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Our previous studies demonstrated that enhanced ep-
ithelial cell proliferation is important for healing of
experimental esophageal ulcers. However, the roles
of angiogenesis, its major mediator, vascular endo-
thelial growth factor (VEGF), and the mechanism(s)
regulating VEGF expression during esophageal ulcer
healing remain unknown. Esophageal ulcers were in-
duced in rats by focal application of acetic acid. We
studied expressions of hypoxia-inducible transcrip-
tion factor-1a (HIF-1a), an activator of the VEGF gene,
and VEGF by reverse transcriptase-polymerase chain
reaction, Western blotting, and immunostaining. To
determine the efficacy of VEGF gene therapy in
esophageal ulcer healing, we studied whether a single
local injection of plasmid cDNA encoding recombi-
nant human VEGF, ¢4 affects ulcer healing and angio-
genesis. Esophageal ulceration induced HIF-1a pro-
tein expression and VEGF gene activation reflected by
increased VEGF mRNA (240%) and VEGF protein
(310%) levels. HIF-1a protein was expressed in mi-
crovessels bordering necrosis where it co-localized
with VEGF. Injection of cDNA encoding VEGF, ¢ sig-
nificantly enhanced angiogenesis and accelerated
esophageal ulcer healing. These results: 1) suggest
that HIF-1a may mediate esophageal ulceration-trig-
gered VEGF gene activation, 2) indicate an essential
role of VEGF and angiogenesis in esophageal ulcer
healing, and 3) demonstrate the feasibility of gene
therapy for the treatment of esophageal ulcers. (Am
J Pathol 2002, 161:1449—-1457)

Although the cellular and molecular mechanisms of gas-
tric ulcer healing have been extensively studied and well
characterized,’™® the mechanisms involved in the healing
of esophageal ulcers remain poorly understood. Our pre-
vious studies demonstrated that enhanced epithelial pro-
liferation at the ulcer margin is an important component of
experimental esophageal ulcer healing.®” However, the
role of other factors, such as angiogenesis and its medi-
ators, in esophageal ulcer healing remains unknown. An-
giogenesis—formation of new capillary blood vessels—in
granulation tissue at the ulcer base is essential for gastric
ulcer healing because it enables oxygen and nutrient
delivery to the healing site.® There are however, major
structural and functional differences between gastric and
esophageal mucosa as well as differences in mediators
of gastric and esophageal ulcer healing. Gastric mucosa
consists of glands composed of a single layer of epithe-
lial cells embedded into a richly vascularized lamina
propria.® In contrast, esophageal mucosa is composed
of a thick stratified squamous epithelium consisting of
several layers of epithelial cells covering less well vascu-
larized lamina propria.® Therefore, the healing of esoph-
ageal ulcers could be less dependent on angiogenesis
than that of gastric ulcers. Epidermal growth factor and
hepatocyte growth factor (but not keratinocyte growth
factor) genes are induced by gastric ulceration and play
an essential role in healing of gastric glandular epithelial
structures.’'° In contrast, as demonstrated in our pre-
vious study, keratinocyte growth factor seems to be im-
portant for esophageal re-epithelialization and esopha-
geal ulcer healing.® The role of angiogenic growth factors
in esophageal ulcer healing has not been explored.
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Vascular endothelial growth factor (VEGF), an endo-
thelial cell-specific mitogen, is the most potent angio-
genic growth factor.' Previously, we demonstrated that
exogenous VEGF accelerates healing of ethanol-induced
gastric erosions'? and that VEGF gene activation is re-
quired to elicit the angiogenic response in acutely injured
gastric mucosa.'® VEGF has also been implicated in the
angiogenic response to gastric ulceration'* and a single
local injection of a nonviral plasmid encoding recombi-
nant human (rh) VEGF,gs has been shown to stimulate
angiogenesis and accelerate experimental gastric ulcer
healing.'® However, the roles of endogenous and exog-
enous VEGF in healing of esophageal ulcers remain un-
explored. In addition, the mechanism(s) responsible for
the induction of VEGF expression during esophageal
and/or gastrointestinal ulcer healing are not known. Hy-
poxia is a potent stimulator of VEGF gene expres-
sion."®"” Hypoxia induces VEGF gene expression via the
hypoxia-inducible factor (HIF)-1,"8'° which is composed
of two subunits: HIF-1a and HIF-18.2°2" Under normoxic
conditions, HIF-1B protein is relatively stable, whereas,
HIF-1« protein is continuously produced but rapidly de-
graded.?? In contrast, hypoxia stabilizes the HIF-1a pro-
tein leading to its accumulation within the cell and forma-
tion of the active HIF-1 complex.2"?2 A recent study
demonstrated that HIF-1a mRNA is induced during der-
mal wound healing,?® but the expression of HIF-1a pro-
tein during healing of esophageal as well as other gas-
trointestinal ulcers has not been investigated.

This study was aimed to determine whether: 1) esoph-
ageal ulceration induces HIF-1«, 2) activates the VEGF
gene, and 3) a single local injection of a nonviral plasmid
encoding rhVEGF,gs cDNA affects angiogenesis and
healing of experimental esophageal ulcers.

Materials and Methods

Induction of Esophageal Ulcers

This study was approved by the Subcommittee for Animal
Studies of the Long Beach (CA) Department of Veterans
Affairs Medical Center. Male Sprague-Dawley rats,
weighing 225 to 250 g, were used in the experiments.
Rats were kept individually in wire-bottom cages with free
access to a standard rat chow (Rodent diet no.8504;
Harlan Teklad, Madison, WI) and water. The animal room
was illuminated on 12-hour light-dark cycles. Room tem-
perature was kept at 18 to 22°C and humidity at 60 to
70%. Rats underwent laparotomy under ketamine-xyla-
zine anesthesia (40 mg/kg body wt of ketamine and 5
mg/kg body wt of xylazine, i.p.). Esophageal ulcers were
induced by modification of the method described by Tsuji
and colleagues®* In brief, 100% acetic acid (30 uL) was
applied focally to the anterior wall of the intra-abdominal
esophagus through a polyethylene tube (3-mm inner di-
ameter) for 3 minutes. The area was then washed with
isotonic saline and the abdomen was closed. Control rats
underwent similar procedures except application of ace-
tic acid (sham operation).

Effect of Ulceration on HIF-1a, HIF-18, and
VEGF Expression

Rats with esophageal ulcers and sham-operated rats
were euthanized 1, 3, and 7 days after ulcer induction or
sham operation. In each rat, a 1-cm-long segment of the
esophagus was excised and cut longitudinally (through
the center of the ulcer crater in rats with esophageal
ulcers) into two portions. One half was snap-frozen in
liquid nitrogen and stored at —80°C for RNA isolation and
protein extraction and the other half was fixed in 10%
formalin for immunostaining.

Effects of Injection of a Plasmid Encoding
rhVEGF, 45 on Esophageal Ulcer Healing

In rats undergoing gene therapy, immediately after ulcer
induction either 100 ug of plasmid DNA encoding the
full-length cDNA of rhVEGF, g5 (VEGF group) or 100 ug of
plasmid without cDNA insert (control group) was injected
into the esophageal muscle layers around the area of
ulcer induction. Three and 7 days after ulcer induction/
injection, six rats from each group (control and VEGF)
were euthanized. In each rat, the esophagus was ex-
cised, opened longitudinally, and the ulcer was photo-
graphed. The area of mucosal defect (ulcer area) was
measured using a computerized video analysis system
(Image 1/FL; Universal Imaging Corp., Westchester, PA),
and a 1-cm-long segment of the esophagus (including
ulcer) was excised and fixed in 10% formalin for immu-
nohistochemical staining. In additional experiments, rats
injected with plasmid encoding rhVEGF, g5 or with control
plasmid were euthanized 7 and 14 days after ulcer in-
duction.

Plasmid Preparation

The plasmid encoding the full-length cDNA of the
rhVEGF, 45 gene fused at the C-terminus to the 6XxHis
epitope tag was constructed essentially in the same way
as previously described for the plasmid encoding rh
angiopoietin-1.2>2¢ The same plasmid used for VEGF
gene construct, but without a cDNA insert, served as
control. Plasmids were amplified in DHb5a bacteria and
were purified free of endotoxin using an endo-free plas-
mid maxi kit (Qiagen, Valencia, CA).

Determination of VEGF mRNA Expression by
Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

RNA was isolated using RNeasy mini kit (Qiagen) accord-
ing to the manufacturer’s instructions. RT-PCR was per-
formed as described previously.'® The primers for VEGF
were 5'-CCTGGTGGACATCTTCCAGGAGTACC-3' (sense)
and 5'-GAAGCTCATCTCTCCTATGTGCTGGC-3' (anti-
sense), and the size of the amplified fragment conserved in
all of the variant spliced forms was 196 bp. PCR for B-actin
was used as a positive control and as an internal standard.



The specific primer set for rat B-actin was purchased from
Clontech Laboratories, Inc., Palo Alto, CA. For the quantita-
tive assessment of the PCR products, a computerized video
analysis system (Image-1/FL, Universal Imaging Corp.) was
used. The results are expressed as the VEGF/B-actin ratio.

Determination of HIF-1a, HIF-18, VEGF, and
6XHis-VEGF, s Protein Expression by Western
Blotting

Protein extraction and Western blotting were performed
as described previously.® Equal amounts of protein (150
wg) were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred to nitrocellu-
lose membranes. The membranes were incubated with
mouse anti-HIF-1a monoclonal antibody (Novus Biologi-
cals, Littleton, CO), mouse anti-HIF-18 monoclonal anti-
body (Novus Biologicals), or mouse anti-VEGF monoclo-
nal antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
at room temperature for 1 hour. The membranes were
then washed and incubated with peroxidase-conjugated
anti-mouse goat immunoglobulin (Transduction Labora-
tories, Lexington, KY) at room temperature for 1 hour. For
determination of 6XHis-VEGF,45 fusion protein expres-
sion, the membranes were incubated with rabbit poly-
clonal anti-6xHis antibody (Santa Cruz Biotechnology)
and peroxidase-conjugated anti-rabbit goat immuno-
globulin (Sigma Chemical Co., St. Louis, MO). Signal of
bound antibodies was visualized using enhanced chemi-
luminescence Western blotting detection reagents (Am-
ersham Life Science, Arlington Heights, IL). Protein levels
were measured using a computerized video analysis sys-
tem (Image-1/FL, Universal Imaging Corp.).

Determination of HIF-1«, VEGF, and
6XHis-VEGF, g5 Protein Expression by
Immunohistochemical Staining

Deparaffinized sections were incubated with either anti-
HIF-1a antibody or anti-VEGF antibody overnight at 4°C.
After washing with phosphate-buffered saline (PBS), the
sections were incubated with multilink swine immuno-
globulin (DAKO, Carpinteria, CA) followed by washing
with PBS and incubation with StreptABComplex (DAKO).
The color was developed with the AEC Substrate System
(DAKO) and the sections were counterstained with Mayer’s
hematoxylin (DAKO). For determination of 6XHis-VEGF g5
protein expression, the sections were incubated with anti-
6XxHis antibody and corresponding fluorescein isothiocya-
nate-conjugated immunoglobulin (Sigma Chemical Co.).
Immunofluorescence signal was evaluated using a Nikon
Optiphot epifluorescence microscope (Nikon Inc., Gar-
den City, NY) with an Omega filter fluorescein isothiocya-
nate/Tex Red.

Assessment of Angiogenesis

To identify microvessels, enhanced polymer one-step
staining®” with monoclonal mouse antibody against Fac-
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tor Vlll-related antigen (DAKO), which specifically de-
tects endothelial cells, was used. Deparaffinized sections
were incubated with antibody for 1 hour at room temper-
ature. Color was developed with 3,3’-diaminobenzidine
tetrahydrochloride (DAKO) and the sections were coun-
terstained with Mayer’s hematoxylin (DAKO). Factor VIII-
related antigen-positive microvessels were counted in
two microscopic fields (X200 magnification) in granula-
tion tissue immediately below the ulcer margin at each
side. The results were expressed as a number of mi-
crovessels per mm? (microvessel density). Coded sec-
tions were evaluated by two investigators unaware of the
code. Two sections per each rat were evaluated and the
mean was calculated.

Statistical Analysis

Results are expressed as the mean = SD. Student’s t-test
was used to determine statistical significance of differ-
ences between two treatment groups. Comparisons of
data between multiple groups were performed with anal-
ysis of variance followed by Bonferroni correction. Pear-
son product moment correlation analysis was used to
determine the significance of relationship between vari-
ables. A P value of <0.05 was considered statistically
significant.

Results

HIF-1« and HIF-18 Protein Expression by
Western Blotting

In normal, nonulcerated esophageal tissue of sham-op-
erated rats HIF-1a protein expression was not detected
by immunoblotting at all time points (Figure 1). In con-
trast, HIF-1a protein expression was detected in ulcer-
ated esophageal tissue as early as 1 day after ulcer
induction and was significantly increased both 3 and 7
days versus 1 day after ulcer induction (Figure 1). HIF-13
protein expression was not significantly affected by
esophageal ulceration (Figure 1).

VEGF mRNA Expression by RT-PCR

VEGF mRNA levels in ulcerated esophageal tissue were
significantly increased versus nonulcerated esophageal
tissue 1 day after ulcer induction. Three and 7 days after
ulcer induction, VEGF mRNA levels in ulcerated esoph-
ageal tissue were increased 240% and 210%, respec-
tively, versus the corresponding nonulcerated esopha-
geal tissue of sham-operated rats (Figure 2).

VEGF Protein Expression by Western Blotting

Western blotting with specific anti-VEGF antibody dem-
onstrated the presence of the secreted form of VEGF
protein, VEGF,4s, in nonulcerated rat esophageal tissue
(Figure 3). One day after ulcer induction, VEGF 45 protein
levels in ulcerated esophageal tissue were not signifi-
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Figure 1. Western blot detection of HIF-1a and HIF-1 protein expression
in ulcerated (UL) esophageal tissue versus nonulcerated esophageal tissue
from sham-operated (SO) rats 1, 3, and 7 days after ulcer induction or sham
operation. Top: Immunoblotting with anti-HIF-1a antibody detected specific
~120-kd bands only in ulcerated, but not in nonulcerated esophageal tissue
of sham-operated rats. Immunoblotting with anti-HIF-1f antibody detected
specific ~95-kd bands in both ulcerated and nonulcerated esophageal tissue
of sham-operated rats. Bottom: Quantitative data for HIF-1a protein expres-
sion in ulcerated esophageal tissue. Data were obtained by a computerized
video analysis of the Western blots. Values are expressed in intensity units
and represent means * SD. For each column, n = 6.

cantly different from those in nonulcerated esophageal
tissue. However, 3 and 7 days after ulcer induction,
VEGF, 45 protein levels in ulcerated tissue were increased
310% and 290%, respectively, versus the corresponding
nonulcerated esophageal tissue from sham-operated
rats (Figure 3). The expression of the larger nonsecreted
form of VEGF protein was affected by esophageal ulcer-
ation similarly to that of VEGF,45 (data not shown).

HIF-1a and VEGF Protein Expression by
Immunostaining

There was no positive staining for HIF-1a in sections of
nonulcerated esophagus of sham-operated rats incu-
bated with anti-HIF-1a antibody (Figure 4A). In contrast, 3
days after ulcer induction, HIF-1« signal was present in
endothelial cells of microvessels of the esophageal mus-
cularis propria adjacent to the necrotic tissue (Figure 4B)
and in submucosal vessels below the ulcer margin. In
nonulcerated esophagus of sham-operated rats, VEGF
signal was detected in some microvessels (endothelial
cells and pericytes) of muscularis propria (Figure 4C), in
muscularis mucosa, in large submucosal vessels, and in
basal epithelial cells. Three days after ulcer induction,
VEGF signal was significantly enhanced and expanded
to all microvessels of the muscularis propria adjacent to
the ulcer bed (Figure 4D). VEGF (but not HIF-1a) signal
was also detected in esophageal epithelial cells at the
ulcer margin (data not shown).
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Figure 2. VEGF mRNA expression in ulcerated (UL) and nonulcerated
esophageal tissue from sham-operated (SO) rats detected by RT-PCR. Tissues
were obtained 1, 3, and 7 days after ulcer induction or sham operation. Top:
RT-PCR products obtained with use of specific primers that recognize all four
isoforms of VEGF mRNA (196 bp) and primers that recognize rat B-actin.
Bottom: Quantitative data for VEGF mRNA expression. Data were obtained
by computerized analysis of amplified PCR products. Each signal was nor-
malized against the corresponding B-actin signal and the results are ex-
pressed as a ratio of VEGF/B-actin. Values are means * SD. For each column,
n=0.
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6XHis-VEGF, 45 Protein Expression

We detected 6xHis-VEGF,45 fusion protein by Western
blotting in ulcerated esophageal tissue obtained 7 days,
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Figure 3. Western blot detection of VEGF protein expression in ulcerated
(UL) esophageal tissue versus nonulcerated esophageal tissue from sham-
operated (SO) rats 1, 3, and 7 days after ulcer induction or sham operation.
Top: Immunoblotting with anti-VEGF antibody detected specific ~26-kd
bands for VEGF 5. Bottom: Quantitative data for VEGF 45 protein expres-
sion. Data were obtained by a computerized video analysis of the Western
blots. Values are expressed in intensity units and represent means * SD. For
each column, 7 = 6.
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Figure 4. Photomicrographs showing immunostaining for HIF-1a and VEGF in rat esophageal muscularis propria 3 days after sham-operation or ulcer induction.
A: HIF-1a signal is absent in sections from sham-operated rats. B: HIF-1a expression in microvessels adjacent to the necrotic tissue of the ulcer bed. C: VEGF
expression in microvessels of sham-operated rats. D: VEGF expression in microvessels adjacent to the necrotic tissue of the ulcer bed. Scale bars, 100 um.

but not at 14 days, after injection of plasmid encoding
rhVEGF, 45 (Figure 5). Seven days after ulcer induction,
immunofluorescence staining of histological sections
from ulcers injected with plasmid encoding rhVEGF 45
revealed specific (green fluorescence) staining of ves-
sels and microvessels in the granulation tissue of the
ulcer bed (Figure 6B). Specific (green fluorescence)
staining was absent in sections of ulcers injected with
control plasmid (Figure 6A).

Injection of a Plasmid Encoding rhVEGF ;g5
Accelerates Esophageal Ulcer Healing and
Stimulates Angiogenesis

Three days after ulcer induction, no significant difference
was detected in the ulcer size between the control and

Control VEGF

Days 7

14'"7 14

6xHis-VEGF s> | 3

Figure 5. 6XHis-VEGF,4s-fusion protein expression by Western blot anal-
ysis in ulcerated esophageal tissue 7 and 14 days after injection of either
control plasmid (control) or plasmid encoding thVEGF, 45 (VEGF).

VEGF groups indicating that injection of plasmids did not
affect the development of esophageal ulcers (data not
shown). Seven days after ulcer induction, round or oval-
shaped, clearly delineated deep mucosal defects (ul-
cers) were present in both groups, but the ulcers in the
VEGF group were significantly smaller than in the control
group (Figure 7). The mean area of mucosal defect (ulcer
area) was reduced by more than twofold from 3.1 mm? in
the control group to 1.46 mm? in the VEGF group (see
Figure 9). Three days after ulcer induction, only a few
microvessels with lumen were detected in the ulcer bed
(data not shown). Seven days after ulcer induction, gran-
ulation tissue was developed at the ulcer bed and con-
tained well formed microvessels (Figure 8). In rats in-
jected with plasmid encoding rhVEGF, 45, the number of
microvessels in granulation tissue was significantly in-
creased compared with rats injected with control plasmid
(Figure 8). Quantitative assessment of the sections
stained with antibody against Factor Vlll-related antigen
revealed that the microvessel density in granulation tis-
sue of the ulcer bed was increased 2.5-fold in the VEGF
group compared to the control group (Figure 9). Seven
days after ulcer induction/plasmid injection, a strong neg-
ative correlation was observed between the microvessel
density and the ulcer area in either control (r = —0.992,
P < 0.001) or rhVEGF,gs-injected (r = —0.978, P <
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Figure 6.

Figure 7.
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Figure 9. Quantitative evaluation of ulcer area (left) and microvessel den-
sity in granulation tissue below the epithelium of the ulcer margin (right) in
rats injected either with control plasmid (control) or plasmid encoding
rhVEGF, 45 (VEGF) 7 days after ulcer induction/injection. Ulcer area (area of
mucosal defect) was measured by a computerized video analysis system.
Microvessel density was calculated as the number of microvessels per mm?
of granulation tissue section. Values are means * SD. For each column, 7 =

6.

0.001) groups. Correlation analysis of pooled data from
both groups is presented in Figure 10.

Discussion

Vascular injury leading to ischemia is the major patho-
genic factor in the development of acute and chronic
tissue injury, including acetic acid-induced gastric ulcer-
ations.?® However, ischemia and the resultant reduction
in tissue oxygen tension (hypoxia) also trigger the angio-
genesis required to restore the microvascular network
and blood supply and, thus, enable healing of damaged
tissue.?® In the present study, newly-formed microvessels
were detected in granulation tissue of the esophageal
ulcer bed indicating an intimate involvement of angiogen-
esis in the healing of esophageal ulcers. Furthermore, a
strong negative correlation between the microvessel den-
sity in granulation tissue and the ulcer area in control rats
indicates the important role of angiogenesis in spontane-
ous healing of esophageal ulcers.

Expression of constitutively active HIF-1a in skin of
transgenic mice induces dermal hypervascularity and
dramatically increases VEGF expression demonstrating
the importance of HIF-1«a for in vivo angiogenesis and
VEGF expression.®° However, the role of HIF-1a for an-
giogenesis and VEGF expression associated with healing
of esophageal and/or gastrointestinal ulcers remains un-
clear. Previous studies have shown that hypoxia induces
VEGF expression in pulmonary artery endothelial cells."®
Our recent study demonstrated that hypoxia leads to
accumulation of HIF-1a and the induction of VEGF ex-

Angiogenesis and Esophageal Ulcer 1455
AJP October 2002, Vol. 161, No. 4

o~
]

w
©

¢}
o
Co

Ulcer area (mm?)
—_ (&}
1 1

O

=]

0 100 200 300 400 500
No microvessels/mm?

Figure 10. Correlation between the ulcer area and the microvessel density
(number of microvessels per mm? of granulation tissue section) in rats
treated with control plasmid and plasmid encoding rhVEGF, 45 7 days after
ulcer induction (pooled data). r = —0.996, P < 0.001, n = 12.

pression and angiogenesis in rat gastric microvascular
endothelial cells in vitro.3" Here, we demonstrate that
HIF-1a protein is not expressed in normal (nonischemic)
esophageal tissue, but strongly expressed in ulcerated
(ischemic) esophageal tissue. HIF-1a protein expression
was localized to microvessels adjacent to the necrotic
tissue of the ulcer bed. HIF-1a protein was expressed in
ulcerated esophageal tissue at 1 day after ulcer induction
preceding induction of VEGF protein expression. More-
over, HIF-1a signal was detected in endothelial cells of
microvessels where it co-localized with that of VEGF as
demonstrated by our immunohistochemical studies. To-
gether, these results suggest that induction of HIF-1«
protein expression may be involved in VEGF gene acti-
vation in regenerating microvessels during esophageal
ulcer healing.

In situ hybridization studies revealed that VEGF mRNA
is expressed by keratinocytes at the skin wound edge,
identifying them as an important source of VEGF during
wound healing.323% HIF-1a. mRNA expression was also
detected by in situ hybridization in basal keratinocytes at
the skin wound edge.?® Our immunohistochemical stud-
ies revealed that VEGF protein, but not HIF-1« protein is
expressed in esophageal epithelial cells at the ulcer mar-
gin. The earlier study®® evaluated HIF-1ae mRNA expres-
sion by in situ hybridization, whereas we determined
HIF-1a protein expression by immunostaining. As men-
tioned in the introduction, HIF-1« is a constitutively syn-
thesized protein that rapidly degrades under normoxic
conditions. Hypoxia stabilizes HIF-1a leading to its intra-
cellular accumulation. Therefore, it is possible that HIF-1«
mMRNA may also be expressed in esophageal epithelial
cells, but this does not necessarily lead to HIF-1« protein

Figure 6. Photomicrographs showing expression by immunohistochemical staining of 6 X His-VEGF  45-fusion protein in granulation tissue of the ulcer bed 7 days
after injection of plasmids. A: Control plasmid. Microvessels show absence of specific (green fluorescence) staining. B: Plasmid encoding rthVEGF 4. Positive
staining is present in numerous vessels and microvessels. Arrows indicate vessels. Scale bars, 50 pwm.

Figure 7. Macroscopic appearance of acetic acid-induced esophageal ulcers 7 days after injection of indicated plasmids. Esophagus was dissected and opened
longitudinally. A: Treatment with control plasmid. B: Treatment with plasmid encoding thVEGF, 5. Scale is marked in mm.

Figure 8. Photomicrographs of esophageal ulcer margin 7 days after injection of indicated plasmids. A and C: Control plasmid. B and D: Plasmid encoding
rhVEGF, 4. A and B: H&E staining. € and D: Immunostaining for Factor VIII-related antigen. Factor VIII-related antigen expression (brown staining) is present in the
cytoplasm of endothelial cells forming microvessels. e, epithelium; gt, granulation tissue; nt, necrotic tissue. Scale bars, 200 wm (A and B); 100 um (C and D).
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accumulation which was what we evaluated in our study
by the immunostaining technique.

VEGF gene transfection performed in the present
study demonstrated the essential role of VEGF-induced
angiogenesis in esophageal ulcer healing as reflected by
a strong correlation between increased microvessel den-
sity and accelerated ulcer healing. The ulcers in the
rhVEGF,4s-injected group were very small and similar in
size explaining a slightly decreased correlation coeffi-
cient in the rhVEGF, g5-injected group compared to that in
the control group. The expression of VEGF protein from
the transgene was localized to regenerating microves-
sels of the ulcer bed indicating that the gene encoding
rhVEGF, 45 was successfully transfected and was func-
tionally active. Several clinical trials evaluating efficacy
and safety of gene therapy with angiogenic growth fac-
tors reported no serious side effects associated with the
angiogenesis agent.®* Although the present study did not
specifically address systemic reactions and side effects
of the VEGF gene therapy, we did not observe any signs
of distress, change in behavior, neovascularization of
nontargeted tissues or malignancy, and there were no
animal deaths related to gene transfection. In our previ-
ous study, we demonstrated that rhVEGF,55 MRNA is
expressed in ulcerated gastric tissue only transiently and
disappeared from 7 days after plasmid injection. ' There-
fore, the respective protein could not be synthesized
beyond this time point, whereas already synthesized pro-
tein might be degraded. This can explain our finding that
rhVEGF, 45 protein was expressed only at day 7, but not
at day 14, after plasmid injection. Because VEGF acts
both as a mitogen and a survival factor for endothelial
cells,*>*® it is unlikely that discontinuation of the plasmid-
specific VEGF protein expression was because of the
increased cell turnover. In addition, expression of plas-
mid-specific VEGF protein was restricted to the granula-
tion tissue of the ulcer bed. Therefore, transient local
expression of VEGF from a transgene may represent a
preferable new therapeutic approach in the treatment of
esophageal ulcers.

This study was performed in an animal model of
esophageal ulceration caused by serosal application of
acetic acid. In humans, esophageal ulcers usually are
presented as a complication of reflux esophagitis. In
patients with reflux esophagitis and esophageal ulcers,
frequent exposure of the ulcer base to gastric contents
may adversely affect the outcome of VEGF gene therapy.
Therefore, our findings cannot be directly translated into
clinical esophageal ulcers. It should be pointed, how-
ever, that the morphological features of acetic acid-in-
duced esophageal ulcers in rats are very similar to those
of human esophageal ulcers,® which suggests that, re-
gardless of the cause, once the ulcer develops, it under-
goes similar common stages of repair and healing.

The results of the present study indicate that esopha-
geal ulceration triggers induction of HIF-1a protein ex-
pression and activation of the VEGF gene and that an-
giogenesis is an essential component of esophageal
ulcer healing. Our demonstration that VEGF gene therapy
dramatically accelerates healing of experimental esoph-
ageal ulcers may provide a rationale for future clinical

studies aimed at evaluating the efficacy of gene therapy
with angiogenic growth factors for the treatment of
esophageal ulcers.
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