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Technetium-99m-diethylenetriaminepentaacetic acid-galactosyl-

human serum albumin (GSA) is a new scintigraphic agent that binds
specifically to asialoglycoprotein receptors on hepatocytes, and can
be used to evaluate hepatic function. Asialoglycoprotein receptor is
a hepatocellular membrane receptor responsible for the endocytosis
of asialoglycoproteins, and the function of this receptor is affected in
various disease states. The aim of this study was to investigate GSA
uptake per hepatocyte in the convalescent stage from hepatic
damage. Methods: We used rats with dimethylnitrosamine (DMN)-

induced hepatic injury and rats with recombinant human hepatocyte
growth factor (rhHGF) stimulation. Plasma clearance of GSA and the
number of hepatocytes in whole liver were calculated. Results: In
the DMN-treated rats, the total number of hepatocytes and GSA

plasma clearance were reduced significantly at 3 wk after the final
administration of DMN. However, calculated GSA uptake per indi
vidual hepatocyte was significantly greater by 53.2% than in the
normal controls. The area of hepatic nucleus was also significantly
greater than in the normal controls. In the rhHGF-treated rats, an

increase in the total number of hepatocytes was not demonstrated
on the final day of rhHGF administration (Day 4). However, calcu
lated GSA uptake per hepatocyte was significantly greater (59%)
than in the controls. Conclusion: Augmented GSA uptake per
hepatocyte during the convalescent stage after hepatic injury sug
gests a cellular compensation to the decreased number of hepato
cyte. This mechanism may be caused by the secretion of some
hepatotropic factors such as HGF.
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Aechnetium-99m-diethylenetriaminepentaacetic acid-galacto-
syl-human serum albumin (GSA) (Nihon Medi-Physics Chem

ical, Nishinomiya, Japan) is a new scintigraphy agent that binds
specifically to asialoglycoprotein receptors (ASGPR) (/) on
hepatocytes, and can be used to evaluate hepatic function (2).
Diethylenetriaminepentaacetic acid has been used to obtain
stable labeling with 99nTc (3,4).

Asialoglycoprotein receptor is a hepatocellular membrane
receptor responsible for the metabolism of serum glycoproteins.
Asialoglycoprotein receptor recognizes and binds galactose-
terminated glycoproteins by a second-order chemical reaction
(5,6). After binding, the glycoproteins are transported to lyso-
somes, where the ligands are catabolized, and the receptor
recycles to the plasma membrane (5,6).

It has been reported that receptor levels are reduced in
galactosamine-treated rats (7) and patients with chronic liver
disease (8). Similarly, decreased ligand clearance from plasma
has been observed in streptozotocin-diabetic rats (9). These

results suggested alterations in expression of the receptor,
whereas the in vivo studies addressed the ASGPR activity per
body or liver weight. In contrast, the issue of whether the
decreased GSA uptake by the liver is associated with a
reduction in the function of each cell or the total number of
hepatocytes has not been examined in detail.

In vitro studies have examined asialoglycoprotein uptake
activity per hepatocyte under various conditions. Although
there is an abundance of evidence for decreased binding of
asialoglycoprotein by isolated hepatocytes in a variety of
experimental liver injuries (10-12), increased binding has been
observed in diethylnitrosamine-treated rats (13).

Increased hepatocyte growth factor (HGF) secretion has been
demonstrated during hepatic damage in rats (14,15). Human
HGF, which strongly stimulates deoxyribonucleic acid (DNA)
synthesis and proliferation of hepatocytes, was originally puri
fied from the plasma of patients with hepatic failure (16). Its
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complementary DNA (cDNA) was cloned from human placen
ta! and livers cDNA libraries (17,18). Recombinant human
HGF was purified from the culture supernatant of Chinese hamster
ovary cells transfected with the human HGF cDNA (79). The
ability of recombinant human HGF (rhHGF) to stimulate DNA
synthesis of both human and rat primary culture hepatocytes was
equal to that of native HGF (20). Recently, Ishii et al. (27)
discovered that protein synthesis of hepatocytes in primary culture
is stimulated by rhHGF addition, and this occurs prior to the
increase in the number of cells. In contrast, little is known about
the effect of HGF on the GSA uptake of individual hepatocyte.

In this study, we attempted to identify any alterations in GSA
uptake per individual hepatocyte in vivo. We measured GSA
plasma clearance and the total number of hepatocytes both in
the convalescent stage after hepatic injury and with rhHGF
stimulation.

MATERIALS AND METHODS

Animals
One group of male Sprague-Dawley rats (12 wk, 340-380 g)

was administered dimethylnitrosamine (DMN), as described pre
viously (22): 1% DMN dissolved in saline was given intraperito-
neally at 10 /xl/kg body weight for 3 consecutive days each week
for 3 wk. Untreated rats were included as controls.

The second group of male Sprague-Dawley rats (13 wk, 420-
460 g) were treated with rhHGF. Infusion of rhHGF (Mitsubishi
Chemical, Yokohama, Japan) continued over 4 days, as described
previously (21). The rhHGF was dissolved in 10 mM phosphate
buffer (ph 7.4) containing 0.7 M NaCl and 0.005% Tween 80 to
prevent aggregation. An osmotic minipump (Alzet Model 2001,
ALZA Corp., Palo Alto, CA; capacity = 200 /j.1),with a nominal
delivery rate of 24 /j,l/day, was used. Rats underwent pentobarbital
anesthesia. A cannula was surgically placed in the right jugular
vein and the other end was connected to the minipumps that were
implanted subcutaneously. The injected dose of rhHGF was 100
/xg/kg/day. In the corresponding control rats, 0.9% saline was
loaded into the minipumps.

All rats received care in compliance with Kansai Medical
University's Institutional Animal Care and Use Committee guide

lines.

Measurement of Galactosyl Human Serum Albumin
Plasma Clearance

A single rapid injection of GSA (1665 /xg/kg body weight) via
the jugular vein was performed under pentobarbital anesthesia (25
mg/kg of body weight, intraperitoneally). Blood samples were
collected at 2, 4, 6 and 8 min after the injection. In this animal
model, we found that the diminution in plasma radioactivity closely
followed an exponential curve. The plasma clearance was calcu
lated with the following formula: C(t) = C(0) X e"kt, where C(t)

= counts at time t; C(0) = counts at time 0, obtained by
extrapolation from the disappearance curve; and k = the plasma
disappearance rate. The injected amount of GSA times k equals the
initial removal rate of GSA (ju.g/min).

To obtain an optimum GSA disappearance curve, which was
independent of changes in hepatic blood flow, we examined the
changes in GSA clearance at a variety of doses (208-6660 /xg/kg
body weight). A single injection of 1665 fig/kg body weight GSA
was chosen as the optimum dose for this study.

In the DMN-treated rats, the initial removal rate of GSA was
measured three times in each rat, both before and after the
administration of DMN, as well as 3 wk after the final adminis
tration. In the rhHGF-treated rats, the initial removal rate of GSA
was measured three times in each rat: pretreatment. Day 4 and 3
days after the completion of rhHGF administration.

Morphometric Analysis
The DMN-treated (n = 6) and control group (n = 6) rats were

killed, and their livers were removed 3 wk after the final DMN
administration, whereas this was done on Day 4 in the rhHGF-
treated (n = 4) and control (n = 4) groups. Livers were fixed in
10% formalin, embedded in paraffin, cut into 5-/j.m-thick sections
and stained with hematoxylin and eosin. The microscope view was
transmitted to a television camera. Using an image analysis system
(Image Processor for Analytical Pathology, Sumika Technos,
Osaka, Japan) (23), hepatocyte nuclear size (/am2) and hepatocyte
density (number of hepatocytes/mm2) were assessed quantitatively

by measuring the hepatic cells contained in 10 parenchyma! areas
(total = 2.44 X IO5 /um2 in each rat). In the DMN-treated livers,

the damage was diffuse, and fibrous septa could not readily be
located. Assuming that the control rat liver contained 1.6 X 10s

hepatocytes/g (9,24), the number of hepatocytes in whole liver was
calculated using the following formula: number of hepatocytes in
total liver of subject rat = 1.6 X IO8 X liver weight of subject rat
(g) X hepatocyte density of subject rat (number/mm2)/mean
hepatocyte density of control rats (number/mm2).

Expression of Data
The activity of GSA uptake per hepatocyte in all treatment and

control groups was calculated using the following formula: initial
removal rate of GSA per hepatocyte (/ng/min) = initial removal
rate of GSA (/j.g/min)/number of hepatocytes in total liver.

Statistical Analysis
Data are expressed as the mean Â±s.d. The Pearson's correlation

coefficient was used to assess the correlation between the total
number of hepatocytes and the initial removal rate of GSA. The
paired t-test was used to compare mean values of the initial
removal rate of GSA in pre- and post-treatment. The unpaired t-test
was used to compare the total number of hepatocytes, the area of
the nucleus and the rate of GSA uptake per hepatocyte in the DMN
and rhHGF treatment and control groups. A p value of <0.05 was
considered significant.

RESULTS

Effects of Dimethylnitrosamine Administration
Pre- and post-treatment comparison (n = 6) demonstrated

that the GSA clearance decreased as a result of the administra
tion of DMN. Before DMN administration, the removal rate of
GSA per liver was 119.8 Â¡xg/mmÂ±26.2 /xg/min. After DMN
administration, it was 48.6 fig/mm Â±18.3 jug/min. This was
significantly lower (p < 0.005; Fig. 1). Moreover, 3 wk after
the final administration of DMN, a slight tendency toward
recovery was identified (Fig. 1). In the control rats (n = 6),
there was a slight tendency toward decreased GSA clearance
with aging, despite the absence of hepatotoxic treatment (Fig.
1).

In both normal and liver-damaged rats (n = 12), the number
of hepatocytes and the initial removal rate of GSA per liver
demonstrated a positive correlation (r = 0.885; p < 0.0001; Fig.
2) at 3 wk after the final administration of DMN. Morphometric
examinations showed that the number of viable hepatocytes
decreased in the liver removed from the treated rats 3 wk after
the final administration of DMN, and residual hepatocyte
enlarged (Fig. 3; Table 1). The total number of hepatocytes in
the treated rats (n = 6) was 1.31 X IO9 Â±0.16 X IO9, and in
the control group (n = 6), it was 3.02 X IO9 Â±0.44 X IO9.

Clearly, the total number of hepatocytes in the treated rats was
significantly lower than in the control rats (p < 0.0001; Table
1). The initial removal rate of GSA per hepatocyte was 5.76 X10~8 Â¡Â¿g/mmÂ±1.27 X 10~8 jug/min in the rats with DMN-
induced liver injury (n = 6), and 3.76 X 10~8 /xg/min Â±1.54 X
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FIGURE 1. Effects of dimethylnitrosamine (DMN) administration.Values are
means Â±s.d. of 6 animals. DMN was given for 3 consecutive days per week
for 3 wk. Galactosyl human serum albumin removal rate was measured
pretreatment, on Day 21 (the final day of treatment), and on Day 42 (3 wk after
the completion of DMN treatment). * p < 0.005 compared with the rate

before DMN treatment.

1(F8 jug/min in the control group (n = 6). This difference was

statistically significant (p < 0.05; Table 1).

Effects of Recombinant Human Hepatocyte Growth Factor
Administration

The removal rates of GSA per liver before the administration
of rhHGF on the final day of rhHGF administration (Day 4) and
3 days after the termination of HGF administration were 131.6
/Ltg/min Â±24/u.g/min, 197.7 ju,g/min Â±51.3 Â¿ag/minand 121.3
Â¡jig/mmÂ±15.6 /ng/min, respectively (n = 6). The GSA removal
rate after rhHGF administration increased significantly com-
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FIGURE 2. Relationship between galactosyl human serum albumin (GSA)
clearance and hepatocyte number in both normal and dimethylnitrosamine-
damaged rats (n = 12) at 3 wk after the final treatment. The number of

hepatocytes and the initial removal rate of GSA per liver demonstrated a
positive correlation (r = 0.885; p < 0.0001).

FIGURE 3. Comparison of control liver (A) and Dimethylnitrosamine(DMN)-
treated liver (B) at 3 wk after the final treatment (hematoxylin and eosin; bar =
50 um). Many hepatocytes of large size are present in DMN-treated liver.

pared with the rate before rhHGF administration (p < 0.05).
However, 3 days after the termination of HGF administration,
the rate ultimately returned to the pre-rhHGF administration
level (Fig. 4).

On the final day of rhHGF administration (Day 4), the
number of hepatocytes in the rhHGF-administered group (n =
4) was 2.59 X IO9 Â±0.56 X IO9, whereas it was 2.88 X IO9 Â±
0.20 X IO9 in the control group (n = 4). Thus, rhHGF did not

induce a substantial increase in the number of hepatocytes
(Table 2). The initial removal rate of GSA per hepatocyte in therhHGF-administered group (n = 4) was 8.81 X 10~8 /ug/min Â±
1.84 X 10~8 /j-g/min, whereas it was 5.54 X 10~8 ^g/min Â±
0.52 X 10~8 jag/min in the control group (n = 4). This

difference was statistically significant (p < 0.05; Table 2).

DISCUSSION
The question of whether the decrease in GSA blood clearance

associated with liver damage results from a reduction in the
function of each cell or in the total number of hepatocytes had
not previously been adequately explored. In this study, we
observed that DMN reduced the average number of hepatocytes
to 43.4% of control animals at 3 wk after the final administra
tion of DMN. The GSA clearance also fell to 69.3% and
demonstrated a linear correlation with the total number of
hepatocytes. These results indicate that an impaired GSA
clearance results predominantly from the decreased number of
hepatocytes in the whole liver. Furthermore, this suggests that
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TABLE 1
Effects of Dimethylnitrosamine (DMN) on Liver and Galactosyl Human Serum Albumin (GSA) Clearance 3 Wk After

Completion of Treatment

Group
Uver weight

(9)

Total number
of hepatocytes

(X109)

Area of hepatic
nucleus

Initial removal rate
of GSA per hepatocyte

(X108

Untreated
DMN-treated

19.1 Â±1.2
17.7 Â±1.5

3.02 Â±0.44
1.31 Â±0.16*

51.8 Â±4.4
83.4 Â±13.3*

3.76 Â±1.54
5.76 Â±1.27*

*p < 0.0001, compared with the untreated group. *p < 0.005, compared with the untreated group. *p < 0.05, compared with the untreated group.

Values are means Â±s.d.; n = 6 per group.

the decreased clearance in rats with hepatic damage (9) or
patients with chronic liver disease (8) is due to a decrease in the
number of hepatocytes.

When our data were expressed per hepatocyte, we found that
the GSA uptake in the DMN-damaged group was greater by
53.2% than in the normal control group. Furthermore, the area
of the cell nucleus in the DMN-damaged group was also greater
by 61% than in the normal control group. In general, when
partial hepatectomy or hepatotoxic injury occurs in rats, paren
chyma! cells and nuclei start enlarging, and metabolic activity
also increases (25-27). Wanson et al. (13) demonstrated
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FIGURE 4. Effects of recombinant human hepatocyte growth factor (mHGF)
administration. Values are means Â±s.d. of 6 animals. Recombinant HGF was
administered to rats on 4 consecutive days. Galactosyl human serum
albumin removal rate was measured pretreatment and on Days 4 and 7. *p <
0.05, compared with the rate before rhHGF administration.

increased nuclear size and ligand uptake of ASGPR compared
with the control group in hepatocytes isolated 6 mo after the
beginning of diethylnitrosamine treatment, findings consistent
with this present in vivo study. Cell or nuclear volume enlarge
ment can be considered an expression of activated function
(28). From these findings, we speculate that the increased GSA
uptake per hepatocyte and nuclear swelling are components of
a compensatory mechanism in response to the loss in cell
numbers after cytotoxic injury. We also hypothesized that
hepatotrophic factors such as HGF may improve the activity of
ASGPR in the convalescent stage after hepatic injury.

In rats given DMN (10 /xl/kg body weight, intraperitoneally)
3 days per week for 3 wk, diffuse fibrosis and foci of
hemorrhagic necrosis with large zones of collapse were found
in all of the animals on Day 21. Hemorrhagic necrosis had
decreased, but the architecture of the parenchyma remained
abnormal on Day 35, with persistence of a micronodular pattern
and feathery degeneration of groups of hepatocytes (22). From
these findings, we postulated that Day 42 of our study (3 wk
after the final administration of DMN) represented the conva
lescent stage of liver damage.

The mechanism of liver regeneration is not well-understood,
but it has been clearly demonstrated that secretion of HGF
increases with hepatic damage (14,15) and that HGF promotes
DNA synthesis or proliferation of hepatocytes (16). Conse
quently, HGF is considered an important factor in liver regen
eration. Recombinant HGF stimulated DNA synthesis of both
human and rat hepatocytes in primary culture as well as native
HGF (20). Few studies have reported the effects of in vivo
administration of rhHGF. For example, rhHGF increased the
labeling index of hepatocytes in normal rats (29), suppressed
the onset of liver cirrhosis and abrogated lethal hepatic dys
function in DMN-treated rats (30). In contrast, little is known
about the effect of rhHGF on the GSA uptake of individual
hepatocyte.

To clarify the role of HGF in GSA uptake activity, we
administered rhHGF to normal rats and assessed the GSA
uptake per hepatocyte. GSA clearance was increased after 4
days of administration of rhHGF, although this effect did not

TABLE 2
Effects of 4-Day Infusion of Recombinant Human Hepatocyte Growth Factor (rhHGF) on Liver and

Galactosyl Human Serum Albumin (GSA)

GroupUntreated

rhHGF-treatedLiver

weight

(9)18.0

Â±1.1
17.1 Â±1.5Total

number
of hepatocytes

(X109)2.88

Â±0.20
2.59 Â±0.56Area

of hepatic
nucleus

(Â¿im2)51.0

Â±3.4
44.9 Â±7.2Initial

removal rate
of GSA per hepatocyte

(X108/xg/min)5.54

Â±0.52
8.81 Â±1.84*

*p < 0.05, compared with the untreated group.

Values are means Â±s.d.; n = 4 per group.
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persist after the rhHGF was stopped. There was also no
appreciable difference in the number of hepatocytes between
the rhHGF-administered rats and the control group. These

results demonstrated that the increase in GSA clearance with
rhHGF administration was caused by an increase in the ASGPR
uptake activity per hepatocyte rather than hepatocyte prolifer
ation. Ishii et al. (27) reported that protein synthesis of
hepatocytes was stimulated by rhHGF addition before the
increase in the number of cells. These findings are consistent
with the results of our studies with rhHGF administration and
support the conclusion that HGF increases individual hepato
cyte functions such as uptake of GSA. Further studies are
required to clarify the mechanism of HGF activation of the
ASGPR.

CONCLUSION
This study was designed to measure GSA uptake per hepa

tocyte in the convalescent stage after hepatic injury and during
rhHGF stimulation. In the convalescent stage, the decrease in
total liver GSA clearance is mainly due to hepatocyte loss.
However, there was an associated increase in GSA uptake per
hepatocyte. Stimulation by rhHGF affected not only the prolif
eration of hepatocytes but also enhanced the GSA uptake per
hepatocyte. These results suggest that, during the convalescent
stage after hepatic injury, some hepatotrophic factors such as
HGF may enhance the function of individual hepatocytes to
compensate for the decreased cell number.
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