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GENERAL INTRODUCTION
Recently , many types of polypeptides such as cytoki nes or
lymphokines have been identified.

These compounds induce the

differentiation and/or growth of a great variety of cells at very low
concentrations in the oM or pM range in vitro , and they are
undergoing development for application as therapeutic drugs for a
wide variety of diseases. In addition , advances in gene recombination
techniques allowing the bulk production of such compounds have lead
to great expectations about their future use.

Although these

polypeptides exhibit dramatic biological activity in vitro, there ru-e
many difficulties to be overcome with regard to their in vivo
administration. One of the most critical issues is how to deliver such
compounds efficiently to tru-get organs and to allow them to display
their phru-macological effects most effective ly after systemic
administration. In general, polypeptides have very short biological
half-lives (24,66), which may be one of the reasons they do not always
produce a sufficiently powerful effect in vivo.

For the efficient

delivery of polypeptides to the tru-get, a suitable drug deli very system
(DDS) must be developed.
Hepatocyte growth factor (HGF) was Eirst identified as a potent
mitogen for mature heptocytes. HGF is now widely recognized a a
multifunctional cytokine which stimulates DNA synthesis in a variety
of types of epitheli al and endothelial cells (41 ,42). HGF is identical to
a scatter factor which cru1 stimu late the motility of ep ithelial cells and
al so a tumor cytotoxic factor which inhibits the growth of several
types of carin oma ce ll lines (4 1.42). Since HGF .is the mot potent
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mitogen as fa r as hepatoctes are co ncerned and it has been shown to
stimul ate the repair of the li ver, kidoey, and lung after injury to these
ti ss ues in experimental animals ( 19,25,51 ), it is co nfidently expected
that it will be developed as a treatme nt for certain types of injuri es
involving the Liver or other organs. However, Liu et al. (30) have
already demonstrated that the plasma half-life of HGF is very short(4 min ). Additionally, a large dose (- 300 J..l.g/kg body wt) of HG F is
usually necessary to obtain a pharmacological effect in vivo (19). This
could be a stumbUog block to developing HGF as a pharmaceutical
agent.
The final goal of this study is to di scover the reason for such a
short plasma half-life. To achieve this, the elimination mechani sm of
HGF from the circulating plasma needs to be clarified. ln addition,
based o n such a c learance mechani sm, we need to co nstruct a drug
delivery system (D DS ) for HGF which will produce a more potent
pharmacological effect in vivo at a lower dose. Liu et al. (30) have
also reported that the liver is a major clearance organ for HGF under
tracer dose co nditi ons. They also proposed that receptor-mediated
endocytosis a nd another unkn own uptake mecha ni s m, probably
mediated by cell-surface heparan-su lfate proteoglycan (HSPG ). in the
Uver constitute the elimination mechani sm for HGF at low doses (30).
However, the non linear pharmacokineti cs of HGF at re lative ly hi gher
doses has not been examined yet. Furthermore, to develop HGF as a
treatme nt, we must also in vestigate the clearance mechanism under
higher dose conditions where the pharmaco logical effect ca n be
observed.
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With these factors in mind, in this study I have focused on the
following three points which reuire clarification:
(i) Characterization of Lhe nonlinear pharmacokinetics of HGF
(ii) Clearance mechanism of HGF over a wide dose range
(iii) Construction of DDS for HGF using heparin , a glycosaccharide
which has an affinity for HGF, and protamine, a basic protein which
has an affinity for heparin and , possibly, HSPG.
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PART

I

Heparin-hepatocyte growth factor complex
with low plasma clearance and
retained hepatocyte proliferating activity
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ABSTRACT
Since hepatocyte growth factor (HGF) is known to have affinity for
heparin, we studied the binding isotherm and found th at HGF has a highaffinity binding site for 35S- heparin with an eq uilibrium dissociation
constant of approximately 0.6

nM.

We

then

a nalyzed

the

phannacokineti c behavior of the heparin-HGF co mpl ex in rats. The area
under the plasma concentration-time profiles of tri chloroacetic ac id precipitable radioactivities from 0 to 30 min after the intra ve nou s
administration of the heparin-1 25 1-HGF co mplex was approximately 3
times that after the admiru stration of 125 1-HGF only. Since we previou sly
demonstrated that the liver is the major clearance organ for HGF, the
hepatic uptake of 1251-HGF and the heparin - 125 f-HGF co mplex was
compared. The li ver-to-plasma concenu·ation ratio after th e intravenou s
administration of th e co mplex was half that after the administratio n of
1251-HGF only. Furthermore, the steady-state hepati c extraction ratio of
125 [-HGF in perfused rat li ver decreased depe nding on th e heparin
co ncentration.

Ln addition, the biological activity of the complex was

exarllined by assessing the 125 ]-deoxyuridine incorporation in cultured rat
hepatocytes. Although the half-effective concen trati on of HGF increased
slightly, namely 2-3 times in the presence of heparin than that in its
absence, the maximal activity was not changed. We co ncluded that the
heparin-HGF complex, which retained biological activity , exh ibited much
lower clearances for hepati c uptake and plasma dis appearance th an HGF
itself. The heparin-HGF co mplex may thu s be utilized as a drug delivery
sys tem for HG F.
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INTRODUCTION
Hepatocyte growth factor (HGF), with a Mw of 82-85 kD (46,48),
has a strong affinity for heparin (10,47 ,79) and is a most potent mitogen
for mature hepatocytes (15). The levels ofthe HGF activity and HGF
mRNA markedly increased both in the plasma and in the liver of rats
with hepatitis , which was induced by hepatotoxin s such as carbon
tetrachloride(CC1 4) or D-galactosamine (2,26,29,50). On the other hand ,
the HGF receptor on liver ceU-surface is down-regulated after a partial
hepatectomy or CCl4-induced hepatitis (15). In CCLJ-intoxicated rats the
uptake clearance of HGF in the liver decreased and down regulation of
the HGF receptor is suggested to be one of tbe causes of such a decrease
(31 ).

HGF-producing cells are Kup!Jer, endothelial ce lls (26 ,50), and

fat-storing (Ito-) cells (42) in the liver; endothelial aJld mesangial ce lls
(18) in the kidney; and macrophage and endothelial cells (76) in th e
lun gs.

Recenlly, Matsumoto et at. (39) identified "injurin", whi ch

induced HGF gene expression.
We previously analyzed pharmacokinetics of HGF in rats using in

vivo and a perfused liver system and found that HGF was di stributed to
the Liver, adrenal , spleen, kidneys, and lungs after intrav e nous
administration (30). Tajima et at. (67) examined the tissue distribution of
the HGF receptor and reported that the HGF receptor distributes much in
these organs.

The most important organ playing a major role in

eliminating HGF from the circu lation is the li ver (30). On the liver cellsurface there exist HGF receptors with a dissociation constant of 20-40
pM (15) and receptor-mediated endocytosis (RME) of HGF co ntributes to
the hepatic clearance (30). RME plays a key role in clearance not only of
HGF, but also of some other biologically important polypeptides
including epidermal growth factor ; and the co ncept of "tran spo rt
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receptor", which acts a transporter aod/oi" clearance mechani sm of
polypeptides , is also now well established (24,37,61 ,62,65 ,66 ,77 ,78).
HGF is known to bind to heparin-like substance on the cell-sutface (81)
and extracellular matrix (38) in the liver.

We previou ly showed tl1at

HGF is taken up by liver not only via RME, but also via a non-specifi c
mechanism, which probably occurs after the binding to such heparin-like
substances (30).
The disappearance of HGF in plasma is very rapid (early phase half
life"' 4 min , 30). This may be a barrier to develop HGF as a therapeutic
drug for certain types of ctiseases, since large quantities are necessary to
show pham1acological effects in vivo.

Therefore, it is important to

co nsa·uct a drug delivery system which exhibits much longer plasma halflife of HGF.

We previously found that when 125f-HGF prebound to

heparin was intravenously admin istered, the plasma disappearance of
HGF was delayed to a great extent compared to the admini stration of
HGF only (31).

125 1-

In the present study we analyzed in details the

pharmacokinetics of the heparin-HGF complex in rats using in vivo and
perfused Uver systems .

In addition, we investigated the hepatocyte

proliferating activity of th e comp lex using primary cu ltured rat
hepatocytes.
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RESULTS
In vitro binding study of 3 SS-heparin to HGF
The bioding isotherm between HGF and heparin was analyzed (Fig.
!).

The curve linear Scatchard plot indicated the presence of

heterogeneous binding site (Fig. 1), and the binding isotherm (Cb vs. Ct)
was fitted to the three models: (i) model with a single kind of saturable
binding site and a noosaturable binding, (ii.) model with two kinds of
saturable binding sites, (iii) model with two kinds of saLUrable binding
sites and a non saturable binding. Goodness of the tit was assessed by AIC
value, and the data was fitted best to model (iii).

The dissociation

constants for the binding of heparin to high and low affinity binding sites
were 0.57 and 230 nM, respectively .

Plasma disappearance

of ns 1-HGF or hepari n-I 25J - H G F

complex
The effect of heparin on th e plasma disappearance of HGF was
analyzed (Fig. 2A).

The TCA-precipitable radioactivity disappeared

rapidly after the intravenous administration of tracer 125!-HG F only, with
the area under the plasma concentration time curve from 0 to 30 min
(AUC(0-30) ) of I 1.2 ± 0.0% of dose·min/ml.

On the other hand , the

plasma co ncentration Lime profile was quite different after administration
of a mixture of 1251-HGF and heparin with high Mw.

The AUC(0-30)

values were 23.6 ± 2.5, 25.7 ± 0.1 , and 33.4 ± 0.2% of dose·min/ml after
intravenous administration of 125!-HGF with 5, I 0, and 20 mg heparin
with high MW, respectively.

The increase of AUC(o. 3o) value by the

coadministTation of any close of heparin was statistica ll y significant (p <
0.05). The AUCco.30) value obtained with 20 mg heparin was thu s 3 times
that after the administration of I25J-HGF alone.
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Next, the effe ct of

heparin with a low MW on the plasma disappearance of HGF was
examined. After the intravenous adminisu·ation of 1251-HGF with 20 mg
heparin with a low MW, the AUC (0-30) value was 25.0

± 0.0% of

dose-m.in/ml, which was slightly smaller than· that afte r the administration
of heparin with a high Mw.

Tissue distribution of I2SJ-HGF or heparin-I 2SJ-HGF complex
The tissue distribution of radioactivity was determined at 10 m in
after the intravenous administration of a u·acer amount of 125J-H GF only
or the mixture of hepa1in and 125!-HGF.

After the intravenous

administrati on of 1251-HGF o nly , the tissue-to-plasma concenu·ation ratio
(Kp) in the liver was 3. 11 ± 0.15 mllg of liver and greater than th ose in
other tissues (Fig. 3A). After the intravenous administration of 125!-HGF
with heparin , the Kp value was 1.43 ± 0.05 mllg liver and also greater
than those in other tissues (Fig. 3A) , but was "reduced to 46 % of that after
the administration of 125J-HGF on ly.

The Kp values in the ad rena l,

spleen , kidneys , lun gs , and duodenum, afte r the administration of 125!HGF with heparin, also dropped to 36, 26, 44, 22, and 40% of those after
the administration of 1251-HGF alone, respectively (Fig. 3A). When the
Kp values were convened to the distribution volume (Ya,ti ss ue) per kg
body wt, the li ver va lue was much greater than those in other tissues (Fig.

3B).

Hepatic handling of heparin-I2SJ-HGF complex in the singlepass perfused rat liver
Since liver is the major clearance organ for HGF (30), the effect of
the comp lex fo rmation with heparin on the hepatic removal of HGF was
examined using the single-pass perfused rat Li ver (Fig. 4). The steadystate hepatic extraction ratio (Eh) of a tracer (0.8 pM) 125J-HGF was 0.5 I
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± 0.01. Sequential perfusions of 1251-HGF with increasing concentrations
of heparin (0.1, 0.3, I, 3 mg/ml) were done, and the Eh value was fou nd
to drop sequenti a Uy and was 0.34 ± 0.01, 0.10 ± 0.01 , 0.08 ± 0.01, and

0.05 ± 0.01, respectively (Fig. 4).

Mitogenic response of primary cultured rat h epatocytes to
HGF with different exposure times
The HGF concentration dependence of mitogenic response in
cu ltmed rat hepatocytes were examined with different expos ure time
(Fig. 5).

The mitoge ni c response assessed by 125 J-deoxyuridine

incorporati on after the vario us exposure tirrie (0.3 - 28 h) with variou s
concentrations of HGF (0 - 250 pM) was determined a nd found to
increase, as the HGF co ncentration in creased, after any ex pos ure time
(Fi g. 5). In addition, the mitogenic res ponse increased, as the expos ure
time increased, at any concentration of HGF (Fig. 5).

Mitogenic response to heparin-HGF complex
Mitogen ic respo nse to a mi xture of HGF (40 pM) and vanous
co ncentrations of heparin (0 - 3 mg/ml) with high or low Mw were
determined using cull11red rat hepatocytes (Fig. 6). In the presence of 40
pM HGF only, 50% of the maximum response (o btained at 90 pM HGF)
was observed. The mitogenic respon se to 40 pM HGF was redu ced in the
presence of a re latively hi gh co ncentration (> 0.1 mg/m l) of heparin , and
35% or 32% of the maximum respo nse was observed in the presence of
lmg/ml heparin with high or low Mw , respective ly (Fig. 6).

On the

other hand, the effect of heparin on the mitogeni c res po nse was minima l
in the presence of excess (500 pM ) HGF (Fig. 6). Mitogen ic res ponse to
only heparin was negli gible (Fig. 6). The HGF concentratio n dependence
on mitogenic respo nse was examined in the presence or absence of I
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mg/ml hepari n (Fig. 7). In addition, the occup ations of higl1 and low
affinity heparin binding sites on HGF by heparin (I mg/ml) were
es timated based on the binding parameters obtained. It was suggested that
most(> 99.9%) of the both binding sites on HGF molecule was occupied
by heparin at any co ncentration of HGF ( I 0 - 500 pM).

The half-

effective co ncentration (EC 5o) was 43.0 ± 1.2 pM in the abse nce of
heparin , and I 06 ± 4 or 78.3 ± 2.5 pM in the presence of heparin with a
high or low Mw, respectively, while the maximal values of Lhe mitogenic
response was comparable in either case (Fig. 7).
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DISCUSSION
Since HGF markedly stimulates DNA synthe sis of mature
hepatocytes (15,42), it is expected to be therapeuti c for certain types of
liver diseases .

However, there are some difficulties before this is

realized. That is, the plasma half-life of HGF was very hort (30), and
large quantities are necessary to show pharmacologi cal effects in vivo.
Therefore, it is essential to develop drug delivery system (DDS) which
increases the plasma residence time of HGF in vivo with a minimal change
in intrinsic biological activity. Such a necessity for DDS development
was also supported by the results of the present study (Fig . 5). Mitogenic
response of cu ltured rat hepatocytes was increased, as the residence time
of HGF in the medium increased, at any HGF concentration (Fig. 5).
This result suggested the prolongation of the plasma residence time is
effective fo r the increase of biological activity of HGF in vivo. The
development of DDS for the avoidance of HGF clearance mechanism is
thus important to realize the clinical application of HGF.
We designed a complex of heparin and HGF as a DDS of HGF,
which is aimed to result in the longer plasma residence time of HGF.
HGF has a great affin ity for heparin ( I0,46,7 9) and binds to heparin-like
substances, which exist on cell-surfaces and/or in exu·acel lul ar matrices
(38,8 1). However, the isotherm of such binding has not been reported
yet, so the binding parameters were determined by using an ultrafiltration
technique (Fig. I). Scatchard analysis (Fig. I) revealed the existence of
two kinds of saturable binding with high aff.inities (Kd values; 0.6, 230

nM).
We previously reported that HGF is taken up by the li ver via not
o.nly the receptor-mediated endocytosis, but also non- specific uptake
mechanism, which is probably related to the adsorption of HGF to
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heparin-like subs tances (30).

Therefore, it may be possible that the

pharmacokinetic behavior of HGF molecules prebound to heparin is
modified. In fact, when 1251-HGF prebound to heparin was administered
intravenous ly, the plasma clearance of 1251-HGF was lower, compared
with that after intravenous administration of 1251-HGF only (Fig. 2). ln
addition , the steady-state hepatic extraction ratio of 125J-HGF, which was
m eas ured in a perfused liver system, was decreased to a great extent in
the perfu sio n of beparin -1251-HGF comp lex than that in the perfusion of
1251-HGF only (Fig. 4). These results suggested that the adminisu-ation of
the heparin-HGF complex was effecti ve to reduce HG F clearance.
The ti ss ue-to- plasma co ncen trati o n rati o ( Kp) of 125f- HG F in
several tiss ues was also examined after the intravenous administration of
hep arin - 125 [-HGF complex and found to be less than half of that after
intravenous admini stratio n of 1251-HGF onl y in any tissues (Fig. 3A).
When the Kp values were converted to the distribution volume (Yct,tissuc)
per kg body wt, the value in the liver was much greater than those in
other tissues (Fig. 3B). This result suggested that heparin-HGF comp lex
avoids its up take to the liver and such avoidance of hepatic uptake
contributes much to the decrease of HGF plasma clearance. The res ults
that the Yct. 1;ssue value of ei ther 1251-HGF or heparin- 125J-HG F co mpl ex in
the li ver was much greater th an th ose in other tissues (Fig. 3B) supp orted
our previou s finding that the Li ver is the maj or organ responsi ble for the
removal of HGF from the circul ation (3 0) and also suggested that thi s
holds true for the hepa.rin-HGF comp lex.
Alth ough d1e co mplex formation of HGF wi th heparin resulted in
d1e prolongation of HGF retention in plasma, it was possible that heparin
blocks the site of the HGF molecule rel ated to the binding to its receptor
and inhibits its biological activity.

If heparin-HGF comp lex does not

retain the bi ological activity of HGF, its app lj cation for DDS is not
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possible. Therefore, we examined its biological activity in cu ltured rat
hepatocytes (Fig. 6). The mitogenic response to HGF (40 pM) has a
tendency to decrease as the heparin concentration increased (Fig. 6).
When we consider that the distribution volume of heparin is 260 ml/kg
body wt (73), the initial heparin concentration in plasma after the
intravenous administration of a complex of 125!-HGF a nd 5 mg/rat
heparin , which showed a marked increase in the AUC(0-30) value
compared with 1251-HGF only (Fig. 2A), is estimated to be approximately
0.08 mg/ml.

When such a concentration of heparin was used, th e

mitogenic response was 70 - 80% of that for HGF alone (Fig. 6),
indicating that the heparin-HGF complex retained the comparable
biological activity of HGF. On the other hand, the mitogenic response to
the excess (5 00 pM) concentration of HGF did not decrease as the heparin
concentration in creased (Fig. 6). To investigate the mechanism of the
slight decrease of HGF activity by heparin , we examined the HGF
concentration dependence of DNA synthesis in the presence of I mg/ml
heparin (Fig. 7).

The half-effective concentration (EC 5o) was

approximately 1.8 - 2.5 times larger in the presence of heparin !han that
in its absence, while the maximal mitogenic effect was comparable both in
the presen ce and absence of heparin (Fig. 7). Whe n we co nsider that
most(> 99.9%) of the hepatin binding sites on HGF molecule is occupied
by heparin at any co ncentration of HGF (I 0 - 500 pM) used , the
experimental data shown in Fig. 7 may reflect the cellular handling of the
heparin-HGF complex. Considering that EC5o in the absence of heparin
(43.0 ± 1.2 pM) was comparable with the dissociation constant of the
HGF binding to its receptor (20- 40 pM) , the increase in EC50 value by

heparin may be due to the decrease in the affinity of HGF to its receptor.
To clarify the mechanism in detail, however, we have to obtain more
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information, such as a three-dimensional distance between the receptorbinding region and heparin-binding region on HGF molecule.
lt is important to demonstrate the biological activity of the HeparinHGF complex in vivo before considering its clin ical appli cations.
According to the results of our preliminary experiment using rats
admit1istered with a-naphlylisothiocyanate, the intravenous administ ration
of the hepar.in- HGF comp lex significantly decreased serum levels of liver
enzymes (GOT, GPT, and ALT). The effect of heparin-HGF comp lex
injection was more clearly observed on the T-bilirubin value than the
injection of HGF alone (unpublished observation).

We are now

examin ing the hep atocyte proliferative activity of the hepari n-HGF
complex by assessing the incorporation of

1251-deoxyuridine

using rats

with hepati c malfunctions, and comparing its effect with that of HGF
alone.
Although the mechanism of the decrease in HGF distribution to the
liver by heparin remains to be resolved, the followi ng possibilities may
be considered: (i) Heparin decreased the affinity of HGF to its receptor;
(ii) Heparin redu ced the HGF binding to heparin-like substa nces on the
liver cell-s urface and/or in the extracellular matrix (38,8 1). As di cussed
above, the former possibility is likely.

The latter possibility is also

supported by the fact that heparin decreased the HGF distribution to all
the tissue examined (Fig. 3) when we consider that heparin-like
proteoglycans are distributed in ubiquitous tissues (59).
One may have doubt as to the usefulness of HGF as a treatme nt for
acute or chronic liver disease, since th e level of endogeno us HGF
co ncentration in plasma is markedly increased in such a conditi on, ·o thaL
the further administration of this growth factor may not be necessary.
lshiki et al (19) however, reported that exogenously administered HGF
has a potent antihepalitis effect in vivo usi11g mice subjected to 30%
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h e p atectomy

a nd

mice

admi niste r ed

with

CC I4 or

a.-

naphtyli sothiocya na te. Tt is sti ll unknown why the f urther exogenously
admi nistered H GF is still active in such a co nd ition. Furth r study has to
be done to c lari fy this mechani sm.
Altho ugh HG F is reported to ex hi bit rema rkab le proli fera ti ve
ac ti vity in mi ce with a hepa ti c ma lfun c ti on ( 19), a large dose ( 1-5
j.!g/ m o use/day) is necessary to s how bi o logical act ivity in vivo.
Therefore, a dru g deli very system fo r HGF has to be deve loped for its
clini ca l appli cati o n. O n the other han d, Francavill a e t al. (8,9) fo un d that
DNA sy nthesis in li ver is remarkabl y stimul ated by a selecti ve po rt al
infusio n of a mu c h lowe r dose (5 0 ng/kg body wt/cl ay) of HG F a fter
canine Eck's fis tul a. It is still unkn own wh e th er the reason fo r such a
clisc re pan cy in injected dose is the diffe re nce in admini s tra ti o n route,
species clj ffe rences, and/o r discre pa ncies in expe rim enta l sys te ms.

To

cla rify th e de pe nd ency of pro life ra ti ve activity of HGF in vivo o n the
inj ecti o n si te a nd cl ose, system a ti c e xperim e nts in w hi c h the cl ose,
inj ec ti o n site, and inj ection in terva l of HG F a re va ri ous ly cha nged , a nd
the resultant pro life rative activiti es are determined mu st be pe rformed .
Zarnegar e t al. (79) re porte d th at th e mitoge ni c ac ti vity of HGF
was aboli shed by 50

~tg/ml

hep arin at low concentra ti ons of HG F. In th e

prese nt stud y, th e effect of suc h co nce ntra ti o n of he parin o n the
mitogeni c res po nse to HGF was mini mal (Fig. 6) . T he poss ible reaso n
for thi s discre pancy may be co nsi dered as foll ows: (i) Th e Mw a nd/o r
so urce of he parin used in both laboratories are diffe re nt; (ii ) Species
diffe re nces in an1ino acid sequ ence of HG F may impart di ffe re nt receptor
binding charac teri s ti cs; (i ii ) The di ffe re nce o f cell de ns it y in bo th
laboratori es m ay have an effect on th e cellular respo nse s in ce Ih e
mitogenic response to H GF de pends mu ch on cell de nsi ty (68).
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Since heparin has an anti-coagulative activity, we ba e to consider
the possibility of significant side effects when the heparin-HGF complex
is administered to li ver di seased palients who already exhibit low
coagulative profiles.

For a clini cal application of the heparin-HGF

complex in treatment of liver disease, another heparin-like compounds
with a hi gh affinity for HGF aod a lower anti-coagulative activity (such as
heparan sulfate, dextran sulfate) might be used instead of heparin.
Heparin has great affinity also for basic fibroblast growth factor
(bFGF, 35,36). Gospodarowicz et al. ( J l ) reported that heparin inhibits
the inactivation of bFGF by acid- or heat-treatment. Resengart et al. (57)
found heparin to inhibit proteolyti c digestion of bFGF by so me proteases.
However, such a protective effect of heparin on HGF was still unknown.
We conc lude as follows: (i) The plasma clearance of HGF was
decreased when HGF prebound to heparin and administered; (ii) Such a
decrease was mainly due to the decrease in the hepatic uptake of HGP:
(iii) Hep arin-HOP complex retained the biological ac tivity of HGF.
These results suggest that the heparin-HGF complex may be promising to
be applied as a novel drug delivery sys tem of HGF.

We are now

examining its activity to cme of li ver disease in vivo using hepatotoxinintoxicated a nimals.
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Fig. 1 Scatchard plot of 3 5 S-heparin binding to HGF
35S-heparin (0 - 120 J.-1-Q/ml) was incubated with 25 nM (0 ) or
50 nM ( e) HGF for 50 min at 25 °C and an unbound
concentration of 35S-heparin was determined by the ultrafiltration
method .
Each point represents the mean value of two
independent determinations. The broken line is calculated by the
non-linear least squares method.
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Fig. 2
(A) Time profiles of TeA-precipitable radioactivity after
intravenous administration of 1251-HGF only or heparin-1251HGF complex
After the intravenous administration of only 1251-HGF (e) or a
mixture of 1251-HGF and 5 (0 ), 10 (4), or 20 (6 ) mg/ rat heparin
(Mw 18,000-23,000) , TeA-precipitable radioactivities in plasma
were measured . Each point and vertical bar represents the mean
± SE of 3 animals.
(B) The effect of the molecular size of heparin on the time
profiles of 1251-HGF concentration in plasma.
After the intravenous administration of 1251-HGF only (e) or a
mixture of 1251-HGF and 20 mg/rat heparin with a Mw of 18,00023,000 (0 ) or 4,000-6,000 (.&) , TeA-precipitable radioactivities in
plasma were measured. Each point and vertical bar represents
the mean ± SE of 3 animals. The vertical bar is not shown when
the SE value is smaller than the symbol.
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Fig. 3 Tissue-to-plasma concentration ratio (Kp, panel A) and
distribution volume (Vd,tissue, panel B) of radioactivity after the
intravenous administration of 12s1-HGF only or heparin-1251-HGF
complex
Ten min after intravenous administration of only 125 1-HGF (closed
bar) or a mixture of 1251-HGF and heparin (Mw 18,000-23 ,000, 20
mg/rat, hatched bar), rats were sacrificed and the liver, adrenal,
spleen , kidney, lung , and duodenum were excised.
(A) The
radioactivities per g tissue were counted and normalized by the TeAprecipitable radioactivity per ml plasma. (B) The distribution volume of
1251-HGF per kg body weight was obtained by multiplying the Kp
values in panel A by the tissue weight (g tissue/kg body weight). Each
value was the mean ± SE of 3 animals.
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Fig. 4 Steady-state hepatic extraction ratio of 1251-HGF or
heparin-1251-HGF complex
Sequential single-pass liver perfusions of a perfusate
containing 12s1-HGF (0.8 pM) and heparin (0 - 3 mg/ml) were
done and the steady-state extraction ratios were determined for
each concentration of heparin as described in text. Each value
was the mean ± SE of 3 animals .
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Fig. 5 HGF concentration dependence of mitogenic response
in cultured rat hepatocytes with different exposure time
HGF (0 - 250 pM) was added to primary cultured rat
hepatocytes. After 0.3 (0 ), 2 (0 ), 6 (..&.), 10 (L'>. ), 16 (• ), and 28
(0 ) h cells were washed and further incubated in HGF-free
medium . Twenty two hours after the HGF addition 125 1deoxyuridine was added and its incorporation for 6 h was assayed .
Data are expressed as the values normalized by the maximal
value (2.63x1 as cpm/mg protein) of mitogenic response obtained
at 28 h in the presence of 90 pM HGF. Each point and vertical bar
represents the mean ± SD of three determinations.
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Fig. 6 Mitogenic response of cultured rat hepatocytes to
heparin-HGF complex
A mixture of 0 (e ,A) , 40 (0 ,6 ) or 500 (0. •) pM HGF and
indicated concentrations of heparin with a Mw of 18,000-23 ,000
(e.O.O or 4,000-6,000 (.6, 6. • was applied to primary culture rat
hepatocytes and 1251-deoxyurid ine incorporation was measured as
described in text. Data are expressed as the values normalized by
the maximal value (0.618x1 os cpm/mg protein) of mitogenic
response obtained in the presence of 90 pM HGF alone . Each
point and vertical bar represents the mean ± SD of three
determinations.
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Fig. 7 HGF concentration dependence of mitogenic response
in the presence of heparin
Primary cultured rat hepatocytes were incubated with the
indicated concentration of HGF in the presence of heparin (1
mg/ml) with a Mw of 18,000-23,000 (0 ) or 4,000-6,000 ( ...&.) or in
their absence ( e) , and 125 1-deoxyuridine incorporation was
measured as described in text. Data are expressed as the values
normalized by the maximal value (0.618x1 os cpm/mg protein) of
mitogenic response in the presence of 90 pM HGF alone. Each
point and vertica l bar represents the mean ± SO of three
determinations.
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PART

II

Existence of two nonlinear elimination
mechanisms for hepatocyte growth factor in rats

- 25 -

ABSTRACT
Nonlinearity in the overall elimination of hepato cyte growth factor
(HGF) was examined in rats.

After intravenous administration, tbe

plasma clearance (CLpiasma) of HGF exhibited a dose-dependent biphasi c
reduction with high- and low-affinity components.

Considering our

previous finding that both receptor-mediated endocytosis (RME) and a
low-affinity uptake mechanism, probably mediated by hepa~·an sulfate
proteoglycan (HSPG), in the liver are major HGF clemance mechanisms,
it may be that saturation of CLpiasma at lower and higher doses represents
saturation of RME and HSPG-mediated uptake, respectively. At an HGF
dose (1.46 nmol/kg) which completely saturates the high affinity
component, CLplasma was almost completely reduced when HGF was
premixed with hepari n. However, CLpiasma was reduced by
most, l/5 that after HGF alone in a dose near the

linea~·

hepa~·in

to, at

range (3.66

pmol/kg). Saturation of CLplasma for HGF premixed wi Lh heparin was
monophasic, and nonlinear only at the lowest HGF doses. In vitro, hi ghaffinity binding of 35S-heparin to HGF was found showing that one HGF
molecule binds to the penta- or hexasacch;u·ide unit. Since miwgenic
activity of HGF has been reported in the presence of heparin , these res ults
suggest that hepai"in mainly inhibits low-affinity HGF uptake by
complexing with HGF while its effect on RME is relatively minor.
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INTRODUCTION
Hepatocyte growth factor (HGF) was first identified as a potent
mitogen for mature bepatocytes and is now recognized as a mitogen for a
variety of types of epitheli al cells (41 ,42) . The biological effect of HGF
is not restri cted to its mitogenic activity, but HGF is identical to the
scatter factor which acts as a motogen stimu latin g the migration of
epithebal ce Lls (75). HGF is also a morphogen for epi thelial cells and it
indu ces a multicellul ar architecture (44) as well as being a potent
angiogenic factor capab le of inducing endothelial cell s to proliferate and
migrate (6).

The biological activity of HG F i s exerted thro ug h its

binding to a specific receptor. The HGF receptor is a protooncogene cmet product (4,14,58) and is expressed on ubiquitous e pithe li al ce ll s
(53,67). It has been sugges ted that HG F binding to the receptor induces
receptor dimeri zatio n, resulting in reciprocal trans-phosphorylation of
each receptor and subseq uent interac tion with the other

ytopl as mic

effectors (3,7 1). HGF has an affi nity for heparin and can bind to the socalled hep arin-like substance on the ce ll surface an d/or extracellul ar
matrix (38,81) . Lyon et al. (36) demo nstrated that the heparan su lfate
proteoglycan (HSPG) derived from the liver binds to HG F. Thus, HS PG
is thou ght to be responsible for the binding to HGF as such a heparin-like
substance. Botb a heparin-binding domain and a receptor-hi nding do main
on the HGF molecule have been identifi ed at theN- termina l half of the achain.

The former is located on the N-terminal hairpin loop and the

second Kringl e domain while the latter is within the region of the hairpin
loop and the f irst Kringle domain (43) .
HGF a lso exhibits bi ological activity in vivo in severa l types of
animal with experimentally-induced liver and kidney disease ( 19,25, 56).
However , the dose of HGF needed to prod uce a pharmacological effect is
-27-

usually high (> 1.22 nmol/kg) except when HGF is administered through
the portal vein (8,27) where 0.61- 3.05 pmol/kg HGF s timulates
hepatocyte growth. One of the reasons why such a hi gh dose is needed
may be the short plasma half-life of HGF (- 4 min)(30). For the clinical
application of HGF, it is important

to

e limination fTom the circulating plasma.

clarify the mechani sm of its
We have been studyin g t.he

clearance mechanism of HGF and suggested that both RME and a lowaffinity uptake mechanism, probably mediated by a cell-surface HSPG ,
mainly co ntribute to the systemic clearance of HGF under tracer
conditions (30-33). However, its nonlinear pharmacokinetic behaviour
has not been completely clarified and so in the present study we
investigated a number of dose-dependent pharmacokineti c profiles.

To display the pharmacological activity of HGF in vivo, it is
important to develop an efficient drug delivery system for HGF (21 ,24) .
Since the HSPG on the cell-surface may mediate the uptake of HGF, its
plasma cleanwce· can be reduced when HGF is premixed with heparin to
form a hepari11-HGF complex (21). A mitogenic response by hepatocyles
to HGF can be observed in the presence of heparin (45,79,82), suggesting
that HGF can bind to its receptor even when it forms a complex with
heparin.

We previously reported the reduction in HGF clearance

following its coinjection with heparin in rats (21).

[n that study,

however, si nce trichloroacetic acid (TCA)-precipitation was u sed to
determine the plasma concentration of HGF, the experimen t was carried
out within a short time (< 30 min) of its administration (21 ).

ln this

study we used enzyme-immun o assay (EIA) to investigate the plasma
concentration-time profile of HGF fo r a long period (- 48 hour) to
examine the effect of heparin on HGF disposition.
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RESULTS
No nlinear elimination of HGF
After intravenous administration of various doses of HGF ( 1.22
pmol!kg - 12.2 nmollkg) as bolus injections, plasma co nce nu·ation-ti me
profiles were investigated using ElA (Fig. 8). At HGF do es below 12. 2
pmollkg, HGF in plasma rapidly disappeared while at more than 12. 2
pmol/kg, such plasma disappearance was delayed (Fig. 8). From the data
shown io Fig. 8, the CLplasma was obtained (Fig. 9).

The CLplasma

exhibited a dose-dependent reduction with increasing dose (Fig. 9). This
reduction was biphasic, showing both a high-affinity component saturated
at re lative ly low doses (12.2 - 36.6 pmol/kg) and a low-affinity
component saLUrated at relatively higher doses (3.66 - 12.2 nmol/kg)
(Fig . 9).

Elimination profile of HGF in rats with ligated portal vein and
hepatic artery
To directly demonstrate the importance of the liver for the plasma
clearance of HGF, the elimination profile of HGF in plasma was
examined in rats following ligation of both the portal vein and hepatic
artery (Fig. I 0). The plasma di sappearance of HGF at all doses examined
was delayed in liga ted rats compared with the contro l (sham-operated)
rats (Fig. 10) . The CLplasma in ligated rats was 14.5± 1.1 , 9.18±0.90,
0 .903±0.349, and 0.538±0.362 ml/min/kg (mean±SE, N=3) at HGF doses

of 1.22, 3.66, 36.6 pmollkg, and 1.10 nmo l/kg, respectively , also showing
a dose-dependent reduction.
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Effect of heparin on the nonlinear elimination of HGF
HGF was first mixed with heparin (0-20 mg/kg) and then given
intravenous ly (Fig. II A) at an HGF do e of 1.46 nmol /kg when the high
affinity component of CLptasma was almost comp letely saturated (Fig. 9).
Plasma concen tration-time profile of HGF after injection of a mixture
with heparin at 0.004 mg/kg was almost identical to that after injecti on of
HGF alone (Fig. II) . At more th an 0.02 mg/kg heparin , the plasma
dis appearance of HG F was delayed after inj ection of hep arin -HGF
mixture (Fig. 11 ), co mpared with that after injection of HG F a lo ne. T hi s
effect was heparin-d ose dependent (Fig. 11 ) and reached a maximum
when the dose of hepari n was 0.4 mg/kg (Fig. 11 ). Based on the data
shown in Fig. 11 A, a kinetic p<u·ameter, the AUC(o-JSO) · representing the
exposure of HGF in plasma was determined (Fig. 1.1 B). The AUC(0-180)
was 0.0423±0.0039 nmol•min/ml after inj ecti o n of HG F (1.46 nmol/kg)
alone and increased about 2 1-fo ld (0.899±0.079 nmol•min/ml) after
injection of a mixture with 0.4 mg/kg heparin (Fig. liB).
The pl asma co ncentration-time profiles of HGF afte r intravenous
inj ection of HGF alone or a heparin-HG F mixtw·e were determined for a
longer period (- 48 hour) to accurately estimate the CLplasma (Fig. 12).
At an HGF dose of 3.66 pmol/kg near !be linear dose range fo r CLptasma
(Fig. 9), HGF was first mixed with enough heparin (0.4 mg/kg), and the
mix ture was th e n give n intrave nously (Fig. 12A).

T he plasma

di sappearance of HGF was also delayed, com pared with that after an
injection of 3.66 pmol/kg HGF alone (Fig. 12A). However, the redu ction
in CLp1asma at an HGF dose of 3.66 pmol/kg was not so marked (Fig. J2A,
Table 2), compared with the HGF dose of 1.46 nmol/kg (Fig. 128 , Table
I ): At an HGF dose of 3.66 pmol/kg, the CLptasma after admi ni stration of
HGF with hepari n was 2 1% that after ad mini stration of HGF alone
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(Table I).

On the other hand, at an HOF dose of 1.46 nmol/kg, the

CLplasma of HOF with heparin was only 2.4% that after admini strati on of

HOP alone (Table 1). The saturabl e compone nt of the CLpJasma was
estimated by subtracting the CLplasma at 1.46 nmol/kg from th at at 3.66
pmollkg for both I-I.OF alone and the heparin-HOP mixLUre; thi s was
approximately

10 ml/min/kg

for

the

heparin - HOP

mi xture,

approximately half that for HGF alone (Table 1).

Binding of JSS-heparin and HGF
The binding of the protamine-affinity fraction of JS S-heparin and
HGF was determined by ultrafiltration (Fig. 13). For both 35S-heparins
with mo lecu lar weights of 21-23 kDa and 12-1 3 kDa, saturable and
non saturable components could be observed for the binding with HOF
(Fig. 13). The

Kc~

valu es were 0.310±0.130, 0.487±0.292 nM , the n

values were 0.0862±0.0126, 0.121±0.024 mol of heparin/mol of HOP,
and the a values were 0.0115±0.0012, 0.0165± 0.0018 (mean±ca lcu lated
SD) for the 21-23 kDa and 12-13 kDa 35 S-heparins , respectively (Fig.
13).
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DISCUSSION
We have investigated the elimination mechanism of HGF and come
to several conclusions: The major clemance organ for HGF is the liver
(30), and the clearance mechanism for HGF consists of at least two
systems, RME and a low-affinity uptake mechanism probably through a
cell-surface HSPG (30,33).

Since the nonlinear elimination profile of

HGF from the circulation has never been reported previously, we
analy zed the plasma concentration -time profiles of HGF after intravenous
administration of several different doses (Fig. 8, I0). The present study
supports that liver is the major clearance organ for HGF at any of the
doses of HGF examined since the disappearance of plasma HGF was
significantly delayed in rats with their portal vein and hepatic <u'lery
ligated (Fig. I 0).
Considering that RME contributes to HGF clearance (30,31 ,33), it
may be that its plasma elimin atio n exhibits nonlinearity because of
saturated receptor binding and/or subseq uent endocytosis. Actually, the
CLptasma showed biphasic saturation with increasing HGF doses (Fi g. 9):
e.g., the CLptasma was reduced at 12.2-36.6 pmol/kg and 3.66- 12.2
nmol /kg (Fig. 9).

This result suggests that the c learance mechanism

consists of at least two systems, a high-affinity clearance site and a lowaffinity one.

The satu rati on in CLptasnla was observed at 12.2-36.6

pmol/kg where the plasma co ncentration ranged from I0 to I 00 pM (Fig.
8). Considering that the equilibrium dissociation constant of the HGF
receptor is 20-40 pM (15), thi s result suggests that the saturation at the
lower dose range (12.2-36.6 pmol/kg) comes from saturation of RM E.
On the other hand , the CLptusma also exhibited saturation over the dose
range 3.66- 12.2 nmol/kg (Fig. 9). This can be explained if we consider
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that not on ly RME, but also the low-affi ni ty uptake mechanism, probably
mediated by HSPG, can be saturated at this higher HGF dose range.
If the nonlinearity in CLplasma observed at the lower dose range

( 12.2-36 .6 pmollkg) r esu lts from the saturati on of RME, the HGF
clearance at the mu ch hi gher dose range should be a lmost excl usively
go verned by the low-affinity uptake mechani sm and not RM E.

Under

su ch conditions, th e CLplasma should be almost completely stopped when
HGF prebound to heparin is injected since the heparin-binding ite on th e
HGF molecule is occupied by the he parin so that th e heparin - HG F
complex cannot bind to the HSPG (8). HGF has an affinit y for hep arin

( 10,47 ,79). In the present study we showed that HGF can bind to heparin
with hi gh affinity and ex hibits an equi lib1ium dissociation constant o r 0.3-

0.5 nM (Fig. 13).

When we gave intrave nou s HGF ( 1.46 nm ol/kg)

prebound to suffi cient heparin (0.4 mg/kg), the CLplas 111 a was almost
completely red uced to zero, compared with that aft er th e inj ection of
HGF alone (Fig. !2B, Table I). This result also suggests that the lowaffinity clearance site, whi ch ca nnot be saturated at the lower dose range

(-3.66 nmollkg), represents this HSPG. The detail s of the mechanism of
this low-affi nity clearan ce site are still unknown. In an em·Jier stud y we
fo und that pm·t of the 125 I-HGF internali zation is not saturated even in the
presen ce of unlabe led HGF (135 pM) and is a lso in sensitive to
phenylarsine ox ide, an inhibitor of RME, in perfu sed rat liver (30).
Th us, the sensitivity of each clem·ance site to the RM E inhibitor may be
different. Howe ve r, we ca nnot deny that the low affi nity co mponent is
al so mediated by an RME-like mechani sm and further studi es are needed
to clarify the mechm1ism of the low-affinity component.
On the other hand , when HGF near the linear dose range (3.66
pmollkg) was premi xed with heparin and admi nistered intraveno usly, the
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CLptasma was not completely red uced, but was approximately 20% of that
after adminislralion of HGF (3.66 pmol/kg) alone (Fig. 12A, Table I ).
Thi can be explained by considerin g that HGF prebound to heparin can
still bind to the HG F receptor and be eliminated throug h RME. AcLUally.
even when HGF was premi xed with a sufficient amo unt of heparin , a
saturable componellt in the CLrtasma of HGF could sti ll be observed (Tab le
1). In addition, we and others have reported th at th e mitogenic response
to HGF ca n be observed even in the presence of hepar in in primary
cu lture d rat hep atocytes (2 1,45 ,79 ,82) .

These res ult s s upp o rt o ur

hypothesis that HGF bound to heparin can still bind to its re ceptor.
However, the sa turable component in CLptasma after administration of
heparin-HGF complex was at most half !bat after adm ini stratio n of HGF
a lone (Table 1).

When we co nsider that thi s saturab le portion mainly

ret1ects RME, thi s result suggests that the efficiency in RM E of HG F
prebound to hep arin is approximately half th at of HG F alone.

On th e

other hand, the half-effective concentration of th e mitogenic effect of
HGF in cultured rat hepatocytes in creased 2- to 3-fold follow in g th e
addition of heparin (2 1). sugges tin g th at the affinity of heparin -HGF
complex for th e HGF receptor is also half that of HGF alone . Thus, it
can be specul ated that the relatively lower affi nity of heparin -HGF
complex for th e receptor results in th e lower sa turabl e co mponent in

CLptasrna· Actuall y, Naka et al. (45) anal yzed the in teraction between HGF
and its receptor in the presence of heparin and found th at heparin ad ded
during th e binding of 1251-HGF to its receptor sign ifi cantl y reduced th e
cross- li nking of I2S f-HGF to th e HGF receptor. This res ult impli es that
heparin can inhibit the receptor binding of HGF. Nevertheless , they also
showed in their study that the mitogenic res ponse to HGF was ex hibited in
the presence of heparjn . Thus, although it is like ly that th e affinity of
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heparin-HOP complex for the receptor is relatively low, this complex still
exhibits the biological activity of HGF.
It has been reported th at HOF exhibits marked pharmacological
activity in several types of experimental animal models of liver and
kidney dysfunction (19,25,56). However, a large dose(> 1.22 nmol/kg) is
needed to obtain any effect in vivo (19,25) although biological aclivity can
be observed at very low(- 100 pM) concentrations in vitro (15,79).
Therefore, for its clinical application, we need to develop a drug delivery
system so that the pharmacologi cal effects can be obtai ned at mu ch lower
doses. We suggest that the heparin-HOP complex may be a candidate for
such a drug delivery system (21). In this study the CLplasma of HOP can
be reduced to 2% that of the controls by complex formation with heparin
at an HOP dose (1.46 nmol/kg) within the ran ge where its
pharmacological activity can be observed (Table 1).

Thi s effect of

heparin on HOF clearcU1ce is heparin-dose-dependent and reac hes a
maximum at a heparin dose of 0.4 mg/kg (Fig. ll) , corres ponding to 74
units/kg.

Considering that an intravenous clinical dose of heparin is

usually 100 units/kg (12), this dose of heparin is within the clinical dose
range.

Therefore, our present study suggests that clinical doses of

heparin can almost completely block HOF clearance.
The CLptasma also showed nonlinearity in rats with ligated portal
vein and hepatic artery (Fig. 10). This saturation in CLplasma was almost
complete and observed at a dose less than 1.22 nmol/kg ( 15 ml/mi n/kg at
1.22 pmol/kg and 0.5 ml/min/kg at 1.10 nmol/kg). This result sugges ts
that the clearance mechani sm in extrahepatic organs mainly co nsists of the
high affinity component mediated by RME.

Expression of rh e HOF

receptor is not restricted in the liver, but is also observed in extrahepatic
organs such as kidney, spleen, and lung (53,67). Therefore, clearance via
-35-

these organs may be part of th e extrahepatic organ clear ance. However,
we shou ld be careful about th e abso lu te val ue of CLplasma un der such
unph ys iologica l co nditi o ns. In order to estimate more acc urately the
contribution of the li ver, a further swdy needs to be done.
Our 35S -heparin binding stud y wi th HG F revealed th a t the binding
capaci ty of HGF (n) was 0.086 mol heparin/mo l HG F fo r 2 1-23 kDa 35Sheparin (Fig . 13).

This means that o ne heparin molecule can bind to

approximately 12 HGF molecules an d one unit in the heparin molecule
whi ch can bind to one HG F molecule shou ldl1a ve a molecular weight of

1.9 kDa (correspond ing to a hexasaccharide). On the other hand, n was
0.12 mol heparin/mol HGF for 12-13 kDa 35S-heparin (Fig. 13),
indi cating th at one unit in the heparin molecule binding to o ne HG F
molec ul e should have a mo lecular weight of 1.5 kDa (co rres po ndin g to a
pentasaccharid e).

L yon et al. demonstrated th at th e minimum size

binding component in heparan s ulfate derived f rom the li ver is a
hexasacchari de (36). Heparan sul fate derived from li ver possesses more
heparin-like properties than a heparan sulfate species derived from othe r
sources (35). Zioncheck et al. (82) reported th at lov< co ncentrati ons of
sulfated oli gosaccharides of s uffi cient length (6 g lu cose units) indu ce
dimeri zatio n of HGF and also in crease irs mitogeni c effect on cultured ra t
hepatocy tes. Both our findings and their repo rt can be understood if a
penta- or hexasaccharide can bind to

a11

HGF molecule and stimul a te its

conformation al c han ge, res ultin g in dimer.ization of HGF.

Jt is we ll

known that receptor binding a nd the subsequ e nt mitogenic effec t of
fibroblast growth factor (FGF) are regulated by heparan s ulfate
proteog lyca n on th e cell smface (55,59,70).

One of th e propo ed

mec hani sm for such regulation by HSPG is that bindin g of FGF with
he paran-sulfate may induce a co nfo rmati onal chan ge in FGF, resulting in
-36-

its receptor binding (59 ,70).

Such a regulation may also occur in the

interaction between HGF and its receptor.
In co n lu sion, the pl asma cleara nce of HGF is governed by tw o
me ch a ni sms, RME and a low-affinity uptake mechanism. probab ly
medi ated by a cell-surface HSPG , and exhibits non lineari ty whi ch stems
from d1e saturati on of d1ese mechanisms as the dose in creases.

HG F

premixed with a clinjcal dose of heparin shows a much lower plasma
clearance, co mpared with HGF alone, mainly by preventing binding to
HSPG.
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Table 1. Nonlinear pharmacokinetic parameters of HGF
and HGF premixed with heparin

Dose
of HGF

Dose
of Heparin
[mg/kg]

Clplasma
[ml/min/kg]

3.66 pmol/kg

0

50 .2±3.15

1.46 nmol/kg

0

29.4±2.56

Saturable component

19.3±6.01

--- - ------------------3.66 pmol/kg

0.4

10.5±3.83

1.46 nmol/kg

0.4

0.691±0.245

Saturable component
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9.85±3.65
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Fig. 8 Plasma concentration-time profiles of HGF after
intravenous administration of various doses of HGF
After intravenous administration of 1.22 (e), 3.66 (0 ), 12.2 ( • •
36.6 (Q, 122 (A), or366 ( ~ pmol/kg HGF (panel A) and 1.46 (e),
3.66 (0 ), 6.10 (• ), 8.66 (0 ), or 12.2 (A) nmol/kg HGF (pan el B)
as a bolus dose, plasma concentration-time profiles were
determined using EIA. Each point and vertical bar represent mean
± SE of 3 rats. The Cl piasma of HGF was calculated based on
these time profiles and is shown in Fig. 9.
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Fig. 9 Two saturable components in the Clplasma of HGF
Based on the plasma concentration-time profiles of HGF
shown in Fig. 8 , the Clplasma of HGF in normal rats was estimated
and plotted against dose. Each point and vertical bar represent
mean ± SE of 3 rats. The vertical bar is not shown when the SE
value is smaller than the symbol.
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Fig. 10 Elimination profile of HGF in rats with ligated portal
vein and hepatic artery
Under light ether anesthesia, both the portal vein and hepatic
artery were ligated (0 ), followed by intravenous administration of
bolus doses of HGF, 1.22 (panel A) , 3.66 (panel B) , 36 .6 pmol/kg
(panel C) , or i. i 0 nmol!kg (panel D) and the plasma
concentration-time profiles were determ ined using EIA. As a
control experiment, the plasma concentration-time profile of HGF
was also examined in sham-operated rats (e) . Each point and
vertical bar represent mean ± SE of 3 rats .
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Fig. 11 Plasma concentration-time profiles (A) and AUC(o- 1ao)
(B) of HGF after intravenous administration of HGF alone or
HGF premixed with heparin
(Panel A) HGF was mixed with heparin to give final heparin
doses of o (0 ), 0.004 (•). 0.02 (•). 0.04 (0 ), 0.2 (6), 0.3 (e), 0.4
(...&.), or 20 (0 ) mg/kg and then injected intravenously. Plasma
concentration-time profiles of HGF were determined using EIA and
normalized for the injected dose.
(Panel B) Based on the data shown in panel A, the AUC(o- 1ao)
was calculated. Each point and vertical bar represent mean ± SE of
3 rats.
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Fig. 12 Plasma concentration-time profiles of HG F after
intravenous administration of HGF alone or HGF premixed
with heparin
At HGF doses of 3.66 pmol/kg (panel A) and 1.46 nmol/kg
(panel B), HGF alone (e) or HGF premixed with sufficient heparin
(0.4 mg/ kg, 0 ) was injected intravenously . The plasma
concentration-time profiles of HGF were determined by EIA. Each
point and vertical bar represent the mean ± SE of 3 rats . The
pharmacokinetic parameters obtained are shown in Table 1.
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Fig. 13 Scatchard plot representing the binding of 35$heparin to HGF
The protamine-affinity fraction of 358-heparin with a molecular
weight of 21-23 kDa (panel A) and 12-13 kDa (panel B) was
incubated with HGF at 25 oC for 50 min and 358-h eparin binding to
HGF was determined by ultrafiltration. The lines in the figure
represent the calculated curves obtained by fitting.
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Protamine enhances the proliferative activity of
hepatocyte growth factor in rats
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ABSTRACT
T he effect of pro tami ne on the proli ferative activity of hepatocyte
grow th fac tor (HGF) was examined in a - naphthy li so th iocyanateinto xicated rats. Protamine pre-i njectio n in creased th e hepatocytelabeling index indu ced by HGF 4-5 fo ld.
obser ved i n parti all y hepatectomized rats.

A si mi lar effect was also

Since cell-surface heparin- like

substance can bind to HGF, and protami ne has an affi nity fo r heparin,
protami ne may affect HGF ph armacoki netics.

In fac t, the protamine

inj ection caused a transient increase in plas ma HGF co ncentrati ons after
admini strati on of HGF and, in. vitro, protamine e lu ted HGF prebou nd to
heparin-sepharose. Protami ne also reduced the pl asma clearance of HGF
and increased 2.5-fo ld the exposure of hepatocytes with HGF in vivo. The
enhancing effect of protamine on the mitogeni c response of hepatocy tes to
HG F was also observed in vitro (a pproxim ately 2-fo ld fo ll ow ing
protamine pretreatment compared with HG F alone), sugges ti ng tha t the
e nhan ceme nt effect of protami ne on HG F-indu ced li ver rege nerati o n
results from du al effects exerted by protamine, (i) lowerin g th e overall
elimination of HGF and (i i) direct stimulati o n of he patocyte mi tos is
induced by HGF.
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INTRODUCTION
Hepatocyte growth factor (HGF) is a heterodimer protein with a
molecular weight of 82-85 kD (41 ,42). HGF stimu lates proliferation of a
variety types of epithelial cells including hepatocytes ( 15 ,18,40,51 ,79).
Its gene expression is increased not on ly when there is hepatic damage,
such as partia-l hepatectomy (50,69) and carbon tetrachloride poisoning

(2,26), but also following renal (17) and pulmonary injury (51). ln such
cases HGF levels in circulating plasma are increased and, therefore, HGF
is believed to be a h epatotrophic, renotrophic, and pulmotrophic factor
(17,51,69).
HGF is a basic polypeptide and one of the heparin binding proteins
(1 0,43). HGF can bind to heparan sulfate expressed on the surface of
ubiquitous cells and in the extracellular matrix (38,81).

Mutational

deletion of its N-terminal hairpin loop or second kringle domain reduces
the aft1nity of HGF for heparin, suggesti ng that these structures are the
heparin binding domains on the HGF molecule (43). An oligosaccharide
moiety in heparan sulfate required for the binding to HGF has a lso been
identif]ed and is different from that for binding to basic fibroblast growth
factor, another heparin binding protein (70). Low concentrations (< 0.1LO 11 glml) of su lfated oligosaccharides of sufficient length (6 glucose
units) induce dimerization of HGF an d also increase its mitogenic effect
on cultured rat hepatocytes (82).

This effect may resu lt from

stabilization of the HGF dimer, which stimulates dimerization of the HGF
receptor on the cell SUJface (82).
HGF markedly accelerates regeneration of damaged organs in
experimental animals with hepatic and renal fail ure ( 19,25). However, a
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large dose (> 100

~t g/k g)

is usua ll y requ ire d to exert such a

pharmacological effect ( 19,25). Thi s may be one of the stumbli ng blocks
for the clini cal appli cati on of HGF. We have trying to ide ntify the way in
whi ch it is cleared from the circul ati on (3 0-33), and have sugges ted that
both receptor-mediated end ocytos is (RM E) and the othe r low affi nity
uptake system , probably mediated by a cell- surface heparin-like substa nce
in the li ver, are in volved in the sys temi c clearan ce of HG F (30 -33).
When HGF is premi xed with heparin and th en give n intrave nously, its
plasma clearance is redu ced (2 I ,31). T hus, a heparin-HGF complex like
this may be used to increase the pl asm a residence time of HG F. Su ch an
inhibitory effect of heparin o n HG F clearance poss ibl y co mes fr o m
occup ati on of tbe heparin-bindin g domai.n on the HGF mo lecul e by
heparin which res ults in a redu ction in HGF bindin g an d subseque nt
intern aliza ti on through cell-surface heparin-like substa nce (2 1,3 0- 33).
However, hi gh co ncentrations (> 100 ~ g/ ml ) of heparin redu ces the
mitogenic ac ti vity of HGF (21). In addition, heparin has anti -coagul ant
activity. Therefore, furth er studies need to be perfo rmed to deve lop a
reli able an d effi cient dru g deli very system (DDS) for HG F.
Protamine .is a basic protein and also has an affinity for heparin and
it has been used clini call y to neutralize any excessive ph armacological
effect e xerted by heparin (1). The molecular weight of protamine is
usuall y aro und 4 kD, and more than half its amino acid seque nce co nsists
of arginine. If protamine can bind to cell-surface heparin-like substan ce
and inhibit the binding of HG F to thi s substance, it may be th at it can be
used as another type of DDS to in crease the HGF pl asma residence time.
Hence, in the present study, we examined the effect of prota mine on both
the proliferati ve acti vity and pharmaco kinetics of HG F in rats.
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RESULTS
Effect of protamine on liver regeneration induced by HGF in
rats with liver damage in vivo
Protamine (1.6 mg/kg body wt) was injected intravenou sly into
ANIT-intoxicated rats 10 min prior to administralion of HGF (300
)..lg/kg) , and hepatocyte labeling indices were determined at each time
after ANIT intoxication (Fig. 14).

The labeling indi ces after the

admi ni stration of protamine prior to HGP injection were 0.9S ± 0.08,
1.37

± 0.33 ,

4.63

± 1.01 ,

(mean ± S .E, n = 6)

3.87

± 0.

4S, S.02

± 1.08 and 1.32 ± 0.32

%

12, 24, 48 , 72, 96 and 120 hour after ANJT

treatment, respectively (Fig. 14). These values were 1.2, 2.4, 4.9 , 3.8,
2.1 and 1.4 Limes that following the injection of HGF alone, respectively
(Fig. 14). On the other hand , when protamine alone was injected, the
lab e ling indices were mu ch lower, compared with those after
administration of HGF alone and protamine prior to the injection of HGF,
at any time after ANIT intoxication (Fig. 14).
To examine the protamine dose-dependence, a simi lar experiment
with vari ous doses of protamine was perfonned and the labeling indi ces
were determined 48 hour after ANIT intoxication (Fig. 15A). Protamine
alone cou ld not stim ulate liver regeneration in ANIT-intoxi cated rats
(Fig . l SA ).

The labeling index increased in a protamine dose-dependent

manner when the dose of protamine was increased from 0 to J .6 mg/kg,
and the peak value was reached at 1.6 mg/kg protamine (Fig. J5A) .
When the dose of protamine was fmther increased to over J .6 mg/kg , a
dose-dependent redu ction iLl labe ling index was observed (Fig. JSA).
The effect of protamine on li ver regeneration indu ced by HGF fell to

-49-

almost the control level when the dose of protamine was 6.4 mg/kg (Fig.
l5A). An enh anci ng effect of protamine on liver regeneration induced
by HGF was also found in partially (30%) hepatecto mi zed rats (Fig.
15B). The protamine dose-dependen ce in the labeling indices was similar
to that in ANIT-intoxicatecl rats (Fig. 15A, 15B). When the close of
protamine was increased, the peak value of the labeling index occurred at
a protamine close of 1.6 mg/kg (Fig . 15B).

Effect of protamine on bilimbin concentration and activity of
liver cytosolic enzymes in ANIT-intoxicated rats
To examine whether protamine promotes the repair of liver
integrity induced by HGF in ANIT-intoxicatecl rats, we determined the
change in BlL and activity of liver cytosolic enzymes such as GPT, LAP,
ALP, and y-GTP in serum from rats after admini stration of HGF alone
or protamine prior to HGF injection (Fig. 16). Protamine alone did not
red uce tbe BIL or the activity of liver cytosolic enzymes in serum (Fig.
16). The increase in BIL and activity of liver cytosolic enzymes in serum
caused by ANIT administration was significantly co untered by inj ec tion
of HGF (300 J..Lg/kg) alone (Fig. 16). When protamin e at a dose of 0.8 or
1.6 mg/ kg was administered prior to HGF injection, the serum level of yGTP was significantly lower than that after injecti on o f HGF alone (Fig.
16). Protamine sli ghtly enhanced d1e reduction produced by HGF in B IL,
GPT, and LAP aldlough dlis effect was not significant (Fig. 16).

Effect of protamine on HGF clearance from the circulation in
ANIT-intoxicated rats
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To examine whether protamine reduces the clearance of HGF from
the circ ul ation, plasma concentration-Lime profiles of HGF in ANlTintoxicated rats were determined after intravenous administration of HGF
alo ne or HGF fo Uo wing protamine treatment (Fig. 17). The elimi nation
of HGF from plas ma after inj ection of H GF following p rotamine
treatment was slo wer, compared with that after administration of HGF
alone (Fig. 17).

The AUC after admini stration of HG F following

protami ne injection was 2.48-fo ld that after HGF injected alone (Table 2)
CLpJasma, Vl and Vdss after administrati on of HGF fo ll owi ng protam:ine
injection fell to 39.5 %, 34.7 %, and 19.1 % that after admini stration of
HGF without prota mine treatrnel1t, res pectively (Table 2).
To ex amine whether the stimu lant effect of protamine o n li ver
rege neration induced by HGF can be attributed to the inc rease in HG F
AUC produced by protamine pre-injection, the hepatocyte lab ling index
was pl otted against AUC (Fig. 18). The labeling index at 300 11-g/kg HGF
followin g 1.6 mg/kg protamine treatment was 5.23 ± 0 .99 %, much
higher than that afte r admi ni strati o n of HGF alo ne a t dose of 500 J.lg/kg
(0.530 ± 0 .104 %) (Fig. 18) altho ugh in both cases the AUC had almost
the same value (Fig. 18).

Effect of protamine on DNA synthesis rate induced by HGF
and EGF in primary cultured rat hepatocytes
T o exami ne the direct effect of protamine on hepatocytes, we
examined the effect of protamine on DNA sy nthes is in primary culw red
hepatocy tes in th e presence of HGF (Fig. l9A , 19B) . When the prota mine
concentration was increase d to 12.5 J1.g/ml, no signifi cant chan ge in th e
DNA synthesis rate indu ced by HGF was observed in he patocytes cu lwred
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for 3 hours and 24 hours (Fig. 19A , 19B).

When the protamine

concentration in the medium was further increased to 25 p.g/ml , the ON/\
sy nthesis in hepatocytes cultured for 24 hours was in creased
app roximately 2-fo ld, compared with that in the presence of HGF alone
(Fig. l9B) . The DNA synthesis rate in hepatocytes in the presence of any
co ncentration of HGF was inhibited almost co mpl etely w hen the
protamine concentration in the medium was 200 ~Lg/ml (Fig. 19A, 198).
To examine whether the enhancing effect of protamine is specific
we performed the same experiment with EGF (Fig. 19C).

to

HGF,

In the

presence of 6-25 ~g/ml protamine, the DNA sy nth esis was increased
approximately 2-3 -fold co mpared with that of EGF alone (Fig. 19C).
When the co ncentration of protamine was increased to 50 and 200 ~Lg/ml,
the DNA synthesis of hepatocytes was inhibited (Fig. 19C).

Protamine

causes

a

transient

increase

in

the

plasma

concentration profile of HGF after intrm•enous administration
of HGF
To support th e hypothesis th at protamine competes with HG F for
binding to heparin-like substance in vivo, we studied the effect of
protamine inj ection on the plas ma concentration-time profile of 1-IGF in
normal rats (Fig. 20).

After intravenous administration of HGF ( I

~g/kg) , plasma HGF concentration s fell rapidly (Fig. 20) . After various

doses of protamine (0.48-20 mg/kg) were inj ected, th e pl asma
concentrations of HGF increased immedi ately in a protamine dosedepende nt manner (Fig. 20).

However, such a pro tamine dose-

dependence differed from that for the enhancing effect on the labeling
index (Fig. 15) and reached a maximum at 20 mg/kg protamine (Fig. 20).
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Protamine elutes HGF prebound to heparin-sepharose in a
column chromatography experiment.
HGF bound to heparin in a heparin affinity col umn co uld not be
washed off by PBS, but was easi ly eluted wid1 2M sodium chloride (Fig.
21A). The recovery of HGF from the heparin column was 85.7% (Fig.
21 A). To further support dle hypothesis of competition for the binding
of HGF to heparin by protamine, we added protamine (20 mg/ml) to the
heparin affinity column prebound widl HGF (Fig. 21 B) . The HGF bound
to the co lumn was eluted by addition of protamine and the recovery of
HGF was 84.4 % (Fig. 21 B). After elution wid1 protamine, on ly a small
amount of HGF was further eluted by 2M sodium chloride (Fig. 2 1B). In
this analysis we confirmed that the determination of HG F by EJA was not
influe nced by 20 mg/ml protamine (data not shown).
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DISCUSSION
In tbe present study, we found that protamine enhances HGFinduced liver regeneration when protamine is administered prior to
injection of HGF (Fig. 14). Such an enhancing effect or protamine was
found both in ANIT-intoxicated rats and partially hepatectomized rats
(Fig. 15), and the protamine dose-dependence in the hepatocyte labeling
indices was almost identical in both cases (Fig. 15A, 15B), suggesting that
this effect may be general for a number of liver diseases. Protamine also
significantly reduces y-GTP further (Fig. 16) at 300 f.Lglkg HGF while, at
50 f.Lg/kg HG F, BIL and the activity of all cytosoli c marker enzymes
exan1ined were significantly reduced by preinjection of protamine,
compared with those with HGF alone (data not shown). Thus, the effect
of protamine is also observed in the repair of liver function. The dosage
of protamine in c lini cal situations is 10-15 mg for the neutralization of
1000 units heparin (52). Since the regu lar clini cal single dose of heparin
is 100 un.its/kg intravenously, !.0-!.5 mg/kg protamine is usually used as
an antidote for heparin.

In the present study, we r eq uired 1.6 mg/kg

protamine to observe its maximum enhancing effect on liver regenera tion
(Fig. 15). Thus, thi s dose of protamine is very similar to the clini cal dose
and, therefore, may be also used in clinical situations. We shou ld als o
note that the dose of protamine should be stri ctly control led since a
higher dose of protamine reduces the mitogenic response to HGF (Fig.
15A and Fig. 19) probably because of its cytotoxic effect.
The CLplasma of HGF was reduced by preadmi_nistration of
protam.i11e (Fig. 17 and Table 2). We consider that the likely mechanism
involves inhibition of the nonspecific clearance of HGF by protamine.
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HGF has two binding sites on epithelia l cell surfaces, one is the HGF
receptor, a specific binding site, and the other i hepru·in-like substance,
which has a lower affinity fo r HGF (15 ,42) . In our previous study, we
suggested that one of the major clearance mechani s ms for HGF is its
no nspecific uptake in the Liver probably mediated by heparin-like
substance (30-33).

Considerin g th at protamine bas a high affinity for

heparin (1) and can elute HG F molecules prebound to heparin-sepbarose
(Fig. 2 1), a tran sie nt increase in plasma HG F after intravenous
administration of protamine (Fig. 20) may reflect the transfer of HGF
molecul es bound to the heparin-like substance on cell surfaces and/o r
extracellular matri x of various tiss ues into the circ ul atin g plasma
followi ng injection of protamine. Thus , protamine and HGF bind to the
same regio n of the heparin-like su bstance or, at leas t, to a simil ar locatio n
so that each compound can affect the binding of the other.
There are two possible mechani sms for the enhan cing effect of
protam.ine on HGF-induced Li ver regeneration in vivo: one is the increase
in HGF AUC whi ch results fr om inhibiti on of the nonspecific uptake of
HGF by protami ne (Fig. 17), the other is a direct stimu lato ry effect on
the mitogenic response of hepatocy tes to HGF (Fig. 198 ).

Protamine

increases HGF AUC 2.5-fo ld (Tab le 2) while the increase in the li ver
rege neration, assessed as the area under the time-course of the labeling
index after ANIT-intoxi cation , was approx.imately 5-fold (Fig. 14).
Therefore, the enhancing effect of protamine on HGF-indu ced li ver
regenerati on can be partially exp lained by increas ing the ex posu re of
hepatocytes to HGF. As shown in Fig. 17, protamine increases the AUC
of HGF. However, even after admini stration of 500 )..lg/kg HGF the AUC
was almost iden ti cal to that after administration of 300 )..lg/kg HGF
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following protamine treatment, the labeling index in the former case
being only I/10 that of the latter (Fig. 18). This resu lt sugges ts that Lhe
e nh ancin g effect of protamine on HGF- indu ced liver regeneration cannot
be explained simply by in creasi ng the plasma concentration o f HGF.
Thus, the mechanis m of the effect of protamine is not principall y related
to .its inhibitory effect o n HGF clearance.

The difference in the

protamine dose-dependence between the labelin g index (Fig. 15) and
plasma disappearance of HGF (Fig. 20), where a maximum effect can be
observed at 1.6 and 20 mg/kg protamine, respecti vely, also su pports that
the enhancement effect of protamine on liver regeneration cannot be fully
explained by such an indirect effect.

In fact, the DNA sy nthesis in

hepatocytes indu ced by HGF was increased by approximately twi ce the
direct stimul ato ry effect of protamine (Fig. 19B).

Therefore, we

consider that the effect of protamine on the labeling index in vivo ca n be
explained by also cons idering such a direct effect on hepatocy tes as well
as an indirect effect on HGF clearance.
The effect of protamine on severa l cy tokin e receptors has bee n
investigated (16,34,60).

Lokeshwar et a!. (34) rep orted that prota mine

indu ced an increase in the number of epidermal grow th factor (EGF)
receptors by activating crypti c or inactive recep tors to become
functionally active in Swiss 3T3 cells and human epiderm oid carcinoma
A431.

Protrunine also in creases EGF-induced phosphorylati o n of the

EGF receptor.

In the present study, we also found that protamine

enhanced EGF-i ndu ced DNA synthesis in hepatocytes in vitro (Fig. 18C).
This indi cates that the direc t e nh ance ment effect o f prota mine o n
hepatocyte DNA syn thesis is not specifi c to HGF. Sacks a nd McDonald
(60) have also reported that protamine e nhanced the insulin-induced

-56-

autophosphorylation activity of insulin receptors. Like EGF and insulin
receptors , HGF receptors are also transmembrane protein tyrosine kinase
(PTK) receptors (3). The diverse biological actions of HGF are a result
of signa lin g thr ough this receptor (4, 14,58).

According to current

thinking, HGF activates its corresponding PTK re eptors by inducing
receptor-dimerjzation and autophosphorylation as a first step in an
intracellular signaling cascade (13). Therefore, such an interaction of
protamine with the HGF receptor or its signal transduction cascade may
occur, resulting in the increase in DNA synthesis.
The suppressive effect of protamine on BlL and the activity of
cytosolic enzymes, except y-GTP, was not marked or non-existent (Fig.
16). Since the suppressive effect of HGF alone on BIL and the activity of
cytosolic enzymes could not be further increased even when the dose of
HGF was rrused to 710-1000 j..lg/kg (data not shown), we co nsider that
300 j..lg/kg HGF exerts an almost maximum effect in suppressing BIL and
the activity of these cytosolic enzymes in serum in ANIT-intoxicated rats.
We conclude that protamine en hances HG F-i ndu ced li ver
regeneration in vivo. Such an effect of protamine can be explained by its
dual effects, (i) a direct stimu latory effect on hepatocyte DNA synthesis
and (ii) indirect effect on HGF clearance which results in an increased
exposure to HGF.
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Table 2. Comparison of the pharmacokinetic parameters of HGF in
A NIT -intoxicated rats after intravenous administration of HGF
alone and protamine prior to the injection of HGF

AUC
[ ~tg•min/ml]

CL(plasma)
V1
[ml/min/kg] [ml/kg]

HGF alone
(300mg/kg)

9.98 ± 0.28

32.1

+Protamine
(1.6mg/kg)

24.7 ± 3.2

12.7 ± 1.4

± 0.9

131

3

± 4 1.10x10 ± 0.17x10

45.3 ± 6.5

. 58.

MRT

Vdss
[ml/kg]

389 ± 72

[min]

3

3

3

1.08x10 ± 0.11x10

3

2.36x1 0 }: 1.49x1 0
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Fig. 14 Time-profiles of DNA synthesis in hepatocytes of
ANIT-intoxicated rats treated with HGF alone or protamine
prior to HGF injection
A NIT -intoxicated rats were treated with HGF (300 1-lQ/kg) alone
(0 ), protamine (1.6 mg/kg) prior to injection of HGF (e) or
protamine alone (•) and the labeling index in hepatocytes was
determined at the designated times after ANIT intoxication . Each
value and vertical bar represent the mean ± SE of 3-6 rats .
*Significantly different from HGF alone (p < 0.05) ; ** (p < 0.01 ).
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Fig. 15 Effect of protamine on the liver regeneration
induced by HGF (A) in ANIT-intoxicated, as well as
partially hepatectomized (B), rats
ANIT-intoxicated rats were treated with HGF (300 (.l.Q/kg)
alone (H), various doses of protamine prior to the injection of
HGF (H+P) or protamine (1.6 mg/kg) alone (P), and the
labeling index in hepatocytes was determined 48 h after ANIT
intoxication (panel A). Similar experiments with HGF were also
performed in rats after partial (30%) hepatectomy (panel B).
C(+) and C(-) represent ANIT-intoxicated rats treated with
saline and non-intoxicated rats treated with saline,
respectively. Numbers indicated in parenthesis represent the
dose of protamine (mg/kg) . Each value and vertical bar
represent the mean ± SE of 3-5 rats. *Significantly different
from HGF alone (p < 0.05); ** (p < 0.01 ).
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Fig. 16 Change in bilirubin concentration and activity of
liver cytosolic enzymes in serum in ANIT-intoxicated rats
treated with HGF alone or protamine prior to the injection
of HGF
AN IT -intoxicated rats were treated with HG F (300 ~g/kg)
alone (H), various doses of protamine prior to the injection of
HGF (H+P) , or protamine (1.6 mg/kg) alone (P) . Bilirubin
concentration and activity of liver cytosolic enzymes in serum
were determined 48 h after ANIT intoxication. C(+) and C(-)
represent ANIT-intoxicated rats treated with saline and nonintoxicated rats treated with saline, resp ectively. Numbers
indicated in parenthesis rep resent the dose of protamine
(mg/kg ). Each value and vertical bar represent the mean ± SE
of 3 rats . *Significantly different from C(+). (p < 0.05) ; ** (p <
0.01) ; #Significantly different from HGF alone (p < 0.05) .
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Fig. 17 Effect of protamine on the pharmacokinetics of HGF
in ANIT-intoxicated rats
24 h after A NIT -intoxication, HG F (300 1-lQ/kg) alone ( 0 ) or
protamine (1.6 mg/kg) followed by HGF (300 1-lQ/kg) (e) was
given intravenously and plasma HGF concentrations were
determined using EIA. The pharmacokinetic parameters
obtained are shown in Table 1. Each value and vertical bar
represent the mean ± SE of 3 rats.
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Fig. 18 Relationship between HGF AUC and liver regeneration
in ANIT-intoxicated rats
24 h after ANIT intoxication, the indicated doses of HGF (0 ,
300 , 500 j.lg/kg) alone or protamine (1.6 mg/kg) followed by HGF
(300 j.lg/kg) were given intravenously and plasma HGF AUCs were
determined . The ANIT-intoxicated rats were treated with the same
doses of HGF alone or protamine prior to the injection of HGF and
the labeling index in hepatocytes was thus obtained 48 h after
ANIT intoxication . Labeling indices were plotted against AUCs
after the corresponding dose . Each value and vertical bar
represent mean ± SE of 3-5 rats.
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Fig. 19 Effect of protamine on the mitogenic response to
HGF and EGF in primary cultured rat hepatocytes
In 3 (panel A) or 24 hours (panel 8 , C) primary cultured rat
hepatocytes, protamine was applied to give final protamine
concentrations of 0 (e), 6 (0 ), 12.5 (L::::.), 25 (.A) , and 200 (•)
)..l.g/ml. Ten minutes later, HGF was applied to give the indicated
final concentrations , followed by the determination of DNA
synthesis . Each value and vertical bar represent mean ± SE of 3
rats. * p < 0.05 , ** p < 0.01 : Significantly different from protamine
concentration of 0.
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Fig. 20
Effect of protamine injection on the plasma
elimination of HGF
1 1-lg/kg HGF was injected through the penis vein of normal
rats . At indicated times, blood was withdrawn through the left
external jugular vein. At 3.5 min, 250 Jll saline in control rats (e)
or protamine at 0.48 (•) . 1.6 (0 ), 5.0 (.6. ), or 20 mg/kg (.&)
dissolved in 250 J..LI saline was injected through the penis vein and
blood samples were collected. The plasma concentrations of HGF
were determined by EIA. Each value and vertical bar represent
mean ± SE of 3 rats. *Significantly different from control (p <
0.05); ** (p < 0.01 ).

. 65.

B

A
Total HGF amount
250

c;

200

LL
(.!l

150

.=.
:J:

t

250

2M NaCI

HGF apply

100
50

T a ta l HGF amount

Recovery=B5 .7%

t

t

c;

200

LL
(.!l

150

.=.

Recovery=B4.2%

t
HGF apply

::r:

2M NaCI

t

t

100

PBS wash

t

50

12 34 5 67891011121314151617161920

Fraction

1 2 3 4

s

6 7 8 91011121314151617181920

Fraction

Fig. 21 Protamine elutes HGF prebound to a heparinimmobilized column
I ml HGF (250 ng) dissolved in PBS was applied to a
heparin-immobilized column (I ml bed volume) . The column
was then eluted with PBS (A) or protamine (20 mg/ml) (B) and
subsequently 2 M sodium chlo ride . The amount of HG F in the
eluate(! ml I each fraction) was determined by EIA.
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CONCLUSION AND FUTURE ASPECTS
In this study the nonlinear pharmacoki netics of hepatocyte
growth factor (HGF) was examined in rats.

Considering the

elimination mechanism for HGF, two approaches were used to
construct a drug delivery system (DDS) for HGF to increase its
plasma residence time while maintainin g its biological activity. From
the res ults of the present stud ies, I would like to propose the following
conc lusions: (i) Liver is the major clearance orga n for HGF over a
wide dose range, inclu ding tracer and pharm aco logical doses. (ii )
Elimination of HGF from the circulation ex hibits biphasic saturati on:
Both receptor-mediated endocytosis and another uptake mech ani sm,
probably mediated by heparan-sulfate proteogl yean , in the liver are
the high-affinity and low-affinity clearance sites, respective ly .

(iii)

Both the formation of a heparin-HGF co mplex a nd protaminepreu·eatment are promising approaches to developing a DDS for HGF.
Heparin-HGF complex exhibits a much lower total body ciearance and
higher plasma residence time compared with HGF alo ne, whi le the
complex has a lower aJfin ity for the HGF receptor.

Protamine

pretreatment increases both the plasma res idence of HG F and its
biological activity, resulting in an in crease in its ph armaco logica l
effect in vivo. Thus , the latter approach see ms to be appropriate for
the development of DDS for HGF.
Generally, the highly efficient elimination from the body mi ght
be one of the stumbling blocks to the development of cy to kin es as
pharmaceuti cal agents. To overcome this problem , constru cti on of a
DDS using heparin a nd protamine as described abo ve sho uld be a
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promising approach.

It should also be noted that many other

approaches may a lso be possible.

For example. co ntrolling the

intracellular trafficking of the ligand and/or receptor may be one
alte rn ati ve.

Recep tor-mediated endocytosis and the subsequent

lysosomal degradation is the predominant clearance mechanism for
many types of cyto ki nes.

Therefore, one possible approach is to

prevent such intracell ular degradation .
Another stumbling block to the development of cytokines as
therapeutic opti ons may be their wide range of biological effects. For
exampl e, HGF has now been s hown to be a mitogen , motogen ,
morp hogen , a nd a tumor suppressor, for many types of endotheli al,
epithelial, and tumor cells. This imp lies that there are many possib le
ph armacologica l targets for HGF if it is used as a treatment.
However, such a variety of biological effects may actuall y induce sideeffects in clini cal use. To overco me this problem. it mi ght be possible
to co nstru ct DDS which all ow on ly o ne or two pharmacological
effects to be exhibited . In addition, it is also important to know how
su ch multi-functional cytokin es act as specifi c factors to repair injured
organs in vi vo un der path ological co nditi ons.

Poss ibl y, t he

concentration of such multi-fun ctional cy tokin es around the targe t
cell s is hi ghly regulated by several unkn ow n mechanisms in vivo. lt
may be important to develop of treatment phil osoph y for the use of
cytokines in the treatment of pathphysiological co Dditi ons in patients.
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MATERIALS AND METHODS
Animals
Male Wistar rats weighing 250 g (Nisseizai , Tokyo, Japan) were
used . All anima ls received humane care in compliance with the Nationa l
Research Cou nci l's criteria for humane care as outlined in "Guide for the
Care and Use of Laboratory Animals " prepared by tJ1e National Academy
of Sciences and published by the National Institutes of He alth (N IH
publicati on no. 86-23 , revised 1985).

Mate rials
Porcine intestinal mucosa heparin wit h a high (Mw I 8-23 kD,
185 .5 units/mg) or low (Mw 4-6 kD) molecular weight was purchased
from Sigma (St. Loui s, MO).

Protamine sulfate was obtained from

Salmon roe from Wako Pure Chemical Industries, Ltd. (Osaka, Japa n).
Hwnan recombinant HGF purified fro m a culture medium of C- 127 cells
transfected with plasmid co ntain in g human HOFcDNA (48,49) was
radiolabeled with 1251-Na by the chl oramine-T method as described
previously (30). The specifi c activity of I25I-HO F thus prepared was 70l 60 Ci/g. Epidermal growth factor (EGF) was supplied by W akun aga
Pharmaceutical Co ., Ltd . (Hi roshima, Japan).

125

1-deoxyurid ine was from

New England Nuclear (Boston, MA).

Analysis of the time profiles of plasma disapp earance of 125 [HGF or heparin-I 25 f-HGF complex
Heparin that was dissolved in sali ne was incubated with 1251-HOF (5
f.tCi , 0.6 pmol/kg body wt) for 50 min at 25 °C.
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Heparin-1 251-HOF

mixture thus obtained was admin istered through the femora l vein and, at
specified times, blood samples were withd rawn throu gh the femoral
artery as described previously (30).

The trichloroaceti c acid (TeA)-

precipitab le radioactivities in each sample were determined (30). The
plasma concentration time profiles of the TeA-precipitable 1251-HGF (ep)
were fitted to the following tw o-exponential equation by the use of a
nonlinear iterative least squares method (30):
ep

= A exp (-a.t) + B ex p (- ~ t)

( I)

where ep is the plasma co ncentration of TeA-precipitable ra di oaclivity,
and a and

~

are the apparent rate co nsta nts. The area under the plasma

concentratio n time curve f rom time 0 to t (AUe(O-tJ) was ca lcul ated as:
AUe<O-tl =

fo

1

ep dt = AI (1-exp(-at))+B /

(1-exp(-~t))

(2)

To check the effect of heparin on the recovery of l25 f-HGF by the
TeA-precipi tation technique, we did the fo ll owi ng experimen t: At 5 min
after the intravenous administration of

1251-HGF,

plasma was co llected ,

and hepari n was added to the pl asma sample to give a fin a l heparin
co ncentrati on of 0 - 1 mg/ml, fo ll owed by the determ ination of TeAprecip itable radioactivity. As a result, no difference was observed at any
co ncentration of heparin , suggesting that heparin has no effec l o n the
recovery by the TeA-precipitation technique.

Pharmacokinetic analysis of HGF or heparin-HGF comp lex
Heparin dissolved in saline was incubated with HGF fo r 50 min at
25°e.

U nd er light ether anesthesia, HGF alone or the he parin - HGF

mi xtu re was admini stered through the penis vein and , at specified Limes,
blood sa mpl es were withdrawn through the jugular vein with ou t any
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cannu lation. Plasma HGF co ncentrations were determ ined using an ETA
kit (Institute of Immunology, Tocbigi , Japan).
The plasma concentration (Cp)- time profiles of HGF after
intravenou s administration were fitted to Eq. ( l) using a nonlin ea r
iterative least sq uares method (30) .

The a rea und e r th e pl as ma

concentration-time cmve from time 0 to t (AUC(O· t)) was ca lculated by
Eq. (2). The area under the plasma co ncentration-time curve from time
0 to infinity (AUC), area under the moment curve (AUMC), the pl as ma
clearance (CLpJasma), distribution volume of the central compartment
(V 1), and steady-state clistribution volume (V tlss) were calculated as:

(3)

AUC = Ala + Bl~
AUMC = AI

a

2

+ Bl ~

2

(4)

(5)

CLpJasma = Dose I A UC
V 1 = Dose I (A + B)
Yctss =Dose AUMC I (AUC)

(6)
2

(7)

Effect of protamine injection on the plasma elimination of
HGF
Under li ght etl1er anesthesia I 11-g/kg HGF was injected through tl1e
penis vein.

At indicated times, blood was withdrawn through the lefl

external jugular vein. At 3.5 min, 250 11-1 saline co ntaining protamine (020 mg/kg) was also injected through the penis vein and blood samples
were co ll ected. The plasma co ncentration of HGF was determined by

EIA.
Ligation of portal vein and hepatic artery
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Under light eLher anesthesia, boLh the po rtal vein and hepatic artery
were Ugated before intravenous injection of HGF. In a sham-operation
rats were anesthetized and on ly laparatomies were performed wilhout any
ligation.

Measurements of the distribution of

I 25 1-HGF

or heparin-125[-

HGF complex by several tissues

At 10 min after the intravenous admi ni stration of 125I-HGF (5

0.6 pmol/kg body wt) or heparin-

1 25 J-HGF

~JCi ,

complex prepared as

described above, the rats were sacrificed and the liver, adrena l, spleen,
kidney , lung, and duodenum were excised. An aJiquot of each tissue was
weighed and counted (30). The tissue-to-plasma concentration ratio (Kp)
per g tissue is obtained by:
(8)

Kp = XT I Cp

where XT is the amou nt of 1251-HGF in the tissue at time t. T he tissue
distributi on vo lume (Vd ,tiss uc) per kg body wt can be obtained by
multiplying Eq. (8) by tissue weight (Vi) with a dimension of g tissue/kg
body wt:

(9)

V d,uss uc = Kp Vi

Liver pe1jusion method
The method reported previously (30) was used. Heparin dissolved
in the perfusion buffer containing 120 mM NaCl , 4.8 mM KCl , 1.0 mM
KH 2 P0 4 , 1.2 mM MgS0 4 , 5.0 mM Glucose, 2.2 mM CaCl2 , and 20 mM
2-(N-morpbolino) elhanesu lfoni c acid monohydrate (MES) at pH of 7.4
was incubated with 125I-HGF (6 nCi/ml, 0.8 pM) for 50 min at 25 °C and
heparin-I 25 I-HGF comp lex was obtained.
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Sequential single-pass

perfusions of a perfusate containing 125J-HGF (6 nCi/ml , 0.8 pM) alone,
mixtures of heparin (0. 1 mg/mi)-' 25J-HGF, hepari n (0.3 mg/mi)-' 25JHGF, heparin ( ] rug/mJ)-I 2SJ-HGF, heparin(3 mg/mi)- 125J-HGF were
done; and the TCA-precipitable radioactivities in the perfusate samples
drawn from the inlet and outlet of the liver were determined (30). The
steady-state hepatic extracti.on ratio (E11 ) of l25J-HGF in each perfusion
was calculated based on the following equation after the concentrati on of
TCA-precipitable radioactivity in the outflow (C0 u 1) reached a plateau (>
5 min):
( I 0)

where Cin is the concentration of TCA-precipitable radioactivity in the
inflow.

Assay for DNA synthesis in primary cultured rat hepatocytes
Parenchymal heparocytes were plated at a density of 1.25 x I 05
cells/1.88 cm 2 and cultured for 3 hour for 1-IGF or 24 hour for 1-IGF and
EGF as described previously (23). The non-attached cell s were removed
by washing and the culture medium containing protamine was applied to
the monolayer.

HGF or EGF was added 10 m.in after the addition of

protamine . Then , 22 hour after 1-!GF addition,

125

1-deoxy uridine was

added and its incorporation for 6 hour was assayed as described
previously (23).

Cellular protein was determined by the method

described by Bradford, using the Bio-Rad protein assay kit with BSA as a
standard.

Assay for DNA synthesis in primary cultured rat hepatocytes
with different exposure time to HGF
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HGF was added to rat hepatocytes which had been c ultured for 24
h.

After the indicated times the monolayer was washed and fw-ther

incubated in HGF-free medium.

Twenty two hours after the HGF

additi o n, 1251-deoxyuricline was added and its incorporation for 6 hour
was assayed.

Measurement of biological activity of lteparin-HGF complex
He parin-HGF complex was prepared by incubation as described
above and th e n added to 24 h-cultured rat hepatocytes.

Twenty-tw o

hours later, 1251-deoxyuridine in co rporation for 6 hour was assayed.

In vitro binding study of crude 3SS- heparin to HGF
35S- heparin (15-25 mCilg, Amersham, Arlin gton Heights, IL)
disso lved in the perfusion buffer was incubated with HGF (25 or 50 nM)
for 50 min at 25 °C. Tota l and unb ound concentration of rad ioactivity
was determined by the ultrafi ltration with Mw limitation of 30 kD. The
binding para me ters were obtained by fitting a ll th e data to the fo llowi ng
equation usi ng an iterative non-linear least-squares methods:
Cb = n 1 Pt Cf I (Kd1+ Cf) + 112 Pt Cf I (Kd 2 + Cf) + a Pt Cf

(1 1)

where Cb, Cf, n, Pt, Kd, a nd a were the concentrati on of heparin bound
to HGF, unb o und he parin concenu·ation, the s pecific binding ca pacity,
HGF concentration , di ssociatio n co nstant, and propo rti onal cons talll for a
nonspecific binding, respectively. The subscription s of 1 and 2 represent
high and low affinity binding site, respectively. Mw of 35S-heparin is
assumed to be 10 kD.

In vitro binding of pur~fied JS S-heparin to HGF
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The protamine-affinity fraction of 35S-hepari n ( 15 -25 mCilg ,
Amersham , Arlington Heights, lL) was chromatographed on a Sephadex
G-1 00 col umn (1 14 em x 1.5 em 1. D.) at a flow rate of 0.18 mllmin

using phosphate-buffered saline as elution buffer (73).

Blu e dex tran

(P harmacia, Uppsala, Sweden), fluorescein dextra n with a molecul ar
weight of 40 and 10 kDa (Cosmo-Bio, Tokyo , Japan),

14 C-inulin

(New

England Nuclear, Boston, MA), and 3H 2 0 (New England Nu clear,
Boston , MA) were also separately eluted as molecular weight markers.
The vo lume of each fraction was 2.0 mi. Fractions 44 to 46 and 56 to 58
were co llected as 35S-heparin with a molecular weight of 2 1-23 kDa and
12-13 kDa, respectively. The molecuhu· weight of the 35S-heparin was
determined from a plot of kav versus the logarithm of th e molecular
weight of each marker where:

kav

= (Ve- V0 )

(12)

I (V 1 - V0 )

The Ve, V" , and V1 were peak fraction numbers for each molec u Jar
weight marker, blue dextran , and 3H 2 0 , respectively.

35 S-heparin

dissolved in the perfusion buffer was incubated with HGF (50 nM) for 50
min at 25oC.

Total and unbound radioactivity was determine d by

ultrafiltration with an Mw limitation of 30 kDa. The bincting parameters
were obtained by fitting the data to the following equatio n usin g an
iterative non-linear least-squares method:
Ch = n Pt Cr I (Kct + Cr) + a Pt Cr
where C 1, Cr, n, Pt, Kct, and

a

(13)

are th e concentration of heparin bound to

HGF, unbound heparin concentration, specific bindin g capacity , HGF
concentration , dissociation constant, and proportional co nstant for
nonspecific binding, respectively.
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Simulation of the occupation of heparin binding sites on HGF
The binding parameters obtained in the present stu dy were used in
the simulation study. The total heparin concentration (Ct) was fixed to J
mglml. For the varied HGF concentration (Pt), Cb and Cf were obtained
using Eq. (ll) and the following equation:
Ct = Cb + Cf

(14)

The occupancies(%) of high and low affinity heparin binding sites on
HGF molecule were calculated as:
%OCCUPANCY= Cf I (Kd 1 + Cf) x JOO (high affinity site)
%0CCUP ANCY = Cf I (Kd 2 + Cf) x 100 (low aftiniry site)

(l5)

HGF and protamine injection to the liver-injured rats
a-naphtbylisothiocyanate (ANIT) dissolved in olive oil was injected
intraperitoneally at a dose of 50 mglkg body wt. While rats were under
ethe1· anesthesia, partial (30%) hepatectomy was performed by removing
the left lateral lobe of the liver through a subxyphoid incision.

HGF

disso lved in saline was administered through the penis vein 30 min before
and 8, 22, 32, 46, 56, 70, 80, 94, J 04 , and 118 hour after ANIT
treatment or 8, 22, 32, 46 hour after partial hepatectomy.

Rats were

sacrificed 12, 24, 48, 72, 96, and 120 hour after ANIT treatment or 48
hour after 30 % p<utial hepatectomy. Protamine di ssolved in saline was
administered through the penis vein 10 min before HGF or EGF
injection.

Measurement of labeling index
One hour before sacrificing the rats, 5-brom o-2'-deoxyuridine
dissolved in normal saline was injected intraperitoneally. 100 mglkg body
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wt.

One hour after injection, the rats were exsanguin ated via the

abdonunal artery under light ether anetbesia.

The liver was then

removed and fixed in 10% buffered formalin for 24 hour.

The fixed

samples were embedded in paraffin and the paraffin section s (4 iJ m )
mounted on a glass slide. After deparaffinization of the li ver sections ,
endogenous perox.idase was inactivated in 0.3 % hydrogen peroxide in
absolute methanol and nu c lei in corporating 5-bromo- 2'-deoxyuridin e
were stained using a Cell Proliferation Kit from Amersham (Arlington
Heights, IL).

The labeling index of hepatocytes was determined by

counting more than 500 nuclei in photographs of three randomly selected
fields under light microscopy.

Determination of bilirubin concentration and activity of liver
cytosolic enzymes in serum
The total bilixubin co ncentration (BIL) and the activity of liverspecific cytosolic enzymes such as glutanuc-pyruvic transaminase (GPT),
lactate dehydrogenase (LAP), alkaline phosphatase (ALP) and yglutamyltransferase (y -GTP) in rat serum obtained 48 hour after ANJT
treatment were detemuned using the appropriate assay kits (Wako Pure
Chemical Industries, Osaka, Japan).

Plzarmacokinetic analysis of HGF in AN!T-treated rats
Under light ether anesthesia, protam.ine (0 or L.6 mg/kg) was
administered thro ugh the penis vein to rats 24 hour after ANIT
treatment. Ten minutes after the protamine injecti o n, HGF (3 00 j..Lg/kg
body wt) disso lved in sal ine was also given through the peni s vein.
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Plasma was co ll ected from the external jugular vein and the HGF
concentrati on was determined using an ElA kit.

Elution of HGF by protamine using heparin-sepharose co lumn
chromatography
1.0 ml HGF (250 ng/ml) dissolved in PBS was added to a heparin
column (1 ml bee! vol ume, heparin-sepharose CL 6B, Pharmacia) at th e
rate of 0.3 ml/min and incubated for 30 min on ice. Then, 1.0 ml PBS or
1.0 ml protamine (20 mg/ml) was applied to the column 13 times at the
same rate. Finall y, l.O ml PBS contai ning 2 M sodi um chloride was
added to the column 6 times.

Each eluted solution was collected to

determine HGF by EIA. The ratio of the amoun t of HGF eluted in each
sample to that added to the co lumn was calculated as the recovery of

1-lGF.

Statistical analysis
Statistical analys is was performed by Student's t-test to ide ntify
significant differences between various treatment grou ps.
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