after the administration
of the HMW-UK employing a two-syringe technique, in a Yo vol of
3.8% citrate, at 2, 4, 6, 8, 10, and 24 h in the oral group, and at 0.5,
1, 2,4, and 6 h in the intravenous group. 30 additional human subjects
were separated into three groups. 10 human subjects were each given
four placebo capsules, without UK, in a single dose, daily for 7 d
(placebo group). 10 human subjects were each given four capsules
containing 30,000 IU of pure HMW-UK per capsule in a single dose
(1-d group), and 10 human subjects were each given the same four
HMW-UK capsules daily, in a single dose, for 7 d (7-d group). Plasma

fibrinolytic parameters were measured in these three groups at 0.5, 2,
4, 6, 8, 10, and 24 h after oral administration of the capsules. In the
7-d group, plasma fibrinolytic parameters were measured only on the
seventh day. Blood samples were collected from each individual 6 h
after administration of the final dose; in the three groups given pure
HMW-UK, the plasmas of each group were pooled and used for the
isolation of the HMW-UK-type proteins. Immediately after separation
of the plasma samples, 20 KIU of Trasylol per milliliter plasma and
25 mM benzamidine - HCl/ml plasma were added.

Determination of fibrinolytic system components in plasma. UK-
specific amidolytic activity was determined in the plasma samples and
fractions by a modification of the end-point method described by
Claeson et al. (10), with pyro-Glu-Gly-Arg-pNA, measuring released
p-nitroaniline (pNA). The system contained 700 pl 100 mM Tris-HCl
buffer, pH 8.8, 10 KIU Trasylol, 200 ul plasma, or fraction, and 100
ul 3 mM S-2444. After incubation for 10 min at 37°C, 100 ul of 50%
acetic acid was added to stop the reaction; the absorbance was read at
405 nm. This substrate is useful for determining UK activity, since it
is 40-fold more sensitive to UK than to both plasma plasmin and
kallikrein, and 10-fold more sensitive to urokinase than to both
thrombin and Factor Xa. It can also be used to measure tissue
plasminogen activator. Standard curves can be prepared with either
pNA or UK (0-40 IU); 1.00 nmol of pNA is equivalent to 1.15 IU
UK activity. The data are presented as nanomoles of pNA liberated
per milliliter indicating the possibility that non-UK amidolytic activity
is included in the measurement. Plasmin (protease) activity in plasma
was measured with a plasminogen-free bovine fibrin plate. 20 ul of
plasma was placed on the plate, which was incubated at 37°C for 16
h, and the lysis area, millimeters squared, was calculated. Plasmin
(protease) activity is expressed in casein units per deciliter plasma; the
casein unit is equivalent to 0.7 IU of plasmin using a standard curve
with a reference human plasmin preparation (IRP 77/588) (0-1 X
1073 casein units). This assay with the fibrin substrate will reflect the
protease activity of free plasmin only. Human Glu-Plg activator activity
of fractions isolated from plasma was determined with H-D-Val-Leu-
Lys-pNA by an end-point method modification of an initial rate
method with highly purified human Glu-plasminogen (6, 9). The
system contained 825 ul 50 mM Tris-HCI buffer per 100 mM NaCl,
pH 7.4, 100 ul 0.1% gelatin, 5 ul Glu-plasminogen (1.5 casein units),
0-10 ul activator, incubated for 2 min at 37°C, followed by 75 ul S-
2251, and incubated for 5 min at 37°C; 100 ul of 50% acetic acid was
added and the absorbance was read at 405 nm. A UK standard curve
was prepared (0-4 IU). Protein concentration of fractions isolated
from plasma was determined by absorbance measurements at 280 nm
using a specific absorbance of E}*, = 13.6, which is the Ei%, of
HMW-UK.

ELT was determined by the method of Milstone (11) with a clot
lysis time recorder (Riko Shoji Co., Japan); the euglobulin fraction
was precipitated from 0.5 ml plasma, removed by centrifugation,
dissolved in 0.5 ml of 20 mM veronal buffer, pH 7.4, and immediately
clotted with 0.1 ml bovine thrombin solution (25 U). FDP were
measured in serum by a latex agglutination method (12) with a FDPL-
kit (Teikoku Hormone Mfg. Co., Ltd., Japan). Plasminogen, and two
types of antiplasmin, immediate and slow, were determined by an
affinity chromatography method with L-lysine-substituted-Sepharose
by a method previously described (13). In this method, the plasminogen
was removed from the plasma sample by passing it through L-lysine-
Sepharose; the plasminogen was eluted with 100 mM acetic acid,
converted to plasmin with streptokinase, and assayed on a casein
substrate. The unadsorbed plasma components were assayed for anti-
plasmin activity by adding excess standard plasmin, incubating at both
0.5 min and at 30 min, and assaying for residual plasmin on a casein
substrate.

Immunological studies. Rabbit antibody to HMW-UK was prepared
by immunizing rabbits by both foot pad and intradermal injections
with 0.5 mg (55,000 IU) of pure human urinary HMW-UK in Freund’s
complete adjuvant; a single booster injection of the same amount of
protein was given 4 wk later. After another 4-wk period, blood was
drawn and incubated at 37°C for 3 h, and 4°C for 18 h, and the
serum was separated by centrifugation at 2,500 g. The specific anti-
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UK IgG antibody was purified by ammonium sulfate fractionation
(35% saturation), DEAE-cellulose column chromatography, and im-
munoadsorbent column chromatography using HMW-UK-Sepharose
4B according to the method of Wun et al. (14). 1 mg of the IgG
antibody fraction neutralized almost completely 80 IU of the parent
highly purified urinary HMW-UK when the fibrinolytic activity of the
IgG antibody-UK mixture was measured by a standard fibrin plate
method according to the method of Day et al. (15). The specific rabbit
anti-HMW-UK-IgG-Sepharose was prepared from 20 ml of Sepharose
4B activated by treatment with cyanogen bromide as described by
Cuatrecasas (16), and coupled with 20 mg of rabbit anti-HMW-UK-
IgG (100% immobilized) in 100 mM borate buffer containing 50 mM
CaCl,, pH 9.3. The Sepharose slurry was washed first with 200 mM
Na,CO; containing 500 mM NaCl followed by 100 mM borate buffer,
pH 9.0, containing 500 mM NaCl.

Double immunodiffusion analysis (Ouchterlony method) (17) was
carried out at room temperature for 24 h in 1.0% agarose (Behringwerke,
Federal Republic of Germany) in a pH 8.6 veronal buffer, ionic
strength of 0.05, containing 0.05% NaN;.

Plasminogen activation kinetics. Glu-Plg activation kinetics were
carried out and calculated in the same manner as was previously
described (6, 9) where K, is the apparent Michaelis constant of
activation for the plasminogen substrate, and ky, is the catalytic rate
constant of activation.

Electrophoretic procedures and zymography. SDS-PAGE was carried
out in the Ortec acrylamide gel system by methods previously described
(18). Gel slabs (6%) were prepared in 0.1 M phosphate, 0.1% SDS,
0.002 M EDTA buffer, pH 7.0, and electrophoresis was carried out at
320 V and 120 mA for 180 min. Samples for analysis were dissolved
in 8 M urea, 0.1% SDS at a concentration of 1-3.5 mg of protein/ml
and 10 ul was placed in each slot. The gel slabs were stained with
Coomassie Brilliant Blue R250 for 30 min at 65°C and destained.
Gels were scanned, after drying, with a Beckman Model 110 microzone
scanner, both to identify and to quantitate each of the components of
samples. Plasminogen activator activity of the protein bands separated
on the gel of SDS-PAGE was determined by the zymographic technique
of Tissot et al. (19); after SDS-PAGE, the gel was washed for 30 min
in 2.5% Triton X-100 to remove SDS, placed on plasminogen-rich
fibrin-agar plate and incubated at 37°C for 18 h. The plasminogen-
rich fibrin-agar plate was prepared as follows: 10 ml of fibrinogen
(0.8%) in 100 mM phosphate buffer, pH 7.4, was mixed on 13.5
X 9.5-cm plastic plates with 2.5 ml of 20% Triton X-100 in 0.1 M
phosphate buffer, pH 7.4, 7.5 ml of 2% agarose in a 0.1 M phosphate

pNA nmol/ml

20

-
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buffer, pH 7.4, and 0.05 ml of thrombin (100 NIH U/ml) in 0.1 M
phosphate buffer, pH 7.4 (the latter two solutions were kept at 54°C).

Results

Elevation of plasma fibrinolytic system parameters afier oral
administration of varying doses of UK in normal human
subjects. This study was designed to establish a minimum oral
UK dose which would develop a plasma fibrinolytic state in
the human subject. Three single consecutive oral doses, 15,000
IU, 30,000 IU, and 60,000 IU, of clinical-type HMW-UK
were administered to each subject at 1-wk intervals. The three
fibrinolytic parameters that showed significant elevation were
UK-specific amidolytic activity, plasmin (protease) activity and
ELT. UK-specific amidolytic activity was elevated between 2
and 6 h (Fig. 1). However, plasmin (protease) activity increased
after 6 h, and was elevated between 8 and 12h (Fig. 2),
showing continuous activation of plasminogen to plasmin by
the continuous presence of a plasminogen activator for at least
12 h. The ELT was shortened between 4 and 12 h (Fig. 3),
also indicating prolonged fibrinolytic activity (both plasminogen
activator and plasmin activities). Each subject was his/her
internal control, receiving the increasing doses, consecutively,
at weekly intervals. A single intravenous dose of 30,000 IU
given as a bolus was used in another group of subjects for
comparative purposes. During the first hour after administra-
tion, the intravenous dose also showed significant elevation of
UK-specific amidolytic activity, and plasmin (protease) gen-
eration (Figs. 1 and 2), and also a shortening of the ELT
(Fig. 3).

In both the oral and intravenous groups, some elevation
in the FDP was found with the 30,000 IU and 60,000 IU
doses but they were not significant. Also, very little change
occurred in both the plasminogen and antiplasmin levels at
both the three oral doses used and the intravenous dose. The
activated partial thromboplastin times, the recalcification times,
and thrombin times, using standard methods (2), were all
within normal ranges.

Figure 1. Plasma amidolytic activity as pNA liber-
ated per milliliter of plasma. — A —, 15,000 IU
oral administration group; — 0 —, 30,000 IU oral
administration group; — 0 —, 60,000 IU oral ad-
ministration group; — e —, 30,000 IU intrave-

-1 o 2 4 6 8

Time (h)
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nous administration group. *P < 0.05; **P
< 0.01. Significant difference from the physiologi-



Casein U/dl

Figure 2. Plasma plasmin activity in casein U/
dl plasma. — A —, 15,000 IU oral administra-
tion group; — 0 —, 30,000 IU oral adminis-
tration group; — 0 —, 60,000 IU oral admin-
istration group; — e —, 30,000 IU intrave-

Time (h)

Pure HMW-UK, in a single dose of 120,000 IU (in four
capsules), was given orally to each of 10 subjects for 1 d and
each of 10 subjects daily for 7 d, and another group of 10
subjects were each given four placebo capsules, in a single
dose, daily for 7 d. The plasma fibrinolytic parameters were
measured on plasma pools of each group. After oral adminis-
tration of HMW-UK for 1 d and daily for 7 d, the individual
subjects in the two groups showed similar plasma fibrinolytic
states, namely, an increase in plasma UK-specific amidolytic
and plasmin activities, and a shortening of the ELT as shown
in Figs. 1, 2, and 3, with clinical-type HMW-UK. The 7-d
placebo group showed the same data as found in the physio-
logical range. These data show that a plasma fibrinolytic state
was induced in human subjects given pure HMW-UK orally,
as shown with the clinical-type HMW-UK given orally. The
data do not show a clear-cut dose response; in the following
experiments, only the 120,000 IU dose was used.

Isolation of plasminogen activators from the plasma of
patients given HMW-UK orally. Experiments were carried out
on the isolation of plasma plasminogen activators from blood

500

400

ELT (min)

~

nous administration group. *P < 0.05; **P
< 0.01. Significant difference from the physio-

samples drawn from individuals in the placebo (7-d), 1-d, and
7-d groups. The assays used can reflect both UK and tissue
plasminogen activator activities.

A sequential two-step affinity chromatography method was
developed for isolating UK-type proteins from plasma samples.
The first step utilizes an ACH-Sepharose column, which permits
us to isolate plasma serine proteases, including tissue plasmin-
ogen activator and UK-type proteins, perhaps both active and
inactive; DFP-inactivated UK is also adsorbed to this affinity
column. The second step utilizes a specific rabbit anti-HMW-
UK-IgG-Sepharose column, which permits us to isolate the
specific UK-type proteins.

Step 1: affinity chromatography with ACH-Sepharose. 20
ml of each plasma sample (pool) containing 400 KIU of
Trasylol and 25 mM benzamidine - HCl was passed through
an ACH-Sepharose column (wet volume of gel occupies 2.0
X 5.0 cm) equilibrated with 100 mM phosphate buffer, pH
7.4. After washing with 20-30 vol of 100 mM phosphate
buffer, pH 7.4, containing 2,000 mM NaCl until the absorbance
at 280 nm was zero, the column was eluted with 50 ml of the

Figure 3. Plasma ELT. — A —, 15,000 IU

oral administration group; — 0 —, 30,000 IU
oral administration group; — 0o —, 60,000 IU
oral administration group; — e —, 30,000 IU

Time (h)

12 7/ 24 intravenous administration group. *P < 0.05;
**{P < 0.01. Significant difference from the

375+50.
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Table 1. Cprppari;on of Urokinase-Specific Amidolytic and Glu-plasminogen Activator Activities in Plasma, and Isolated Fractions after
Oral Administration of Highly Purified High Molecular Weight Urinary Urokinase in Normal Human Subjects

Immunoadsorbent adsorbed-eluted fraction

Plasma* Affinity adsorbed-eluted fraction (Step 1) (IAEF) (Step 2)
Mctlfod of Glu-plg Glu-plg Glu-plg
urok,nfise ) Amidolytic activator Amidolytic activator Amidolytic activator
administration activity activity Protein activity activity Protein activity activity

1U/dl 1U/dls mg/dl 1U/di 1U/dlt mg/dlt 1U/dlt 1U/dl}
Placebo (7-d) 467 0 4.90 0 0.317 0 0
1d 1,780 0 5.15 1430 21 0413 205 210
7-d 2,011 0 6.80 1645 33 0.792 420 425

* Data are average of five 20-ml purification experiments. } Original plasma.

same buffer containing 8 M urea. The adsorbed and eluted
fraction was dialyzed against the phosphate-buffered saline
(PBS) at 4°C overnight, and then 25 mM benzamidine - HCI
was added before the next step (affinity adsorbed-eluted frac-
tion). As shown in Table I, serine protease and UK-type
proteins could be isolated from the orally administered HMW-
UK plasma samples (5.15 and 6.80 mg protein/dl plasma in
the 1-d and 7-d groups, respectively), and 7-d placebo plasma
sample (4.90 mg protein/dl plasma). The affinity adsorbed-
eluted fractions, prepared from the 1-d and 7-d orally admin-
istered HMW-UK plasma samples, showed some Glu-plasmin-
ogen activator activity, 21-33 IU/dl original plasma, respec-
tively, probably both UK and tissue plasminogen activator.
No Glu-plasminogen activator activity was found in the 7-d
placebo plasma fraction. All of the amidolytic activity found
in the 7-d placebo plasma sample was adsorbed to the ACH-
Sepharose column, and ~80% of the amidolytic activity of
the orally administered HMW-UK plasma samples were ad-
sorbed to the column, showing the high specificity of the
column for plasma serine proteases. There was no Glu-plas-
minogen activator activity found in the original plasma samples
due to the complexing of transported urokinase with either a
transport protein or an inhibitor.

Step 2: immunoadsorbent chromatography with specific
rabbit anti-HMW-UK-IgG-Sepharose. The affinity adsorbed-
eluted fractions, from each of the three 20-ml plasma samples,
were each passed through a specific rabbit anti-HMW-UK-
IgG-Sepharose 4B column (2.0 X 5.0 cm) equilibrated with
0.1 M Tris-phosphate buffer at pH 8.0. The column was
washed with 100 ml of the same buffer containing 2 M NaCl,
0.1 M benzamidine - HCI, and 1% Triton X-100, and then 100
ml of the same buffer containing no Triton X-100. Elution of
the UK-type proteins was achieved with 50 ml of the same
buffer containing 2 M NaCl and 8 M urea, without benzami-
dine-HCl, and 4-ml fractions were collected. UK-specific
amidolytic activity was found in both the unadsorbed fraction,
and, the adsorbed-eluted fraction from the orally administered
HMW-UK plasma samples. The adsorbed-eluted fraction from
the anti-HMW-UK-IgG-Sepharose 4B column was pooled,
dialyzed against PBS containing 25 mM benzamidine - HCI at
4°C overnight. Then, the solution was subjected to a second
immunoadsorbent chromatography cycle identical with the
first. By these methods, UK-type proteins were isolated only
in the adsorbed-eluted fraction, from the 1-d and 7-d, and 7-
d placebo plasma affinity adsorbed-eluted fractions (step 2
fractions).
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The amidolytic and Glu-Plg activator activities found in
the original plasma samples, affinity adsorbed-eluted fractions
and immunoadsorbent adsorbed-eluted fractions (IAEF) fol-
lowing oral administration of HMW-UK, are summarized in
Table I. First, we would like to compare the IAEF data in the
1-d and 7-d groups with those in the 7-d placebo group. We
have isolated 0.413 mg protein/dl original plasma, with a
specific activator activity of 508 IU/mg protein, from the
human subjects receiving HMW-UK orally for 1 d (1-d group),
0.792 mg/dl from the 7-d group, with a specific activator
activity of 537 IU/mg protein, and 0.317 mg/dl, from the 7-d
placebo group, with no activity. The UK-specific amidolytic
activity in the 1-d group was 205 IU/dl, in the 7-d group the
activity was 420 IU/dl, whereas no activity was found in the
7-d placebo group. Therefore, the increase in amidolytic activity

after oral administration of HMW-UK in the 1-d and 7-d

groups was due in part to UK-type activity. None of the
unadsorbed fractions, which had high amidolytic activity, had
Glu-Plg activator activity. The Glu-Plg activator activity found
in the 1-d and 7-d affinity adsorbed-eluted fraction was low,
21 1U/dl and 33 IU/d] original plasma, respectively, but
increased at least 10-fold in the 1-d and 7-d IAEF. The UK-
amidolytic activities and Glu-Plg activator activities were the
same, indicating that the measurement of activator activity by
two different methods was identical. There was twofold more
UK-type protein in the 7-d IAEF than the 1-d IAEF. Assuming
a total plasma volume of 2,400 ml/60 kg individual, we have
isolated an equivalent of 10,200 IU of UK-type activity
(plasminogen activator activity) in the 7-d IAEF which is
equivalent to ~8% of the administered dose (120,000 IU); the
specific Glu-Plg activator activity of the 7-d IAEF was 536 IU/
mg protein.

Enzymatic properties of the isolated UK-proteins in the
IAEF. The kinetic parameters of Glu-Plg activation of the 1-
d IAEF, which contained 8% active sites (four preparations
had 8+1% active sites), were determined and compared with
that of the highly purified parent urinary HMW-UK (6, 9). As
shown in Table II, the apparent Michaelis constant of activation,
K, for this fraction was 2.00 uM, which was similar to the
K, of the parent HMW-UK, namely 1.18 uM. On the other
hand, the catalytic rate constant of activation, kpg, of the
fraction was 11.46 min~!, which was ~2.5-fold lower than the
Kpig Of the parent HMW-UK, namely, 28.65 min~'. The second
order rate constant of activation, kyg/Kp, of the IAEF was
fourfold less than the ky,/Kp value of the parent HMW-UK,
which was calculated to be 24.3 gM™' min~'. Although the



Table II. Kinetics of Activation Parameters of Human Glu-
Plasminogen by Parent Urinary HMW-UK Compared with the
Plasma Immunoadsorbent Adsorbed-Eluted Fraction (IAEF)
Isolated from the 1-d Group

Enzyme Ko Ky kpg/Koig
M min~! uM-! min~!
Parent HMW-UK 1.18 28.65 24.28
Immunoadsorbent
adsorbed-eluted
fraction (IAEF) 2.00 11.46 5.73

slopes of the Lineweaver-Burk plots were different, the isolated
plasma urokinase-type enzyme is similar to the parent urinary
HMW-UK in the activation of Glu-Plg. We had previously
reported K., and k, values of 1.90 uM and 50.41 min~’,
respectively, for a different highly purified urinary HMW-UK
preparation, and K, and k, values of 1.67 uM and 22.72
min~!, respectively, for a highly purified LMW-UK (6, 9). The
kinetic parameters of Glu-Plg activation of all of the UK
activator species studied, both urinary and plasma, are all very
similar; therefore, all of the UK-type enzymes are similar to
one another as plasminogen activators.

SDS-PAGE and zymogram of UK-type protein in IAEF.
As shown in Table I, the differences in protein concentrations
and specific activities of UK-type protein in the IAEF in the
three groups made us speculate that there may be differences
in the biochemical properties of the UK-type proteins isolated
from each of the three groups. Each UK-type protein from
the three IAEFs was applied to SDS-PAGE, and the plasmin-
ogen activator activities of the protein bands separated on the

29 s

gel were determined by the zymographic technique. As shown
in Fig. 4 A, the IAEF from the 7-d placebo group (12.4 ug
protein/lane) as well as from the 1-d group (16.4 ug protein/
lane) showed two bands in positions of molecular weights of
~140,000 and ~ 120,000, higher than the molecular weights
of HMW-UK. In addition to these two bands, the IAEF from
the 7-d group (31.5 ug protein/lane) showed a major band,
~50% of the total protein, of molecular weight ~53,000 in
the same molecular weight position as the band of the highly
purified HMW-UK standard. The difference in protein con-
centration in the IAEF between 7-d placebo, or 1-d group,
and the 7-d group was assumed to be due to the presence of
this protein band corresponded to a molecular weight of
~53,000. This 53,000 protein is probably a minor, trace,
protein in either the 1-d or 7-d placebo groups. The protein
concentration of the samples used in lanes a, b, and ¢ were
related to the yields obtained in the IAEF (Table I).

On the other hand, as shown in Fig. 4 B, zymograms of
the IAEF showed some interesting and important results. The
two high molecular weight protein bands (~140,000 and
120,000) in the three IAEF did not have any plasminogen
activator activity on the zymogram. Although the IAEF from
the 7-d placebo and 1-d groups did not show visible protein
bands at the 53,000 mol wt position of HMW-UK on SDS-
PAGE, the lysis bands indicated plasminogen activator activity
at the position of HMW-UK on the zymogram. The plasmin-
ogen activator activities in the lysis bands on the zymogram
were determined from a UK standard curve between IU and
lysis area (mm?) on the zymogram, and it was confirmed that
all of the enzyme activity (IU) in the IAEF from the 1-d and
7-d groups could be recovered in the protein bands which
coincided with the lysis band on the zymogram. Although the
IAEF from the 7-d placebo group did not show any UK-

Figure 4. SDS-PAGE analysis and
zymogram of IAEF. SDS-PAGE
and zymogram were carried out as
described under Methods. (4)
SDS-PAGE of IAEF and HMW-
UK standard. Lane a, IAEF from
7-d placebo group (12.4 ug); lane
b, from the 1-d group (16.4 ug);
lane ¢, from the 7-d group (31.5
ug); lane 4 HMW-UK standard
(35.2 pg); lane s, mol wt standard
kit (Sigma; B-galactosidase,
116,000; phosphorylase B, 97,400;
bovine albumin, 66,000; egg albu-
min, 45,000; carbonic anhydrase,
29,000) (30 ug). (B) Zymogram of
IAEF and HMW-UK standard.
The SDS-PAGE gel was extracted
with 2.5% Triton X-100 for 30
min, and overlaid onto a plasmin-
ogen-rich fibrin-agar plate. Lane
a', 1AEF from placebo group (12.4
ug); lane &', from 1-d group (1.64
ug); lane ¢’, from 7-d group (1.58
ug); lane d’, HMW-UK standard
(0.008 ug). Lysis areas (mm?) of
a’, b', and ¢’ were almost the same
as that obtained with 0.9 IU of
HMW-UK standard.
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specific amidolytic and Glu-plg activator activities, the zymo-
gram showed the presence of UK-like plasminogen activator
activity in this IAEF, 20 IU/dl original plasma, similar to that
reported by Tissot et al. (19). The reason for the difference in
the Glu-plasminogen activator activity in the 7-d placebo, 20
1U/dl, and the 1-d and 7-d IAEF, ~210 IU/dl to ~425 IU/
dl, when using active site measurements (amidolytic activity)
(1-40 IU) and plasminogen activation in an isolated highly
purified system (plasminogen activator activity) (0-4 IU), and
zymograph method (0-1 IU) is probably due to the sensitivities
of the assays. The 7-d placebo group IAEF could contain a
small amount of UK-zymogen, which is activated by plasmin
generated during zymography; all of the trace UK-zymogen
found in the other fractions from the 1-d and 7-d groups could
have been converted to the enzyme during the isolation
procedures, probably due to some plasmin contamination in
the early fractions (steps 1 and 2). What are the two high
molecular weight protein bands found in SDS-PAGE? The
antigenic determinants of these two protein bands are similar
to those found in the urinary HMW-UK protein because they
are bound to the specific rabbit anti-HMW-UK-IgG-Sepharose
column. They are either higher molecular weight forms of UK
(20), or undissociated UK-UK inhibitor complexes. This prob-
lem is now under investigation in our laboratory.

Purification of UK-type protein in 7-d IAEF by SDS-PAGE.
We further purified the UK-type protein of 53,000 mol wt
from the 7-d group IAEF by SDS-PAGE. Aliquots of 30 ug of
IAEF were applied to 12 gel slots. After electrophoresis, the
gels were sliced at the position of 53,000 mol wt, and the slices
were extracted with 5 ml of 0.1 M phosphate buffer pH 7.4
containing 0.2% Triton X-100 overnight at 4°C. The super-
natant, after glass-wool filtration, was dialyzed against 0.1 M
phosphate buffer at pH 7.4 overnight at 4°C and concentrated
against Carbowax 20,000. By this preparative SDS-PAGE
procedure, 0.29 mg of protein with 360 IU of Glu-Plg activator
activity was recovered from 0.79 mg of the fraction containing
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425 1U of Glu-Plg activator activity, with a specific activity of
1,241 1IU/mg protein, and a recovery of 85%. Since the specific
activity of the pure HMW-UK standard is 110,000 IU/mg
protein, the active 53,000 mol wt UK-type protein, after
preparative SDS-PAGE, is ~ 1% of the total protein, indicating
that ~99% of the 53,000 mol wt UK-type protein may be in
an inactive form, or the protein is a UK-zymogen with a low
specific activity. All of the purified 53,000 mol wt UK-type
protein, after preparative SDS-PAGE could be bound to
specific rabbit anti-HMW-UK-IgG-Sepharose.

The 7-d IAEF SDS-PAGE fraction, containing the 53,000
mol wt protein, formed a precipitin band with the specific
rabbit IgG antibody to HMW-UK in double immunodiffusion
(Fig. 5). These results show that the purified 53,000 mol wt
UK-type protein has common antigenic determinants with
urinary HMW-UK, and also with LMW-UK.

Peptide chain analysis of the plasma 53,000 mol wt UK-
type protein. The purified 53,000 mol wt UK-type protein was
reduced in 0.1 M phosphate buffer, pH 7.4, containing 1% 2-
mercaptoethanol, at 37°C for 30 min. As shown in Fig. 6 4,
after reduction, the 53,000 mol wt protein band as well as the
highly purified HMW-UK standard separated into two chains
that have the same mol wts of 33,000 and 20,000, respectively.
The UK-type heavy chains of 33,000 mol wt did not have any
plasminogen activator activity on the zymogram after reduction
(Fig. 6 B).

Isolation and characterization of plasminogen from the
plasma of patients given pure HMW-UK orally. Plasminogen
was isolated from the patients’ plasma samples, from the 7-d
placebo, 1-d, and 7-d groups, after removal of the UK-type
proteins by ACH-Sepharose affinity chromatography. The re-
maining unadsorbed plasma was subjected to a continuous
three-step sequential affinity chromatography method using
Zn-chelated-Sepharose (21) (step 1) to remove serine proteases
and possible tissue-type plasminogen activators, followed by
ACH-Sepharose (step 2) to remove any residual UK-type

Figure 5. Immunodiffusion pattern
of plasma 7-d group IAEF 53,000-
mol wt SDS-PAGE fraction. The
center well contained 10 1 mono-
specific anti-HMW-UK rabbit IgG
(4 mg/ml); the peripheral wells each
contained 10 pl of 5 ug plasma 7-d
IAEF 53,000-mol wt fraction (1), 5
ug highly purified parent urinary
HMW-UK (2), 2.5 pg plasma 7-d
IAEF 53,000-mol wt fraction (3),
and 2.5 ug highly purified urinary
LMW-UK (4), respectively.



proteins, and L-lysine-substituted-Sepharose (22) (step 3) to
remove plasminogen. Approximately 60 to 70 ml of the
unadsorbed plasma (pool) from ACH-Sepharose was passed
through the three affinity columns at room temperature, and
washed with 0.1 M phosphate buffer, pH 7.4. Each column
contained 10-ml volumes of each affinity reagent. The L-
lysine-substituted-Sepharose column was washed with the
phosphate buffer until the absorbance at 280 nm was zero. It
was then eluted with 0.2 M «ACA/0.1 M phosphate buffer,
pH 7.4. Fractions, 2.5 ml, were collected with the protein
being eluted between 12 and 20 ml. The protein fraction was
precipitated at 35% ammonium sulfate, at 4°C overnight. The
precipitate was removed by centrifugation at 12,000 rpm and
dissolved in 0.01 M phosphate/0.02 M lysine/0.15 M NaCl
buffer, pH 7.4, containing 100 KIU Trasylol/ml, to a concen-
tration of ~10 mg/ml protein. The solutions were clarified by
centrifugation at 12,000 rpm. The functional protein yield was
7-d placebo group, 4.9 mg%; 1-d group, 7.4 mg%; and 7-d
group, 6.5 mg%. Each plasminogen fraction, as is, and reduced,
was analyzed by SDS-PAGE; the results of these experiments
are shown in Fig. 7. The 7-d placebo group plasminogen
fraction (lane 1) shows mainly the Glu-form(s), 93% Glu-form
and 7% Lys-form(s), whereas in the 1-d group and 7-d group
fractions there was a mixture of the Glu-form(s) and Lys-
form(s). The 1-d group fraction (lane 2) showed 76% Glu-
form(s), 21% Lys-form(s), and 3% of a plasmin-plasmin inhib-
itor complex; the 7-d group fraction (lane 3) showed 27%
Glu-form(s), 67% Lys-form(s), and 6% of a plasmin-plasmin
inhibitor complex. In order to determine if there was any free
plasmin in the preparations, the fractions were completely
reduced and alkylated and analyzed by SDS-PAGE (Fig. 7).

Figure 6. Peptide chain anal-
ysis of 53,000-mol wt plasma

B urokinase-type protein. (4)

SDS-PAGE of 53,000-mol wt
urokinase-type protein and
HMW-UK standard before
and after reduction. Reduc-
tion was carried out by incu-
bating the sample in 0.1 M
phosphate buffer, pH 7.4,
containing 1% 2-mercapto-
ethanol at 37°C for 30 min.
Lane 1, 53,000-mol wt uroki-
nase-type protein (30 ug);
lane 2, reduced 53,000-mol
wt urokinase-type protein (30
ug); lane 3, HMW-UK stan-
dard (35 ug); lane 4, reduced
HMW-UK standard (35 pg);
lane S, mol wt standard kit
(30 pg). (B) Zymogram of
53,000-mol wt urokinase-
type protein and HMW-UK
standard before and after re-
duction. Lane 1’, 53,000-mol
wt urokinase-type protein
(1.53 pg); lane 2', reduced
53,000-mol wt UK-type pro-
tein (1.53 pug); lane 3',
HMW-UK standard (0.008
ug); lane 4, reduced HMW-
UK standard (0.008 png).

No plasmin heavy (4) and light (B) chains were found in the
7-d placebo group fraction. In the 1-d group fraction, a trace
of plasmin was found but in the 7-d group fraction, ~9%
plasmin was found, calculated from the heavy chain fraction.
Therefore, the Lys-form(s) of plasminogen found in the 7-d
group fraction was primarily the zymogen(s), with some con-
taminating plasmin.

Discussion

In these studies, we have shown that the oral administration
of urinary HMW-UK in a group of normal human subjects
induced a plasma fibrinolytic state (Figs. 1-3), suggesting
transport of the HMW-UK across the intestinal tract, and
stimulation of synthesis and/or release of UK-type proteins.
Transport, and stimulation and/or release of UK-type proteins
and tissue plasminogen activator, were confirmed in an animal
model (5) using radiolabeled UK. A 53,000 mol wt UK-type
protein was isolated from the plasma of patients given 120,000
IU pure HMW-UK orally, in a single dose, daily for 7 d, by a
sequential two-step affinity chromatography method. The final
product, 7-d immunoadsorbent adsorbed-eluted fraction
(IAEF), was a UK-type protein with low specific plasminogen
activator activity, 536 IU/mg protein. The 1-d IAEF, with 8%
active sites, which had a similar specific activity, had consid-
erably less 53,000 mol wt protein. However, the enzyme in a
kinetic analysis had similar kinetic parameters to pure urinary
HMW-UK, indicating similar activator enzymes. When a
minimal daily dose of 120,000 IU pure HMW-UK was used
either for 1 d or for 7 d, the yield of the 7-d IAEF was twofold
higher in protein and activator activity than the 1-d IAEF.
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Figure 7. SDS-PAGE analysis of plasminogen isolated from the
plasma of patients given HMW-UK and placebo orally. Reduction
and alkylation were performed as follows. 50 ul of plasminogen
sample solution (2-3 mg/ml) was incubated in 40 ml of 8 M urea
and 2.5 pl of 1% 2-mercaptoethanol in boiling water for 10 min, 20
ul of iodoacetate in NaOH (29.8 mg iodoacetate/40 ul of 4 M
NaOH) was added, and the solution was incubated at room tempera-
ture for 10 min. Lanes 1 and 1": 7-d placebo group plasminogen

Although this is not a dose-response curve, the possibility
exists that longer dosage periods, or increased dosage, could
produce higher levels of the UK-type protein.

It has been established that the 53,000 mol wt urinary
HMW-UK protein has a two-chain structure linked by a single
disulfide bond (23) and the chains can be separated by SDS-
PAGE after reduction. In the present study, we first succeeded
in isolating a 53,000 mol wt UK-type protein from the 7-d
IAEF by SDS-PAGE. The purified material had the same
antigenicity and two-chain structure as active urinary HMW-
UK. These results suggests that this UK-type protein may be
HMW-UK. However, its specific activity was 1,241 IU/mg
protein, ~1% of the specific activity of pure urinary HMW-
UK (110,000 IU/mg protein). Although the intact two-chain
form of the 53,000 mol wt urinary HMW-UK protein is
catalytically active, is inhibited by DFP, and will incorporate
[*H]DFP into its active site in the 33,000 mol wt chain (23),
almost all of the 53,000 mol wt plasma UK-type protein was
catalytically inactive, and this UK-type protein incorporated
only 0.003 mol of [P’H]DFP per mole of protein, even though
it has a two-chain structure. Both Wun et al. (24) and Nielsen
et al. (25) isolated an inactive single-chain UK-zymogen from
the culture medium of the human epidermoid carcinoma and
human glioblastoma cells in tissue culture, respectively, that
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sample, 24 ug unreduced, and 12 ug reduced-alkylated; lanes 2 and
2": 1-d group plasminogen sample, 29 ug unreduced, and 14 ug
reduced-alkylated; lanes 3 and 3" 7-d group plasminogen sample, 32
ng unreduced, and 16 ug reduced-alkylated; lane N: Glu-plasminogen
standard (Kabi, 30 ug); lane S: mol wt standard kit (Sigma, 30 ug).
PIn-Pin Inh, plasmin-a,-plasmin inhibitor complex; Plg, plasmino-
gen; A and B chains, plasmin-derived heavy (4) and light (B) chains
of plasmin, respectively.

can be converted to an active two-chain enzyme by plasmin.
Wun et al. (26) also suggested that the major fractions of the
urokinase zymogen isolated by immunoadsorbent affinity col-
umn chromatography from enriched plasma fractions may
exist in a conformation that is predisposed to degradation
rather than to activation by plasmin treatment. Neither the
UK-specific amidolytic nor Glu-plg activator activities of the
53,000 mol wt UK-type protein isolated in this study could
be enhanced by plasmin treatment.

In these studies on the isolation of UK-type proteins from
the plasma of human subjects given urinary HMW-UK orally,
we have found that when using the sequential two-step affinity
chromatography method followed by the preparative SDS-
PAGE method, large amounts of the 53,000 mol wt UK-type
protein (0.29 mg/dl plasma) can be isolated from the plasma
of the 7-d group, compared to the small amounts isolated
from the plasma of the 1-d group (<0.03 mg/dl plasma). This
indicates that each of the human subjects in the 7-d group
contain a total amount of ~7.0 mg of UK-type protein in
whole blood, assuming a plasma volume of 2,400 ml/60 kg
individual. Each individual in the 7-d group was given a total
amount of 7.63 mg of pure HMW-UK (840,000 IU of UK
with a specific activity of 110,000 IU/mg protein). Therefore,
it is speculated that if all of the plasma UK-type protein
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(one-chain) plasma fibrinolytic enzyme syster.n after
UK oral administration of human urinary
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originated in the orally administered HMW-UK, >92% of the
HMW-UK was transported and appeared in the blood. This
speculation is obviously illogical, because it is well known that
the absorption rate of macromolecules across the intestinal
tract of human subjects is at most <10% of the total protein
administered (27). We reported that in a dog model (5), a
single duodenally-administered '>1 HMW-UK dose was trans-
ported and appeared in the plasma in <45 min. Also, the
biological half-life of UK was found to be <20 min (28).

We believe that orally administered HMW-UK stimulates
the UK biosynthetic pathway, in perhaps the liver (29) and/or
vascular endothelium (30), releasing a single chain UK-type
protein, a zymogen form. The UK-zymogen is converted to a
two-chain active UK form by plasmin, and any other factors,
generated in plasma (see Fig. 2). After inducing the plasma
fibrinolytic state, active UK is bound to a specific UK inhibi-
tor(s), and eliminated from the blood as the enzyme-enzyme
inhibitor complex. This process is probably the reason why
the oral administration of HMW-UK can maintain a plasma
fibrinolytic state for much longer intervals after administration
than the intravenous administration of HMW-UK. We also
would like to propose the possibility that the cumulative effect
of the oral administration of HMW-UK may be expected even
during fibrinolytic therapy, because the Glu-plg activator activity
in the IAEF of the 7-d group was two times higher than that
of the 1-d group, and a large amount of the 53,000 mol wt
plasma UK-type protein could be isolated only from the 7-d
group.

The 53,000 mol wt protein was isolated from plasma
containing the protein, in probably UK-UK inhibitor com-
plexes. A rapid specific inhibitor to both tissue plasminogen
activator and UK, which forms possible stoichiometric com-
plexes, has been recently reported (31, 32). During the frac-
tionation of plasma samples containing these inactive UK-UK
inhibitor complexes, they are first adsorbed to ACH-Sepharose
and eluted with buffers containing 8 M urea, followed by
adsorption to specific rabbit anti-HMW-UK-IgG-Sepharose
and eluted with 8 M urea. The proteins were then subjected
to SDS-PAGE electrophoresis. The 53,000 mol wt two-chain

UK-type protein was found to be essentially inactive. The
dissociation of the UK-UK inhibitor complex resulted in an
inactive enzyme. The trace amounts of active UK, ~1%,
could be the result of dissociation of a different UK-UK
inhibitor complex, perhaps with a,-plasmin inhibitor (32), a
slow UK inhibitor, where the enzyme is still in the active
form.

The oral administration of UK in human subjects produced
a fibrinolytic state with resulting free plasmin (and free plasmin-
plasmin inhibitor complexes) causing the continuous conversion
of Glu-plasminogen to Lys-plasminogen (7-d group, 67% Lys-
form). It was recently reported that a modified form of
plasminogen was found in plasma activated by UK (33). The
continual presence of Lys-plasminogen in the circulation could
be an important component in fibrin-thrombus resolution,
since Lys-plasminogen binds better to the fibrin-thrombus and
is more easily, and readily, activatable by plasminogen activators
(34-36). We now can propose a general mechanism for the
effect of the oral administration of urokinase in human subjects
on stimulating the biosynthesis/release of UK-type proteins,
and their effect on the conversion of Glu-plasminogen to Lys-
plasminogen (Fig. 8). The new plasma components, e.g., the
53,000 mol wt, UK-zymogen, and Lys-plasminogen, could
play an important role in clot resolution of the fibrin-thrombus
in thromboembolic diseases. The infusion of a single-chain
55,000 mol wt UK zymogen, isolated from a transformed
kidney cell culture medium, into animal models, was found
to induce clot lysis (37). Work is in progress on the isolation
of the UK zymogen in patients with pancreatitis given oral
HMW-UK and treated with Trasylol to prevent conversion of
the zymogen to the enzyme by plasmin.

The oral administration of 120,000 IU HMW-UK daily
for 7 d was found to be clinically effecti‘ve in patients with
cerebral thrombosis in a multicenter double blind study (K.
Sasaki, Zeria Pharmaceutical Co., personal communication).
This clinical study compared favorably to that reported by
Abe et al. (38) using 60,000 IlU HMW-UK intravenously,
daily for 7 d, in patients with cerebral thrombosis, also in a
multicenter double blind study.
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