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Abstract

In vitro studies have demonstrated that angiotensin (Ang)
II directly stimulates vascular smooth muscle cell (VSMC)
growth. However, it is still unclear if Ang II exerts a direct
effect on vascular hypertrophy in vivo independent of its
effect on blood pressure. In vivo gene transfer provides the
opportunity to assess the effects of increased activity of the
vascular angiotensin system in the intact animal while
avoiding an increase in circulating angiotensin or in blood
pressure. Accordingly, we transfected the human angioten-
sin converting enzyme (ACE) vector into intact rat carotid
arteries by the hemagglutinating virus of Japan-liposome
method. 3 d after transfection, we detected increased ACE
activity in the transfected artery. Inmunohistochemistry lo-
calized immunoreactive ACE in the medial VSMC as well
as in the intimal endothelial cells. The increase in vascular
ACE activity was associated with a parallel increase in DNA
synthesis as assessed by BrdU (bromo-deoxyuridine) index
and vascular DNA content. This increase in DNA synthesis
was abolished by the in vivo administration of an Ang II
receptor—specific antagonist (DuP 753). Morphometry at 2
wk after transfection revealed an increase in the wall to
lumen ratio of the ACE-transfected blood vessel as com-
pared with control vector transfected vessels. This was ac-
companied by increases in protein and DNA contents with-
out an increase in cell number. Local transfection of ACE
vector did not result in systemic effects such as increased
blood pressure, heart rate, or serum ACE activity. These
morphological changes were abolished by the administra-
tion of the Ang II receptor antagonist. In this study, we used
in vivo gene transfer to increase local expression of vascular
angiotensin converting enzyme and provided proof that in-
creased autocrine/paracrine angiotensin can directly cause
vascular hypertrophy independent of systemic factors and
hemodynamic effects. This approach has important poten-
tials for defining the role of autocrine/paracrine substances
in vascular biology and hypertension. (J. Clin. Invest. 1994.
94:978-984.) Key words: vascular angiotensin ¢ vascular
growth - in vivo gene transfer - hypertension « paracrine/
autocrine
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Introduction

The pathogenesis of vascular diseases such as hypertension,
atherosclerosis, and restenosis involves a process of vascular
remodeling associated with increased local expression of bio-
logically active substances that are postulated to play patho-
physiological roles. In hypertension, the arteries undergo a pro-
cess of vascular hypertrophy that is associated with the activa-
tion of a local angiotensin system (1-3). The potential role of
autocrine/paracrine mediators such as angiotensin in vascular
pathobiology independent from systemic factors has been sug-
gested from indirect evidence, that is, cell culture studies, mor-
phologic analysis, and/or by systemic administration of antago-
nists and agonists (1-16). To elucidate the role of a specific
autocrine/paracrine factor, we have developed an efficient in
vivo gene transfer technique to examine the consequences of
overexpression of the factor in a segment of the carotid artery
in the intact rat. This approach is particularly powerful because
the locally transfected vessel segment can be compared with
adjacent untransfected segments as well as the contralateral
vessel. Furthermore, the transfected segment is exposed to the
same blood pressure and circulating factors as the control vessel.
In this study, we examined the role of autocrine/paracrine angio-
tensin as a mediator of vascular hypertrophy in vivo. Previous
data have demonstrated that angiotensin II (Ang II)' can stimu-
late smooth muscle cell growth and modulate extracellular ma-
trix (10—-13). Ang II is generated via an enzymatic cascade in
which tissue angiotensin converting enzyme (ACE) plays a key
role (17-19). We postulate that increased vascular ACE expres-
sion induces vascular hypertrophy via increased local generation
of Ang II within the vessel wall. Our results provide the first
direct evidence that overexpression of an autocrine/paracrine
factor (i.e., angiotensin) transfected into the intact vessel wall in
vivo mediates the vascular remodeling process of hypertension
independent of systemic factors or hemodynamic stimuli.

Our approach involves the use of the hemagglutinating virus
of Japan (HVJ)-liposome gene transfer technique (20) to trans-
fer an expression vector containing human ACE cDNA driven
by a beta-actin promoter and cytomegalovirus enhancer into the
intact uninjured rat carotid artery (21—23). In this study, we
used this technique to test our hypothesis by (a) transfecting
ACE vector locally into intact rat carotid arteries in vivo, and
(b) studying the biochemical and physiological consequences
of overexpression of ACE within vessel wall. Our data demon-
strate that increased local expression of ACE within vessel wall

1. Abbreviations used in this paper: ACE, angiotensin converting en-
zyme; Ang, angiotensin; BrdU, bromo-deoxyuridine; HVJ, hemaggluti-
nating virus of Japan.



promotes autocrine/paracrine Ang II-mediated vascular hyper-
trophy in vivo.

Methods

Construction of plasmids. The pUC-CAGGS expression vector plasmid
(kindly provided by Junichi Miyazaki, Tokyo University, Tokyo, Japan)
was digested with EcoRI. The EcoRI fragment containing human trun-
cated ACE vector of RB 35-15 including two putative active sites was
inserted into the EcoRlI site in this vector by filling EcoRI ends with
T4 polymerase (21). CAGGS contains the entire envelope region open
reading frame consisting of three translation initiation codons, which
represent the amino termini of the large, middle, and major surface
(S) polypeptides downstream of the cytomegalovirus enhancer and the
chicken beta-actin promoter. The control vector used as a control was
pUC-CAGGS, which did not contain the ACE cDNA.

Preparation of HVJ-liposomes. The preparation of HVJ-liposomes
has been described previously (20-23). Briefly, phosphatidylserine,
phosphatidylcholine, and cholesterol were mixed in a weight ratio of
1:4.8:2. The lipid mixture (10 mg) was deposited on the sides of a flask
by removal of tetrahydrofuran in a rotary evaporator. Dried lipid was
hydrated in 200 ul of balanced salt solution (137 mM NaCl, 5.4 mM
KCl, 13 mM Tris-HC], pH 7.6) containing DNA -high mobility group-
1 complex (300 ug: 96 pg), which had been incubated previously at
20°C for 1 h. Liposomes were prepared by shaking and sonication.
Purified HVJ (Z strain) was inactivated by ultraviolet irradiation (110
erg/mm?/s) for 3 min just before use. The liposome suspension (0.5 ml,
containing 10 mg of lipids) was mixed with HVJ (20,000 hemagglutinat-
ing units) in a total volume of 4 ml of balanced salt solution. The
mixture was incubated at 4°C for 10 min and then for 30 min with gentle
shaking at 37°C. Free HVJ was removed from the HVJ-liposomes by
sucrose density gradient centrifugation. The top layer of the sucrose
gradient was collected for use.

In vivo gene transfer. Male Sprague-Dawley rats (400-500 g;
Charles River Breeding Laboratories, Wilmington, MA) were anesthe-
tized with ketamine, and the left common carotid artery was surgically
exposed (20, 24). The distal half of the artery was temporarily isolated
with ligatures. A cannula was inserted from external carotid artery into
the common carotid artery. The HVJ-liposome complex (300 ul) con-
taining either the ACE vector or control vector plasmid DNA (3 ug
DNA within liposomes) was infused into the isolated carotid segment
by means of a cannula in the external carotid, after a brief irrigation
with PBS to wash out the blood. After 15 min of incubation, the tempo-
rary ligatures on the common carotid artery were released, and blood
flow was restored. The neck wound was then closed. At 3 d and 2 wk
after transfection, the animals were killed. After perfusion fixation with
4% paraformaldehyde under physiological pressure, carotid arteries
were removed for morphologic studies. No adverse neurological or vas-
cular effects were observed in any apimals undergoing this procedure.

Administration of Ang II receptor antagonist (DuP 753). Before
transfection, rats received alzet minipumps (Alza Corp., Palo Alto, CA)
implanted intraperitoneally. Untreated animals received vehicle (1:1,
saline/PEG 400) while the treated groups received the Ang II receptor
antagonist (DuP 753) (generously donated by Parke-Davis/Warner Lam-
bert, Ann Arbor, MI) at a dose of 20 mg/kg/d. This administration
regimen has been demonstrated previously to block the effects of Ang
ITin vivo (25, 26). The drugs were administered for 1 wk before transfec-
tion of the left common carotid artery and continued until vessels were
harvested for DNA synthesis analysis or morphometry.

Measurement of ACE activity and DNA content. For the measure-
ment of vascular ACE activity, rats were killed 3 d after transfection.
After infusion of PBS, carotid arteries were removed and dissected free
of periadventitial tissues and immediately frozen in liquid nitrogen. On
the day of assay, the vessels were thawed, weighed, and homogenized in
50 mM KPO, (pH 7.5). ACE activity, expressed as hippuryl-L-histidyl-L-
leucine hydrolyzing activity of the homogenate, was determined by the
modified method of Cushman and Cheung (27). Vascular ACE level

was expressed as enzymatic activity per milligram of protein. The speci-
ficity of ACE activity in the rat carotid artery was previously confirmed
by its complete inhibition by either quinaprilat (a specific ACE inhibitor)
or neutralizing antibodies to ACE as described previously (21). Mea-
surement of DNA was performed at 3 d and 2 wk after transfection
using the bisbenzimide trihydrochloride method (Pierce, Rockford, IL)
(14). Blood pressure and heart rate were measured by direct measure-
ment method. Briefly, a catheter was inserted from femoral artery into
abdominal aorta under ether anesthesia. After 48 h, blood pressure and
heart rate were measured in the conscious state for 30 min.

Histological and histochemical analyses. 3 d after transfection, the
carotid arteries were stained for immunoreactive ACE protein. Tissue
specimens from the midsection of the transfected region were sectioned
(6 uM thick) at 60-um intervals along the vessel in a proximal to distal
fashion. Histological sections from untreated vessels, known to express
ACE in the endothelial layer, were included as a positive control. Sec-
tions were stained with an enzyme immunohistochemical kit (Histostain-
SP kit; Zymed Laboratories, Inc., South San Francisco, CA) with rabbit
polyclonal antibody against human ACE (1:1,000 dilution) (the generous
gift of Dr. M. R. W. Ehlers and Dr. J. F. Riordan, Harvard Medical
School, Cambridge, MA) which was tested for crossreactivity to rat
ACE (24). This antibody recognizes both rat and human ACE.

For bromo-deoxyuridine (BrdU) staining, BrdU was injected into
transfected rats (100 mg/kg subcutaneous and 30 mg/kg intraperitoneal
at 18 h before killing, and then 30 mg/kg intraperitoneal at 12 h before
killing) (20). The rats were then killed at 3 d after transfection. The
carotid arteries were removed after perfusion fixation with 4% paraform-
aldehyde under physiological pressure (110 mmHg) and processed for
immunohistochemistry in a standard manner using anti-BrdU antibodies
(Amersham Corp., Arlington Heights, IL). The positively stained cells
were counted under light microscopy. Total cell numbers were counted
similarly after light staining with hematoxylin (20). The total number
of hematoxylin-stained nuclei in the medial layer of each section was
summed and expressed as cell numbers per section. BrdU-positive nuclei
were reported as a percentage of total hematoxylin-stained nuclei. For
assessment of the effect of Ang II receptor antagonist, ACE vector—
transfected and contralateral vessels from the same animal were exam-
ined to diminish the systemic effects such as humoral and hemodynam-
ics. At least three individual sections were evaluated per vessel. The
contralateral artery in ACE vector—transfected animals was used as
untreated sham control in all studies.

For morphological analyses, rat carotid arteries were removed at 2
wk after transfection, after perfusion fixation with 4% paraformaldehyde
under physiological pressure (110 mmHg). Medial and lumen area were
measured on a digitizing tablet (model 2200; South Micro Instruments,
Atlanta, GA) after staining with hematoxylin. The medial area was
readily demarcated as the vessel area between the internal and external
elastic laminae. At least three individual sections from the middle of
the transfected arterial segments were analyzed. Animals were coded
so that the analysis was performed without the knowledge of which
treatment each individual animal received. Cell counting analysis was
performed using a computerized morphometry system (NEXUS 6400;
Kashiwagi Research Co., Tokyo, Japan) by individuals unaware of the
treatment each animal received, as described previously (28). The repro-
ducibility of the results was assessed. Intraobserver variability was deter-
mined from triplicate measurements performed by one observer for all
sections. The mean variation between measurements made by the same
observer was 2.2+0.4%. Interobserver variability was determined from
measurements of 10 randomly selected sections performed by a second
observer in addition to the first observer. The difference between mea-
surements made by the two observers was 3.3+0.4%. These observers
were blinded to other data concerning the rats, as well as to the results
of the other observer. If the internal elastic lamina or media showed
any evidence of crenation or compression, the section was excluded
from analysis.

Statistical analysis. All values are expressed as mean+SEM. Analy-
sis of variance with Dunnett’s test was used to determine the significance
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Figure 1. (A) Representative immunohistochemical staining of ACE in
ACE- and control vector—transfected vessels 3 d after transfection. (B)
Vascular ACE activity in carotid arteries dissected free of periadventitial
tissues 3 d after transfection. CONTROL, control vector—transfected
arteries (n = 5); ACE, ACE vector—transfected arteries (n = 10).

of differences in multiple comparisons. P < 0.05 was considered to be

statistically significant.

Results

Histological and biological analyses at 3 d after transfection.
To evaluate the success of gene transfer and to localize the
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Figure 2. (A, opposite page) The effect of Ang II receptor antagonist
on BrdU index in ACE- or control vector—transfected vessels at 3 d
after transfection. *P < 0.05, **P < 0.01 vs control. CONTROL (VEHI-
CLE), vehicle-treated control vector—transfected arteries (n = 6); ACE
(VEHICLE), vehicle-treated ACE vector—transfected arteries (n = 5);
CONTROL (DuP 753), DuP 753 —treated control vector—transfected ar-
teries (n = 6); ACE (DuP 753), DuP 753-treated ACE vector—
transfected arteries (n = 6). (B, above) Representative immunohisto-
chemical staining of BrdU in ACE- and control vector—transfected ves-
sels. (C, opposite page) The effect of Ang II receptor antagonist on
DNA content in ACE- or control vector—transfected vessels at 3 d after
transfection. *P < 0.05 vs control. CONTROL (VEHICLE), vehicle-
treated control vector—transfected arteries (n = 6); ACE (VEHICLE),
vehicle-treated ACE vector—transfected arteries (n = 5); CONTROL
(DuP 753), DuP 753—treated control vector—transfected arteries (n = 6);
ACE (DuP 753), DuP 753—treated ACE vector—transfected arteries

(n = 6).

transgene product, we performed immunohistochemical analy-
sis of ACE 3 d after transfection. Cellular staining for ACE
was observed diffusely within the medial and endothelial layers
of ACE vector—transfected vessels, while in the control vector—
transfected vessels and intact untransfected vessels the positive
staining was limited to the endothelial layer (Fig. 1 A). No
staining was observed in control sections treated with nonim-
mune serum. The biological activity of the transgene product
was documented by a threefold increase in ACE activity within
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Figure 2 (Continued)

ACE-transfected arteries (Fig. 1 B). The increase in vascular
ACE activity was associated with local growth stimulation as
indicated by increases in DNA synthesis (BrdU index: stained
cells/total cells in the medial layer) and vascular DNA content
in the ACE vector—transfected vessels as compared with control
vector—transfected vessels (Fig. 2, A—C). A typical example of
immunohistochemistry for BrdU is shown in Fig. 2 A. Positive
staining for BrdU colocalized with ACE staining in the medial
and adventitial cells of ACE-transfected carotid arteries. This
growth stimulatory effect was primarily Ang II-mediated as
documented by inhibition of the growth response by the specific
Ang II antagonist, DuP 753. Ang II receptor blockade had no
effect on BrdU labeling or DNA content in control vessels (Fig.
2,A-C).

We also observed an increase in BrdU index in control
vector—transfected vessel compared with the unmanipulated
contralateral vessel. This appears to reflect minor injury induced
by the transfection and/or operation procedures. This effect ap-
pears to be transient and minor insofar as the endothelium re-
mains intact as defined histologically (Fig. 1 A), and there was
no sustained effect on vessel structure as determined by DNA
content (control vector—transfected arteries: 1.9+0.6 mg/g tis-
sue versus intact arteries: 2.6+0.5 mg/g tissue) and vessel mor-
phometry as compared with the contralateral vessel. Overall,
these findings suggest that the local overexpression of ACE at
pathophysiological levels results in increased DNA synthesis
via the local production and action of vascular Ang II. Importan-
tly, these vascular changes are independent of the circulating
renin angiotensin system or hemodynamic changes such as
blood pressure, heart rate, and serum ACE activity (Table I).

Histological and biological analyses at 2 wk after transfec-
tion. Given that overexpression of ACE in blood vessels in-
creases DNA synthesis at 3 d after transfection, we hypothesized
that increased local production of ACE would modulate vascu-
lar structure if the growth stimulatory effect is sustained. Evi-
dence of local vascular hypertrophy after ACE gene transfer

Table 1. The Effect of Local Carotid ACE Gene Transfer on
Systemic Blood Pressure, Heart Rate, and Serum ACE Activity

Control vector* ACE*
Blood pressure (mmHg) 126+2 129+2
Heart rate (beats/min) 403+6 400=+5
Serum ACE activity (nmol/min/ml) 13.120.7 14.6x1.6

* Animals transfected with control vector. * Animals transfected with
ACE expression vector. Each group contains seven animals.

persisted for at least 2 wk after transfection as reflected by
increased vascular DNA content (Fig. 3, A—D) and increased
vascular protein content (ACE vector—transfected arteries:
30.2+2.1 mg protein/g tissue versus contralateral arteries:
19.4+4.0 mg protein/g tissue, P < 0.01) in ACE vector—
transfected arteries compared with controls. Parallel to these
biochemical changes, morphometric analysis documented that
the medial thickness of the ACE-transfected vessels was sig-
nificantly increased as compared with control vector—
transfected and contralateral control vessels (Fig. 3, B and C).
Interestingly, the luminal diameters of ACE-transfected, control
vector—transfected, and contralateral vessels did not differ (Fig.
3 B). Consequently, the wall to lumen ratio in ACE-transfected
vessels was significantly greater than that of control vector—
transfected vessels (Fig. 3 C). However, there were no discern-
ible differences in cell numbers counted in serial sections of
the medial layer between ACE-transfected and control vector—
transfected vessels (control vector: 889+58, ACE: 803+64
cells/medial section area: P > 0.05). The morphometric changes
of vascular hypertrophy induced by ACE overexpression were
also abolished by Ang II receptor blockade (DuP 753) (Fig. 3
D). These data demonstrate that overexpression of vascular
ACE results in increased vascular DNA synthesis, protein con-
tent, and medial wall hypertrophy via local autocrine/paracrine
Ang II production.

Discussion

This study addresses two important questions in hypertension
and vascular research. First, can the renin angiotensin system
directly mediate vascular hypertrophy independent of its blood
pressure effect? Second, is local tissue ACE important in regu-
lating local vascular function and in contributing to pathophysi-
ology? To date, these questions have only been addressed indi-
rectly by evidence derived from in vitro cell culture studies, in
vivo systemic infusion of Ang II, and/or administration of ACE
inhibitors (1-15). However, none of these data are completely
convincing due to the contribution of confounding variables
such as hemodynamic effects, cell culture conditions, etc. To
circumvent the limitation of the above experimental approaches,
we used in this study in vivo gene transfer technology which
has the following advantages: (a) the target gene can be
transfected into a local segment of a blood vessel, thereby
avoiding a systemic effect; (b) this transfected vascular segment
can be compared with adjacent untransfected segments or to
the contralateral control blood vessel which is subject to the
same hemodynamics and circulating humoral factors; and (c)
the consequences of local overexpression within the physiologi-
cal/pathophysiological range of the target gene may be studied.

Angiotensin Converting Enzyme and Vascular Hypertrophy 981
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Figure 3. (A) The effect of ACE vector transfection on DNA content at 2 wk after transfection. UNTREATED, sham operated vessels (n = 5);
CONTROL, control vector—transfected arteries (n = 5); ACE, ACE vector—transfected arteries (n = 10). *P < 0.05 vs untreated. Each group
contains 5—10 animals. (B) The effect of ACE vector transfection on the medial and luminal areas at 2 wk after transfection. *P < 0.05 vs untreated.
(C) The effect of ACE vector transfection on the wall to lumen ratio at 2 wk after transfection. UNTREATED, sham operated vessel (n = 5);
CONTROL, control vector—transfected arteries (n = 5); ACE, ACE vector—transfected arteries (n = 10). *P < 0.05 vs untreated. (D) Effect of
administration of Ang II receptor antagonist on medial and luminal areas in ACE vector—transfected and contralateral vessels at 2 wk after
transfection. CONTROL (VEHICLE), vehicle-treated control vector—transfected arteries (n = 6); ACE (VEHICLE), vehicle-treated ACE vector—
transfected arteries (n = 6); CONTROL (DuP 753), DuP 753—treated control vector—transfected arteries (n = 6); ACE (DuP 753), DuP 753 —treated
ACE vector—transfected arteries (n = 6). **P < 0.01 vs control. To assess the effect of Ang II receptor antagonist, ACE vector—transfected and
contralateral vessels from the same animal were examined to minimize the influence of systemic effects on humoral factors or hemodynamics.

In this study, we were able to study the long-term vascular
effects of increased tissue ACE activity.

Vascular hypertrophy is thought to be an adaptive response
to hypertension. Although it is well accepted that the mechanical
effects of increased blood pressure stimulate vascular hypertro-
phy, recent indirect evidence suggests that humoral factors may
also play an important role. Ang II can stimulate vascular
smooth muscle cell growth in vitro and influence extracellular
matrix (7—13). In vivo data from experimental animals have
provided additional support for a direct Ang II contribution (4—
6, 14, 15). A key enzyme in the renin angiotensin biochemical
cascade is ACE which is expressed diffusely in blood vessels.
It has been stated that ACE is not rate limiting in Ang II produc-
tion, since its total quantity in the body is high. However, several
investigators have reported that in vivo increases in local vascu-
lar or cardiac ACE activity in experimental animals result in
parallel increases in tissue Ang I conversion to Ang I and
changes in local function (1-3, 28). Indeed, we observed that
pressure overload cardiac hypertrophy induced by aortic band-
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ing induced cardiac ACE gene expression and increased cardiac
Ang II production (29). Vascular ACE expression can be acti-
vated by experimental hypertension (1, 2), in response to vascu-
lar injury (24), and during blood vessel growth and development
(30). These changes in vascular ACE expression are associated
with structural changes of the blood vessel which can be blocked
by ACE inhibition (4-6, 31-33). Indeed, our recent work using
HVI-liposome—mediated transfer of ACE vector into vascu-
lar smooth muscle cells in vitro demonstrated that ACE per se
modulates vascular growth via the autocrine/paracrine produc-
tion of Ang II (21). These data would suggest that local tissue
ACE is rate limiting in regulating local Ang II production,
which may have physiological consequences.

In this study, we have extended our investigation to ACE
gene transfer in vivo. HVJ-liposome—mediated gene transfer
is an efficient in vivo method that has minimal or no toxicity
and provides sustained gene expression (20-23). This local
gene transfer approach provides the advantage that the local
transfected carotid segment can be compared with adjacent non-



transfected segments as well as the contralateral carotid artery.
Furthermore, the transfected segment is subject to the same
blood pressure and circulating factors as control vessels. Al-
though transgenic technology also provides the opportunity to
study specific gene function, this technology has several disad-
vantages: () it is time consuming and costly; (b) the effect of
the overexpressed transgene is exerted throughout development;
(¢) it is impossible to target the transgenic expression to only
alocal segment of a blood vessel; and (d) it is difficult to exclude
the potential contribution of the systemic effect of transgene
expression. Thus, local gene transfer approach may be more
effective for studying the role of autocrine/paracrine mediators.

Previous studies have documented the roles of hemody-
namic stimuli and systemic neurohumoral factors in vascular
hypertrophy in hypertension (34-36). The present study docu-
ments for the first time that the hypertensive vascular structural
response (cellular hypertrophy with endoreplication or poly-
ploidy) can be mediated by locally generated factors within the
vessel wall. Although we cannot exclude the possible contribu-
tion of bradykinin degradation related to ACE overexpression,
the marked inhibition of the vascular hypertrophy by DuP 753
would suggest that Ang II is at least a primary mechanism. Qur
study also supports the notion that ACE is a key rate-limiting
enzyme governing Ang II production in the vasculature. The
increased local expression of ACE is sufficient to induce Ang
II-mediated vascular hypertrophy independent of changes in
the circulating renin angiotensin system. It is intriguing that we
observed a growth stimulatory effect of Ang II within the intact
vessel wall in vivo that was strikingly similar to responses
previously observed in vitro as well as in response to Ang II
infusion in vivo (8, 9, 14, 15, 37). In both cases, Ang II appears
to stimulate DNA synthesis and vascular cell growth by hyper-
trophy without discernible changes in cell number. The in-
creases in DNA synthesis and DNA content without demonstra-
ble increases in cell number are suggestive of Ang II-induced
polyploidy as observed previously (8, 9, 14, 15, 37).

This observation is consistent with previous morphometric
analyses of hypertensive vessels documenting hypertrophy (in-
creased vascular protein content) and polyploidy, but not hyper-
plasia (3—-6, 35—40). Why increased DNA synthesis did not
lead to hyperplasia might be explained by the bifunctional
growth action of Ang II and the role of the endothelium. In
vitro studies of vascular smooth muscle cells indicate that Ang II
induces the expression of proliferative factors such as fibroblast
growth factor and PDGF and also antiproliferative factors such
as TGF-beta (7, 11, 12). Therefore, smooth muscle—derived
TGF-beta induced by increased Ang II within vascular wall
may promote vascular hypertrophy and polyploidy, but not hy-
perplasia. Future studies are needed to further define the role
of the autocrine/paracrine growth factors as mediators of the
response to vascular angiotensin in vivo.

How can our present findings that increased vascular ACE
induces vascular hypertrophy be reconciled with the data sug-
gesting that vascular angiotensin may promote neointimal lesion
development after vascular injury (24, 31, 33)? We speculate
that the presence of endothelial cells plays an important role
here. We have hypothesized that the endothelial cells regulate
angiotensin’s action of vascular growth via the constitutive ex-
pression of growth inhibitory substances such as nitric oxide,
prostacyclin, and TGF-beta 1 (41). We postulate that increased
vascular ACE expression in the presence of an intact endothe-
lium results in vascular hypertrophy, whereas increased vascular

ACE promotes neointimal formation in the absence of the endo-
thelium.

Overall, the present findings demonstrate a direct role for
the vascular angiotensin system as a mediator of the vascular
hypertrophy process in hypertension, independent of changes
in blood pressure or the endocrine renin angiotensin system.
Moreover, this study of the vascular angiotensin system serves
as a paradigm for the elucidation of the role of other autocrine/
paracrine mediators of vascular remodeling in the pathogenesis
of disease, such as atherosclerosis graft occlusion and restenosis
after angioplasty. Our data demonstrate that localized in vivo
gene transfer technique is a useful experimental tool for the
study of autocrine/paracrine factors in complex pathophysio-
logic states in vivo. This approach has broad applicability and
is complementary to other methods such as transgenic technol-
ogy in elucidating the biological roles of candidate genes in
vivo. In addition, it may foster the development of new thera-
peutic approaches.
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