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ABSTRACT 

After we demonstrated that daily intragastric administration of angiogenic growth factors like 

basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), or vascular 

endothelial growth factor (VEGF) accelerated the healing of chronic duodenal ulcers in rats, 

we hypothesized that a single dose of gene therapy related to these growth factors may be 

enough to accelerate the healing of duodenal ulcers through enhancement of synthesis of 

endogenous angiogenic growth factors. Thus, we compared the effects of intraduodenal or 

intravenous adenoviral vectors and naked DNA transducing the genes for either VEGF or 

PDGF in experimental duodenal ulcers induced by cysteamine in rats. Sprague-Dawley female 

rats with confirmed duodenal ulcers were randomly divided into control and treatment groups. 

The controls received either intraduodenal injection of buffer or the ß-galactosidase 

transducing adenoviral vector. Rats treated with a single or double dose of adenoviral vector or 

naked DNA of VEGF or PDGF had significantly smaller ulcers than the controls. Histologic 

analysis demonstrated that reepithelized granulation tissue with prominent angiogenesis 

replaced the ulcers. Western blotting, immunohistochemistry and ELISA of duodenal mucosa 

confirmed that the expression of VEGF or PDGF proteins was enhanced by the transgenes, 

while ß-galactosidase staining in multiple organs identified that the transgenes, especially after 

local administration were only localized in the duodenum, stomach and jejunum. These results 

suggest that gene therapy with either VEGF or PDGF may be a rapid approach to achieve 

duodenal ulcer healing. 
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Duodenal ulcer is the most prevalent form of peptic ulcer, e.g., about 2-4 times more 

frequent than gastric ulcers (Sonnenberg, 1997). Our laboratory developed easily reproducible 

models of duodenal ulcer in rats by using cysteamine and related chemicals (Szabo and 

Selye,1972; Selye and Szabo, 1973; Giampaolo et al., 1991). These animal models can be 

used to study the pathogenesis of duodenal ulcers including the biochemical and molecular 

mechanisms of duodenal ulceration and potential strategies to promote healing.  

Previously we reported that daily intragastric administration of angiogenic growth 

factors like basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), or 

vascular endothelial growth factor (VEGF) accelerated the healing of chronic duodenal ulcers 

in rats (Szabo et al., 1994; Szabo and Sandor, 1996; Szabo et al., 1998). The healing effect of 

these peptides is 2-7 million times more potent, on molar basis, than that of antisecretory 

drugs such as histamine-2 receptor antagonists and proton pump inhibitors (Szabo and Sandor, 

1996; Szabo et al., 1998; Szabo et al., 1999). The mechanism of action of the growth factors 

did not involve inhibition of gastric acid or stimulation of mucus-bicarbonate secretion. 

Nevertheless, intragastric administration of peptide growth factors is limited by acid-

proteolytic degradation in the stomach. Large-scale production of human recombinant 

proteins is still an expensive process. Some of these problems may be overcome by gene 

transfer of the cDNA of angiogenic growth factors into the lesion directly.  

Gene therapy, i.e., direct injection of naked DNA (ND) and using viral vectors for 

gene transfer with growth factors (e.g., VEGF) has been investigated in the treatment of 

ischemic diseases in both animal models and clinical settings such as limb ischemia (Tsurumi 

et al., 1996; Isner et al., 1996) and cardiovascular diseases (Losordo et al., 1998). 

The main interest of our research work has been related to the study of vascular factors 

in mucosal injury and repair (Szabo et al., 1998; Pihan et al., 1988; Szabo, 1989; Morales et 

al., 1992; Szabo et al., 1997), especially since the ensuing healing of chronic ulcers depends 

upon the formation of vascularized granulation tissue. Since our pharmacologic experiments 

demonstrated a potent ulcer healing effect of bFGF, VEGF and PDGF, we now wanted to 

examine the effects of gene therapy with adenoviral vector (AV) and ND of VEGF and PDGF 

on the healing of experimental chronic duodenal ulcers. 
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Methods 

Plasmids and adenoviral vector. We purified the naked VEGF165 and PDGF plasmids (from Dr. 

Kevin P. Claffey, Beth Israel Deaconess Medical Center, Boston, MA) transformed to 

Escherichia coli using DNA purification kit (Promega, Madison, WI). Dr. Meenhard Herlyn 

(The Wistar Institute, Philadelphia, PA) provided AV of human VEGF165, PDGF-B, Lac Z 

(control) and green fluorescent protein (GFP). The doses of the gene vectors administered in the 

present study were based on the ischemic and wound healing studies done by Dr. Herlyn’s lab 

(Liechty et al., 1999). 

 

Experimental animals and duodenal ulcer induction. Groups (n = 8-12) of Sprague-Dawley 

female rats (180-210 g) had unlimited access to food and water. Rats were given cysteamine-HCl 

(Aldrich, Milwaukee, WI) (25 mg/100 g by gavage x3 with 4 hr intervals) to cause duodenal 

ulcers on the 1st day. All experiments were carried out in compliance with our Institutional 

Regulations for Animal Use and Care.  

 

Administration of gene vectors. On the 3rd day after cysteamine administration, we performed 

a laparotomy while rats were under anesthesia with inhalation of isoflurane to evaluate ulcer 

formation (superficial or perforated ulcers) and randomly divided rats with equally severe 

duodenal ulcers into control and treatment groups.  The controls received during laparotomy 

intraduodenal (i.d.) instillation of 0.1 ml/rat of Tris-EDTA buffer or 5 x 108 pfu/rat of LacZ AV. 

Eight treatment groups received 100 µg/rat of ND of VEGF or PDGF x1, i.d. on the 3rd day, 200 

µg/rat x2, intravenously (i.v.) on the 3rd and 5th day, or 5 x 108 pfu/rat of VEGF or PDGF AV 

x1, i.d. or i.v. on the 3rd day (Table 1).  

 

Gross and histologic evaluation of duodenal ulcer healing. The rats were euthanized by CO2 

inhalation and cervical dislocation on the 7th day (with superficial nonperforated ulcers) and the 

14th day (with perforated or penetrated ulcers) after the administration of cysteamine. The 

duodenal ulcer crater dimensions were measured in millimeters and the ulcer areas were 

calculated using the ellipsoid formula. We sampled and fixed the opened stomachs with 2.5 cm 

duodenum in 10% formalin. Thin sections were stained with hematoxylin and eosin, PAS 
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staining (to assess the regeneration of mucosa, especially mucus-secreting epithelial cells) or the 

trichrome techniques (to evaluate the composition of granulation tissue, and smooth muscle). In 

addition, we harvested and frozen mucosal scrapings of 2.5 cm of proximal duodenum, glandular 

stomach, jejunum, liver, and kidney from some animals for Western blot analysis, 

immunohistochemistry and ELISA. 

 

AV-β-galactosidase staining. To examine the localization of the transgenes, β-galactosidase 

staining was performed at 24 and 48 hr after the i.d. or i.v. administration of AV in the rats with 

cysteamine-induced duodenal ulcer. Specimens of the proximal duodenum, stomach, jejunum, 

liver, spleen, kidney and lung were stained at 37oC with the substrate 5-bromo-4-chloro-3- 

indolyl-β-D-galactopyranoside (X-gal; Sigma, St. Louis, MO) as whole mount tissues or in 10 

µm thin sections (Kypson et al., 1998). 

 

Transfection of recombinant AV carrying the GFP. Subset groups of rats were given a single 

dose of phosphate-buffered saline (PBS) or 5 x 108 pfu/rat of AV-GFP i.d. or i.v. under 

isoflurane anesthesia on the 3rd day after cysteamine-induced duodenal ulcer and the animals 

were euthanized 3 days after AV-GFP administration. Specimens of the proximal duodenum, 

stomach, jejunum, liver, spleen, kidney and lung were harvested and fixed in 4% 

paraformaldehyde for 24 hr and in 10% sucrose for 24 hr. After tissue sectioning, and 

hematoxylin and eosin staining, the expressed GFP in the tissues was detected by a fluorescent 

microscope (AG Heinze, Lake Forest, CA).   

 
 
Western blot analysis. Proteins (100 µg) of mucosal homogenate were separated by 12% SDS-

PAGE and then transferred onto nitrocellulose membrane (Amersham Biosciences, Piscataway, 

NJ). The blots were detected using standard Western blot techniques with rabbit polyclonal 

antibodies against VEGF, PDGF, or bFGF (Santa Cruz Biotechnology, Santa Cruz, CA) 

followed with using the anti-rabbit IgG horse radish peroxidase conjugate (Santa Cruz 

Biotechnology). We visualized the immunoreactive proteins using the ECL reagent (Amersham) 

after exposing the membrane to Hyper film ECL (Amersham). 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 7

Immunohistochemistry. Paraffin tissue sections (10µm) serial to those used for histological 

analysis were irradiated at 750 W in a microwave oven with 3% hydrogen peroxide in 0.01 M 

sodium citrate buffer, pH 6.0, dewaxed and immunostained with primary antibodies (Santa Cruz 

Biotechnology, CA) of anti-VEGF in 1:50 dilution or anti-PDGF in 1:200 dilution, and followed 

by biotinylated secondary antibodies (Santa Cruz) and a peroxidase-labelled streptavidin-biotin 

staining technique. To ensure specificity of the antibody, immunoabsorption of the antibodies 

was performed to provide control. 

 

ELISA. We used human VEGF, PDGF and bFGF immunoassay kits (R&D Systems, 

Minneapolis, MN) for the measurement of the growth factors in the duodenal mucosa after gene 

therapy according to the manufacturer’s directions. The human VEGF, PDGF and bFGF 

proteins have 90% similarity to rat VEGF, PDGF and bFGF (www.ncbi.nlm.nih.gov/blast), so 

the kits for human growth factors have similar affinity for the rat peptides. We calculated the 

concentrations by a ratio (pg/mg) of endogenous VEGF, PDGF or bFGF vs. total proteins. 

 

Data analysis. The statistical significance of differences among group means was calculated 

using the non-parametric Mann-Whitney U-test.  We chose P<0.05 or smaller values for 

statistical significance. 
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Results 

Size of the duodenal ulcers after VEGF or PDGF transgenes. Pooled results from several 

experiments demonstrate that the ulcer area measured in the controls was around 8 mm2 (Fig. 1). 

Therapy with VEGF or PDGF AV caused more prominent healing (Fig. 1A and B) than with ND 

(Fig. 1C and D) in all treatment groups. The superficial ulcers were significantly decreased 

(P<0.05) by an equivalent dose of VEGF or PDGF ND (Fig.1C), whereas significant healing of 

severe, perforated ulcers was noted only after VEGF ND treatment (Fig. 1D). In additional 

experiments, injections of AV of VEGF or PDGF into the duodenal ulcer margins or lumen of 

duodenum during laparotomy were equally effective in reducing ulcer size. 

  

Macroscopic and microscopic analysis of duodenal ulcers after gene therapy. Representative 

samples from 4 rats showed the healing of penetrating duodenal ulcers (Fig. 2A). The duodenal 

ulcer size in the control rats that received the Lac Z AV was markedly larger than in rats that 

received either VEGF or PDGF AV by i.d. or i.v. administration. The ulcers were barely visible 

or absent after the VEGF or PDGF adenoviral therapy. The histologic appearance of the 

duodenal ulcers is shown in Fig 2B: the normal duodenal mucosa (hematoxylin and eosin 

staining) of a control rat is interrupted with sharply demarcated ulcer crater that consists of 

necrotic and inflamed tissue with some amount of granulation tissue (Fig 2B, a). The PAS 

staining of control rat ulcer showed no mucus-secreting epithelium over the necrotic ulcer crater 

(Fig 2B, b). A high power view (x100) of a control ulcer stained with the trichrome technique 

(which stains differentially epithelium, connective tissue and smooth muscle) demonstrates that 

the granulation tissue of the ulcer crater had penetrated into the liver. Most of the granulation 

tissue in untreated ulcer consists of loose granulation tissue (Fig. 2B, c).  

Figure 2B (d) is a trichrome staining of a completely healed duodenal ulcer after VEGF 

AV treatment. The granulation tissue has been reepithelized and the dark blue area indicates a 

very dense connective tissue replacing the ulcer crater. A few food particles are seen in the 

granulation tissue, indicating that healing occurred so fast that food was trapped within the 

healed area. The PAS staining shows that the reepithelized cells also contain mucus-secreting 

cells, e.g., goblet cells indicating reconstruction of the specialized duodenal epithelium (Fig. 2B, 

e). A similar morphology indicates that good reepithelization of the ulcer also occurs after PDGF 

AV treatment (Fig. 2B, f).     
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Organ transduction of adenoviral vectors. The duodenum after either i.d. or i.v.  

administration of Lac Z AV was stained blue and the β-galactosidase staining was concentrated 

in most of the rats around duodenal ulcer margins (Fig. 3). The stomach and jejunum were also 

stained in both i.d. and i.v. groups but the staining after i.v. injection of AV was stronger than 

that after i.d. administration. The kidney and, slightly, the spleen were only stained after the i.v. 

injection, while the liver and the lung lacked staining after either i.d. or i.v. injection of the AV. 

These findings were confirmed in histologic sections using X-gal staining and by using the AV-

GFP reporter gene.  

 

Growth factors within the ulcer area after gene therapy.  After both 7 and 14 day of AV 

treatment, Western blots of duodenal mucosa showed that most rats treated with either AV 

VEGF or AV PDGF had increased expression of the predicted 23 kDa VEGF and 30 kDa PDGF 

although the level of VEGF at 14 days was lower than 7 days (Fig. 4A). Surprisingly, increased 

expression of endogenous PDGF was also detected in the samples after gene therapy of AV 

VEGF, and increased VEGF was seen in samples following gene therapy with AV PDGF as well 

(Fig. 4A). In 14 days after ND, VEGF expression was less than 7 days after either ND VEGF or 

ND PDGF treatment (Fig 4B). No elevation of PDGF and VEGF was seen in samples from 

stomach, jejunum, liver, spleen, kidney and lung (Fig. 4C). 

Light microscopic examination of immunohistochemistry staining of duodenal sections 

demonstrated an increased expression of VEGF or PDGF in the granulation tissue of the ulcer 

crater, especially in endothelial cells and macrophages. Furthermore, VEGF and PDGF 

positivity was also seen in monocytes in the duodenal lamina propria of rats after gene therapy 

with VEGF or PDGF, whereas, this was not seen in the controls (Fig. 5)    

The concentration of endogenous VEGF and PDGF was increased by 40-50% in the 

duodenal mucosa after 7 and 14 days with ND or AV of VEGF or PDGF as measured by ELISA 

(Fig. 6). This confirms the findings by the Western blots and IHC. Surprisingly, the levels of 

endogenous bFGF were also increased by 50-70 % mainly after ND or AV of PDGF treatment in 

7 days. 
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Discussion 

The present study showed that gene therapy with ND or AV of PDGF and VEGF after local 

(intraduodenal instillation) or systemic (intravenous injection) administration accelerated the 

healing of experimental duodenal ulcers. The AV seemed to be more effective, especially with 

VEGF than the ND, although these results are not directly comparable since the delivery vehicle 

(AV vs. ND) of gene therapy was different. The dose of 5 x 108 pfu in the present study did not 

induce broad transduction in distal organs. Furthermore, after the local administration the AV 

transduction was only localized in the duodenum, stomach and jejunum. In addition, our results 

showed that a 10-fold less than the regular dose (5 x 108 pfu) was also effective in accelerating 

duodenal ulcer healing (Szabo et al., 2001). Thus, the possible risks induced by adenovirus 

would be decreased by using a lower dose and local administration in gene therapy for duodenal 

ulcer. 

Although the ND, unlike the AV, does not result in a strong transfection in cells (e.g., it is 

taken up chiefly by free diffusion), numerous studies have successfully demonstrated 

transduction of genes into target cells with a variety of vectors, and have provided 'proof-in-

principle' that gene transfer can result in prolonged in vivo expression of transduced genes and an 

excess of cellular accumulation located in the targeting tissues (Davidson et al., 2001; Prince, 

1998). Intramuscular injection of ND encoding VEGF augmented development of collateral 

vessels and tissue perfusion in limb ischemia (Tsurumi et al., 1996).  Local administration of ND 

encoding VEGF markedly improved the healing of ischemic diseases such as myocardial infarcts 

(Losordo et al., 1998; Giordano et al., 1996) and peripheral ischemic ulcers (Isner et al., 1996; 

Takeshita et al, 1996). These findings may be cautiously interpreted to indicate that 

intramuscular injection of ND achieves constitutive overexpression of VEGF sufficient to induce 

therapeutic angiogenesis in patients with critical limb ischemia.  

Adenovirus has been widely used as a vector for gene transfer because it possesses relatively 

high transduction efficiency into a variety of cells in the postmitotic stage. This may be the main 

reason why duodenal ulcer healing after gene therapy with adenoviral vector of VEGF or PDGF 

was better than the ND gene therapy in the present study. The major limitations of gene therapy 

with viral vectors, however, are the lack of sustained expression, because the viral DNA does not 

integrate into the host genome. Antigenicity against viral proteins by both humoral and cytotoxic 

T-lymphocytes and possible toxicity at high dose could be other limiting factors (Prince, 1998). 
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  Of particular interest in the present study is that the local or systemic administration of 

either VEGF or PDGF gene therapy increased the levels of both VEGF and PDGF in the 

duodenal mucosa as demonstrated by both Western blotting analysis and immunohistochemistry 

staining. VEGF and PDGF levels were increased early, e.g., more after 7 days than 14 days, 

probably representing a rapid response to tissue injury. Furthermore, ND PDGF increased the 

local expression of PDGF and decreased ulcer size only in 7 days but not after 14 days. The 

exact mechanisms are not clear. Some investigations have showed that PDGF may induce VEGF 

production in smooth muscle cells (Iruela-Arispe et al., 1995; Brogi et al., 1994; Wang et al., 

1999; Kronemann et al., 1999). PDGF is thought to induce VEGF through activation of PDGF ß 

receptor expressed on endothelial cells (Wang et al., 1999). The expression of PDGF ß receptor 

on endothelial cells is a prerequisite for PDGF to elicit a direct effect on neovascularization. 

Several research groups have reported up-regulation of the PDGF ß receptors for the capillary 

endothelial cells in human carcinoid tumors, in wounds, and inflammatory tissues (Reuterdahl, 

1991; Reuterdahl, 1993; Funa et al., 1990). These results suggest that PDGF may have a direct 

effect on endothelial cells undergoing angiogenesis. In this regard, PDGF may act as a mitogen 

and directly stimulate endothelial cell proliferation (Battegay et al., 1994), or it may induce 

VEGF expression in endothelial cells, which in turn causes an autocrine stimulation through 

VEGF receptors (Ferrara and Davis-Smyth, 1997). 

 The histologic and histochemical examination of ulcer healing in the present study has 

interesting implications. Namely, many mucus-secreting cells such as goblet cells appeared in 

the early stages of reepithelization of the mucosa after gene therapy (e.g., some food particles 

were trapped in the granulation tissues under the new epithelium), while the new flat epithelium 

on the edge of the control rat ulcer did not contain these mucus-secreting cells. We did not see 

this extensive and rapid regeneration of specialized epithelial cells in our previous studies using 

not only antisecretory drugs but not even after peptide treatment with growth factors such as 

VEGF, PDGF or bFGF.  

We also detected in the present study elevated bFGF concentration mainly after treatment 

with naked DNA or adenoviral vector of PDGF.  It is unclear how PDGF modulates bFGF 

induction but a recent study demonstrated that bFGF could affect PDGF production by specific 

upregulation of the PDGF α receptor in vascular smooth muscle cells (Russo et al., 2002). Our 

previous studies demonstrated that oral treatment with either naturally occurring bFGF or its acid 
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resistant mutein (bFGF-CS223) at 100 ng/100 g twice daily for 3 weeks accelerated the healing 

of cysteamine-induced chronic duodenal ulcer (Szabo et al., 1991; Szabo et al., 1994). 

Endogenous bFGF was visualized by immunostaining techniques in the rat duodenum after 

cysteamine administration, and bFGF immunoreactivity was time-dependently reduced in the 

mucosa, submucosa and muscularis propria (Szabo et al., 1993; Kusstatscher e al., 1993; 

Sakoulas et al., 1993).   

In summary, gene therapy with ND or AV of VEGF or PDGF significantly accelerated the 

healing of superficial, penetrated or perforated chronic duodenal ulcers 7 and 14 days after the 

administration of duodenal ulcerogen cysteamine. We found the fast reepithelization and 

mucosal regeneration after AV of VEGF or PDGF gene therapy included new specialized, e.g., 

mucus-secreting PAS-positive cells. We detected increased levels of endogenous VEGF and 

PDGF by Western blotting, ELISA and immunostaining in duodenal tissues after either VEGF or 

PDGF gene therapy. Broad expression of the adenoviral transgenes in distal organs was seen 

only after i.v. administration of AV. Thus, VEGF and PDGF gene therapy, especially with 

adenoviral vector, seems to be a new modality of achieving a rapid duodenal ulcer healing. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 13

Acknowledgement 

The authors like to thank Drs. Meenhard Herlyn for providing the adenovirus of VEGF and 

PDGF and Kevin P. Claffey for providing the naked DNA of VEGF and PDGF. Also, the 

authors would like to thank Sundra Crooms and Ann Jones for hematoxylin and eosin staining 

and immmunostaining, and Dr. Klara K. Osapay for her help in making the high quality figures.   

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 14

References 

Battegay EJ, Rupp J, Iruela-Arispe L, Sage EH and Pech M (1994) PDGF-BB modulates 

endothelial proliferation and angiogenesis in vitro via PDGF beta-receptors. J Cell Biol 125: 

917-928. 

 

Brogi E, Wu T, Namiki A and Isner JM (1994) Indirect angiogenic cytokines upregulate VEGF 

and bFGF gene expression in vascular smooth muscle cells, whereas hypoxia upregulates 

VEGF expression only. Circulation 90:649-652. 

 

Davidson MJ, Jones JM, Emani SM, Wilson KH, Jaggers J, Koch WJ and Milano CA (2001) 

Cardiac gene delivery with cardiopulmonary bypass. Circulation 104:131-133. 

 

Ferrara N and Davis-Smyth T (1997) The biology of vascular endothelial growth factor. Endocr 

Rev 18: 4-25. 

 

Funa K, Papanicolaou V, Juhlin C, Rastad J, Akerstrom G, Heldin CH and Oberg K (1990) 

Expression of platelet-derived growth factor beta-receptors on stromal tissue cells in human 

carcinoid tumors. Cancer Res 50: 748-753. 

 

Giampaolo C, Gray AT, Olshen RA and Szabo S (1991) Predicting chemically induced duodenal 

ulcer and adrenal necrosis with classification trees. Proc Natl Acad Sci USA 88:6298-6302. 

 

Giordano FJ, Ping P, McKirnan MD, Nozaki S, DeMaria AN, Dillmann WH, Mathieu-Costello 

O and Hammond HK (1996) Intracoronary gene transfer of fibroblast growth factor-5 

increased blood flow and contractile function in an ischemic region of the heart. Nature Med 

2:534-539. 

 

Iruela-Arispe L, Gordon K, Hugo C, Duijvestijn AM, Claffey KP, Reilly M, Couser WG, Alpers 

CE and Johnson RJ (1995) Participation of glomerular endothelial cells in the capillary repair 

of glomerulonephritis. Am J Pathol 147: 1715-1727. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 15

Isner JM, Pieczek A, Schainfeld R, Blair R, Haley L, Asahara T, Rosenfield K, Razvi S, Walsh 

K and Symes JF (1996) Clinical evidence of angiogenesis after arterial gene transfer of 

phVEGF165 in patient with ischemic limb.  Lancet 348: 370-374. 

 

Kronemann N, Bouloumi A, Bassus S, Kirchmaier CM, Busse R and Schini-Kerth VB (1999) 

Aggregating human platelets stimulate expression of vascular endothelial growth factor in 

cultured vascular smooth muscle cells through a synergistic effect of transforming growth 

factor-beta (1) and platelet-derived growth factor (AB). Circulation 100: 855-860. 

 

Kusstatscher S, Bishop J and Brown L (1993) Basic fibroblast growth factor (bFGF) 

immunolocalization in duodenum of normal rats after duodenal ulcer induction. 

Gastroenterology 104: A125. 

 

Kypson AP, Peppel K, Akhter SA, Lilly RE, Glower DD, Lefkowitz RJ, and Koch WJ (1998) Ex 

vivo adenovirus-mediated gene transfer to the adult rat heart. J Thorac Cardiovasc Surg 

115:623-30. 

 

Liechty KW, Nesbit M, Herlyn M, Radu A, Adzick NS, and Crombleholme TM (1999) 

Adenoviral-mediated overexpression of platelet-derived growth factor-B corrects ischemic 

impaired wound healing. J Invest Dermatol 113:375-383. 

 

Losordo DW, Vale PR, Symes JF, Dunnington CH, Esakof DD, Maysky M, Ashare AB, Lathi K 

and Isner JM (1998) Gene therapy for myocardial angiogenesis initial clinical results with 

direct myocardial injection of phVEGF165 as sole therapy for myocardial ischemia. 

Circulation 98: 2800-2804. 

 

Morales RE, Johnson BR and Szabo S (1992) Endothelin induces vascular and mucosal lesions, 

enhances the injury by HCl/ethanol, and the antibody exerts gastroprotection. FASEB J 6: 

2354-2360l. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 16

Pihan G, Rogers C and Szabo S (1988) Vascular injury in acute gastric mucosal damage. 

Mediatory role of leukotrienes. Dig Dis Sci 33: 625-632. 

 

Prince HM (1998) Gene transfer: a review of methods and applications. Pathology 30: 335-347. 

Reuterdahl C (1991) Characterization of platelet-derived growth factor beta-receptor expressing 

cells in the vasculature of human rheumatoid synovium. Lab Invest 64: 321-329.  

 

Reuterdahl C (1993) Tissue localization of beta-receptors for platelet-derived growth factor and 

platelet-derived growth factor B chain during wound repair in humans. J Clin Invest 91: 

2065-2075.  

 

Russo K, Ragone R, Facchiano AM, Capogrossi MC and Facchiano A (2002) Platelet-derived 

growth factor-BB and basic fibroblast growth factor directly interact in vitro with high 

affinity. J Biol Chem 277: 1284-1291. 

 

Sakoulas G, Kusstatscher S and Ku PT (1993) Role of endogenous basic fibroblast growth factor 

in duodenal ulceration. Dig Dis Sci 38: A125. (Abstr.) 

 

Selye H and Szabo S (1973) An experimental model for the production of perforating duodenal 

ulcers by cysteamine in the rat. Nature 244:458-459. 

 

Sonnenberg A (1997) Health impact of peptic ulcer in the United States. Am J Gastroenterol 

92:614-620. 

 

Szabo S (1989) Vascular and Motility Factors, in Pharmacological Modulation of Cellular 

(Garner A and Whittle BJR eds) pp 205-220, John Wiley & Sons. Ltd. London, UK.  

 

Szabo S and Sandor Z (1996) Basic fibroblast growth factor and PDGF in GI diseases.   

Baillere's Clin Gastroenterol 10:97-112.   

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 17

Szabo S and Selye H (1972) Duodenal ulcers produced by propionitrile in rats. Arch Path 

93:390-391.  

 

Szabo S, Deng X, Khomenko T, Yoshida M, Jadus MR, Sandor Z, Gombos Z and Matsumoto H 

(2001) Gene expression and gene therapy in experimental duodenal ulceration. J Physiol 

Paris 95: 325-335.  

 

Szabo S, Folkman J, Vattay P, Morales RE and Kato K (1991) Mechanisms of Peptic Ulcer 

Healing, in Tytgat GNJ (Halter F and Garner A eds) pp 139-150, Kluwer Academic & 

Publishers. London, UK. 

 

Szabo S, Folkman J, Vattay P, Morales RE, Pinkus GS and Kato K (1994) Accelerated healing 

of duodenal ulcers by oral administration of a mutein of basic fibroblast growth factor in rats.  

Gastroenterology 106:1106-1111. 

 

Szabo S, Folkman J, Vincze A, Sandor Zs and Gombos Z (1997) Modulation of vascular factors 

by VEGF/VPF (vascular endothelial growth factor/vascular permeability factor) is sufficient 

for chronic ulcer healing and acute gastroprotection.  Gastroenterology 112: A303. (Abstr.) 

 

Szabo S, Gombos Z and Sandor Z (1999) Growth factors in gastrointestinal diseases. Z Bio 

Drugs  12:27-41. 

 

Szabo S, Sakoulas G, Kusstatscher S and Sandor Z (1993) Effects of endogenous and exogenous 

basic fibroblast growth factor in ulcer healing. Eur J Gastroenterol Hepatol  5 (Suppl 3): 

S53-S57. 

 

Szabo S, Vincze A, Sandor Z, Jadus M, Gombos Z, Pedram A, Levin E, Hagar J and Iaquinto G 

(1998) Vascular approach to gastroduodenal ulceration: new studies with endothelins and 

VEGF. Dig Dis Sci 43:40S-45S. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 18

Takeshita S, Tsurumi Y, Couffinanhl T, Asahara T, Bauters C, Symes J, Ferrara N and Isner JM 

(1996) Gene transfer of naked DNA encoding for three isoforms of vascular endothelial 

growth factor stimulates collateral development in vivo. Lab Invest 75:487-501. 

Tsurumi Y, Takeshita S, Chen D, Kearney M, Rossow ST, Passeri J, Horowitz JR, Symes JF and 

Isner JM (1996) Direct intramuscular gene transfer of naked DNA encoding vascular 

endothelial growth factor augments collateral development and tissue perfusion. Circulation 

94: 3281-3290. 

 

Wang D, Huang S, Kazlauskas A and Cavenee WK (1999) Induction of vascular endothelial 

growth factor expression in endothelial cells by platelet-derived growth factor through the 

activation of phosphatidylinositol 3-kinase.  Cancer Res  59: 1464-1472. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 19

Footnotes 
 
a) Source of financial support: The present study was supported by a Department of Veterans 
Affairs, Veterans Health Administration Merit Review grant. 
 

b) Reprints requests to:  Sandor Szabo, MD, PhD, MPH  
VA Medical Center 
5901 E. 7th Street 
Long Beach, CA 90822 
Tel: 562-826-5921 
Fax: 562-826-5623 
E-mail: sandor.szabo@med.va.gov 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 9, 2004 as DOI: 10.1124/jpet.104.071464

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #071464  

 20

Legends for figures: 

Figure 1. The size of duodenal ulcers in 7 and 14 days after AV or ND of VEGF or PDGF 

compared with controls. * P < 0.05 and ** P < 0.01. n=6-12. 

 

Figure 2. A: The gross appearance of cysteamine-induced duodenal ulcers (arrows) after i.d. or 

i.v. administration of AV of Lac Z (control), VEGF or PDGF in 7 or 14 days: the ulcers are 

reduced or not visible after gene therapy. B: (a) Duodenal ulcer in a control rat (hematoxylin and 

eosin): the normal duodenal mucosa (i) is interrupted with sharply demarcated ulcer crater which 

consists of necrotic (ii) and granulation tissue (iii). (b) A control duodenal ulcer stained with the 

PAS method which delineates mucus secreting goblet cells (i) and Brunner glands (ii) in the 

submucosa. The new flat epithelium on the edge of control ulcer does not contain mucus 

secreting cells (iii). (c) Another control ulcer stained with the trichrome technique: the 

epithelium (i) and liver (ii) (penetrating ulcer into the liver) are red. The granulation tissue with 

dense collagen is blue (iii), and the loose granulation tissue is greenish-blue (iv). (d) Trichrome 

staining of a healed duodenal ulcer after AV of VEGF: Reepithelization (i) of granulation tissue 

which contains dense collagen (ii) and multinucleated giant cells (iii).  (e) PAS staining of a 

completely healed duodenal ulcer 14 days after AV PDGF treatment: Goblet cell-containing 

reepithelization (i) over the food particles (ii) and multinucleated giant cells (iii) trapped by 

dense granulation tissue. (f) Similar, healed duodenal ulcer stained with PAS: new epithelium 

with mucus secreting goblet cells (i), dense granulation tissue with food particles (ii) and 

multinucleated giant cells (iii).  

 

Figure 3. Localization (blue staining) of transducted Lec Z AV in multiple organs 48 hr after i.v. 

or i.d. administration with a single dose of 5x108pfu/ra. Du: duodenum, St: stomach, Je: jejunum, 

Li: liver, Sp: spleen, Ki: kidney, and Lu: lung. 

 

Figure 4. A: VEGF and PDGF measured by Western blot in the duodenal mucosa 7 and 14 days 

after AV or ND of VEGF or PDGF treatment. B: VEGF and PDGF measured by Western blot in 

the other organs 7 days after AV of Lec Z, VEGF or PDGF treatment. St: stomach, Je: jejunum, 

Li: liver, Sp: spleen, Ki: kidney, and Lu: lung. 
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Figure 5. Expression of VEGF and PDGF detected by IHC in the duodenum 7 or 14 days after 

induction of duodenal ulcer by cysteamine and treatment with ND or AV of VEGF or PDGF. 

Growth factors were not detected (no brown staining) in duodenal ulcers of control rats after 

either anti-VEGF (a) or anti-PDGF (b) antibodies. In ulcer samples after VEGF or PDGF gene 

therapy, positive staining of endothelial cells, macrophages and monocytes was seen (arrows): c= 

VEGF staining after ND-PDGF 100ug, i.d.; d = VEGF staining after ND-VEGF 200ug i.v.; e = 

PDGF staining after ND-PDGF 200ug i.v.; f = PDGF staining after ND-PDGF 100ug i.d.; g = 

VEGF staining after AV-VEGF 5 x 108pfu i.d.; h = PDGF staining after AV-PDGF 5 x 108pfu 

i.d.  

 

Figure 6. Concentration of VEGF, PDGF and bFGF in duodenal mucosa measured by ELISA 7 

days after induction of duodenal ulcer induced by cysteamine and treatment with naked DNA 

(ND) or adenoviral vector (AV) of VEGF or PDGF. 
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3rd dayx1i.d.0.1100 µg/ratND-PDGF9

3rd, 5th dayx2i.v.0.1200 µg/ratND-PDGF10

3rd, 5th dayx2i.v.0.1200 µg/ratND-VEGF8

3rd dayx1i.d.0.1100 µg/ratND-VEGF7

3rd dayx1i.d.0.1TE buffer6

3rd dayx1i.v.0.15 x 108 pfu/ratAV-PDGF5

3rd dayx1i.d.0.15 x 108 pfu/ratAV-PDGF4

3rd dayx1i.v.0.15 x 108 pfu/ratAV-VEGF3

3rd dayx1i.d.0.15 x 108 pfu/ratAV-VEGF2

3rd dayx1i.d.0.15 x 108 pfu/ratAV-Lec Z1

Route
Time of 
injection

Frequency
Volume       

(ml)
DoseVectorGroup

Table 1. Treatment groups of rats with cysteamine-induced duodenal ulcers
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