
V
A

Y
*
f
M

R

a
n
fl
v
a
l
f
a
V
V
t
f
r
T
V
a
p
p
e
e
t

h

l
l
e
i
l
f

a
i

A
c
E

Biochemical and Biophysical Research Communications 287, 209–215 (2001)

doi:10.1006/bbrc.2001.5548, available online at http://www.idealibrary.com on
ascular Endothelial Growth Factor and
ngiopoietin in Liver Regeneration

ehudit Kraizer,* Nidal Mawasi,* Jane Seagal,* Melia Paizi,* Nimer Assy,† and Gadi Spira*,1

Department of Anatomy and Cell Biology, Bruce Rappaport Faculty of Medicine, Rappaport Family Institute
or Research in the Medical Sciences, Technion, Haifa, Israel; and †Department of Internal

edicine A and Liver Clinic, Rebecca Sieff Hospital, Safed, Israel

eceived August 7, 2001
the recovery process, little is known about the involve-
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Liver architecture remodeling following partial hep-
tectomy (PHx) involves the formation of a complex
etwork of liver sinusoids through which the blood
ows. The present study examines the involvement of
ascular endothelial growth factor (VEGF) and
ngiopoietin-1 (ang-1) during liver regeneration. Fol-
owing PHx, VEGF and ang-1 mRNA levels increase,
ollowed by gradual return to baseline levels. RT-PCR
nalysis of VEGF mRNA reveals three isoforms,
EGF120, VEGF164 and VEGF188. Of the three,
EGF188 is the predominant isoform, VEGF120 being

he less abundant. Although VEGF mRNA fluctuates
ollowing PHx, the relative expression of each isoform
emains the same throughout the recovery process.
he level of neuropilin-1, an accessory receptor of
EGF to main receptor corresponds with that of VEGF
nd ang-1. We have previously demonstrated the ca-
acity of exogenous VEGF165 to stimulate liver cell
roliferation following PHx. We now report similar
ffect using VEGF121, further demonstrating the ben-
fit of manipulating growth factors where such an in-
ervention is required. © 2001 Academic Press

Key Words: VEGF; angiopoietin; neuropilin; partial
epatectomy; liver regeneration.

The liver’s capacity to reestablish optimal mass fol-
owing cell loss is accompanied by the expression of a
arge number of genes (1). Among these are immediate
arly genes, delayed genes, cell cycle genes and genes
nvolved in DNA replication and mitosis (2–7). Regard-
ess of the large body of evidence documenting the time
rame expression of each group and their role during

Abbreviations used: VEGF, vascular endothelial growth factor;
ng-1, angiopoietin-1; PHx, partial hepatectomy; PCNA, proliferat-
ng cell nuclear antigen.
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ent of angiogenic factors during liver regeneration.
iver blood supply is carried through branches of the
ortal vein and hepatic artery. The blood proceeds
hrough sinusoids and drains into the central venules.
emodeling liver architecture following liver resection

hus involves the formation of a complex network of
lood vessels.
Information gathered during recent years points to

he association of angiogenic factors with liver regen-
ration. Increased mRNA expression of vascular endo-
helial growth factor (VEGF) and respective receptors
EGFR-1 and VEGFR-2 was evident following partial
epatectomy (PHx). In primary cultures, hepatocytes
xpressed VEGF mRNA while non-parenchymal cells
xpressed both VEGFR-1 and VEGFR-2 mRNA (8).
uch a differential expression may point to a possible
ross-talk between the two cell populations.
VEGF represents a number of factors all of which are

he result of alternative splicing of the same gene. The
ene is organized in eight exons, separated by seven
ntrons. The amino acids encoded by exons 6 and 7
rant VEGF heparin and heparan sulfate binding ca-
acity. In man, five different isoforms having 121, 145,
65, 189, and 206 amino acids, respectively, were iden-
ified (9, 10). While most tissues express VEGF121,
EGF165 and VEGF189, VEGF145 and VEGF206 are
are (11). The differential expression and bioavailabil-
ty of VEGF isoforms may hint to different biological
oles. Indeed, the transfection of MCF-7 breast cancer
ells for example, with VEGF121, 165 and 189 proved
EGF121 to be more angiogenic and tumorigenic than
ther isoforms (12). In patients with osteosarcoma ex-
ressing VEGF165, an increased vascularity was noted
ompared to patients positive only to VEGF121 (13).
ntil recently VEGF was the only growth factor proven

o be specific for blood vessel formation. Powerful ge-
etic approaches unraveled an additional family, the
ngiopoietins, which consists of four members and at
east one member of the ephrin family (14). Unlike
0006-291X/01 $35.00
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VEGF, mice lacking angiopoietin-1 (ang-1) or its recep-
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or Tie-2, develop normal vasculature (14–18), yet this
ails to undergo normal remodeling. These experi-
ents led to the suggestion that ang-1 helps vascular

emodeling by optimizing the manner by which endo-
helial cells integrate with supporting cells (18). The
our members of the angiopoietin family, ang-1–4 pri-
arily bind to the Tie-2 receptor. Ligand to a second

eceptor, Tie-1, has yet to be identified, though it is
ossible that the known angiopoietins engage with
ie-1 under certain conditions (19–21).
The present study was undertaken to examine the

ole of angiogenesis-associated genes, VEGF and an-
iopoietin during liver regeneration in a rat model.

ATERIAL AND METHODS

Animals. Adult male Sprague–Dawley rats (140–200 g) were
aintained on rat chow and water under standard conditions of light

nd dark hours. Thirty and seventy percent PHx were performed
ccording to Higgins and Anderson (22) under light anesthesia by
emoving the median and median and left lateral lobes, respectively.
nimals (4–5 per group) were sacrificed under ether anesthesia at
ifferent time intervals postoperatively. Excised liver was weighed
nd 0.5-g samples were treated with 4% formaldehyde for immuno-
taining or frozen in liquid nitrogen and further used for RNA
xtraction or Western blotting. Animals received humane care ac-
ording to criteria outlined in the “Guide for Care and Use of Labo-
atory Animals.”

PCNA expression. PCNA immunostaining was performed on
iver sections fixed in 4% formaldehyde/PBS and dehydrated in
raded ethanol solution. After blocking endogenous peroxidase the
lices were incubated with anti-PCNA antibody (PC-10, DAKO,
arpinteria, CA). Immunohistochemical staining was performed us-

ng biotinylated anti mouse antibodies and streptavidin-peroxi-
ase. Diaminobenzidine (Sigma) was used as chromogen substrate
23, 24).

Northern blotting. Total liver RNA was isolated using the TRI-
eagent (Sigma). 20 mg of each RNA sample were resolved on form-
ldehyde agarose gel, transferred to nylon membranes (MCI) and
ltraviolet cross-linked. Complementary DNA probes for VEGF ex-
ns 5, 7, and 8, neuropilin or ang-1 were labeled with (a-32P)dCTP by
he random primer extension method. Prehybridization and hybrid-
zation were performed at 65°C in buffer containing 7%SDS, 10%
EG 8000, 1.53 SSPE and salmon sperm DNA. Following extensive
ashes and autoradiography, the membranes were stripped for re-
ybridization with albumin specific probe used as internal control
25). Optical density was evaluated using BioCapt and Bio-PROFIL
io-1D software (the same densitometry procedure was applied for
T-PCR).

RT-PCR. For RT-PCR, 8 mg of total RNA was reverse transcribed
sing M-MLV reverse transcriptase (Promega, Madison, WI). PCR
as performed in 50 ml volume containing PCR buffer, 10 mM
NTPs, 200 ng each primer and 2.5 U Taq polymerase. VEGF was
mplified using VEGF primers matching exons 2 and 8; 59GGA-
GGCAGAATCATCACGAAGTG39 and 39ACACTGTTCGGCTCCG-
CACT59. Cycling consisted of 1-min steps at 94, 58, and 72°C.
thidium bromide staining visualized amplified DNA product.
mount of DNA used for PCR was standardized based on albumin

25).

VEGF purification. Recombinant baculovirus for human VEGF121
as used to infect SF-9 cells (26). Supernatant was collected and

oaded on a CH-Sepharose 4B anti VEGF antibody column and
210
sing SDS–PAGE. Such a procedure yields .90% purity as detected
y silver staining. An in vitro proliferation assay using endothelial
ells confirmed the mitogenic activity of the purified protein as mea-
ured by thymidine incorporation.

ELISA. Anti VEGF antibodies were prepared by immunizing
abbits with VEGF165 previously purified by Heparin-Sepharose
olumn chromatography and resolved on SDS polyacrylamide gel.
onoclonal antibodies to VEGF were prepared following BALB/c
ice vaccination with pcDNA3 plasmid harboring the VEGF165

ene and boosting with purified VEGF165 protein. Hybridomas se-
reting monoclonal antibodies to VEGF were identified using ELISA.
andwich ELISA based on chemiluminescence rather then spectro-
hotometry was employed to determine the level of plasma VEGF.
lack ELISA plates (Corning, Acton, MA) were coated with rabbit
nti VEGF IgG purified on protein G column and blocked with 0.1%
elatin. Samples to be tested were added, followed by anti VEGF
onoclonal antibody. Biotinylated rabbit anti mouse IgG1 and

treptavidin horseradish-peroxidase conjugate were then used and
he presence of horseradish peroxidase was visualized by luminol
ubstrate (Super Signal, Pierce, Rockford, IL). Photons released were
ead in a microplate luminometer, expressed as k-counts and trans-
ated to pg/ml using purified VEGF as a standard.

ESULTS

PCNA staining following PHx. To establish liver
egeneration following PHx, proliferating cell nuclear
ntigen (PCNA) staining was performed (Fig. 1). Im-
unostaining of normal liver sections was minimal
ith only few if any cells dividing. Twenty-four hours
ostsurgery hepatocyte nuclei were positively stained
eaching a maximum at 48 h. Four days postsurgery
CNA staining decreased reaching close to normal

evel at 240 h.

VEGF, neuropilin-1 and ang1 expression during liver
egeneration. Angiogenic remodeling as a rule is
ased on the supply of a number of factors working in
erfect harmony and a coordinated manner. Accord-
ngly we have examined the two key angiogenic factors,
EGF and angiopoietin following 70% PHx. Figure 2
enotes mRNA levels of the two factors as well as of
europilin-1. VEGF was detected as early as 12 h post-
epatectomy, peaking at 36 h and gradually decreas-

ng thereby to baseline level at 240 h. Ang-1 mRNA
eaks at 48 h followed by gradual decrease to almost
ormal levels at 240 h postsurgery. Neuropilin-1, a
eceptor for collapsins/semaphorins and for VEGF165
nd VEGF145, mRNA increased gradually following
Hx, tapering down thereafter.

Differential expression of VEGF during liver regen-
ration. As growing amount of evidence suggests dif-
erential expression of VEGF isoforms in different or-
ans and different pathological manifestations, we
ext examined the level of VEGF isoforms using RT-
CR. To assess the capacity of the assay to detect each
f the isoforms, cDNA was prepared from HeLa cells,
at liver, kidney, lung and spleen. Primers match-
ng exons number 2 and 8 allowed detecting three
EGF isoforms in all samples, VEGF120, VEGF164,



V
i
(

t
t
n
o
p
o
w
d
p
c
3
p
p
n

c
e
f
I
f
w
V
t
S
i
t

f
i

a
l
e
a
s

Vol. 287, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
EGF188, yet the relative expression of each one var-
ed. In HeLa cells, VEGF121 (42%) and VEGF165
38%) were prominent while in the spleen and kidney

FIG. 1. Immunohistochemical staining for PCNA. Fixed liver se
ollowing 70% PHx (B 24 h; C, 48 h; D, 240 h) were stained with mo
mmunoglobulin and avidin peroxidase. Diaminobenzidine was used

FIG. 2. Northern blot analysis of VEGF, neuropilin, and
ngiopoietin-1. Total RNA was isolated from intact liver (time 0) or
iver remnants at time intervals specified following 70% PHx. North-
rn blot analysis was performed using VEGF, neuropilin, and
ngiopoietin-1 complementary DNA probes. Quantification of the
pecific signal was performed after normalization with albumin.
211
he principal isoform is VEGF164, 50 and 44%, respec-
ively. In the lung VEGF188 (37%) was the predomi-
ant isoform (Fig. 3A). In quiescent liver and through-
ut the recovery process VEGF188 (58%) was the
redominant isoform. The level of mRNA of the two
ther isoforms VEGF164 (24%) and VEGF120 (18%)
as considerably less pronounced. These differences
id not significantly change as liver regeneration ap-
roached final stages of recovery regardless of the
hanges in total VEGF mRNA (Fig. 3B). The removal of
0% of the liver was shown to result in a moderate cell
roliferation yet a similar trend of VEGF isoform ex-
ression was evident, VEGF188 being the predomi-
ant isoform (data not shown).

Effect of exogenous VEGF121 administration on liver
ell proliferation following 30% PHx. The stimulatory
ffect of exogenous VEGF165 on liver cell proliferation
ollowing 30% PHx was previously demonstrated (27).
n view of the structural differences between the iso-
orms and their bioavailability we set out to examine
hether VEGF121 exerts similar effect. Accordingly,
EGF121 was purified and injected intravenously at

he time of surgery and 6 and 24 h post hepatectomy.
aline administered rats served as a control. Figure 4

llustrates PCNA labeling index at different time in-
erval following hepatectomy. A remarkable accelera-

ns from intact liver (A, time 0) or liver remnants at time intervals
lonal anti-PCNA antibody followed by biotin-conjugated anti-mouse
a chromogen substrate.
ctio
noc

as
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ion of liver cell proliferation was evident as early as
2 h postsurgery. Elevated values were noted at all
ime points tested but 96 h postsurgery. At 7 days
CNA labeling index returned to normal in both the
ontrol and saline injected animals.

FIG. 3. VEGF RT-PCR. Total RNA was isolated from intact rat
iver, kidney, spleen, and HeLa cells (A), (time 0) or liver remnants
t time intervals specified following 70% PHx (B). RT-PCR was
erformed using primers matching VEGF exons 2 and 8. Plasmids
ontaining DNA coding for VEGF121, VEGF165, or VEGF189 were
sed to mark the range of the respective isoforms. VEGF expression
as normalized using albumin. Optical density is given as the ratio
etween VEGF isoforms.

FIG. 4. PCNA labeling index. Rats were administered VEGF at
he time of surgery, and 6 and 24 h posthepatectomy. Fixed liver
ections were stained with monoclonal anti-PCNA antibody followed
y biotin conjugated anti-mouse immunoglobulin and avidin perox-
dase. Diaminobenzidine was used as a chromogen substrate.
212
VEGF plasma level during liver regeneration. Some
f the factors participating in liver regeneration are
ecruited from distant organs. EGF is continually
ade available to the liver by the Brunner’s gland of

he duodenum through the portal circulation (2). Fol-
owing PHx, its plasma level rises. To determine
hether VEGF is supplied through an endocrine/
aracrine system, a sensitive chemiluminescence-
ased ELISA was established. All plasma samples
ested revealed a similar concentration of VEGF point-
ng to a paracrine supply (Fig. 5).

ISCUSSION

Liver remodeling following partial hepatectomy com-
rises a complex set of events including the activation
nd secretion of numerous factors, cell proliferation
nd finally reestablishing liver architecture. Rebuild-
ng the network of blood supply is part of liver regen-
ration. The data presented hereby demonstrate the
ssociation of VEGF and angiopoietin, the two central
ngiogenic members, during liver regeneration. North-
rn blotting of liver RNA samples following 70% PHx
emonstrates an increase in VEGF and ang1 mRNA.
VEGF acts through at least three receptors,
EGFR-1 (Flt-10), VEGFR-2 (Flk-1) and VEGFR-3

Flt-4). Of the three, VEGFR-2 seems to be the princi-
le mediator of growth and permeability. In the
resent study we have looked for neuropilin-1, a recep-
or reported to be associated with the binding of VEGF
28). Neuropilin-1 and neuropilin-2 are receptors for
xon guidance factors belonging to the class 3 sema-
horins. Recently it was shown that both bind
EGF165 but not VEGF121. Yet unlike neuropilin-1,
europilin-2 binds VEGF145 as well (29, 30). During

iver regeneration the level of neuropilin-1 mRNA in-
reased, further demonstrating the complexity and in-

FIG. 5. VEGF plasma levels. VEGF levels were determined in
lasma of rats undergoing 70% PHx by ELISA. Black ELISA plates
ere coated with polyclonal rabbit anti-VEGF antibodies, and
locked with gelatin. VEGF in samples was detected by monoclonal
nti-VEGF antibody followed by biotinylated anti-mouse IgG1 anti-
odies and streptavidin-conjugated peroxidase. Luminol was used as
ubstrate and the plates were read using Lucy luminometer.
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ollowing liver injury.
As a large body of evidence demonstrates differential

rgan expression of VEGF isoforms, we set to examine
he involvement of each one during liver regeneration.
he VEGF-A family includes 5 isoforms. The five are
istinguished by their heparin and heparan-sulfate
inding ability. The shortest form, VEGF121 lacks
xon 6 and 7 and does not bind to heparin or extra
ellular matrix. VEGF145 has an additional 21 amino
cids encoded by exon 6a, which contains a heparin-
inding domain. A similar stretch of amino acids is
hared by VEGF189. The 44 amino acids encoded
y exon 7 confer heparin-binding capacity to both
EGF165 and 189. The latter displays a higher affinity

o heparin and heparan sulfate and thus is sequestered
n the cell surface and extracellular matrix (10, 31).
CM association of one or more of the VEGF isoforms
ay have a significant importance as such binding can

elease factors like bFGF which are stored on heparan
ulfates (32). Differential expression of VEGF isoforms
n a variety of organs was reported (33). The three

ajor forms, VEGF188, 164 and 120 were observed in
he lung, kidney, brain, spleen and heart yet their
elative abundance differed. VEGF188 was the pre-
ominant isoform in the heart and lung but less abun-
ant in the others. VEGF164 mRNA levels were lower
n the heart and lung but predominant in the brain and
idney. Equimolar amounts of VEGF120 and 164 were
eported in the spleen. Of the five VEGF isoforms, we
ave been able to identify in quiescent and regenerat-

ng liver VEGF120, VEGF164 and VEGF188 using an
T-PCR assay. The assay used is based on primers
atching sequences from exons 2 and 8. It allowed the

dentification of three VEGF isoforms, VEGF121/120,
65/164/and 189/188 in HeLa cells, rat liver, kidney,
ung and spleen. Following 70% PHx total VEGF

RNA levels increased, yet the same isoform ratio was
ept with VEGF188 being the predominant and
EGF120 the less abundant. A similar ratio was also
vident using the 30% PHx model, which represents
omewhat different regenerative response (34). The
ifferential expression of VEGF isoforms does not nec-
ssarily point to the importance of one over the other.
heir different bioavailability and distinct associa-
ion with VEGF receptors determines their biological
ctivity. In a previous study we have demonstrated
he stimulatory effect of exogenous administered
EGF165 following 30% PHx (27). To demonstrate a

ole for VEGF121, rats were administered purified
EGF121 and subjected to 30% PHx. Following VEGF
dministration, both VEGF121 and VEGF165, PCNA
ositive cells were recorded as early as 12 h posthepa-
ectomy. In a recent back-to-back papers Sato and col-
eagues and Shimizu and colleagues have demon-
trated an increase of both VEGF, angiopoietins (ang1
nd ang2) and respective receptors during liver regen-
213
um proliferation time for hepatocytes and sinusoidal
ndothelial cells as 24 and 72 h following 70% hepa-
ectomy. The early response in PCNA expression noted
ollowing VEGF121 and VEGF165 (data not shown)
dministration may reflect endothelial mitogenic activ-
ty leading to endothelial cell proliferation and growth
actors secretion some of which triggers an early re-
ponse of hepatocytes. As activated stellate cells (37)
ave been shown to express VEGF receptors as well, it

s likely that VEGF culminate a wider stimulatory
ffect leading to an early liver cell proliferation. The
0% PHx model rather than the 70% was preferred
ssuming that moderate responsive response would
etter allow perceiving the effect of exogenous VEGF
n liver cell proliferation.
The involvement of angiogenic factors during liver

egeneration was noted in the past. Indeed, bFGF has
een shown to influence the regenerative capacity of
iver cells following PHx (38). The present study con-
rms the recent data published by Sato et al. Northern
lot analysis reveals a gradual increase of ang-1 mRNA
ollowed by a continuing decline to normal levels as
iver regeneration is accomplished.

Growth factors like HGF stimulate hepatocyte rep-
ication by paracrine or endocrine mechanisms, yet
thers such as TGFa are produced by hepatocytes and
ct through autocrine mechanisms (1, 39). In the
resent study we have tested whether VEGF plasma
evels following PHx increases. Normal VEGF concen-
ration in rats, as detected by sandwich ELISA, ranges
etween 15–120 pg/ml. This level was not significantly
hanged following PHx, suggesting a paracrine supply.
ur observation disagrees with that reported by Sato
nd colleagues who indicate an increase in serum
EGF levels at 72 h posthepatectomy.
Although VEGF was originally characterized to pro-
ote vascular endothelial cell proliferation (40, 41) its

ermeability-inducing effect may have an important
ole. Multiple factors and signals interact to control
ompensatory hepatic growth. These signals consist of
olecules that circulate in the blood, primarily hor-
ones, growth factors and growth inhibitors, or locally

eleased molecules that can act in a paracrine or auto-
rine fashion. (42). It is likely that individual factors
ike VEGF influence hepatocytes by improving nutri-
nt availability or through vascular permeability (40).
uch an activity may contribute to acute inflammatory
hanges that facilitate the passage of different cyto-
ines. In our study, ascites was not documented, sug-
esting that increased permeability of blood vessels is
robably not part of the mechanism induced by VEGF.
Surgical hepatic resection injures the liver and thus
ay induce local cytokine release. Furthermore, after
Hx, portal blood flow to the liver increases signifi-
antly (1, 43). Therefore, it is likely that hepatic reticu-
oendothelial cells are exposed to a large amount of



gut-derived endotoxins, which in turn may stimulate
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epatic nonparenchymal cells to release VEGF locally.
ndeed we were unable to detect appreciable VEGF in
he plasma post-PHx.

The realization that multiple angiogenic factors are
ikely to be required following liver injury or liver re-
ection has broad implications. A better understanding
f the role of each of the factors and respective recep-
ors in normal development and injured liver will aid in
anipulating these growth factors for therapeutic ben-

fit especially so in patients with impaired regenera-
ive capacity where the postoperative liver failure after
epatic resection remains high.
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