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Abstract

Background & Aims—Vascular endothelial growth factor (VEGF)—induced angiogenesis is

implicated in fibrogenesis and portal hypertension. However, the function of VEGF in fibrosis

resolution has not been explored.

Methods—We developed a cholecystojejunostomy procedure to reconstruct biliary flow after

bile duct ligation in C57BL/6 mice to generate a model of fibrosis resolution. These mice were

then given injections of VEGF-neutralizing (mcr84) or control antibodies, and other mice received

an adenovirus that expressed mouse VEGF or a control vector. The procedure was also performed

on macro-phage fas-induced apoptosis mice, in which macrophages can be selectively depleted.

Liver and blood samples were collected and analyzed in immunohistochemical, morphometric,

vascular permeability, real-time polymerase chain reaction, and flow cytometry assays.

Results—VEGF-neutralizing antibodies prevented development of fibrosis but also disrupted

hepatic tissue repair and fibrosis resolution. During fibrosis resolution, VEGF inhibition impaired

liver sinusoidal permeability, which was associated with reduced monocyte migration, adhesion,

and infiltration of fibrotic liver. Scar-associated macrophages contributed to this process by

producing the chemokine (C-X-C motif) ligand 9 and matrix metalloproteinase 13. Resolution of

fibrosis was impaired in macrophage fas-induced apoptosis mice but increased after

overexpression of chemokine (C-X-C motif) ligand 9.
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Conclusions—In a mouse model of liver fibrosis resolution, VEGF promoted fibrogenesis, but

was also required for hepatic tissue repair and fibrosis resolution. We observed that VEGF

regulates vascular permeability, monocyte infiltration, and scar-associated macrophages function.
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Fibrogenesis is the common end point of chronic liver injury of diverse etiologies.1

Although hepatic stellate cell (HSC) activation into a myofibroblastic phenotype is viewed

as the dominant mechanism of fibrogenesis, other nonparenchymal cells, including

endothelial and Kupffer cells, are also central modulators of fibrosis progression.1,2 As a

corollary, fibrosis resolution requires apoptosis or deactivation of myofibroblastic cells

again with dominant roles for other nonparenchymal cells in the resolution process.3,4

Although recent studies have highlighted the importance of angiogenesis and proangiogenic

molecules in fibrogenesis using both specific neutralizing antibodies as well as more general

inhibitors,1,5–7 there is no detailed analysis of the effects of dominant angiogenic molecules

during fibrosis resolution.

Vascular endothelial growth factor (VEGF), in addition to its angiogenic function,8,9 was

first described as a vascular permeability factor based on its ability to generate tissue edema

and regulate monocyte recruitment and infiltration.10–12 Earlier studies revealed a fibrogenic

effect of VEGF through multiple mechanisms, including promotion of inflammation, release

of fibrosis-enhancing molecules from VEGF-activated endothelial cells, and direct effects of

VEGF on HSC.6,13 These studies suggest that VEGF inhibition might also have beneficial

effects on fibrosis resolution. Therefore, VEGF-inhibition strategies that are already utilized

to treat diverse human diseases are being considered for the treatment of fibrosis in liver and

other organs.

In the present study, we establish and utilize a murine model of cholestatic fibrosis

regression to test the hypothesis that VEGF neutralization in vivo can promote hepatic tissue

repair and liver fibrosis resolution. Although confirming a role of VEGF in fibrogenesis, a

combination of loss-and gain-of-function approaches unexpectedly revealed that VEGF

promotes hepatic tissue repair and fibrosis resolution. This effect can be mediated through a

VEGF-dependent sinusoidal permeability that facilitates monocyte recruitment and

infiltration into scar tissue, which appears to be a requirement for fibrosis resolution.

Mechanistically, we identify a chemokine (C-X-C motif) ligand 9 (CXCL9)—matrix

metalloproteinase 13 (MMP13) axis that mediates the observed actions of VEGF.

Collectively, the data uncover dual and opposing effects of VEGF on fibrogenesis and tissue

repair/fibrosis resolution through effects of VEGF on sinusoidal permeability, monocyte

infiltration, and scar-associated macrophage (SAM) function.
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Materials and Methods

Animal Experiments

Bile duct ligation and cholecystojejunostomy—C57BL/6 mice (10–12 weeks) were

purchased from Jackson Laboratories (Bar Harbor, ME). Mice were subjected to bile duct

ligation (BDL) for 2 weeks to induce fibrosis as described previously.14

Cholecystojejunostomy (CJ) was performed to reconstruct biliary flow and stimulate fibrosis

resolution based on a biliary reconstruction model previously described in the rat, except

that the mouse gall bladder was used as an outflow conduit.15 After BDL and/or CJ, mice

received a well-characterized VEGF-neutralizing antibody (anti-VEGF, mcr84)16 or control

antibody (50 μg per injection [IP] ×2/week). In other experiments, mice received

adenovirus-expressing mouse VEGF (AdVEGF) or LacZ (0.8 × 109 PFU/kg through tail

vein injection × 1) after BDL and/or CJ. The dose regimen of AdVEGF was determined

based on pilot experiments (Supplementary Figure 1). All animal work was performed under

Mayo Institutional Animal Care and Use Committee oversight.

Macrophage fas-induced apoptosis mice—Macrophage fas-induced apoptosis

(MAFIA) mice on a C57BL/6 background were purchased from Jackson Laboratories. In

this model, Csf1r promoter is used to drive expression of a mutant human FK506 binding

protein 1A, 12 kDa (FKBP12), and green fluorescent protein (GFP). Inducible apoptosis of

mononuclear cell linage ablation (monocyte, macrophage, and dendritic cells) is achieved by

administering AP20187, which binds FKBP12 and stimulates macrophage Fas-induced

apoptosis).17,18 Lyophilized AP20187 (Ariad Pharmaceuticals, Cambridge, MA) was

dissolved in 100% ethanol to 13.75 mg/mL. One day after CJ, the stock solution was diluted

to 0.55 mg/mL in 4% ethanol, with 10% PEG-400, and 1.7% Tween 80 in sterile water

(vehicle) and injected IP; 120 μg on day 1, followed by 40 μg daily IP for 4 additional days

before starting experiments.18 MAFIA mice receiving vehicle served as controls.

Carbon tetrachloride model—Mice received carbon tetrachloride (CCl4) treatment IP

for 4 or 6 weeks as indicated in different experiments.14 One day after the final dose of

CCl4, mice were administered anti-VEGF or control antibody (50 μg IP ×2/week). In other

experiments, mice received murine AdVEGF (0.8 × 109 PFU/kg), adenovirus encoding

murine CXCL9 (AdCXCL9; 4.0 × 1010 PFU/kg), or LacZ (control) through tail vein

injection. Mice were sacrificed at 1, 2, or 4 weeks after final dose of CCl4, as indicated. For

AdCXCL9 generation, mouse CXCL9 plasmid was subcloned into the AdEasy viral

construction system using manufacturer instructions (Stratagene).

Cell Isolation and Culture

Kupffer cells and HSC were isolated from normal rats and mice as described previously19

and are detailed in the Supplementary Material.

Measurement of Hepatic Vascular Permeability in Vivo

Miles assay technique was modified to quantify hepatic vascular permeability as

described.20 Detailed methods are in the Supplementary Material.
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Real-Time Polymerase Chain Reaction

Messenger RNA (mRNA) levels were quantified by real-time reverse transcription

polymerase chain reaction per the manufacturer's specifications. Detailed methods are in the

Supplementary Material. Primer sequences are listed in Supplementary Table 1.

Immunohistochemistry and Morphometry

Liver tissues were embedded in OCT and sections (5 μm) were cut and fixed in 4%

paraformaldehyde solution for 30 minutes. Samples were blocked with 10% goat serum in

phosphate-buffered saline for 1 hour and then incubated with goat anti-human collagen I

(Clontech; 1:50) and mouse anti-F4/80 (eBioscience, San Diego, CA; 1:50) overnight at

4°C, followed by incubation for 1 hour with Alexa Fluor 488—conjugated donkey anti-goat

(1:250) and Alexa Fluor 546—conjugated goat anti-mouse (1:250) secondary antibodies,

respectively. The slides were then counterstained with 4′,6-diamidino-2-phenylindole, and

confocal microscopy was performed by LSM 5 Pascal (Zeiss), Macrophages associated with

extracellular matrix were identified as F4/80-positive macrophage directly in contact with

collagen I fibers and referred to as scar-associated macrophages. For morphometry, livers

were fixed in 10% phosphate-buffered formalin for 48 hours at 4°C, washed twice with

water, stored in 70% ethanol at 4°C, and embedded in paraffin. Five-micrometer sections

were stained with picrosirius red (Sigma, St Louis, MO) and counterstained with fast green

(Sigma). The proportion of tissue stained with picrosirius red content was quantified with

MetaView software (Universal Imaging, Downingtown, PA) as described previously.19

Collagen was stained with Sirius Red and quantitated in randomly chosen sections (×20; 10

fields each from sample).

Hydroxyproline Assay

Hydroxyproline content in whole-liver specimens was quantified colorimetrically as

described previously.19 Hydroxyproline concentration was calculated from a standard curve

prepared with high-purity hydroxyproline (Sigma) and expressed as μg/mg liver tissue.

Monocyte-Endothelial Cell Adhesion

Monocytes were isolated from whole blood obtained from normal human volunteers as

HLA-DR+CD14+/dimCD3−CD20−CD56− cells by fluorescence-activated cell sorting

(Supplementary Material and Supplementary Figure 2). Human primary monocyte and

endothelial (HUVEC) cell lines were used for cell-to-cell adhesion studies. Confluent

HUVEC in 24-well plates were treated with control (bovine serum albumin) or VEGF (10

ng/mL) for 12 hours in 0.5% fetal bovine serum medium. HUVEC cells were washed with

phosphate-buffered saline and then monocytes stained with calcein-AM were seeded as 1 ×

105/well in 500 μL Dulbecco's modified Eagle medium with 10% fetal bovine serum on top

of HUVEC. After 1 hour, HUVEC was washed thoroughly with phosphate-buffered saline

×3 and the adhered monocytes were measured in a spectrofluorometer (Spectrafluor;

TECAN) with Delta Soft 3 software. Migration of human primary monocyte was evaluated

by Boyden chamber assay in response to recombinant human VEGF. Detailed methods are

in the Supplementary Material.
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Statistical Analysis

Results are expressed as mean ± SE. Significance was established using the Student's t test

and analysis of variance when appropriate. Differences were considered significant when P

< .05.

Results

VEGF-Neutralizing Antibody Impairs Fibrosis Resolution in Vivo

We first established a murine model of fibrosis resolution by utilizing the gallbladder

dilation that occurs after BDL in mice, to achieve an access to reconstruct bile flow by virtue

of CJ. CJ or sham surgery was performed 2 weeks after BDL. Two weeks after CJ, the

whole bile duct system was drained through the constructed anastomosis with almost

complete hepatic tissue repair (Figure 1A–C). This model provides an effective surgical

murine model for fibrosis resolution providing a technical advance to existing models.15,21

To evaluate the role of VEGF in fibrosis resolution, mice were treated with a neutralizing

anti-mouse VEGF antibody (mcr84) or a control IgG after CJ. Contrary to our initial

prediction that blockade of VEGF would enhance fibrosis resolution, we found that

blockade of VEGF significantly delayed tissue repair (Figure 1D, E, and F). For gain-of-

function, we administered an adenoviral vector-encoding murine VEGF into mice after BDL

and CJ. Consistent with data obtained with the neutralizing antibody, forced expression of

VEGF promoted tissue repair (Figure 2A and B) 1 week after virus administration. We also

confirmed earlier studies6,13 that identified a fibrogenic effect of VEGF during fibrosis

development by administering VEGF-neutralizing antibody for 2 weeks, commencing 1 day

after BDL or sham surgery. Here anti-VEGF therapy significantly suppressed liver fibrosis

as measured by Sirius Red (Figure 2C and D) and hydroxyproline content (Figure 2E). As

dramatic changes were not observed in angiogenesis between the control IgG and anti-

VEGF-treated groups after CJ in our fibrosis resolution analyses (Supplementary Figure 3),

we turned our attention to potential effects of VEGF inhibition on permeability and

inflammatory cell infiltration that occur during fibrosis resolution.

VEGF-Neutralizing Antibody Impairs Monocyte Infiltration During Fibrosis Resolution

Fibrosis resolution is associated with inflammatory cell infiltration.12,22 We observed

significant inflammatory cells within and adjacent to areas of fibrosis after BDL (Figure

3A). To further characterize effects of VEGF inhibition on inflammatory cell populations,

we measured mRNA levels of macrophage and neutrophil cell surface markers; colony-

stimulating factor 1 receptor (CSF1R) and the neutrophil cytosolic factor 1 (NCF1),

respectively.23 Although no changes were observed in NCF1, CSF1r mRNA levels from

tissue lysates were decreased after VEGF neutralization during fibrosis resolution (Figure

3B), indicating a decrease in SAM, a cell type implicated in scar fibrolysis. This finding was

confirmed by double immunostaining for F4/80 and collagen to specifically identify SAM,

which were also reduced in response to anti-VEGF antibody administration (Figure 3C).

Similar results were observed with another macrophage marker CD68 as well

(Supplementary Figure 4). Because SAM can be derived from blood monocytes,4,24 we

hypothesized that VEGF-induced permeability and chemotaxis can promote monocyte

adhesion to endothelium and infiltration into liver. This model was tested in vitro using the
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primary human monocyte and the endothelial cell line, HUVEC. VEGF stimulated

monocyte migration (Figure 3D) in a Boyden chamber system by 2-fold, consistent with

previous reports that VEGF promotes monocyte chemotaxis.25,26 Monocyte-endothelial cell

adhesion is a key initiating event for monocyte extravasation from vasculature into tissues.27

Monocyte adhesion to VEGF-stimulated HUVEC was significantly elevated compared with

vehicle (Figure 3E). These effects of VEGF on migration and adhesion of monocytes were

also shown in assay with monocyte cell lines, THP-1 (Supplementary Figure 5). Finally, we

modified the Mile's vascular permeability assay,20 to measure liver permeability during

fibrosis resolution after anti-VEGF treatment. Three days after CJ, anti-VEGF therapy

significantly reduced sinusoidal endothelial cell permeability (Figure 3F). In summary,

VEGF promotes hepatic vascular permeability, monocyte-endothelial cell adhesion, and

ensuing SAM accumulation in fibrotic liver during fibrosis resolution.

SAM Are Required for Fibrosis Resolution

In earlier studies, selective depletion of macrophages showed distinct and opposing roles

during liver injury and repair.4,28 To explore this in our models, MAFIA mice were

subjected to sham, 2 weeks BDL and 2 weeks BDL plus CJ for 5 additional days. CSFR1-

GFP–positive cell infiltration in scar tissue was measured during fibrogenesis and fibrosis

resolution (Figure 4A). Monocyte and tissue macrophage depletion was confirmed by

peripheral blood fluorescence-activated cell sorting analysis (Figure 4B) and in situ liver

GFP and F4/80 (Figure 4C and Supplementary Figure 6). As predicted, macrophage

depletion delayed liver fibrosis resolution, further supporting the concept that SAM are

important for fibrosis regression after murine CJ (Figure 4D).

VEGF Promotes CXCL9 and MMP13-Mediated Fibrosis Resolution

To investigate how VEGF neutralization affects SAM-mediated fibrosis resolution, a panel

of macrophagerelated cytokines were measured by polymerase chain reaction analysis of

liver tissues of mice undergoing fibrosis resolution (Supplementary Figure 7). Although a

number of changes were observed, particularly notable was that VEGF neutralization

abrogated CXCL9 mRNA levels during fibrosis resolution (Figure 5A). The changes in

CXCL9 mRNA levels were confirmed at the protein level (Figure 5A) and therefore this

target was selected for further study with the recognition that alternative targets might also

be relevant. A large, although not statistically significant, change was also observed in

serum (Supplementary Figure 7H). CXCL9 has been shown to ameliorate fibrogenesis.13,29

We extended these observations by evaluating mRNA levels of several MMPs, including 2,

9, and 13. From these, MMP13 mRNA levels were significantly elevated during fibrosis

resolution, as reported previously,22 and VEGF neutralization significantly attenuated

MMP13 elevation during fibrosis resolution (Figure 5A). After macrophage depletion in

MAFIA mice, significant reductions in CXCL9 and MMP13 (Figure 5B) mRNA levels were

also observed. We observed similar changes for CCL22 and interleukin-6 after VEGF

neutralization or macrophage depletion (Supplementary Figures 7A and E and Figure 8A

and B). In summary, VEGF neutralization and macrophage depletion attenuates CXCL9 and

MMP13 production during hepatic tissue repair indicating that production of CXCL9 and

MMP13 from SAM contributes to fibrosis resolution.
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We next delineated the relationship between the VEGF, CXCL9, and MMP13 in vitro. As

previously reported, Kupffer cells as resident macrophage in liver are a major source of

CXCL9 during infection and inflammation.30 As VEGF-neutralizing antibody blocked

CXCL9 production during fibrosis resolution in vivo, we hypothesized that VEGF can

directly stimulate CXCL9 production in Kupffer cells. Recombinant VEGF increased

CXCL9 mRNA levels in freshly isolated Kupffer cells (Figure 5C). Macrophages and HSC

have been implicated as producers of MMP13 during fibrosis regression.3,22,27 Recombinant

CXCL9 significantly up-regulated MMP13 mRNA and protein levels from Kupffer cells and

HSC (Figure 5D and E). In addition, conditioned media from Kupffer cells infected with

AdCXCL9 promoted MMP13 production in rat HSC (Figure 5F), suggesting an autocrine

and paracrine effect of CXCL9 on MMP13 production involving Kupffer cells and HSC.

These data indicate that VEGF stimulates a CXCL9/MMP13 pathway that results in

macrophage-driven fibrosis regression.

VEGF Promotes CCl4-Induced Fibrosis Resolution

To further evaluate if a similar paradigm involving CXCL9 and MMP13 can be generalized

to other fibrosis resolution models, we treated mice with CCl4 for 6 weeks to induce

advanced liver fibrosis and allowed them to recover in the absence of CCl4 for 4 weeks.

Although collagen degradation as assessed by hydroxyproline assay could not be detected

after 4 weeks of recovery, fibrotic septal remodeling was detected as decreased Sirius Red

staining, characterized by dissipation, widening, and splitting of septa into multiple strands

of thin fibrils, in accord with earlier data20,21 (Supplementary Figure 9A and B). We

evaluated CXCL9 in this alternative model and again, we found an increase in CXCL9

expression (Supplementary Figure 9C) during fibrosis resolution, although MMP13 levels

were not increased in this model during the resolution phase unlike the BDL/CJ resolution

model (Supplementary Figure 9D). Next, we evaluated the VEGF effect on tissue repair in a

4-week CCl4 model. Mice were treated with a neutralizing anti-mouse VEGF antibody

(mcr84) or a control IgG after cessation of CCl4. Blockade of VEGF significantly delayed

CCl4-induced tissue repair as assessed by Sirius Red staining (Figure 6A). Consistent with

data obtained in the BLD/CJ model, forced expression of VEGF promoted fibrosis

regression 2 weeks after virus administration in CCl4-induced fibrosis (Figure 6B). VEGF

overexpression also promoted CSF1R, CXCL9, and MMP13 production in this model as

well as NCF1 (Figure 6C).

CXCL9 Overexpression Promotes CCl4-Induced Fibrosis Resolution

We next examined the mechanistic role of CXCL9 in this alternative model. AdCXCL9 or

control AdLacZ virus were injected after the last dose of CCl4 and animals were sacrificed

after 1 week. The dose of AdCXCL9 was predetermined in pilot studies (Supplementary

Figure 10A and B). Significantly increased CXCL9 and MMP13 mRNA levels were

detected in animals receiving AdCXCL9, while no changes were observed in other MMPs,

such as MMP2 or MMP9 (Figure 6D). Additional evaluation of matrix dynamics using

Sirius Red staining (Figure 6E) showed enhanced fibrotic tissue repair in animals receiving

AdCXCL9. Similar experiments were performed using lower viral titers (1 × 1010 PFU/kg)

and extended duration of recovery (2 weeks) with similar results (Supplementary Figure

11A and B). Thus, CXCL9 promotes fibrotic tissue repair after CCl4 withdrawal.
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Discussion

Despite experimental progress in identifying mechanisms of fibrogenesis, progress in

fibrosis regression has been more challenging. In this regard, we developed a novel murine

mole of reversion of biliary fibrosis using a cholecystic biliary conduit in which fibrosis is

almost entirely repaired. This technique is an important addition to currently available

fibrosis resolution models,3,15,21 many of which require extended timelines for recovery, do

not fully resolve fibrosis, or are not feasible in mice. We used this model to make the

fundamental observation that VEGF promotes hepatic tissue repair. In addition, we identify

a number of mechanisms by which this is achieved including salutary effects of VEGF on

hepatic vascular permeability, monocyte infiltration into liver, and actions of fibrolytic

SAM. SAM-derived CXCL9 in turn leads to extracellular matrix degradation through

MMP13 production. Together, our findings indicate a dual action of VEGF on fibrosis

involving the stimulation of both fibrogenesis and fibrosis resolution.

VEGF is a sentinel regulator of angiogenesis and vascular remodeling by virtue of its effects

on endothelial cell survival and proliferation.8,9 This and other complementary mechanisms

are proposed to mediate fibrogenic effects of VEGF during liver injury through the

VEGFR2 receptor.6 Indeed, in vivo inhibition of VEGFR2 reduced fibrogenesis and portal

hypertension, and VEGF overexpression increased hepatic collagen content during fibrosis

development.13 We confirmed these observations by showing that an anti-VEGF antibody

that selectively blocks VEGF from activating VEGFR2 but not VEGFR131 impairs BDL-

induced fibrogenesis. Accordingly, we predicted that the neutralizing antibody would also

accelerate hepatic tissue repair. Unexpectedly, tissue repair was impaired by VEGF

inhibition, indicating that VEGF might promote fibrosis resolution. These dual effects of

VEGF during fibrogenesis and fibrosis resolution are reminiscent of the dual effects of

macrophages that contribute to both fibrogenesis and fibrosis resolution.4 We therefore

explored the possible relationship between VEGF and monocyte lineage cells during fibrosis

resolution. Indeed, VEGF is a monocyte chemoattractant and promotes vascular

permeability, with both activities potentially contributing to the observed effects of VEGF

on organ remodeling.12,32 This concept is supported by the present studies in which

macrophage function, as well as the sinusoidal permeability that can contribute to monocyte

infiltration, were significantly impaired by VEGF inhibition. Macrophages are essential, not

only for injury-associated fibrogenesis but also for fibrosis resolution.4 After we genetically

depleted macrophages, fibrosis regression was delayed in a manner similar to VEGF

inhibition. In addition, both these interventions, VEGF blockade and macrophage depletion,

were associated with impaired CXCL9 and MMP13 production.

CXCL9 is a CXCR3 ligand that reduces recruitment of Th1-regulatory T cells29,33,34 and

impairs angiogenesis.13,35,36 Recent reports show that CXCL9 has additional antifibrotic

effects directly on HSC.13,29 MMPs are increased during both fibrosis progression and

resolution in temporal and cell-type–specific manners.3,15,37 Among various MMPs,

MMP13 has received particular attention as a macrophage-derived MMP that drives fibrosis

resolution.3,22,24 We therefore explored the relationship of VEGF, CXCL9, and MMP13

further in vitro. VEGF promoted CXCL9 production in Kupffer cells consistent with recent

observations that CXCL9 levels were elevated in a VEGF-overexpressing transgenic
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mouse.13 Direct effects of VEGF on HSC were less significant in our experimental

conditions (Supplementary Figure 12). The mechanism by which VEGF promotes fibrosis

regression involves the CXCL9 antifibrotic pathway.

Next, to evaluate how Kupffer cell–derived CXCL9 promotes repair of fibrotic tissue, we

used a combination of conditioned media and recombinant protein experiments that revealed

an important role for MMP13. Our in vitro studies showed that CXCL9 stimulates MMP13

production from HSC and Kupffer cells. Autocrine and paracrine loops between

macrophages and HSC involving CXCL9 and MMP13 are critical for VEGF-mediated

fibrosis resolution.

To evaluate our observations in an additional fibrosis reversal model, we investigated the

role of VEGF in a CCl4 withdrawal model. In this model, VEGF neutralization attenuated

liver tissue repair based on Sirius Red staining. In addition, adenoviral overexpression of

VEGF increased tissue repair as well as levels of CXCL9 and MMP13. Similar findings

were observed with adenoviral overexpression of CXCL9 in this model. Interestingly, in the

CCl4 withdrawal model, although AdVEGF and AdCXCL9 increased MMP13 levels, no

basal increase in MMP13 was observed, which is in contradistinction to the BDL/CJ model.

We speculate that this might be due to different mechanisms of injury and repair in

hepatocyte- and cholangiocyte-based liver insult.38 However, others have noted an increase

of MMP13 at early time points in CCl4 fibrosis resolution,24 and thus MMP13 induction,

can be influenced by the precise temporal kinetics of CCl4 administration and withdrawal in

this model, which might have varied in our study compared with earlier studies.

In summary, the data uncover a dual and opposing role of VEGF on fibrogenesis and

fibrosis resolution through critical effects of VEGF on sinusoidal permeability, monocyte

infiltration, and SAM function. Mechanistically, we identify a VEGF-driven CXCL9–

MMP13 axis that mediates fibrosis resolution (Figure 7). In total, our findings identify new

mechanisms and potential targets to promote hepatic tissue repair and fibrosis resolution.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

AdCXCL9 adenovirus expressing murine CXCL9

AdVEGF adenovirus expressing murine VEGF

BDL bile duct ligation

CCl4 carbon tetrachloride

CJ cholecystojejunostomy

CSF1R colony-stimulating factor 1 receptor

CXCL9 chemokine (C-X-C motif) ligand 9
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GFP green fluorescent protein

HSC hepatic stellate cell

HUVEC human umbilical vein endothelial cell

IP intraperitoneally

MAFIA macrophage fas-induced apoptosis

MMP13 matrix metalloproteinase 13

mRNA messenger RNA

NCF1 neutrophil cytosolic factor 1

SAM scar-associated macrophage

VEGF vascular endothelial growth factor
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Figure 1.
Anti-VEGF antibody disrupts fibrosis resolution. C57BL/6 mice were subjected to BDL for 2 weeks. CJ was performed to

reconstruct biliary flow and induce fibrosis resolution. Reconstructed anatomy 2 weeks after CJ is shown (A). Hydroxyproline

content (B) and Sirius Red staining (200×) (C) demonstrated almost complete fibrosis resolution two weeks after CJ. Mice

received VEGF-neutralizing antibody or control antibody (IP ×2/week for 1 or 2 weeks), after 2 weeks of BDL followed by CJ.

One week and 2 weeks after CJ, livers were harvested and subjected to analysis. Fibrosis resolution was attenuated by anti-

VEGF assessed by Sirius Red staining (D), Sirius Red quantification (E), and hydroxyproline content (F). (R0: BDL 2 week

without CJ; R1: BDL 2 weeks plus CJ for 1 more week; R2: BDL 2 weeks plus CJ for 2 more weeks; C: control IgG; V: anti-

VEGF antibody; n = 10; *P < .05).
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Figure 2.
VEGF overexpression promotes fibrosis resolution. C57BL/6 mice were subjected to BDL for 2 weeks followed by CJ. One day

after CJ, adenovirus-expressing mouse VEGF or LacZ (single dose 0.8 × 109 PFU/kg) was injected through tail vein injection.

All animals were sacrificed 1 week after CJ. Fibrosis was assessed by Sirius Red staining (200×) (A) and hydroxyproline assay

(B). VEGF overexpression was associated with enhanced fibrosis resolution (n = 7;*P < .05). C57BL/6 mice were subjected to

BDL. One day after BDL, C57BL/6 mice received VEGF-neutralizing antibody or control antibody (IP ×2/week for 2 weeks).

Two weeks after BDL, animals were sacrificed. Sirius Red staining (C) and quantification (D) showed decreased liver fibrosis

after neutralizing anti-VEGF antibody treatment. Hydroxyproline quantification is shown as well (E) (n = 8; *P < .05).
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Figure 3.
Anti-VEGF antibody decreased SAM during fibrosis resolution. C57BL/6 mice received VEGF-neutralizing antibody or control

antibody (IP ×2/week for 1 or 2 weeks), after 2 weeks of BDL followed by CJ. One week and 2 weeks after CJ, livers were

harvested and subjected to analysis. H&E staining (200×) showed significant inflammatory cell infiltration during scar

resolution (A). Quantitative reverse transcription polymerase chain reaction from whole-liver mRNA (B) was performed to

evaluate the expression level of the macrophage marker CSF1R, and the neutrophil marker NCF1. CSF1R mRNA levels were

decreased after neutralizing VEGF antibody treatment during fibrosis resolution, and no change was seen in NCF1 mRNA

levels. Immunofluorescence for collagen I (green) and macrophage marker F4–80 (red) were used to identify SAM in frozen

section as describe in Materials and Methods (200×). VEGF neutralization significantly decreased SAM during liver fibrosis

regression at day 3 (C). Cell migration was measured 3 hours later by Boyden chamber. VEGF (10 ng/mL) stimulated monocyte
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migration showed in (D). To evaluate the effect of VEGF on monocyte adhesion, HUVEC cell was treated with VEGF for 12

hours before co-culture with florescent dye labeled monocyte for an additional 1 hour. Cells were washed and fluorescence was

measured to determine cell adhesion (E). Mice received one dose of VEGF-neutralizing antibody or control antibody after BDL

+ CJ. Three days later, mice received intravenous Evan's blue dye 30 minutes before sacrifice. Tissue Evans blue content in the

liver (μg Evans blue/g liver tissue) was measured to assess vascular permeability (F). (R0: BDL 2 weeks without CJ; R3d: BDL

2 weeks plus CJ for 3 days; C: control IgG; V: anti-VEGF antibody; *P < .05).
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Figure 4.
Macrophage depletion abrogates fibrosis resolution. MAFIA mice were subjected to sham, 2 weeks BDL, or 2 weeks BDL plus

CJ for 5 days. In situ GFP (200×) showed CSFR1-positive cell infiltration in scar tissue during fibrosis resolution in MAFIA

mice in absence of AP-20187 (A). After CJ + BDL, MAFIA mice were treated with vehicle or AP20187 daily for additional 5

days. Peripheral blood was collected and subject to fluorescence-activated cell sorting analysis. CD 11b and GFP double-

positive cells were significantly decreased after AP20187 treatment compared with vehicle (B). GFP-positive cells were also

significantly decreased in livers of MAFIA mice treated with AP20187 compared with vehicle (C). Sirius Red staining (D)

showed attenuated fibrosis resolution (5 days after CJ) after macrophage depletion. (Ve, vehicle; AP, AP 20187; n = 7; P < .05).
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Figure 5.
VEGF-neutralizing antibody abrogates CXCL9 and MMP13 production during fibrosis resolution. After BDL + CJ, C57BL/6

mice received 1 dose of VEGF-neutralizing antibody or control antibody. Three days later, mice were sacrificed and total liver

mRNA and protein was isolated. CXCL9 mRNA and protein levels were significantly elevated during fibrosis resolution and

this was abrogated by anti-VEGF antibody (A). MMP13 mRNA levels were elevated during fibrosis resolution and this was

attenuated by anti-VEGF antibody (A). After CJ + BDL, MAFIA mice were treated with vehicle or AP20187 daily for additional

5 days. Total liver mRNA was subjected to real-time polymerase chain reaction for CXCL9 and MMP13. CXCL9 and MMP13

(B) elevation during fibrosis resolution was attenuated after Kupffer cell depletion with AP20187 in MAFIA mice. Fresh

isolated Kupffer cells were treated with VEGF (10 ng/mL) or control for 3 hours. CXCL9 mRNA levels were elevated

compared with control (C). Human HSC (hHSC) were treated with human recombinant CXCL9 for 48 hours. Total cell lysates
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were subjected to Western blot analysis. MMP13 increases in response to increasing concentrations of CXCL9 as shown (D).

LX2 cell line was tested under same conditions with similar results (D). Freshly isolated rat Kupffer cells were treated with

recombinant mouse CXCL9 for 48 hours. MMP13 production was evaluated by Western blot analysis (D). Human primary

hepatic stellate cells (hHSC) were treated with recombinant CXCL9 for 48 hours after overnight serum starvation in 0.5% fetal

bovine serum Dulbecco's modified Eagle medium. MMP13 mRNA levels were elevated in response to CXCL9 (E). hHSC were

transfected with control Ad-LacZ or Ad-CXCL9 (multiplicity of infection = 40). After 48 hours, MMP13 mRNA expression

was increased in response to Ad-CXCL9 (E). Culture-activated rat HSC was treated with Kupffer cell condition medium

infected with Ad-LacZ and Ad-CXCL9. Western blot for CXCL9 was shown in (F). R0: BDL 2 weeks without CJ; R3d: BDL 2

weeks plus CJ for 3 days; R5d: BDL 2 weeks plus CJ for 5 days; C, control IgG; V, anti-VEGF antibody; Ve, vehicle; AP, AP

20187; n = ; *P <.05).

Yang et al. Page 19

Gastroenterology. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
VEGF and CXCL9 modulation in resolution after CCl4-induced injury. C57BL/6 mice were treated with CCl4 for 4 weeks. One

day after the final dose of CCl4, mice were administered anti-VEGF or control antibody (50 μg per injection, IP ×2/week). Mice

were sacrificed 4 weeks after discontinuation of CCl4. Fibrosis resolution was attenuated by anti-VEGF assessed by Sirius Red

staining (A) (n = 10, *P < .05). Mice received adenovirus-expressing mouse VEGF (AdVEGF) (0.8 × 109 PFU/kg) or LacZ

through tail vein injection. Mice were sacrificed at 2 weeks after final dose of CCl4. Fibrosis was assessed using Sirius Red stain

(B). VEGF overexpression was associated with enhanced fibrosis resolution (n = 10; *P < .05). Total liver mRNA was subjected

to real-time polymerase chain reaction analysis to evaluate VEGF, CSF1r, NCF1, CXCL9, and MMP13 mRNA levels (C).

C57BL/6 mice were treated with CCl4 for 6 weeks. One day after the final CCl4 dose, mice were injected with AdCXCL9 or
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AdLacZ (single dose 4 × 1010 PFU/kg through tail vein). Mice were sacrificed 1 week after discontinuation of CCl4. Total liver

mRNA was subjected to real-time polymerase chain reaction analysis to evaluate CXCL9, MMP13, MMP9, and MMP2 mRNA

levels (D). Liver sections were stained with Sirius Red (200×) for morphometric quantification, which showed that AdCXCL9

promotes tissue repair (E) (n = 7; *P < .05). (C, control IgG; V, anti-VEGF antibody; AdZ, AdLacZ; AdV, AdVEGF; *P < .05).
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Figure 7.
Proposed model of VEGF during liver fibrosis resolution. During fibrosis resolution, VEGF promotes monocyte infiltration and

SAM accumulation in scar tissue by increasing sinusoidal endothelial cell permeability and stimulating monocyte migration.

SAM in turn up-regulates CXCL9 expression. CXCL9 promotes Kupffer and activated stellate cells to produce MMP13 to

remodel scar and promote fibrosis resolution.
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