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Summary 

T 
he objective of tissue engineering is to induce tissue regeneration at damaged tissues or organs for 

medical therapy by making use of the self-healing potential of the living body. This tissue 

regeneration can be achieved with cells and the local environment which promotes their natural 

process of proliferation and differentiation. To build up the local environment of cell-induced tissue 

regeneration, it is important to develop drug delivery system (DDS) which allows bio-signal 

molecules (growth factors and genes) to deliver to the target cells for a certain period of time at a 

desired concentration. DDS technologies enhance and prolong the in vivo biological functions of 

bio-signal molecules for tissue regeneration. When applied to the site to be regenerated in surgically 

(surgical tissue engineering), DDS technology has achieved the regeneration of various tissues. The 

current chapter introduces a new concept of DDS-based tissue engineering for therapy of chronic 

fibrotic diseases. For this physical tissue engineering, fibrotic tissue is loosened or digested by the 

physical drug therapy to convert into an in vivo environment which can be naturally repaired by the 

regeneration potential of the surrounding healthy tissue. The DDS of bio-signal molecules facilitates 

the regeneration and repairing processes of disease fibrosis. 
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INTRODUCTION 

The basic idea of tissue engineering is to induce tissue regeneration at defective tissues or organs 

with cells and their environment prepared by biomaterials. To successfully achieve cell-induced 

tissue regeneration, it is necessary to create a local environment that enables cells to enhance the 

natural proliferation and differentiation (1). It has been recognized that in the living body, an 

environment is formed by a well-organized combination of bio-signal molecules, extracellular 

matrix (ECM) molecules, mechanical stress, and cell-cell interactions (2). Tissue engineering is 

one of the biomedical forms to build up the environment to induce cell-based tissue regeneration 

by an appropriate combination of the biological cues. Many tissue engineering approaches have 

been investigated to induce regeneration of various tissues and organs (3-9). Cell scaffolds and 

drug delivery systems (DDS) of bio-signal molecules have been explored with biomaterials, and 

surgically applied to a defective or lost tissue for the regeneration on the basis of cell-mediated 

natural healing potential. This idea of regeneration therapy can be applied to treat chronic 

fibrotic diseases. If the fibrotic tissue is loosened or digested by the physical drug therapy, it is 

possible that the natural healing of fibrosis is induced by the regeneration potential of the 

surrounding tissue. This is defined as the physical tissue engineering of internal medicine which 

is different from the surgical tissue engineering. To enhance the therapeutic efficacy of drug-

based therapy in chronic fibrotic diseases, it is important to develop DDS technology and 

methodology that allows a drug to specifically be delivered to target cells in an appropriate time 

and concentration sequences. If regenerative medical therapy based on tissue engineering is 

realized in surgical or the physical fashion, it does not only provide us with new therapeutic 

methods, but it also increases the therapeutic choices for clinicians and patients. 

This chapter describes physical tissue engineering to carry out regenerative therapy for 

the treatment of chronic fibrotic diseases on the basis of the natural healing potential of the living 

body. We, briefly, explain the molecular mechanisms on the tissue fibrosis and introduce some 

experimental data to emphasize the importance of DDS technologies in the new therapeutic trial. 

 

CHRONIC FIBROTIC DISEASES 

Recently, chronic diseases, such as heart disease, cancer, and diabetes, are among the most 

prevalent, costly, and preventable of all the health problems and the leading causes of death and 

disability. Prolonged course of illness and disability from these chronic diseases results in 
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extended pain and suffering and decreases the quality of life of patients. Tissue fibrosis is a 

characteristic of most types of chronic diseases in different organs, such as liver, kidney, lung, 

pancreas, and heart (Table 1), which is the natural result of wound-healing responses of organs to 

a repeated injury in conjunction with the accumulation of ECM proteins. The accumulation of 

ECM proteins distorts organ microarchitecture by forming a fibrous scar, leading to organ 

failure. The accumulation of ECM proteins results mainly from both their increased synthesis 

and decreased degradation. 

 

Table 1. Chronic fibrotic diseases in different organs. 

 

 

The molecular mechanisms of the accumulation of ECM proteins have been extensively 

investigated in different tissues and organs, including kidney (10, 11), liver (12-16), and lung 

(17-20). Briefly, fibroblasts are the key players for the generation, deposition, and remodeling of 

ECM proteins during the development, response to injury and tissue fibrosis. Fibroblasts undergo 

a change in phenotype from their normal relatively quiescent state in which they are involved in 

slow turnover of ECM proteins, to a proliferative and contractile phenotype of myofibroblasts. 

Myofibroblasts show some of the phenotypic characteristics of smooth muscle cells and have 

been shown to contract in vitro. Myofibroblasts are present during tissue repairing process or in 

the response to injury in various tissues, including the liver, kidney, and lung. During normal 

repair process, myofibroblastic cells are lost by apoptosis. In pathological fibrosis, transforming 
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growth factor-β (TG-β) stimulates fibroblast differentiation into a myofibroblast phenotype and 

suppresses myofibroblast apoptosis in the site of developing fibrosis (20-24). As a result, 

myofibroblasts persist in the tissue and are responsible for fibrosis via increased ECM synthesis 

and for the contraction of the tissue. 

On the other hand, matrix degradation is generally maintained ultimately through the 

balance of matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinases (TIMP) 

(25, 26). In chronic fibrotic tissues, decreased activity of ECM-removing MMP is mainly due to 

overexpression of TIMP. 

 

 

 
Fig. 1. The concept of physical tissue engineering of internal medicine. 

 

FUNDAMENTAL STRATEGY FOR PHYSICAL TISSUE ENGINEERING 

OF INTERNAL MEDICINE 

Physical tissue engineering of internal medicine is defined as the therapeutic approach to treat 

chronic fibrotic diseases based on the natural healing potential of healthy tissue around a fibrotic 

tissue, following loosening and digestion of the fibrotic tissue by drug treatment (Figure 1). In 

other words, the natural healing capability at a disease site is induced by removing the 

pathogenic cause to therapeutically cure the fibrosis and delay or suppress the deterioration of 
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chronic disease. In general, chronically injured tissue is gradually repaired by the excessive 

formation of fibrotic tissues (scar formation), which eventually suppresses the natural process of 

  

Table 2. Anti-fibrotic therapeutic trials for pulmonary, liver and renal fibrosis 
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tissue regeneration. If such a fibrosis can be suppressed or excluded by the drug treatment of 

internal medicine, it is physiologically expected that the fibrotic tissue is naturally repaired by 

the regeneration potential of the surrounding tissues. 

Many pre-clinical and clinical researches have been conducted by using a variety of drugs 

with different biological functions (27-97) (Table 2). Among them, TGF-β is a potential target 

molecule to ameliorate tissue fibrosis, since TGF-β functions as one of the primary mediators to 

accelerate ECM accumulation (78, 98-105). TGF-β is a multifunctional cytokine acting in many 

physiologic and pathologic processes, regulates the proliferation and differentiation of cells in 

several tissues, and plays a central role in fibrogenesis (102). TGF-β increases the production and 

deposition of ECM proteins, reduces matrix degradation accompanied with a decreased protease 

production and increased inhibitors production, and stimulates the synthesis of ECM protein 

receptors (98). Therefore, it is possible that blocking the TGF-β action on ECM may suppress 

tissue fibrosis (Table 3). 

 
Table 3. Suppression of TGF-β activity for anti-fibrotic therapy. 
 

 

 

It has been demonstrated that the biological inhibition of TGF-β protein by the use of 

angiotensin II type I receptor antagonists (AT1RA) (103, 104), angiotensin converting enzyme 

inhibitors (ACE-I) (105), neutralizing antibody (78), antisense oligonucleotide (76), decorin (79, 

80), TGF-β receptor-IgG Fc chimera (81), and TGF-β receptor small interfering RNA (siRNA) 
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(83) suppressed the accumulation of ECM in the animal models of fibrosis. For example, Terui 

et al. demonstrated that losartan, an angiotensin II type 1 (AT1) receptor antagonist decreases the 

plasma TGF-β concentration and the fibrosis score in patients with early stages of hepatic 

fibrosis of chronic hepatitis C (103, 104). Sharma et al. reported that an angiotensin-converting 

enzyme inhibitor, captopril decreased TGF-β1 levels in diabetic nephropathy and captopril-

induced reduction of serum levels of TGF-β1 correlates with long-term renoprotection in insulin-

dependent diabetic patients (105). These results suggest that drugs commercially available, such 

as ACE-I and AT1RA, are promising for anti-fibrosis therapy on the basis of the concept on the 

physical tissue engineering of internal medicine. 

 

PHYSICAL TISSUE ENGINEERING OF INTERNAL MEDICINE BY 

PROTEINS AND GENES 

At present, there is no effective therapy for chronic fibrosis diseases, although some drugs that 

area commercially available exhibit the capability to prevent progression of tissue fibrosis as 

described above. However, recent progress in basic biology and medicine has demonstrated the 

molecular mechanisms of tissue regeneration in chronic fibrotic diseases. Therefore, molecular-

based therapies using proteins and genes have attracted much attention as an alternative 

therapeutic approach with a high specificity for chronic fibrotic diseases. 

 As described above, TGF-β is one of the primary mediators to accelerate ECM 

accumulation and have been investigated as a molecular target to modulate its activity and signal 

transduction for suppressing the accumulation of ECM proteins and the progression of tissue 

fibrosis. For example, Border et al. reported that intravenous injection of antiserum against TGF-

β suppressed the progression of renal fibrosis in an experimental glomerulonephritis model (78). 

In vivo transfection of antisense oligonucleotides for TGF-β receptor (82) and TGF-β (77) by 

non-viral and adenovirus vectors showed significant decrease in the expression level of TGF-β 

receptor and TGF-β, resulting in suppressing progression of liver fibrosis. As another molecular 

target, Yokoi et al. have demonstrated that blocking the expression of connective tissue growth 

factor (CTGF) by an antisense oligonucleotide for CTGF results in prevention of the 

accumulation of collagen type I and reduction of the tissue area of fibrosis in an experimental 

glomerulonephritis model (106). 
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 On the other hand, MMP-1 digestion allows a fibrotic tissue to convert to a physiological 

state where the natural process of tissue regeneration can function to heal fibrosis. Iimuro et al. 

demonstrated that transfection of pro-MMP-1 gene using an adenovirus vector, histologically 

improved tissue fibrosis in the liver in a rat cirrhosis model (97). It is suggested that the possible 

healing mechanism is associated with the suppression of hepatic stellate cells and proliferation of 

hepatocytes. Indeed, several approaches to reduce collagenous ECM proteins in tissue fibrosis 

using proteins and genes could successfully prevent the progression of tissue fibrosis in different 

organs. However, it is highly expected to use a biological molecule that can achieve both the 

reduction of accumulated ECM proteins and the induction of tissue regeneration. Hepatocyte 

growth factor (HGF) has emerged as a potent, endogenous antifibrotic factor that shows an 

impressive efficacy in ameliorating tissue fibrosis in a wide variety of animal models by both the 

inhibition of TGF-β-mediated ECM accumulation and the stimulation of tissue regeneration (91). 

 HGF was first identified, purified, and cloned as a potent mitogen for fully differentiated 

hepatocytes about two decades ago. HGF has multiple biological activities for a wide variety of 

cells, including mitogenic, motogenic (enhancement of cell movement), morphogenic, and anti-

apoptotic activities (107). Besides its well-described regenerative property, many researches 

have indicated that HGF is an endogenous, antifibrotic factor that is capable of improving 

fibrotic lesions and preserving organ functions in a wide variety of experimental animal models 

(91). Nakamura et al. have demonstrated that the supplementation of exogenous HGF could lead 

to a restoration of the balance between HGF and TGF-β in fibrotic tissues, thereby suppressing 

the fibrogenic actions of TGF-β (93). This HGF antagonistic activity against TGF-β  inhibits 

myofibroblast activation and subsequent tissue fibrosis, leading to suppression of chronic fibrosis 

in a variety of organs, including liver, lung, kidney, and heart. 

 

PHYSICAL TISSUE ENGINEERING OF INTERNAL MEDICINE BASED 

ON DRUG DELIVERY SYSTEM 

In the previous section, we claimed that biologically active proteins and genes have a great 

potential to improve chronic fibrotic diseases in different organs. However, multiple injections of 

proteins in solution or genes in viral vectors with a high transfection activity should be required 

to achieve their high biological activities for chronic fibrosis treatment because proteins and 
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genes rapidly diffuse from the injection site and enzymatically digested or deactivated. In 

addition, there are several drawbacks to be resolved for viral vectors, such as the limited size of 

DNA molecules that can be inserted into viral vectors, high immunogenicity and toxicity, or the 

possible mutagenesis of transfected cells. To enable proteins and genes to exert the biological 

functions efficiently in clinical applications, it is highly expected to develop DDS technologies to 

enhance their in vivo therapeutic efficacy. There are four objectives of DDS, the controlled 

release of drugs, the stabilization of drugs, the acceleration of drug absorption and permeation, 

and the targeting of drugs to the site of action. Among them, so far only the release technology 

has been applied to growth factors and genes for the induction of tissue regeneration (109, 110). 

For example, controlled release of growth factor and gene at the site of action over an extended 

period of time is achieved by incorporating them into an appropriate carrier. It is also possible 

that growth factors and genes are protected against enzymatic digestion when incorporated in the 

release carrier, for a prolonged retention of activity in vivo. To achieve these requirements for the 

release carrier, we have explored a biodegradable hydrogel carrier of gelatin derivatives for 

controlled release of proteins and genes in vivo (109, 110). 

Gelatin has been extensively used for industrial, pharmaceutical, and medical applications. 

The biosafety has been proved through its long clinical usage as surgical biomaterials and drug 

ingredients. Another unique advantage is the electrical nature of gelatin which can be readily 

changed by the processing method of collagen in the preparation (111). For example, an alkaline 

processing allows collagen to structurally denature and hydrolyze the side chain of glutamine 

and asparagine residue. This results in generation of “acidic” gelatin with an isoelectric point 

(IEP) of 5.0. On the other hand, the acidic processing of collagen produces “basic” gelatin with 

an IEP of 9.0. We have prepared hydrogels by crosslinking gelatin for controlled release of 

growth factors. Growth factors with IEPs higher than 7.0, such as basic fibroblast growth factor 

(bFGF) (112) and transforming growth factor beta1 (TGF-β1) (113), are immobilized into the 

biodegradable hydrogels of “acidic” gelatin mainly through the electrostatic interaction force 

between the growth factor and gelatin molecules. In this release system, the growth factor 

immobilized is not released from the gelatin hydrogel unless the hydrogel carrier is degraded to 

generate water-soluble gelatin fragments. Therefore, the time profile of growth factor release 

could be controlled only by changing that of hydrogel degradation which can be modified by the 

extent of hydrogel crosslinking (112). The key point is to chemically modify the property of 
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gelatin to permit the physicochemical interaction with the growth factor to be released. Chemical 

derivatization allows gelatin to change the electric and hydrophobic natures and consequently 

interact with different factors (92, 109, 110, 112-126). Hydrogels prepared from gelatin 

derivatives can be applied for controlled release of various bioactive substances including growth 

factors and genes, such as plasmid DNA, decoy DNA, and siRNA (83, 96, 127-139). 

Based on controlled release technology for various bioactive substances, we have 

investigated the feasibility of the hydrogel system for anti-fibrotic proteins and genes in 

enhancing their biological activities in vivo. For example, controlled release of HGF protein from 

gelatin hydrogels prevented the progression of fibrosis and induced significant regeneration and 

repair in animal models of liver cirrhosis (92) and dilated cardiomyopathy (114). Oe et al. have 

reported therapeutic efficacy of HGF release in the liver cirrhosis (92). Biodegradable gelatin 

microspheres incorporating HGF were intraperitoneally injected into a rat model of liver 

cirrhosis which has been prepared by the intraperitoneal injection of thioacetamide every other 

day for 10 weeks. Histological observation of the rat liver revealed that the injection of gelatin 

microspheres incorporating HGF effectively allowed a histological decrease in the area of liver 

fibrosis and to induce liver regeneration (Figure 2).  

Sakaguchi et al. have investigated the feasibility of gelatin hydrogels incorporating HGF in 

preventing the progression of heart failure in stroke-prone spontaneously hypertensive rats (114). 

When applied on the left ventricular free wall of stroke-prone spontaneously hypertensive rats of 

25 weeks old, a gelatin sheet incorporating HGF improves cardiac function, reversed left 

ventricular remodeling, and markedly improved survival in spontaneously hypertensive rats. 

These beneficial effects are associated with angiogenesis and reduced fibrosis in the left 

ventricular myocardium (Figure 3). 
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Fig. 2. Physical tissue engineering of internal medicine for liver cirrhosis by controlled release of HGF. 
Gelatin microspheres incorporating HGF (0.4 mg) and 0.4 mg of free HGF were intraperitoneally 
injected into the liver cirrhosis model rats after 13 weeks of thioacetoamide injection. Gelatin 
microspheres incorporating HGF (A, B, C) and free HGF (D, E, F). Macroscopic views of the liver (A, D) 
before and (B, E) 2 weeks after treatments. Histological sections of the liver were stained with Sircol 
collagen dye. 

 

 

 

Fig. 3. Myocardial sections of rats receiving injection of gelatin hydrogel sheets incorporating HGF or free 
HGF into cardiac muscle at four weeks after surgery were stained with Masson's trichrome. (A) Gelatin 
hydrogel sheets incorporating HGF (50 µg/site) and (B) free HGF. 

 

Renal interstitial fibrosis is the common pathway of chronic renal disease, while it causes 

end-stage renal failure. TGF-β is well recognized to be one of the primary mediators to induce 
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the ECM accumulation in the fibrotic area. We have demonstrated the enhanced anti-fibrotic 

activity of a plasmid DNA of TGF-β type II receptor siRNA expression vector for a mouse 

model of renal fibrosis by complexation with a cationized gelatin (83). The injection of plasmid 

DNA-cationized gelatin complex significantly decreased the level of TGF-β receptor and α-

smooth muscle actin over-expression, the collagen content of fibrotic kidney, and the fibrotic 

area of renal cortex, in remarked contrast to free plasmid DNA injection (Figure 4). In addition, 

Miyazaki et al. have demonstrated the enhanced anti-fibrotic activity of a siRNA of heat shock 

protein 47 (HSP47) by the controlled release from cationized gelatin microspheres for a mouse 

model of peritoneal fibrosis (127). The injection of cationized gelatin microspheres incorporating 

HSP47 siRNA significantly decreased the collagen content of fibrotic peritoneal membrane in a 

mouse model, in contrast to non-silencing siRNA injection. 

 

 

Fig. 4. Histological sections of renal cortex of unilateral ureteral obstruction (UUO) model mice after TGF-
β receptor typeII shRNA expression plasmid (pSUPER-TGF-βRII) application. The section was stained 
with Masson's trichrome seven days after injection of (A) pSUPER-TGF-βRII complexed with cationized 
gelatin, (B) free pSUPER-TGF-βRII, (C) empty pSUPER, (D) saline. Bar length is 200 µm. 
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On the other hand, MMP-1 digestion could convert a fibrotic tissue to a physiological state 

where the natural process of tissue regeneration can initiate to function for fibrosis healing. As 

described in the previous section, Iimuro et al. demonstrated that transfection of pro-MMP-1 

gene with an adenovirus vector, histologically improved tissue fibrosis in the liver in a rat 

cirrhosis model. However, as far as viral vectors are used for gene expression, the therapeutic 

trial cannot be clinically applied. This is because it is practically impossible to use viral vectors 

in the clinic. Therefore, a new method of non-viral gene transfection should be developed. As 

one trial, controlled release technology of plasmid DNA has been explored. Cationized gelatin 

microspheres incorporating a MMP-1 plasmid DNA were injected into the subcapsular space of 

mouse kidney in advance, and then the mice received streptozotocin (STZ) to induce the onset of 

diabetic renal disease. It was reported that advanced lesion of STZ-induced diabetic kidney 

mimics some findings of early-stage clinical diabetic nephropathy. Figure 5 shows the 

histological renal sections of mice pre-injected with microspheres incorporating MMP-1 plasmid 

DNA 28 days after STZ injection. Renal fibrosis was histologically suppressed by the application 

of cationized gelatin microspheres incorporating MMP-1 plasmid DNA, compared with that of 

free MMP-1 plasmid DNA. The injection of plasmid DNA-free cationized gelatin microspheres 

was not effective and the tissue appearance was similar to that of the saline-injected control 

group (96).  
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Fig. 5. Renal histological sections of mice receiving injection of gelatin microspheres incorporating MMP-
1 plasmid DNA or other agents into the renal subcapsule 28 days after STZ injection were stained with 
Masson's trichrome. (A) saline, (B) cationized gelatin microspheres, (C) free MMP-1 plasmid DNA (50 
µg/site), and (D) cationized gelatin microspheres incorporating MMP-1 plasmid DNA (50 µg/site) Each 

bar corresponds to 50 µm. 

 

CONCLUSIONS 

Tissue engineering technology can not only be used surgically to induce tissue regeneration in a 

body defect, but it can also be applied to therapeutically treat chronic fibrosis diseases of 

pulmonary fibrosis, liver fibrosis, dilated cardiomyopathy, and chronic nephritis in a physical 

manner by making use of anti-fibrotic drugs, such as proteins and genetic substances. The 

fibrotic tissue is loosened or digested by making use of the drugs combined with DDS 

technologies and convert to a physiological state susceptible to natural regeneration based on the 
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self-healing potential of the body. This is the basic concept of the physical tissue engineering of 

internal medicine. This therapeutic trial is an application of regenerative medical therapy to the 

filed of internal medicine. This is a just-started trial, but the in vivo therapeutic possibility has 

been experimentally confirmed by different animal models of diseases. If it can be applied 

clinically, it will be possible to treat the fibrotic diseases for which there has been so far no 

efficient therapy. To further develop this anti-fibrotic therapy, the research advance of biology 

and medicine on the molecular mechanisms of fibrosis is highly expected to identify and enable 

the use of new drug targets with anti-fibrotic nature. Active combination of drugs with DDS 

technologies needs specific cell and tissue targeting of anti-fibrosis and newly developed method 

of regeneration therapy based on the natural self-healing potential of patients themselves. DDS-

based suppression of tissue fibrotic progression will significantly improve the quality of life of 

patients. It is no doubt that increasing the therapeutic choice for clinicians brings about large 

medical benefits to patients. 

 

 

References  

1. Langer R, Vacanti JP. Tissue engineering. Science 1993; 260:920-926. 

2. Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive extracellular 

microenvironments for morphogenesis in tissue engineering. Nat Biotechnol 2005; 23:47-

55. 

3. Bach AD, Stem-Straeter J, Beier JP, Bannasch H, Stark GB. Engineering of muscle tissue. 

Clin Plast Surg 2003; 30:589-599. 

4. Bannasch H, Fohn M, Unterberg T, Bach AD, Weyand B, Stark GB. Skin tissue 

engineering. Clin Plast Surg 2003; 30:573-579. 

5. Chen RR, Mooney DJ. Polymeric growth factor delivery strategies for tissue engineering. 

Pharm Res 2003; 20:1103-1112. 

6. Hubbell JA. Tissue and cell engineering. Curr Opin Biotechnol 2004; 15:381-382. 

7. Langer R, Tirrell DA. Designing materials for biology and medicine. Nature 2004; 

428:487-492. 

8. Saltzman WM, Olbricht WL. Building drug delivery into tissue engineering. Nat Rev Drug 

Discov 2002; 1:177-186. 

9. Silva EA, Mooney DJ. Synthetic extracellular matrices for tissue engineering and 

regeneration. Curr Top Dev Biol 2004; 64:181-205. 

10. Chatziantoniou C, Dussaule JC. Insights into the mechanisms of renal fibrosis: is it 

possible to achieve regression? Am J Physiol Renal Physiol 2005; 289: F227-F234. 

11. Liu Y. Renal fibrosis: New insights into the pathogenesis and therapeutics. Kidney Int 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 16Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

2006; 69: 213-217. 

12. Pinzani M, Rombouts K, Colagrande S. Fibrosis in chronic liver diseases: diagnosis and 

management. J Hepatol 2005; 42: S22-S36. 

13. Rockey DC. Antifibrotic therapy in chronic liver disease. Clin Gastroenterol hepatol 2005; 

3: 95-107. 

14. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest 2005; 115: 209-218. 

15. Lin X, Hu H, Yin JQ. Therapeutic strategies against TGF-β signaling pathway in hepatic 

fibrosis. Liver Int 2006; 26: 8-22. 

16. Gressner AM, Weiskirchen R. Modern pathogenetic concepts of liver fibrosis suggest 

stellate cells and TGF-β as major players and therapeutic targets. J Cell Mol Med 2006; 10: 

76-99. 

17. Bartram U, Speer CP. The role of transforming growth factor-β in lung development and 

disease. Chest 2004; 125: 754-765. 

18. Walter N, Collard HR, King Jr TE. Current perspectives on the treatment of idiopathic 

pulmonary fibrosis. Proc Am Thorac Soc 2006; 3: 330-338. 

19. Ask K, Martin EM, Kolb M, Gauldie J. Targeting genes for treatment in idopathic 

pulmonary fibrosis. Proc Am Thorac Soc 2006; 3: 389-393. 

20. Sime PJ, Marr RA, Gauldie D, Xing Z, Hewlett BR, Graham FL, Gauldie J. Transfer of 

tumor necrosis factor-alpha to rat lung induces severe pulmonary inflammation and patchy 

interstitial fibrogenesis with induction of transforming growth factor-beta1 and 

myofibroblasts. Am J Pathol 1998; 153:825-832. 

21. Toti P, Buonocore G, Tanganelli P, Catella AM, Palmeri ML, Vatti R, Seemayer TA. 

Bronchopulmonary dysplasia of the premature baby: an immunohistochemical study. 

Pediatr Pulmonol 1997; 24:22-28. 

22. Krishna G, Liu K, Shigemitsu H, Gao M, Raffin TA, Rosen GD. PG490-88, a derivative of 

triptolide, blocks bleomycin-induced lung fibrosis. Am J Pathol 2001; 158:997-1004. 

23. Postlethwaite AE, Keski-Oja J, Moses HL, Kang AH. Stimulation of the chemotactic 

migration of human fibroblasts by transforming growth factor beta. J Exp Med 1987; 

165:251-256. 

24. Zhang HY, Phan SH. Inhibition of myofibroblast apoptosis by transforming growth factor 

beta(1). Am J Respir Cell Mol Biol 1999; 21:658-665. 

25. Ignotz RA, Massague J. Transforming growth factor-beta stimulates the expression of 

fibronectin and collagen and their incorporation into the extracellular matrix. J Biol Chem 

1986; 261:4337-4345. 

26. Arthur MJ. Fibrogenesis II. Metalloproteinases and their inhibitors in liver fibrosis. Am J 

Physiol Gastrointest Liver Physiol 2000; 279:G245-249. 

27. Walter N, Collard HR, King TE, Jr. Current perspectives on the treatment of idiopathic 

pulmonary fibrosis. Proc Am Thorac Soc 2006; 3:330-338. 

28. Bolkenius U, Hahn D, Gressner AM, Breitkopf K, Dooley S, Wickert L. Glucocorticoids 

decrease the bioavailability of TGF-β which leads to a reduced TGF-β signaling in hepatic 

stellate cells. Biochem Biophys Res Commun 2004; 325:1264-1270. 

29. Hoyles RK, Ellis RW, Wellsbury J, Lees B, Newlands P, Goh NS, Roberts C, Desai S, 

Herrick AL, McHugh NJ, Foley NM, Pearson SB, Emery P, Veale DJ, Denton CP, Wells 

AU, Black CM, du Bois RM. A multicenter, prospective, randomized, double-blind, 

placebo-controlled trial of corticosteroids and intravenous cyclophosphamide followed by 

oral azathioprine for the treatment of pulmonary fibrosis in scleroderma. Arthritis Rheum 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 17Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

2006; 54:3962-3970. 

30. Moolman JA, Bardin PG, Rossouw DJ, Joubert JR. Cyclosporin as a treatment for 

interstitial lung disease of unknown aetiology. Thorax 1991; 46:592-595. 

31. Lan HY, Nikolic-Paterson DJ, Zarama M, Vannice JL, Atkins RC. Suppression of 

experimental crescentic glomerulonephritis by the interleukin-1 receptor antagonist. 

Kidney Int 1993; 43:479-485. 

32. Piguet PF, Vesin C, Grau GE, Thompson RC. Interleukin 1 receptor antagonist (IL-1ra) 

prevents or cures pulmonary fibrosis elicited in mice by bleomycin or silica. Cytokine 

1993; 5:57-61. 

33. Mu W, Ouyang X, Agarwal A, Zhang L, Long DA, Cruz PE, Roncal CA, Glushakova OY, 

Chiodo VA, Atkinson MA, Hauswirth WW, Flotte TR, Rodriguez-Iturbe B, Johnson RJ. 

IL-10 suppresses chemokines, inflammation, and fibrosis in a model of chronic renal 

disease. J Am Soc Nephrol 2005; 16:3651-3660. 

34. Hung KS, Lee TH, Chou WY, Wu CL, Cho CL, Lu CN, Jawan B, Wang CH. Interleukin-

10 gene therapy reverses thioacetamide-induced liver fibrosis in mice. Biochem Biophys 

Res Commun 2005; 336:324-331. 

35. Arai T, Abe K, Matsuoka H, Yoshida M, Mori M, Goya S, Kida H, Nishino K, Osaki T, 

Tachibana I, Kaneda Y, Hayashi S. Introduction of the interleukin-10 gene into mice 

inhibited bleomycin-induced lung injury in vivo. Am J Physiol Lung Cell Mol Physiol 

2000; 278:L914-922. 

36. Wu MJ, Wen MC, Chiu YT, Chiou YY, Shu KH, Tang MJ. Rapamycin attenuates 

unilateral ureteral obstruction-induced renal fibrosis. Kidney Int 2006; 69:2029-2036. 

37. Neef M, Ledermann M, Saegesser H, Schneider V, Reichen J. Low-dose oral rapamycin 

treatment reduces fibrogenesis, improves liver function, and prolongs survival in rats with 

established liver cirrhosis. J Hepatol 2006; 45:786-796. 

38. Simler NR, Howell DC, Marshall RP, Goldsack NR, Hasleton PS, Laurent GJ, Chambers 

RC, Egan JJ. The rapamycin analogue SDZ RAD attenuates bleomycin-induced pulmonary 

fibrosis in rats. Eur Respir J 2002; 19:1124-1127. 

39. Parola M, Leonarduzzi G, Biasi F, Albano E, Biocca ME, Poli G, Dianzani MU. Vitamin E 

dietary supplementation protects against carbon tetrachloride-induced chronic liver damage 

and cirrhosis. Hepatology 1992; 16:1014-1021. 

40. Deger Y, Yur F, Ertekin A, Mert N, Dede S, Mert H. Protective effect of α-tocopherol on 

oxidative stress in experimental pulmonary fibrosis in rats. Cell Biochem Funct 2006. 

41. Nieto N, Cederbaum AI. S-adenosylmethionine blocks collagen I production by preventing 

transforming growth factor-β induction of the COL1A2 promoter. J Biol Chem 2005; 

280:30963-30974. 

42. Tsuyuki S, Yamauchi A, Nakamura H, Nakamura Y, Kinoshita K, Gomi T, Kawai Y, 

Hirose T, Furuke K, Ikai I, Ohmori K, Yamaoka Y, Inamoto T. N-acetylcysteine improves 

cytotoxic activity of cirrhotic rat liver-associated mononuclear cells. Int Immunol 1998; 

10:1501-1508. 

43. Serrano-Mollar A, Closa D, Prats N, Blesa S, Martinez-Losa M, Cortijo J, Estrela JM, 

Morcillo EJ, Bulbena O. In vivo antioxidant treatment protects against bleomycin-induced 

lung damage in rats. Br J Pharmacol 2003; 138:1037-1048. 

44. Kuwabara N, Tamada S, Iwai T, Teramoto K, Kaneda N, Yukimura T, Nakatani T, Miura 

K. Attenuation of renal fibrosis by curcumin in rat obstructive nephropathy. Urology 2006; 

67:440-446. 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 18Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

45. Bruck R, Ashkenazi M, Weiss S, Goldiner I, Shapiro H, Aeed H, Genina O, Helpern Z, 

Pines M. Prevention of liver cirrhosis in rats by curcumin. Liver Int 2007; 27:373-383. 

46. Punithavathi D, Venkatesan N, Babu M. Protective effects of curcumin against 

amiodarone-induced pulmonary fibrosis in rats. Br J Pharmacol 2003; 139:1342-1350. 

47. Pat B, Yang T, Kong C, Watters D, Johnson DW, Gobe G. Activation of ERK in renal 

fibrosis after unilateral ureteral obstruction: modulation by antioxidants. Kidney Int 2005; 

67:931-943. 

48. Boffa JJ, Lu Y, Placier S, Stefanski A, Dussaule JC, Chatziantoniou C. Regression of renal 

vascular and glomerular fibrosis: role of angiotensin II receptor antagonism and matrix 

metalloproteinases. J Am Soc Nephrol 2003; 14:1132-1144. 

49. Croquet V, Moal F, Veal N, Wang J, Oberti F, Roux J, Vuillemin E, Gallois Y, Douay O, 

Chappard D, Cales P. Hemodynamic and antifibrotic effects of losartan in rats with liver 

fibrosis and/or portal hypertension. J Hepatol 2002; 37:773-780. 

50. Li X, Rayford H, Uhal BD. Essential roles for angiotensin receptor AT1a in bleomycin-

induced apoptosis and lung fibrosis in mice. Am J Pathol 2003; 163:2523-2530. 

51. Shirazi M, Noorafshan A, Bahri MA, Tanideh N. Captopril reduces interstitial renal 

fibrosis and preserves more normal renal tubules in neonatal dogs with partial urethral 

obstruction: a preliminary study. Urol Int 2007; 78:173-177. 

52. Tuncer I, Ozbek H, Ugras S, Bayram I. Anti-fibrogenic effects of captopril and candesartan 

cilexetil on the hepatic fibrosis development in rat. The effect of AT1-R blocker on the 

hepatic fibrosis. Exp Toxicol Pathol 2003; 55:159-166. 

53. Wang R, Ibarra-Sunga O, Verlinski L, Pick R, Uhal BD. Abrogation of bleomycin-induced 

epithelial apoptosis and lung fibrosis by captopril or by a caspase inhibitor. Am J Physiol 

Lung Cell Mol Physiol 2000; 279:L143-151. 

54. Boffa JJ, Tharaux PL, Dussaule JC, Chatziantoniou C. Regression of renal vascular 

fibrosis by endothelin receptor antagonism. Hypertension 2001; 37:490-496. 

55. Rockey DC, Chung JJ. Endothelin antagonism in experimental hepatic fibrosis. 

Implications for endothelin in the pathogenesis of wound healing. J Clin Invest 1996; 

98:1381-1388. 

56. Park SH, Saleh D, Giaid A, Michel RP. Increased endothelin-1 in bleomycin-induced 

pulmonary fibrosis and the effect of an endothelin receptor antagonist. Am J Respir Crit 

Care Med 1997; 156:600-608. 

57. Wang S, Wilkes MC, Leof EB, Hirschberg R. Imatinib mesylate blocks a non-Smad TGF-

β pathway and reduces renal fibrogenesis in vivo. Faseb J 2005; 19:1-11. 

58. Gonzalo T, Beljaars L, van de Bovenkamp M, Temming K, van Loenen AM, Reker-Smit 

C, Meijer DK, Lacombe M, Opdam F, Keri G, Orfi L, Poelstra K, Kok RJ. Local inhibition 

of liver fibrosis by specific delivery of a PDGF kinase inhibitor to hepatic stellate cells. J 

Pharmacol Exp Ther 2007. 

59. Aono Y, Nishioka Y, Inayama M, Ugai M, Kishi J, Uehara H, Izumi K, Sone S. Imatinib 

as a novel antifibrotic agent in bleomycin-induced pulmonary fibrosis in mice. Am J 

Respir Crit Care Med 2005; 171:1279-1285. 

60. Dogukan A, Akpolat N, Celiker H, Ilhan N, Halil Bahcecioglu I, Gunal AI. Protective 

effect of interferon-α on carbon tetrachloride-induced nephrotoxicity. J Nephrol 2003; 

16:81-84. 

61. Chang XM, Chang Y, Jia A. Effects of interferon-α on expression of hepatic stellate cell 

and transforming growth factor-β1 and α-smooth muscle actin in rats with hepatic fibrosis. 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 19Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

World J Gastroenterol 2005; 11:2634-2636. 

62. Tarantino G, Conca P, Ariello M, Mastrolia M, Di Minno MN. The use of interferon-α in a 

small cohort of patients with a type of idiopathic pulmonary fibrosis, probably post-

cryoglobulinaemia, hepatitis C virus related. Eur J Gastroenterol Hepatol 2005; 17:1439-

1440. 

63. Shiffman ML, Ghany MG, Morgan TR, Wright EC, Everson GT, Lindsay KL, Lok AS, 

Bonkovsky HL, Di Bisceglie AM, Lee WM, Dienstag JL, Gretch DR. Impact of reducing 

peginterferon alfa-2a and ribavirin dose during retreatment in patients with chronic 

hepatitis C. Gastroenterology 2007; 132:103-112. 

64. Oldroyd SD, Thomas GL, Gabbiani G, El Nahas AM. Interferon-γ inhibits experimental 

renal fibrosis. Kidney Int 1999; 56:2116-2127. 

65. Weng H, Mertens PR, Gressner AM, Dooley S. IFN-γ abrogates profibrogenic TGF-β 

signaling in liver by targeting expression of inhibitory and receptor Smads. J Hepatol 2007; 

46:295-303. 

66. Venkatesan N, Roughley PJ, Ludwig MS. Proteoglycan expression in bleomycin lung 

fibroblasts: role of transforming growth factor-β(1) and interferon-γ. Am J Physiol Lung 

Cell Mol Physiol 2002; 283:L806-814. 

67. Yoshiji H, Kuriyama S, Noguchi R, Yoshii J, Ikenaka Y, Yanase K, Namisaki T, Kitade 

M, Yamazaki M, Tsujinoue H, Fukui H. Combination of interferon-β and angiotensin-

converting enzyme inhibitor, perindopril, attenuates the murine liver fibrosis development. 

Liver Int 2005; 25:153-161. 

68. Azuma A, Li YJ, Abe S, Usuki J, Matsuda K, Henmi S, Miyauchi Y, Ueda K, Izawa A, 

Sone S, Hashimoto S, Kudoh S. Interferon-β inhibits bleomycin-induced lung fibrosis by 

decreasing transforming growth factor-β and thrombospondin. Am J Respir Cell Mol Biol 

2005; 32:93-98. 

69. Li C, Yang CW, Ahn HJ, Kim WY, Park CW, Park JH, Cha JH, Kim J, Kim YS, Bang 

BK. Colchicine suppresses osteopontin expression and inflammatory cell infiltration in 

chronic cyclosporine nephrotoxicity. Nephron 2002; 92:422-430. 

70. Lee SJ, Kim YG, Kang KW, Kim CW, Kim SG. Effects of colchicine on liver functions of 

cirrhotic rats: beneficial effects result from stellate cell inactivation and inhibition of TGF 

β1 expression. Chem Biol Interact 2004; 147:9-21. 

71. Vieira JM, Jr., Rodrigues LT, Mantovani E, Delle H, Mattar AL, Malheiros DM, Noronha 

IL, Fujihara CK, Zatz R. Statin monotherapy attenuates renal injury in a salt-sensitive 

hypertension model of renal disease. Nephron Physiol 2005; 101:p82-91. 

72. Rombouts K, Kisanga E, Hellemans K, Wielant A, Schuppan D, Geerts A. Effect of HMG-

CoA reductase inhibitors on proliferation and protein synthesis by rat hepatic stellate cells. 

J Hepatol 2003; 38:564-572. 

73. Tan A, Levrey H, Dahm C, Polunovsky VA, Rubins J, Bitterman PB. Lovastatin induces 

fibroblast apoptosis in vitro and in vivo. A possible therapy for fibroproliferative disorders. 

Am J Respir Crit Care Med 1999; 159:220-227. 

74. Watts KL, Sampson EM, Schultz GS, Spiteri MA. Simvastatin inhibits growth factor 

expression and modulates profibrogenic markers in lung fibroblasts. Am J Respir Cell Mol 

Biol 2005; 32:290-300. 

75. Li G, Xie Q, Shi Y, Li D, Zhang M, Jiang S, Zhou H, Lu H, Jin Y. Inhibition of connective 

tissue growth factor by siRNA prevents liver fibrosis in rats. J Gene Med 2006; 8:889-900. 

76. Akagi Y, Isaka Y, Arai M, Kaneko T, Takenaka M, Moriyama T, Kaneda Y, Ando A, 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 20Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

Orita Y, Kamada T, Ueda N, Imai E. Inhibition of TGF-β 1 expression by antisense 

oligonucleotides suppressed extracellular matrix accumulation in experimental 

glomerulonephritis. Kidney Int 1996; 50:148-155. 

77. Arias M, Sauer-Lehnen S, Treptau J, Janoschek N, Theuerkauf I, Buettner R, Gressner 

AM, Weiskirchen R. Adenoviral expression of a transforming growth factor-β1 antisense 

mRNA is effective in preventing liver fibrosis in bile-duct ligated rats. BMC Gastroenterol 

2003; 3:29. 

78. Border WA, Okuda S, Languino LR, Sporn MB, Ruoslahti E. Suppression of experimental 

glomerulonephritis by antiserum against transforming growth factor β 1. Nature 1990; 

346:371-374. 

79. Border WA, Noble NA, Yamamoto T, Harper JR, Yamaguchi Y, Pierschbacher MD, 

Ruoslahti E. Natural inhibitor of transforming growth factor-β protects against scarring in 

experimental kidney disease. Nature 1992; 360:361-364. 

80. Isaka Y, Brees DK, Ikegaya K, Kaneda Y, Imai E, Noble NA, Border WA. Gene therapy 

by skeletal muscle expression of decorin prevents fibrotic disease in rat kidney. Nat Med 

1996; 2:418-423. 

81. Isaka Y, Akagi Y, Ando Y, Tsujie M, Sudo T, Ohno N, Border WA, Noble NA, Kaneda Y, 

Hori M, Imai E. Gene therapy by transforming growth factor-β receptor-IgG Fc chimera 

suppressed extracellular matrix accumulation in experimental glomerulonephritis. Kidney 

Int 1999; 55:465-475. 

82. Jiang W, Yang CQ, Liu WB, Wang YQ, He BM, Wang JY. Blockage of transforming 

growth factor β receptors prevents progression of pig serum-induced rat liver fibrosis. 

World J Gastroenterol 2004; 10:1634-1638. 

83. Kushibiki T, Nagata-Nakajima N, Sugai M, Shimizu A, Tabata Y. Delivery of plasmid 

DNA expressing small interference RNA for TGF-β type II receptor by cationized gelatin 

to prevent interstitial renal fibrosis. J Control Release 2005; 105:318-331. 

84. Kinoshita K, Iimuro Y, Otogawa K, Saika S, Inagaki Y, Nakajima Y, Kawada N, Fujimoto 

J, Friedman S, Ikeda K. Adenovirus-mediated expression of BMP-7 suppresses the 

development of liver fibrosis in rats. Gut 2006. 

85. Hou CC, Wang W, Huang XR, Fu P, Chen TH, Sheikh-Hamad D, Lan HY. Ultrasound-

microbubble-mediated gene transfer of inducible Smad7 blocks transforming growth 

factor-β signaling and fibrosis in rat remnant kidney. Am J Pathol 2005; 166:761-771. 

86. Dooley S, Hamzavi J, Breitkopf K, Wiercinska E, Said HM, Lorenzen J, Ten Dijke P, 

Gressner AM. Smad7 prevents activation of hepatic stellate cells and liver fibrosis in rats. 

Gastroenterology 2003; 125:178-191. 

87. Nakao A, Fujii M, Matsumura R, Kumano K, Saito Y, Miyazono K, Iwamoto I. Transient 

gene transfer and expression of Smad7 prevents bleomycin-induced lung fibrosis in mice. J 

Clin Invest 1999; 104:5-11. 

88. Shihab FS, Bennett WM, Yi H, Andoh TF. Pirfenidone treatment decreases transforming 

growth factor-β1 and matrix proteins and ameliorates fibrosis in chronic cyclosporine 

nephrotoxicity. Am J Transplant 2002; 2:111-119. 

89. Garcia L, Hernandez I, Sandoval A, Salazar A, Garcia J, Vera J, Grijalva G, Muriel P, 

Margolin S, Armendariz-Borunda J. Pirfenidone effectively reverses experimental liver 

fibrosis. J Hepatol 2002; 37:797-805. 

90. Kakugawa T, Mukae H, Hayashi T, Ishii H, Abe K, Fujii T, Oku H, Miyazaki M, Kadota J, 

Kohno S. Pirfenidone attenuates expression of HSP47 in murine bleomycin-induced 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 21Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

pulmonary fibrosis. Eur Respir J 2004; 24:57-65. 

91. Matsumoto K, Nakamura T. Hepatocyte growth factor: renotropic role and potential 

therapeutics for renal diseases. Kidney Int 2001; 59:2023-2038. 

92. Oe S, Fukunaka Y, Hirose T, Yamaoka Y, Tabata Y. A trial on regeneration therapy of rat 

liver cirrhosis by controlled release of hepatocyte growth factor. J Control Release 2003; 

88:193-200. 

93. Matsumoto K, Tajima H, Okazaki H, Nakamura T. Negative regulation of hepatocyte 

growth factor gene expression in human lung fibroblasts and leukemic cells by 

transforming growth factor-β 1 and glucocorticoids. J Biol Chem 1992; 267:24917-24920. 

94. Yi ES, Williams ST, Lee H, Malicki DM, Chin EM, Yin S, Tarpley J, Ulich TR. 

Keratinocyte growth factor ameliorates radiation- and bleomycin-induced lung injury and 

mortality. Am J Pathol 1996; 149:1963-1970. 

95. Parsons CJ, Bradford BU, Pan CQ, Cheung E, Schauer M, Knorr A, Krebs B, Kraft S, 

Zahn S, Brocks B, Feirt N, Mei B, Cho MS, Ramamoorthi R, Roldan G, Ng P, Lum P, 

Hirth-Dietrich C, Tomkinson A, Brenner DA. Antifibrotic effects of a tissue inhibitor of 

metalloproteinase-1 antibody on established liver fibrosis in rats. Hepatology 2004; 

40:1106-1115. 

96. Aoyama T, Yamamoto S, Kanematsu A, Ogawa O, Tabata Y. Local delivery of matrix 

metalloproteinase gene prevents the onset of renal sclerosis in streptozotocin-induced 

diabetic mice. Tissue Eng 2003; 9:1289-1299. 

97. Iimuro Y, Nishio T, Morimoto T, Nitta T, Stefanovic B, Choi SK, Brenner DA, Yamaoka 

Y. Delivery of matrix metalloproteinase-1 attenuates established liver fibrosis in the rat. 

Gastroenterology 2003; 124:445-458. 

98. Yamamoto T, Noble NA, Cohen AH, Nast CC, Hishida A, Gold LI, Border WA. 

Expression of transforming growth factor-beta isoforms in human glomerular diseases. 

Kidney Int 1996; 49:461-469. 

99. Rocco MV, Chen Y, Goldfarb S, Ziyadeh FN. Elevated glucose stimulates TGF-beta gene 

expression and bioactivity in proximal tubule. Kidney Int 1992; 41:107-114. 

100. Wolf G, Sharma K, Chen Y, Ericksen M, Ziyadeh FN. High glucose-induced proliferation 

in mesangial cells is reversed by autocrine TGF-beta. Kidney Int 1992; 42:647-656. 

101. Okuda S, Languino LR, Ruoslahti E, Border WA. Elevated expression of transforming 

growth factor-beta and proteoglycan production in experimental glomerulonephritis. 

Possible role in expansion of the mesangial extracellular matrix. J Clin Invest 1990; 

86:453-462. 

102. Blobe GC, Schiemann WP, Lodish HF. Role of transforming growth factor beta in human 

disease. N Engl J Med 2000; 342:1350-1358. 

103. Laviades C, Varo N, Diez J. Transforming growth factor beta in hypertensives with 

cardiorenal damage. Hypertension 2000; 36:517-522. 

104. Terui Y, Saito T, Watanabe H, Togashi H, Kawata S, Kamada Y, Sakuta S. Effect of 

angiotensin receptor antagonist on liver fibrosis in early stages of chronic hepatitis C. 

Hepatology 2002; 36:1022. 

105. Sharma K, Eltayeb BO, McGowan TA, Dunn SR, Alzahabi B, Rohde R, Ziyadeh FN, 

Lewis EJ. Captopril-induced reduction of serum levels of transforming growth factor-beta1 

correlates with long-term renoprotection in insulin-dependent diabetic patients. Am J 

Kidney Dis 1999; 34:818-823. 

106. Yokoi H, Mukoyama M, Nagae T, Mori K, Suganami T, Sawai K, Yoshioka T, Koshikawa 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 22Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

M, Nishida T, Takigawa M, Sugawara A, Nakao K. Reduction in connective tissue growth 

factor by antisense treatment ameliorates renal tubulointerstitial fibrosis. J Am Soc 

Nephrol 2004; 15:1430-1440. 

107. Nakamura T, Nishizawa T, Hagiya M, Seki T, Shimonishi M, Sugimura A, Tashiro K, 

Shimizu S. Molecular cloning and expression of human hepatocyte growth factor. Nature 

1989; 342:440-443. 

108. Matsumoto K, Nakamura T. Hepatocyte growth factor (HGF) as a tissue organizer for 

organogenesis and regeneration. Biochem Biophys Res Commun 1997; 239:639-644. 

109. Tabata Y. Tissue regeneration based on growth factor release. Tissue Eng 2003; 9 Suppl 

1:S5-15. 

110. Yamamoto M, Tabata Y. Tissue engineering by modulated gene delivery. Adv Drug Deliv 

Rev 2006; 58:535-554. 

111. Veis A. The physical chemistry of gelatin. Int Rev Connect Tissue Res 1965; 3:113-200. 

112. Ikada Y, Tabata Y. Protein release from gelatin matrices. Adv Drug Deliv Rev 1998; 

31:287-301. 

113. Yamamoto M, Tabata Y, Hong L, Miyamoto S, Hashimoto N, Ikada Y. Bone regeneration 

by transforming growth factor beta1 released from a biodegradable hydrogel. J Control 

Release 2000; 64:133-142. 

114. Sakaguchi G, Tambara K, Sakakibara Y, Ozeki M, Yamamoto M, Premaratne G, Lin X, 

Hasegawa K, Tabata Y, Nishimura K, Komeda M. Control-released hepatocyte growth 

factor prevents the progression of heart failure in stroke-prone spontaneously hypertensive 

rats. Ann Thorac Surg 2005; 79:1627-1634. 

115. Ozeki M, Ishii T, Hirano Y, Tabata Y. Controlled release of hepatocyte growth factor from 

gelatin hydrogels based on hydrogel degradation. Journal of drug targeting 2001; 9:461-

471. 

116. Yamamoto M, Ikada Y, Tabata Y. Controlled release of growth factors based on 

biodegradation of gelatin hydrogel. Journal of biomaterials science 2001; 12:77-88. 

117. Ozeki M, Tabata Y. In vivo promoted growth of mice hair follicles by the controlled 

release of growth factors. Biomaterials 2003; 24:2387-2394. 

118. Yamamoto M, Takahashi Y, Tabata Y. Controlled release by biodegradable hydrogels 

enhances the ectopic bone formation of bone morphogenetic protein. Biomaterials 2003; 

24:4375-4383. 

119. Nishida T, Kubota S, Kojima S, Kuboki T, Nakao K, Kushibiki T, Tabata Y, Takigawa M. 

Regeneration of defects in articular cartilage in rat knee joints by CCN2 (connective tissue 

growth factor). J Bone Miner Res 2004; 19:1308-1319. 

120. Hokugo A, Ozeki M, Kawakami O, Sugimoto K, Mushimoto K, Morita S, Tabata Y. 

Augmented bone regeneration activity of platelet-rich plasma by biodegradable gelatin 

hydrogel. Tissue engineering 2005; 11:1224-1233. 

121. Ozeki M, Tabata Y. In vivo degradability of hydrogels prepared from different gelatins by 

various cross-linking methods. Journal of biomaterials science 2005; 16:549-561. 

122. Zhao Y, Shimizu T, Nishihira J, Koyama Y, Kushibiki T, Honda A, Watanabe H, Abe R, 

Tabata Y, Shimizu H. Tissue regeneration using macrophage migration inhibitory factor-

impregnated gelatin microbeads in cutaneous wounds. The American journal of pathology 

2005; 167:1519-1529. 

123. Ozeki M, Tabata Y. Interaction of hepatocyte growth factor with gelatin as the carrier 

material. Journal of biomaterials science 2006; 17:163-175. 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 23Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

124. Ozeki M, Tabata Y. Affinity evaluation of gelatin for hepatocyte growth factor of different 

types to design the release carrier. Journal of biomaterials science 2006; 17:139-150. 

125. Hori K, Sotozono C, Hamuro J, Yamasaki K, Kimura Y, Ozeki M, Tabata Y, Kinoshita S. 

Controlled-release of epidermal growth factor from cationized gelatin hydrogel enhances 

corneal epithelial wound healing. J Control Release 2007; 118:169-176. 

126. Lin X, Fujita M, Kanemitsu N, Kimura Y, Tambara K, Premaratne GU, Nagasawa A, 

Ikeda T, Tabata Y, Komeda M. Sustained-release erythropoietin ameliorates cardiac 

function in infarcted rat-heart without inducing polycythemia. Circ J 2007; 71:132-137. 

127. Miyazaki M, Obata Y, Abe K, Furusu A, Koji T, Tabata Y, Kohno S. Gene Transfer Using 

Nonviral Delivery Systems. Perit Dial Int 2006; 26:633-640. 

128. Fukunaka Y, Iwanaga K, Morimoto K, Kakemi M, Tabata Y. Controlled release of plasmid 

DNA from cationized gelatin hydrogels based on hydrogel degradation. J Control Release 

2002; 80:333-343. 

129. Kasahara H, Tanaka E, Fukuyama N, Sato E, Sakamoto H, Tabata Y, Ando K, Iseki H, 

Shinozaki Y, Kimura K, Kuwabara E, Koide S, Nakazawa H, Mori H. Biodegradable 

gelatin hydrogel potentiates the angiogenic effect of fibroblast growth factor 4 plasmid in 

rabbit hindlimb ischemia. Journal of the American College of Cardiology 2003; 41:1056-

1062. 

130. Kushibiki T, Tomoshige R, Fukunaka Y, Kakemi M, Tabata Y. In vivo release and gene 

expression of plasmid DNA by hydrogels of gelatin with different cationization extents. J 

Control Release 2003; 90:207-216. 

131. Nagaya N, Kangawa K, Kanda M, Uematsu M, Horio T, Fukuyama N, Hino J, Harada-

Shiba M, Okumura H, Tabata Y, Mochizuki N, Chiba Y, Nishioka K, Miyatake K, Asahara 

T, Hara H, Mori H. Hybrid cell-gene therapy for pulmonary hypertension based on 

phagocytosing action of endothelial progenitor cells. Circulation 2003; 108:889-895. 

132. Kushibiki T, Matsumoto K, Nakamura T, Tabata Y. Suppression of the progress of 

disseminated pancreatic cancer cells by NK4 plasmid DNA released from cationized 

gelatin microspheres. Pharmaceutical research 2004; 21:1109-1118. 

133. Kushibiki T, Matsumoto K, Nakamura T, Tabata Y. Suppression of tumor metastasis by 

NK4 plasmid DNA released from cationized gelatin. Gene therapy 2004; 11:1205-1214. 

134. Tokunaga N, Nagaya N, Shirai M, Tanaka E, Ishibashi-Ueda H, Harada-Shiba M, Kanda 

M, Ito T, Shimizu W, Tabata Y, Uematsu M, Nishigami K, Sano S, Kangawa K, Mori H. 

Adrenomedullin gene transfer induces therapeutic angiogenesis in a rabbit model of 

chronic hind limb ischemia: benefits of a novel nonviral vector, gelatin. Circulation 2004; 

109:526-531. 

135. Fukuyama N, Tanaka E, Tabata Y, Fujikura H, Hagihara M, Sakamoto H, Ando K, 

Nakazawa H, Mori H. Intravenous injection of phagocytes transfected ex vivo with FGF4 

DNA/biodegradable gelatin complex promotes angiogenesis in a rat myocardial 

ischemia/reperfusion injury model. Basic Res Cardiol 2006. 

136. Kushibiki T, Nagata-Nakajima N, Sugai M, Shimizu A, Tabata Y. Enhanced anti-fibrotic 

activity of plasmid DNA expressing small interference RNA for TGF-beta type II receptor 

for a mouse model of obstructive nephropathy by cationized gelatin prepared from 

different amine compounds. J Control Release 2006; 110:610-617. 

137. Kushibiki T, Tomoshige R, Iwanaga K, Kakemi M, Tabata Y. In vitro transfection of 

plasmid DNA by cationized gelatin prepared from different amine compounds. Journal of 

biomaterials science 2006; 17:645-658. 



Yamamoto and Tabata                                                              Regeneration Therapy for Fibrotic Diseases 

 24Topics in Tissue Engineering, Vol. 4.  Eds. N Ashammakhi, R Reis, & F Chiellini © 2008. 

138. Kushibiki T, Tomoshige R, Iwanaga K, Kakemi M, Tabata Y. Controlled release of 

plasmid DNA from hydrogels prepared from gelatin cationized by different amine 

compounds. J Control Release 2006; 112:249-256. 

139. Matsumoto G, Kushibiki T, Kinoshita Y, Lee U, Omi Y, Kubota E, Tabata Y. Cationized 

gelatin delivery of a plasmid DNA expressing small interference RNA for VEGF inhibits 

murine squamous cell carcinoma. Cancer science 2006; 97:313-321. 

 

 

 

 

 
 




