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Abstract

Partial hepatectomy (PH) can lead to severe complications, including liver failure,
due to the low regenerative capacity of the remaining liver, especially after
extensive hepatectomy. Liver sinusoidal endothelial cells (LSECs), whose prolif-
eration occurs more slowly and later than hepatocytes after PH, compose the
lining of the hepatic sinusoids, which are the smallest blood vessels in the liver.
Vascular endothelial growth factor (VEGEF), secreted by hepatocytes, promotes
LSEC proliferation. Supplementation of exogenous VEGF after hepatectomy also
increases the number of LSECs in the remaining liver, thus promoting the reestab-
lishment of the hepatic sinusoids and accelerating liver regeneration. At present,
some shortcomings exist in the methods of supplementing exogenous VEGF, such
as a low drug concentration in the liver and the reaching of other organs. More-
over, VEGF should be administered multiple times and in large doses because of
its short half-life. This review summarized the most recent findings on liver
regeneration and new strategies for the localized delivery VEGEF in the liver.

Key Words: Liver regeneration; Vascular endothelial growth factor; Nano materials; Liver
resection
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Core Tip: Low regenerative ability of the liver remaining after partial hepatectomy may lead to serious
complications including liver failure. The proliferation of liver sinusoidal endothelial cells (LSECs) is
slower and occurs later compared to that of hepatocytes, leading to a delayed recovery of the hepatic
sinusoids and impaired liver regeneration. Hepatocytes secrete vascular endothelial growth factor (VEGF)
that promotes the proliferation of LSECs, and supplementation of exogenous VEGF after hepatectomy
also increases the number of LSECs in the remaining liver, thus promoting the reestablishment of the
hepatic sinusoids and accelerating liver regeneration. This review summarized the most recent findings on
liver regeneration and new strategies for the localized delivery in the liver.

Citation: Jin Y, Guo YH, Li JC, Li Q, Ye D, Zhang XX, Li JT. Vascular endothelial growth factor protein and gene
delivery by novel nanomaterials for promoting liver regeneration after partial hepatectomy. World J Gastroenterol
2023; 29(24): 3748-3757

URL: https://www.wjgnet.com/1007-9327/full/v29/i24/3748 .htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i124.3748

INTRODUCTION

Approximately 300 million people in China are suffering from liver diseases[1]. Liver cancer originates
from hepatitis B in 80% of patients, and the incidence and mortality of liver cancer account for more
than 50% of worldwide, making liver cancer the second leading cause of death in Chinal[2]. Surgery
remains the primary treatment option for liver cancer, but only 15% of patients can undergo this
procedure[3]. Insufficient residual liver volume is the primary reason why about 30% of patients are
ineligible for surgery[4], thus, becoming the main factor limiting the safe implementation of major liver
resection. Therefore, there is an urgent need to improve the regenerative capacity of the liver and
promote liver function after partial hepatectomy (PH).

SCHEMATIC DESCRIPTION OF LIVER REGENERATION AFTER PH

The proliferation time of each cell type in the liver after PH is different[5]. Hepatocytes begin to
proliferate within a few hours after PH and reach a peak at 24 h. The proliferation of liver sinusoidal
endothelial cells (LSECs) is slower and later compared to that of hepatocytes. Indeed, they start to
proliferate at 36 h after PH and reach the peak at 96 h[6]. In the first 72 h after PH, the hepatic plate
becomes wider, the proportion of LSECs decreased due to the rapid proliferation of hepatocytes, and
the density of the liver sinusoid is temporarily reduced. This leads to hypoxia in some areas of the liver,
inducing the secretion of vascular endothelial growth factor (VEGF) by the hepatocyte. VEGF is a vital
regulator inducing the proliferation, mobilization, engraftment and differentiation of bone marrow
progenitor cells of LSECs (BM SPCs), which is the main of renew LSECs[7]. BM SPCs have a high
expression of hepatocyte growth factor (HGF) that promotes hepatocyte proliferation. The different
proliferation time of the different cell types in the liver leads to their interaction to complete liver
regeneration[7-9].

The regeneration of the liver after PH is a complex process that involves various types of cells and
signaling pathways. Hepatocytes highly expressing VEGF are mainly located around the portal vein,
and LSECs have the highest proliferation ability also around the portal vein after PH. Inhibition of
VEGEF significantly impairs the proliferation of hepatocytes and LSECs, while exogenous VEGF
significantly promotes their proliferation, suggesting that VEGF promotes the proliferation of
hepatocytes by acting on LSECs[10]. Moreover, LSECs regulate the expression of stromal cell-derived
factor 1 (SDF-1) after PH, which leads to the recruitment and mobilization of chemokine receptor 7+
(CXCR7") BM SPCs into the circulation. Furthermore, CXCR7+ BM SPCs are recruited to the liver and
eventually differentiated into mature LSECs, being involved in the reconstruction of the hepatic
sinusoids and the promotion of liver regeneration[11]. In vitro and in vivo studies demonstrated that the
expression of CXCR? receptor and downstream paracrine factor HGF in the microenvironment is
regulated by a unique transcriptional regulator called inhibitor of DNA binding 1 (Id1)[12]. The
regeneration and repair response in the liver when injured is regulated by the activation of the
intrahepatic CXCR7-1d1-HGF/Wnt2 pathway[13]. Therefore, our hypothesis is that VEGF changes the
guiding microenvironment through the SDF-1/CXCR7 pathway, activates Id-1 in LSECs, and up-
regulates the expression of HGF and Wnt2 to reprogram the microenvironment during liver
regeneration (Figure 1).
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Figure 1 Schematic lllustration of liver after partial hepatectomy. After partial hepatectomy, hepatocytes begin to proliferate and release vascular
endothelial growth factor, which promotes the proliferation of bone marrow-derived progenitor cells (BM SPCs) and reconstruction of hepatic sinusoids. BM SPCs
secrete hepatocyte growth factor, which provides positive feedback and promotes hepatocytes proliferation. This figure was created with BioRender (BioRender.com).
VEGF: Vascular endothelial growth factor; HGF: Hepatocyte growth factor; BM SPCs: Bone marrow-derived progenitor cells.
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IMMUNITY AND LIVER REGENERATION

Liver regeneration is a complex process that involves multiple factors closely related to the immune
response, which plays a critical role in tissue regeneration[14,15]. Following liver resection or injury,
hypoxia occurs in certain liver areas, leading to hepatocyte apoptosis and release of apoptotic
extracellular vesicles (aEVs). These aEVs are mainly cleared and phagocytosed by immune cells, while
the main factor performing phagocytosis is still controversial. Some studies suggest that these aEVs are
phagocytosed by Kupffer cells (KCs). KCs, the resident macrophages in the liver, are necessary for the
emergence of liver progenitor-like cells (LPLCs), which are a source of newly regenerated hepatocytes
under injury, as demonstrated by a mouse model of macrophage specific knockout[16]. KCs secrete
inflammatory cytokines such as interleukin (IL)-6 and tumor necrosis factor (TNF)-a, which are crucial
early signals to start regeneration[17]. While other studies demonstrated that hepatocytes are reborn
from pre-existing hepatocytes[18], aEVs in the liver are mainly cleared and phagocytosed by circulating
neutrophils rather than by phagocytes such as KCs[8,19]. Massive cell apoptosis after PH inhibits the
phagocytic activity of immune cells resident in the liver[14]. At this time, circulating neutrophils are
recruited and responsible for the phagocytosis and clearance of aEVs. Neutrophils phagocytose aEVs
secreted by apoptotic hepatic cells and then, they released multiple growth factors including HGF and
VEGF to regulate the proliferation of hepatic cells. Liver regeneration decreases under the specific
condition of neutrophil exhaustion, and liver function recovery is also delayed[8]. Liver regeneration
and immunity are closely related, and further studies should focus more on them, including the role of
efferocytosis and metabolism.

RELATIONSHIP BETWEEN VEGF AND LIVER REGENERATION

VEGEF belongs to a class of peptides with heparin-binding activity connected by a disulfide bond
through a cysteine residue[20]. It is a potent mitogen for endothelial cells by directly acting on their
specific surface receptors to exert its biological effects. The asynchronous proliferation of hepatocytes
and LSECs delays the regeneration of new liver sinusoids, causing an insufficient liver regeneration in
the early postoperative period (within 72 h)[21,22]. Therefore, this early period after PH is the most
important period in which VEGF promotes liver regeneration. Endothelial cells under the action of
VEGF migrate, proliferate and form tubular protrusions, eventually forming a network structure of
arteries and veins, also increasing vascular permeability[23].

Exogenous VEGF promotes LSEC proliferation, but only in a dose-dependent manner, meaning that
only above a certain dose of VEGF the proliferation of LSECs is promoted[24]. In vitro studies
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demonstrated that the addition of VEGF to the culture medium of primary cultured LSECs promotes
cell proliferation, while the group without VEGF showed a significantly less number of LSECs at 48 h
than that at 16 h, and no significant difference was observed before and after the addition of 10 ng/mL
VEGF. However, the number of LSECs at 48 h after the addition of 100 ng/mL VEGEF is significantly
higher than that at 16 h. Scanning electron microscopy showed that the window structure of LSECs
gradually decreases with the increasing of time in the group without VEGF. LSECs in the liver are
typically characterized by the presence of pores (fenestrae). These pores in the group with 10 ng/mL
VEGEF treatment are basically stable, and the number and size of this pores are significantly increased
compared with those in the previous two groups. This indicated that VEGF promotes the proliferation
of LSECs in a dose-dependent manner, with only a certain dose of VEGF promoting cell proliferation
and exerting its function[24].

INTRAVENOUS INJECTION OF EXOGENOUS VEGF

Intravenous (IV) injection of exogenous VEGF is an proven method to induce the regeneration of the
liver[25]. Indeed, it promotes the postoperative regeneration of the remaining liver after the detection of
the PCNA index of hepatocytes in mice. The results showed that exogenous VEGF intervention
significantly stimulates the proliferation of the remaining hepatocytes and promotes postoperative liver
regeneration[26]. Another study also used tail vein injection of exogenous VEGF and in vivo microscopy
to demonstrate that VEGF is involved in the regeneration after the removal of two-thirds of the liver
[27]. The results showed that exogenous VEGF increases the hepatic vascular density, vascular diameter,
and liver weight ratio as well as it enhances the proliferation of hepatocyte. Nevertheless, abnormal
liver function and inhibition of hepatocyte proliferation are observed when endogenous VEGEF is
antagonized. However, the treatment with exogenous VEGF is not effective on liver regeneration when
90% of the liver is resected, as demonstrated by a rat resection model, suggesting that proliferation is
also related to the degree of liver resection[28]. Although the administration of drugs through IV
injection allows a certain degree of liver regeneration, the effective concentration of VEGF in the liver is
insufficient due to its short half-life, uptake by other organs and tissues, and abundant hepatic blood
flow[29]. Therefore, other efficient and safe liver-targeted drug delivery systems should be designed to
overcome these shortcomings.

VEGF RELEASE BY NANOFIBERS

Electrospun nanofibers

The IV delivery of exogenous VEGF increases the content of VEGF only transiently, and long-term high
concentrations in the liver cannot be achieved due to the abundant blood flow in the liver. Moreover,
the short half-life of VEGF in vivo makes it difficult to achieve a constant effective concentration with a
single injection, necessitating repeated injections that increase the complexity of treatment. Therefore, a
controllable release nano-matrix membrane loaded with exogenous VEGF was designed and prepared
to overcome the shortcomings, which was implanted into the residual liver wound after surgery to
realize a targeted delivery of drugs by a local controlled release of VEGF.

The electrospinning technology is a universal and effective method for preparing nanoscale polymer
fibers, and its principle is as follows: A polymer solution is connected with a high-voltage power supply
through a wire, a receiving plate is grounded, and static electricity exists between the polymer solution
and the receiving plate. The continuous increase of the voltage, the polymer solution gradually
overcomes the surface tension and is ejected through a nozzle when the electrostatic action is greater
than the cohesive force of the polymer flow, and the polymer is split into a fine polymer flow before
reaching the collecting plate. The nanoscale polymer fibers in the form of a nonwoven fabric are thus
obtained on the receiving sheet[30]. Nano-sized polymer fibers become a hot research topic in polymer
material science in recent years due to their rapid preparation and their application in medical field is
increasing and becoming mature.

Our research group previously developed a novel electrospun nanofiber loaded with VEGF, and thin
layers of collagen were used as support to wrap the nanofiber between two layers of collagen to make a
membrane-like structure. Collagen improves the stiffness of the fiber and confers a hemostatic function,
which is beneficial to the fixation of the material at the implantation site. After the surgery, the fiber is
directly covered on the liver wound surface, and the exogenous VEGF in the nanofiber in the local liver
is continuously and efficiently controlled to form a microenvironment with effective VEGF concen-
tration. This approach allows the proliferation of LSECs early after surgery, with an early promotion of
liver regeneration[31]. The biodegradable biocompatible polymer and collagen used to make the
nanofiber is approved by FDA of the United States and has a long-term traceable biological safety. The
results showed that this new method of controlled release of VEGF through nanofibers significantly
promotes the proliferation of the remaining hepatocytes at 48 and 72 h after surgery. The expression of
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endogenous VEGF in the liver is also higher than that in the control group without nanofibers. The
above results confirmed that biodegradable nanofibers represent a convenient and effective method for
the release of VEGF specifically in the postoperative residual liver to effectively promote liver
regeneration[31].

Hydrogel nanofiber technology

Electrospun nanofibers have some limitations in loading growth factors due to the high shear rate (10° to
10° s-1) of the polymer solution and the use of organic solvents. Moreover, the electrospinning of water-
soluble polymers is difficult. These limitations make difficult the maintenance of an efficient activity of
growth factors during the manufacturing process. Therefore, our research group prepared polymer
composite hydrogel fibers by stretching the water-soluble polymer solution under the combined action
of an electric field force and mechanical force[32]. The diameter and composition of the hydrogel fiber is
realized by adjusting the components, concentration and stretching conditions of the polymer aqueous
solution[33]. An important feature of this method is that the molecular chains in the fiber bundles are
oriented using an electric field and a unidirectional mechanical tension. natural or synthetic polymer
aqueous solutions were originally used to spin various hydrogel fibers, including alginate, collagen,
fibrin, and hyaluronic acid. More importantly, this method without the use of organic solvents allows
the formation of multilayered (core-shell) fibers that encapsulate growth factors in hydrogel fibers with
a small impact on their bioactivity (Figure 2)[32]. In addition, the release rate of growth factors is
controlled by adjusting the fiber composition and the degree of crosslinking, as well as the properties of
the composite. The treatment with VEGF loaded with hydrogels accelerates the recovery of liver
function after surgery in a rat model of 70% PH, and the peak value of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) was 12 h earlier than that in the control group without hydrogels.
Hepatocyte proliferation was also increased[34].

Retrograde intrabiliary infusion of VEGF nanoparticles

All parenchymal cells in the remaining liver after PH develop a proliferative potential, not just an
exophytic growth from the wound site. Although the strategy of releasing VEGF from nanofiber results
in the local release of growth factors onto the wound surface, the concentration of VEGF inside the liver
decreases when the VEGF penetrate into the liver from the liver wound surface, so that the stimulation
of VEGF on the cells in the liver is not uniform. Therefore, all cells in the residual liver should be
stimulated by VEFG to effectively accelerate the regeneration of the residual liver and the recovery of
liver function. Hence, it is necessary to design a new strategy to obtain a wide distribution of growth
factors in the liver, allow their efficient uptake by intrahepatic cells, and realize high activity and low
clearance rate in the liver.

The ultrastructural surface area of the hepatic biliary system is enormous, and the biliary system
provides a surface in direct contact with almost all hepatocytes[35]. In addition, there are no KCs in the
intrahepatic biliary system, thus, the non-specific phagocytosis of exogenous molecules by KCs is
avoided and the immune inflammatory response of the body is reduced. The large volume of the
intrahepatic bile duct makes the intrahepatic biliary system more distensible and able to tolerate the
retrograde injection of a certain volume of fluid. Therefore, retrograde intrabiliary infusion (RII) has
become a new way to perform a targeted delivery of drugs into the liver[36-38].

Administration of the VEGF gene has some advantages compared with the administration of the
VEGEF protein: Gene administration induces the transient expression of growth factor in hepatocytes,
which is the ideal manner to realize an administration in the full residual liver. Although the conven-
tional transgenic viral vectors effectively transfer the target gene into the parenchymal cells of liver, the
side effects and immune responses induced by viruses limit their clinical application. Non-viral gene
vectors have the advantages of diverse design, simple synthesis, storage stability, flexibility of the
transgene length, low toxicity, and low immune response. In addition, the transfection of a non-viral
gene vector is suitable for the transient expression of growth factors in liver regeneration.

At present, researchers have successfully prepared a variety of biodegradable nanoparticle systems
for gene delivery[39-41]. Chitosan is a natural polysaccharide with good biodegradability, biocompat-
ibility, anti-inflammatory effects, and its polycation structure confers many excellent properties in drug
and gene delivery. Furthermore, the cationic structure of chitosan allows higher entrapment efficiency
and loading of drugs, especially negatively charged genes. Finally, positively charged chitosan
nanoparticles enhance the cellular uptake thanks to their slightly negatively charged cell membrane
surface[42-44]. Ultra-pure, narrow molecular weight fully characterized chitosan is now available, and
therefore, it is almost reaching the approval as a vector material than other gene vectors.

Previous studies demonstrated that chitosan-DNA nanoparticles (150-300 nm) achieve high
transfection efficiency in vivo in rat hepatocytes after RII. The expression of transgenic proteins began at
12 h, peaks at 3 d after injection, and gradually declines after 14 d. Liver function analysis and
histopathological examination show that the approach of using RII of nanoparticles does not produce
significant toxic reactions and damage to the liver and bile ducts[45-47]. The expression of transgenic
proteins in the kidney, lung, spleen and heart is almost negligible compared with their expression in the
liver, which proves that this method results in a local high-efficiency and specific expression of the
introduced gene in the liver. Therefore, RII is the best approach for gene delivery in the liver.
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Elsevier Ltd.

Polycation-DNA nanoparticles are prepared by routine method, which consists of a mechanical mix
polycations and plasmid DNA, but this assembly process is subjected to a variety of interference by
kinetic factors during the preparation (about tens of milliseconds), easily leading to low homogeneity
and unstable properties of nanoparticles. Therefore, our co-investigators developed a rapid nanocom-
posite method called flash nano-complexation to solve this technical problem, protecting plasmid DNA
and working at very high flow rates inside a confined impact jet reactor. The polycationic solution
reduces the mixing time of the two substances to approximately 10 milliseconds, avoiding significant
folding denaturation of the plasmid DNA[48]. Uniform size, homogeneous properties and controllable
oral plasmid DNA nanoparticles are prepared by this innovative method, and successfully used in the
treatment of diabetes (Figure 3)[49]. Our group prepared VEGF-chitosan-DNA nanoparticles for RII in
rats subjected to 70% hepatectomy and acute liver injury induced by acetaminophen. The preliminary
results show that these nanoparticles promote the recovery of liver function and liver regeneration after
PH.

LIMITATION AND FUTURE OUTLOOK

A precise spatio-temporal regulation of VEGF level is necessary for the proper functioning of the
vascular system. VEGF plays a pivotal role in angiogenesis during embryonic development, tissue
regeneration, and wound healing. However, VEGF is also a key mediator of angiogenesis in tumors. It
can upregulate the expression of VEGF under various conditions, such as oncogene expression, multiple
growth factors, and hypoxia, thereby promoting angiogenesis, which is essential for the development
and growth of tumor[50]. In most solid tumors, VEGF is overexpressed. The abnormal expression of
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Figure 3 lllustration of PEI-DNA nanoparticle preparation via flash nanocomplexation and the proposed trafficking steps along the Gl
tract. Reproduced with permission[49]. Citation: Nie T, He Z, Zhou Y, Zhu J, Chen K, Liu L, Leong KW, Mao HQ, Chen Y. Surface Coating Approach to Overcome
Mucosal Entrapment of DNA Nanoparticles for Oral Gene Delivery of Glucagon-like Peptide 1. ACS Appl Mater Interfaces 2019; 11: 29593-29603. Copyright® The
Authors 2019. Published by American Chemical Society.

VEGEF leads to the formation of a new vascular system in and around the tumor. These tumor vessels,
formed under the action of VEGF, are structurally and functionally abnormal, thus promoting tumor
growth. Given the central role of VEGF in tumor angiogenesis, it represents a rational target for anti-
tumor therapy[51]. Therefore, by downregulating the VEGEF signal in the tumor, the vascular system
returns to a "normal" state. This "normalized" vascular system increases tumor oxygenation and
improves drug permeability, leading to a better therapeutic response[52]. Therefore, in the future, we
need to more accurately evaluate the VEGF of the recipient tissue and balance between promoting
regeneration and inhibiting tumor.

CONCLUSION

VEGEF is an important growth factor promoting angiogenesis and tissue regeneration, but it also
promotes tumor growth depending on its expression. This contradiction reflects the complex role of
VEGEF in regulating cell growth and apoptosis[53]. Therefore, more studies are needed to better control
VEGEF expression to avoid the promotion of tumor growth and to promote tissue regeneration[54].

In the future, the administration of exogenous VEGF might become a potential treatment to promote
liver regeneration after liver injury. However, the current intervention methods to administer
exogenous VEGF are still limited, and the efficiency needs to be improved. Locally controlled-release
VEGEF by nanofibers and retrograde injection of VEGF-DNA-chitosan nanoparticles through bile ducts
can promote residual liver regeneration, providing an alternative drug delivery mode in clinical
practice.
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