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Objective
To investigate whether liver regeneration is an angiogenesis-
associated phenomenon.

Summary Background Data
Angiogenesis is predominantly known for its pivotal role in
tumor growth. However, angiogenesis could also play a role
in physiologic processes involving tissue repair, such as liver
regeneration.

Methods
Mice subjected to 70% partial hepatectomy were treated with
human angiostatin (100 mg/kg body weight). Regeneration-
induced hepatic angiogenesis was determined by assessing
intrahepatic microvascular density using CD31 staining of fro-
zen liver sections. Liver regeneration was evaluated by as-
sessing wet liver weights and BrdU incorporation in DNA at
regular intervals after partial hepatectomy. Possible direct ef-
fects of angiostatin on hepatocytes were studied by assess-
ment of liver enzymes (ASAT, ALAT, bilirubin, lactate dehydro-

genase), MTT assay (cytotoxicity), aminophenol production
(metabolic function), and TUNEL (apoptosis).

Results
In a regenerating liver, microvascular density increased by
38%. Angiostatin significantly inhibited this response by 60%.
In addition, angiostatin inhibited liver regeneration by 50.4%
and 24.9% on postoperative days 7 and 14, respectively. In
control mice liver weights regained normalcy in 8 days,
whereas those in angiostatin-treated mice normalized after 21
days. In angiostatin-treated mice, the maximal BrdU incorpo-
ration was decreased and delayed. Direct adverse effects of
angiostatin on cultured and in vivo hepatocytes were not ob-
served. Angiostatin neither induced necrosis on hematoxylin
and eosin staining nor affected serum levels of liver enzymes.

Conclusions
Liver regeneration is accompanied by intrahepatic angiogene-
sis. Antiangiogenic treatment using angiostatin inhibits both
phenomena. The authors conclude that liver regeneration is,
at least in part, an angiogenesis-dependent phenomenon.

Angiogenesis, defined as the formation of new microvas-
culature from preexisting blood vessels, has received much
attention in recent years since it has been proven to be a
pivotal event in tumor growth and metastasis.1 Inhibition of
tumor-associated angiogenesis has, in fact, become one of
the most promising developments in cancer treatment; more
than 31 angiogenesis inhibitors have been evaluated in

clinical trials.2 However, the role of angiogenesis in phys-
iologic processes, such as wound healing, ovulation, and
menstruation, is less well established. In addition, vast dif-
ferences exist between physiologic and tumor-associated
angiogenesis. Tumor-associated angiogenesis is uncon-
trolled and characterized by a tortuous, dilated, and disor-
ganized microvascular network.3,4 This is accompanied by
vascular leakiness,5 the influx and presence of inflammatory
cells,6 and the deposition of fibrin.7 In contrast, resting
endothelial cells rarely proliferate under physiologic condi-
tions. Only 0.01% of adult endothelial cells are in the S
phase at any given time.8 This is remarkable since endothe-
lial cells are surrounded by many proangiogenic factors.
Furthermore, physiologic angiogenesis is transient, lasting
only days before it is turned off abruptly.9,10

Liver regeneration (LR) is a tissue repair response of the
liver following the loss of hepatic tissue.11 The exact mech-
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anisms underlying LR have not been fully characterized.
Nevertheless, studies have shown that after 70% partial
hepatectomy (PH) many mitogenic molecules are upregu-
lated, resulting in the regenerative outgrowth of the liver
remnant until the full original liver weight has been re-
gained.12–14 Remarkably, many of the growth factors up-
regulated in a regenerating liver are known for their angio-
genic properties in vivo. For instance, vascular endothelial
growth factor (VEGF) is upregulated after PH.15–17 It is a
major proangiogenic factor18 and is thought to improve
sinusoid reconstruction during the LR process.19 Hepato-
cyte growth factor levels are dramatically increased follow-
ing PH,20,21 but hepatocyte growth factor is also a potent
angiogenic factor in vivo and stimulates endothelial cell
protease production, motility, proliferation, and differentia-
tion in vitro.22,23 Although it has been demonstrated that
many major proangiogenic factors are upregulated in a
regenerating liver, there is no in vivo evidence that intrahe-
patic angiogenesis occurs during LR.

The present study was undertaken to investigate whether
LR is accompanied by angiogenesis, and to test the hypoth-
esis that LR is angiogenesis-dependent. This was done by
subjecting mice to potent antiangiogenic treatment using
angiostatin during LR. For this purpose we studied LR
following 70% PH in non-tumor-bearing mice treated with
angiostatin. Angiostatin, a fragment of human plasminogen,
is one of the most potent antiangiogenic agents currently
known.24,25 From our studies we conclude that angiogenesis
plays an important role in LR.

METHODS

Experimental Design

For the in vivo experiments, animals were divided in
control mice (n � 10), mice subjected to 70% PH (PH
group; n � 7), and mice subjected to both 70% PH and
angiostatin treatment (PH-AS group; n � 7). The variation
in the number of mice in the three groups can be explained
by the restricted amount of angiostatin available. In addi-
tion, since it is vital that mice of the same age are used for
experiments on LR, we were forced to accept the limited
supply of mice aged 8 to 10 weeks (24 mice maximum).
Intrahepatic vascularization was evaluated by determining
the microvascular density using a monoclonal antibody
against CD31. LR was evaluated by determining the hepa-
tocyte cell proliferation by nuclear incorporation of bro-
modeoxyuridine (BrdU) and wet liver weight. For the eval-
uation of direct effects of angiostatin on hepatocytes,
primary isolated murine hepatocytes were subjected to in-
cubation with angiostatin. Apoptosis, synthetic capacity,
and detoxifying features of hepatocytes were evaluated.

Animals

Male BALB/c mice were purchased from the General
Animal Laboratory, University Medical Center Utrecht

(Utrecht, The Netherlands). In all experiments mice were 8
to 10 weeks of age. Animals were maintained under specific
pathogen-free conditions, were allowed food and water ad
libitum, and were kept on a 12-hour light/dark cycle. Ex-
periments were performed according to the guidelines of the
Utrecht Animal Experimental Committee, University Med-
ical Center Utrecht, The Netherlands.

Angiostatin

The antiangiogenic properties and the production of plas-
minogen-derived human angiostatin have been previously
reported.24,26 Briefly, recovered outdated human plasma
was used to elute plasminogen. SDS-polyacrylamide gel
electrophoresis of the eluant revealed one band of 92 kd
corresponding to plasminogen. The eluant was subjected to
proteolytic digestion with porcine pancreatic elastase in a
concentration of 0.8 units/mg plasminogen. Then, angiosta-
tin was isolated by applying the solution over a lysine-
Sepharose column followed by elution with 0.2 mmol/L
�-ACA. SDS-polyacrylamide gel electrophoresis revealed
three distinct bands of approximately 40, 42, and 45 kd,
resembling the triplet first described by O’Reilly et al.27

After freeze-drying, angiostatin was dissolved in phosphate-
buffered saline (PBS; 175 mg/mL) and stored at �80°C.
The biologic effect of angiostatin was tested using the
corneal neovascularization assay in which basic fibroblast
growth factor-induced angiogenesis was inhibited almost
completely.24 To examine the effects of angiostatin treat-
ment on regeneration-associated hepatic angiogenesis,
BALB/c mice were subjected to PH immediately followed
by implantation of subcutaneous pumps containing an-
giostatin (PH-AS group). Ten minutes before PH, mice
received a single bolus injection of angiostatin (2.5 mg/200
�L, given subcutaneously) to ensure therapeutic angiostatin
levels during the operation (half-life of human angiostatin in
mice is 4–6 hours).25

Liver Regeneration

LR was induced by subjecting mice to 70% PH as de-
scribed by Higgins and Anderson.28 Mice were anesthetized
with halothane. After a midline laparotomy, the liver was
exposed and the left lateral and caudal lobes were ligated
(Vicryl 3-0) and resected, resulting in removal of �68% of
liver volume. Before closure of the abdominal wall in two
layers (Vicryl 5-0), 250 �L of 5% glucose solution (at
37°C) was injected into the abdominal cavity.

Cell Proliferation

To determine the proportion of hepatocytes in S phase, a
BrdU pulse-labeling technique was used.29 Two hours be-
fore ending the experiment, mice received an intraperitoneal
injection with BrdU (150 mg/kg body weight in PBS; Sigma
Chemical Co., St. Louis, MO). After the mice were killed,
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liver lobes were fixed in formaldehyde, 4-�m-thick paraffin
sections were deparaffinized, and DNA was denatured with
warm HIO4 (60°C; 30 minutes). Slides were washed thor-
oughly with PBS and then incubated with 5% bovine serum
albumin (BSA) in PBS to block nonspecific binding sites of
the antibodies. Subsequently, the slides were incubated (60
minutes) with the primary antibody, a monoclonal anti-
BrdU antibody (Becton Dickinson, Mountain View, CA),
diluted 1:40 in PBS. After washing steps in PBS, slides
were incubated for 30 minutes with a secondary nonlabeled
polyclonal antimouse IgG (DAKO, ITK Diagnostics BV,
Uithoorn, The Netherlands) and diluted 1:80 in PBS, in-
cluding 1% BSA in a humidified chamber. Furthermore,
slides were incubated with 0.45% 10-nm Protein A Gold
(PAG; 60 minutes), kindly provided by H. J. G. van de Kant
(Department of Cell Biology, University Medical Center
Utrecht, The Netherlands). After extensive washing with
PBS (30 minutes) and deionized water (30 minutes), the
gold particles were silver-enhanced with Aurion R-GENT
(30 minutes; Aurion, Wageningen, The Netherlands). Fi-
nally, slides were counterstained with Mayer’s hematoxylin
and mounted in Pertex mounting medium. A minimum of
1,500 hepatocytes were counted for estimation of the BrdU
labeling index, defined as the percentage of BrdU-positive
nuclei.

Intrahepatic Vascularization

Immunohistochemical staining was performed on ace-
tone-fixed 5-�m cryosections of hepatic tissue. The sections
were incubated in PBS containing 1.5% hydrogen peroxide
at room temperature for 15 minutes to block endogenous
peroxidase activity. The sections were stained with anti-
CD31 mAb (MEC 13.3; kindly provided by Dr. Vecchi,
Istituto di Ricerche Farmacologiche Mario Negri, Milan,
Italy) for 60 minutes, followed by fixation in phosphate-
buffered formaldehyde 3.7% (10 minutes).30 Sections were
incubated for 1 hour with a horseradish peroxidase-coupled
rabbit antirat antibody. After three washes, labeling was
visualized with 0.03% 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) solution containing 0.1% hydrogen perox-
ide for 10 minutes. Sections were counterstained for 45
seconds in Mayer’s hematoxylin and mounted in DPX (Kli-
nipath BV, The Netherlands). The microvascular density
(MVD) was determined by analyzing at least four indepen-
dent microscopic fields per tissue section and at least two
sections per liver remnant. Fields containing large macro-
vascular structures (portal/central venules and hepatic arte-
rioles) were excluded, and only microvessels were counted.
The number of microvessels stained for CD31 was counted
by two independent observers (T.A.D. and T.M.V.) at a
magnification of 250�. MVD was expressed as the mean
number of microvessels (� SEM) per high-power field.

Hepatocyte Isolation

Hepatocytes were isolated by a two-step collagenase per-
fusion of the liver as described by Seglen but modified to
compensate for the smaller size of the animals (20% of the
original flow rate and 50% reduction in perfusate volume).31

Mice were anesthetized using a mixture of Hypnorm (0.3
mg/mouse given intraperitoneally; Janssen-Cilag, Brussels,
Belgium) and Dormicum (12.5 mg/mouse given intraperi-
toneally; Roche, Brussels, Belgium). After cannulation of
the portal vein the liver was perfused with 200 mL Ca2�-
and Mg2�- free Hanks balanced saline solution (37°C; 10
mL/min). After 10 minutes the liver was perfused with the
same buffer supplemented with 0.05% collagenase (Boehr-
inger Mannheim Biochemica, Germany) and 2.5 mmol/L
CaCl2 for 10 minutes. After the entire liver was resected, the
lobes were thoroughly cut in small pieces and diluted in
medium (HBBS supplemented with 2.5% BSA, Sigma-
Aldrich Chemie A-9647, Zwijndrecht, The Netherlands)
and 2.5 mmol/L CaCl2. Dispersed cells were centrifuged
(50G~ 600 rpm) three times for 3 minutes. Cell viability
was routinely ~90%, as determined by trypan blue exclu-
sion. Hepatocytes were plated at a density of 8.3 � 103/cm2

in Williams medium E (Flow Laboratories, Irvine, Scot-
land) supplemented with 10% heat-inactivated newborn calf
serum (Gibco Life Technologies Inc., Rockville, MD), so-
dium bicarbonate (0.23%; local pharmacy, University Med-
ical Center Utrecht, Utrecht, The Netherlands), L-glutamine
(2 mmol/L; BioWhittaker, Verviers, Belgium), gentamycin
(50 g/mL; Sigma-Aldrich Chemie G-3632), insulin (5.75
g/mL; Sigma-Aldrich Chemie I-5500), and hydrocortisone
(5 g/mL; Sigma-Aldrich Chemie H-4881)). Hepatocytes
were incubated at 37°C in an atmosphere of 5% CO2 for 4
hours before they were subjected to experiments.

In Vivo Cytotoxicity of Angiostatin

Three weeks following partial hepatectomy, serum of
mice was sampled and analyzed for total bilirubin concen-
tration, aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and lactate dehydrogenase.

Synthetic Capacity of Hepatocytes

To monitor the effects of angiostatin on hepatocellular
synthetic capacity, primary hepatocytes were incubated
with analin. Analin is metabolized by hepatocytes to
4-aminophenol, which can be measured spectrophotometri-
cally.32,33 Twenty-four hours after plating, culture medium
was refreshed by serum-free medium containing 5 mmol/L
analin and different concentrations of angiostatin (0.1, 10,
and 1,000 �g/mL). Controls consisted of serum-free me-
dium containing 5 mmol/L analin and PBS. Another 24
hours later, samples were taken from the medium and used
for the determination of 4-aminophenol (free and conjugat-
ed). 4-Aminophenol was detected according to the method
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of Evelo et al.32 The amounts of 4-aminophenol (free and
conjugated) were expressed as nmol metabolite formed/106

cells/24 hours.

Determination of Aniline and its Metabolites

For determination of glucuronide conjugate, 4 units of
glucuronidase in 600 L of a 200 mmol/L KH2PO4/NaHPO4

buffer (pH 6.2) were added to an equal volume of medium
and incubated in a water bath (37°C; 1 hour). Following
hydrolysis, protein was precipitated by adding 300 L of
aqueous trichloracetic acid solution/1,000 L incubation
mixture in Eppendorf vials. After centrifugation, equal vol-
umes of 1 mol/L HCl were added to the supernatants. The
acidic solutions were stored overnight at 4°C and the deter-
mination of liberated 4-aminophenol was performed the
next day. For determination of free 4-aminophenol (i.e.,
4-aminophenol not conjugated at C-4) the same procedure
was followed, but without addition of glucuronidase.

To hydrolyze the sulfate conjugates, 1 mL of the glucu-
ronidase-treated acidified solution was boiled for 6.5 min-
utes in a 20-mL glass tube topped with a glass marble.
Corrections were made for the amount of free 4-aminophe-
nol lost during acid hydrolysis. The amount of sulfate con-
jugate liberated in this way was shown to be equal to the
amount liberated by enzymic hydrolysis with glucuronidase/
arylsulfatase.

To detect 4-aminophenol, 300 �L phenol reagent (2.5%
w/v phenol, 1.25 mol/L NaOH, 1.25 Na2CO3) was added to
750 �L sample, and the absorption was determined using a
spectrophotometer.

Hepatocellular Detoxification

To monitor the effects of angiostatin on the detoxification
capacity, primary hepatocytes were subjected to incubation
with MTT (3-(4, 5–dimethylthiazol)-2,5-diphenyl 2-H-te-
traliumbromide; C18H16BrN5S2). MTT is a substrate for
mitochondrial succinate dehydrogenase that is catalyzed
into formazan. In the presence of a cytoxic agent, the
mitochondria are less functional, and this is expressed as
less transformation of MTT into formazan. Therefore, the
MMT assay is a sensitive assay to detect cytotoxic effects.34

MTT (1 mg/mL) was added (45 minutes, 37°C) to primary
hepatocytes in culture (3 � 105/6-cm well) that had been
incubated for 24 hours with angiostatin (0.1–10 mg/mL) or
medium (control). After extensive washing in PBS, cell
membranes were permeabilized with isopropanol (10 min-
utes) to extract intracellular MTT; optical density was mea-
sured by a multiwell scanning spectrophotometer at 560 nm.

Apoptosis

To determine whether angiostatin induces apoptosis in
hepatocytes in vivo, liver slides were subjected to a TUNEL
assay. All reagents were part of the In Situ Cell Death
Detection Kit-AP (Cat. No 684-809, Roche Diagnostics

BV, Almere, The Netherlands). Tissue sections (5 �m) were
fixed with formaldehyde in 3.7% PBS for 20 minutes at
room temperature. After washing in PBS, sections were
incubated in 0.1% Triton X-100 in citrate phosphate buffer
(10 minutes) followed by a final wash step in PBS again (10
minutes). Next, sections were incubated in TUNEL reaction
mixture (60 minutes at 37°C). After washing in PBS, sec-
tions were incubated in TUNEL Converter-AP (30 minutes
at 37°C), followed by a PBS wash step. Signal conversion
was performed by the TUNEL BM Purple AP substrate.
Finally, sections were mounted using DPX mounting me-
dium. A minimum of 1,500 hepatocytes were counted for
estimation of the apoptotic index, defined as the percentage
of positive cells.

Statistical Analysis

Data were expressed as mean � SEM unless mentioned
otherwise in the text. Comparisons between multiple groups
were performed by one-way analysis of variance, followed
by the Newman-Keuls protected least significant difference
posthoc test. P � .05 was considered statistically
significant.

RESULTS

In normal livers of BALB/c mice (control group sham-
operated), 63 � 5 blood vessels per high-power field were
counted (Figs. 1 and 2). In mice subjected to PH, the hepatic
MVD increased significantly to 81 � 5 blood vessels per
high-power field (P � .05 vs. control) during the first 3 days
following PH. Thereafter, MVD reached a plateau phase of
87 � 5.7 blood vessels per high-power field (P � .05 vs.
control) until the end of the observation period on postop-
erative day 21. Besides a difference in the number of blood
vessels, the histologic appearance of hepatocytes was found
to change during LR. This change was characterized by
hepatocellular hyperplasia and thickening of the hepatocyte
cords (double-cell plates) (Fig. 3).

In angiostatin-treated animals MVD decreased signifi-
cantly by 64% (P � .05 vs. PH group) to a level that was not
significantly different from non-PH controls. Angiostatin
affected not only the vascular density after PH but also the
kinetics of liver regeneration. In control mice wet liver
weight returned to the normal range within 8 days after PH.
In contrast, in angiostatin-treated mice, wet liver weight
normalized only after 21 days. As judged by wet liver
weight, angiostatin inhibited LR by 51% and 26% on post-
operative days 7 and 14, respectively (Fig. 4). The observed
delay in LR was accompanied by a decrease in the maximal
BrdU incorporation from 26% in the control group to 13.3%
in the angiostatin group. In addition, the BrdU peak shifted
from 48 hours to 96 hours after hepatectomy (Fig. 5).

To exclude any direct adverse effects of angiostatin on
hepatocytes, we tested whether angiostatin affected the syn-
thetic and detoxification capacity of cultured primary hepa-
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tocytes. The synthetic capacity of hepatocytes was not in-
fluenced by angiostatin. 4-Aminophenol was translated into
glucuronide and sulfate in similar concentrations for all
angiostatin concentrations tested (Fig. 6). In addition, an-
giostatin did not affect the detoxifying capacity of primary
hepatocytes (data not shown). Finally, angiostatin did not
induce programmed cell death (apoptosis). In control mice
the apoptotic index was 0.27 � 0.01 compared to 0.28 �
0.42 in angiostatin-treated mice (P � NS). In addition,
hematoxylin and eosin staining did not reveal hepatic ne-
crosis in the liver remnant, implicating that impaired LR in
the angiostatin-treated group is not caused by necrosis). As
presented in Table 1, the serum levels of representative liver
enzymes, particularly ALT, reflected the liver tissue damage
(loss) following PH. Treatment with angiostatin did not affect
these values in hepatectomized and sham-operated mice.

DISCUSSION

Our findings point to an important role of angiogenesis in
physiologic LR following 70% PH. The observed develop-
ment of hepatic angiogenesis, as represented by an increase
in MVD during LR, corresponds with the general concept
that formation of new blood vessels is required for adequate
tissue repair. Mammalian cells need to be surrounded by a

vascular network that is located no more than 100 to 200
�m away.35 Within this distance, nutrition and oxygenation
can be secured by diffusion. The increase in the number of
cells seen during tissue repair results in expansion of tissue,
leading to an increase in the distance between cells and the
vascular network. To prevent the distance from surpassing
the critical 100 to 200 �m, new blood vessels are recruited
from preexisting vasculature. Similar to tumor angiogene-
sis, expansion of hepatic tissue is made possible not only
because of paracrine stimulation by several (proangiogenic)
growth factors, but also because of angiogenesis. According
to Folkman, the lessons learned from tumor angiogenesis
might be used to understand angiogenesis in many nonneo-
plastic and physiologic conditions.3 From the data presented
we conclude that LR is one of those physiologic conditions
in which angiogenesis plays an important role.

Several groups have reported the upregulation of many
proangiogenic factors in the remnant liver following
PH.17,36 Furthermore, Sato et al have demonstrated an in-
crease in mitotic activities of sinus endothelial cells (SECs)
after PH, which suggests that angiogenesis might occur
during liver regeneration.16 However, in our opinion the
actual formation of new blood vessels, as judged by an
increase in the microvascular density, has never been doc-
umented before.

Two other studies have investigated the effects of anti-
angiogenic agents on liver regeneration. However, neither
included critical end points regarding LR and angiogenesis
(i.e., wet liver weight and microvascular density). In accor-
dance with our present findings, Taniguchi et al reported
that neutralization of VEGF by anti-VEGF antibodies sig-
nificantly inhibited the proliferative activity of hepatocytes
at 48 and 96 hours after 70% PH.15 In contrast, Tanaka et al
reported that moderate antiangiogenic treatment with TNP-
470 did not induce inhibition of liver regeneration as judged
by BrdU incorporation in rabbits subjected to 45% PH.37

However, in this study only two time points were studied
and the course of liver weight was not documented. There-
fore, we cannot exclude the possibility that a delay in LR
was missed, particularly since the peak of BrdU lasts for
only 3 days.11 In addition, species-related differences (rab-
bits vs. mice) might also be responsible for the apparent
differences, since the rapidity of LR is proportional to the
amount of tissue resection.38 A 45% PH, as used by Tanaka
et al, is difficult to compare with the standard 70% used in
our study.

Wack et al investigated the difference of porosity of
SECs during the revascularization process in a regenerating
liver.39 They elegantly revealed that changes in the porosity
of SECs play a critical role in the sieving function of the
sinusoids and contribute to the progression of the regener-
ative process following PH. At 72 hours after PH they
described the compression of sinusoids adjacent to avascu-
lar zones of islands of hepatocytes. We observed a similar
sinusoidal compression in a regenerating liver both in the
presence and absence of angiostatin. In addition, using

Figure 1. Effects of angiostatin on microvascular density in a regen-
erating liver. In control mice (�) 62.8 � 4.9 sinusoidal blood vessels per
high-power field (hpf) were counted. Following 70% PH (� � PH-group)
microvascular density increased to 87.0 � 5.6 blood vessels/hpf (P �
.05 vs. control; postoperative day 21). In angiostatin-treated mice (� �
AS/PH group) vascular density was reduced to 73.8 � 2.8 (P � NS from
control mice; postoperative day 21).
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Figure 3. Histologic appearance of regenerating liver 7 days following 70% partial hepatectomy. (A) In
angiostatin-treated mice no necrosis was observed after partial hepatectomy (hematoxylin and eosin, magnifi-
cation 100�). (B) Hyperplasia (increase in the number of hepatocytes) and thickening of the hepatocyte cords
(double-cell plates) as pointed out by the accolade (hematoxylin and eosin, magnification 400�).

Figure 2. Effects of angiostatin on microvascular density in a regen-
erating liver 14 days following 70% partial hepatectomy. The identifi-
cation of sinus endothelial cells was performed by immunostaining
with antibodies against CD-31 (PECAM). A, B, and C represent the
control group, the partial hepatectomy group, and the partial hepa-
tectomy plus angiostatin group, respectively. Twenty-one days after
partial hepatectomy, the microvascular density was increased signif-
icantly compared to both angiostatin-treated mice and control, non-
hepatectomized mice. Magnification 250�.
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scanning electron microscopy, they demonstrated the
growth and migration of SECs into clusters of regenerating
hepatocytes, suggesting neovascularization during LR.
These observations provide further confirmation of LR-
associated angiogenesis.

Previously, we reported the inhibitory effects of angiosta-
tin on accelerated growth of hepatic metastases, subcutane-
ous tumor growth, corneal angiogenesis, and retinal angio-
genesis.24,26 However, the exact mechanisms responsible
for the antiangiogenic action of angiostatin have not been
fully resolved. Stack et al40 suggested that tissue plasmin-

ogen activator (t-PA), when occupied by angiostatin, is
prevented in a ternary complex formation between t-PA,
plasminogen, and matrix protein. This results in the inhibi-
tion of plasminogen activation and a reduced endothelial
cell migration and invasion. Since matrix breakdown by
proteases such as plasmin is known to play an important
role in LR, it is conceivable that the observed inhibitive
effects of angiostatin on LR may be explained by interfer-
ence in the fibrinolytic cascade. Alternatively, Moser et al
attributed the antiangiogenic effects of angiostatin to bind-
ing to the �/� subunits of ATP synthase on the cell surface
of endothelial cells, resulting in the downregulation of en-
dothelial cell proliferation and migration.41 Finally, Lucas
et al proposed that the antiangiogenic activity of angiostatin
may be ascribed to its apoptotic effect on endothelial cells.42

In our opinion, this latter hypothesized mechanism does not
appear to be important in regeneration-associated angiogen-
esis, since apoptosis was not observed in hepatocytes nor in
SECs at any time point. In addition, we could not discern
any direct adverse effects of angiostatin treatment on hepa-
tocytes in terms of hepatocellular metabolism and detoxi-
fying capacity.

In this study we used manual counting of intrahepatic
blood vessels as a measure of angiogenesis in the liver. This
is based on the pioneering work of Weidner et al43 on MVD,
currently the most widely used method to asses tumor-
associated angiogenesis. Although manual counting of
MVD suffers from inter- and intraobserver variation, com-
puter image analysis of MVD is no more accurate than
manual counting.44 We found remarkably little variation in
intrahepatic vascular counts between two independent ob-
servers. Sato et al16 reported data on relative sinusoidal
surface area as a vascular parameter in rat livers. We believe

Figure 4. Effects of angiostatin on wet liver weight in resting and
regenerating liver. In normal mice (� � control) wet liver weight was
1.326 � 0.031 g. Angiostatin treatment did not affect wet liver weight in
normal mice (� � AS group): 1.323 � 0.015 g (P � NS vs. control).
Following 70% partial hepatectomy in nontreated mice (� � PH group),
the liver remnant returned to normal (original) weight in 8 days. In an-
giostatin-treated mice (F � AS/PH-group) this took approximately 3
weeks.

Figure 5. Effects of angiostatin on the proliferation of hepatocytes in
resting and regenerating liver. BrdU uptake is represented by the ratio of
labeled and nonlabeled hepatocytes times 100%. In normal resting liver
the hepatocellular BrdU labeling index was approximately 0.2% (data
not shown). Two days following 70% partial hepatectomy (PH group) a
maximum of 26 � 3.4% hepatocytes was labeled. In angiostatin-
treated mice (PH/AS group) the BrdU labeling index peak was delayed
to 96 hours after 70% partial hepatectomy. The BrdU peak was also
significantly lower compared to the PH group (13.3 � 2.9%; P � .001
vs. PH group).

Figure 6. Effects of angiostatin on the synthetic capacity of cultured
primary murine hepatocytes. The formation of the C-hydroxylated ana-
line metabolite 4-aminophenol (�) and its sulfate (�) and glucuronide (�)
conjugates in primary cultures of mouse hepatocytes was used to in-
vestigate the possible effects of plasminogen-derived human angiosta-
tin on these hepatocellular biotransformation processes. For all an-
giostatin concentrations tested, no significant differences were
detectable between treated and control hepatocytes.
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that such values should be treated with caution since their
correlation with the number of blood vessels may be prob-
lematic. This is particularly true in conditions in which the
surrounding hepatic tissue is subject to volume changes
(i.e., hyperplasia during LR). An increase in volume and/or
number of the hepatocytes may result in compression of
blood vessels (see Fig. 2). Compression of blood vessels in
combination with hyperplasia of hepatocytes, together with
our observation of increased MVD, can be explained only
by the formation of new blood vessels (i.e., angiogenesis).
Determination of angiogenesis by measuring the surface
area of the compressed vascular structures would be an
underestimation compared to a counting method, which is
independent of volume changes.

Our data show an important role of angiogenesis in
physiologic conditions of tissue repair such as LR. Blocking
this role might have important implications for prolonged
therapy. Both in animals and humans surgical hepatic re-
section (e.g., for liver tumors or metastases) results in LR
until the full original liver weight has been regained. A
major problem is the recurrence of liver tumors due to
accelerated tumor growth of micrometastases in the remnant
liver, as previously described by our group.24 Angiostatin
was able to inhibit this accelerated tumor growth without
completely blocking LR. Apart from the delay in LR, no
clinical or biochemical side effects were noted in this
study.24 Regarding the potential clinical use of angiostatin
in the perioperative setting in metastatic liver surgery, we
could speculate that a brief postoperative discontinuation of
angiostatin treatment could facilitate early LR. Such an
intermission in antiangiogenic treatment could still be con-
sidered oncologically effective.45

In conclusion, LR following 70% PH is associated with
angiogenesis as judged by an increase in MVD. Inhibition
of this phenomenon leads to a delay in LR, suggesting that
LR is at least partial dependent on angiogenesis.
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Discussion

PROF. P. NEUHAUS: How specific is the biologic effect of angiostatin in
mice; did you test the effects in other species as well? Is the inhibition of
liver regeneration as demonstrated induced by a specific effect of angiosta-
tin on hepatic angiogenesis or on hepatocyte proliferation?

DR. T. DRIXLER: The inhibitory effects of angiostatin in mice have been
reported by the group of Folkman and many others. The strong antiangio-
genic effects of angiostatin in other species, such as rats and rabbits, have
been reported as well, suggesting that its effect is species-independent. We
have tested angiostatin in mice only. In several murine models, we have
demonstrated that angiostatin inhibited corneal angiogenesis, retinal angio-
genesis, and the outgrowth of colorectal hepatic metastasis in both resting
and regenerating liver.

Possible negative effects of angiostatin on hepatocytes were excluded by
subjecting in vitro isolated murine hepatocytes to angiostatin inoculation.
Angiostatin did not affect both detoxifying and synthetic capacity of
hepatocytes. In addition, angiostatin did not induce apoptosis in vivo either.
These data are suggestive that angiostatin has no direct effect on hepato-
cytes. However, the number of blood vessels, as judged by microvascular
density, was decreased significantly in angiostatin-treated mice. Therefore,
we conclude that the inhibition of liver regeneration is induced by a
specific effect on the microvasculature.

PROF. P. NEUHAUS: Did you see a rebound phenomenon when you
stopped your study? Did you see more angiogenesis?

DR. T. DRIXLER: We have not evaluated a possible rebound phenome-
non. Three weeks following partial hepatectomy the experiment was fin-
ished by terminating the mice.

PROF. P.-A. CLAVIEN: This is a very nice paper. I think liver regeneration
is currently becoming one of the most important topics in the field of liver
transplantation and surgery.

Evidence that angiogenesis is involved in regeneration has been pro-
vided earlier. For example, it has been shown in models of major hepa-
tectomy in rats that VEGF expression (Shimizu et al, reference 17 of the
paper) and mitotic activity of the sinusoidal endothelial cells (Sato et al,
reference 16 of the paper) increase rapidly after surgery. Reduced hepato-
cellular proliferation by anti-VEGF antibodies would also corroborate the
importance of angiogenesis in liver regeneration. The novelty of your study
lies in the question of whether hepatocyte proliferation depends on angio-
genesis. In other words, you hypothesize that endothelial cell proliferation
precedes and somewhat controls hepatocyte proliferation. To do so, you
have used only one agent (angiostatin) to inhibit angiogenesis. My question
is, how specific is angiostatin as an antiangiogenic agent? It is possible that
angiostatin may block hepatocyte proliferation through mechanisms unre-
lated to angiogenesis? In a previous study from our group (Gastroenterol-
ogy 1997: 113:1692–1700) suggesting that angiogenesis-like mechanisms
trigger sinusoidal endothelial cell injury during cold preservation, we used
three different inhibitors since none of the inhibitors alone would convinc-
ingly incriminate angiogenesis in the pathway of injury.

DR. T. DRIXLER: We have used angiostatin because it is a major anti-
angiogenic agent. Indeed, inclusion of other antiangiogenic agents would
support the concept that liver regeneration is an angiogenesis-dependent
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phenomenon. Actually, recent work by our group has revealed that, similar
to angiostatin-treated mice, both liver regeneration and microvascular
density were impaired in mice deficient for plasminogen. Since plasmin-
ogen plays an important role in the degradation of the extracellular matrix
during angiogenesis, knocking out the plasminogen gene can be interpreted
as an antiangiogenic strategy. These data support our concept.

Indeed, toxicity can be evaluated in a more simple fashion such as AST.
Actually, we have evaluated liver enzymes such as AST, ALT, bilirubin,
and LDH. Angiostatin treatment did not affect these enzymes in the
hepatectomized and sham mice. The reason why we have not presented
these data are that we believe that more specific assays exist (as presented
here) to evaluate possible toxic effects. Finally, in H/E-stained liver slides
we did not see apoptosis. Necrosis was absent as well, suggesting that liver
regeneration was not impaired by angiostatin.

At this moment there is no consensus about the mechanism of angiosta-
tin. So far, three possibilities have been put forward. One of these implies
that angiostatin can form a complex with tissue plasminogen activator
(t-PA). This complex binds to plasminogen, which in turn cannot be
converted to the activated form (plasmin). This prevents the extracellular
matrix from being broken down. That means that proliferating endothelial
cells cannot migrate and invade, resulting in an impaired angiogenesis.
From this point of view we evaluated whether knocking out the plasmin-

ogen gene would inhibit liver regeneration analogous to angiostatin-treated
mice. Since this second antiangiogenic strategy produced similar results,
we believe it strongly suggests that liver regeneration is an angiogenesis-
dependent phenomenon.

PROF. C. E. BROELSCH: I have a similar question regarding the mecha-
nism of inhibition. Some of us have looked at liver regeneration for 20
years and we know that hepatocytes regenerate by hyperplasia. Now you
are telling us the stories about the interrelationship of angiogenesis with
regeneration, but we do not know what is the egg and what is the hen here.
In your experiments you have not shown really absence of regeneration
totally, but only a delay of 50%, but still there is regeneration there without
angioproliferation.

I think the real clue is how to find what is the effect of angiogenesis on
regeneration. Can you get better regeneration, for example, by initiating
angiogenesis rather than inhibiting angiogenesis during delayed regenera-
tion? Can we get data by reversing your experiment and ask the appropriate
questions?

DR. T. DRIXLER (closing): I think based on the literature, many growth
factors have been shown to be involved in liver regeneration. We have not
investigated the effects of stimulating liver regeneration in this study by
proangiogenic factors, because we have been focusing on the effects of
antiangiogenic treatment for cancer on physiologic angiogenesis.
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