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Abstract

Humanchymase is a serine proteinase that converts angio-
tensin (Ang) I to Ang II independent of angiotensin con-
verting enzyme (ACE) in vitro. The effects of chymase on
systemic hemodynamics and left ventricular function in vivo
were studied in nine conscious baboons instrumented with a
LV micromanometer and LV minor axis and wall thickness
sonomicrometer crystal pairs. Measurements were made at
baseline and after [Pro "DAla 2] Ang I, a specific substrate
for human chymase, was given in consecutive fashion as a
0.1 mg bolus, an hour-long intravenous infusion -of 5 mg, a
3 mgbolus, and after 5 mgof an Ang II receptor antagonist.
[Pro "DAla'2] Ang I significantly increased LV systolic and
diastolic pressures, LV end-diastolic and end systolic dimen-
sions and the time constant of LV relaxation and signifi-
cantly decreased LV fractional shortening and wall thick-
ening. Administration of a specific Ang II receptor antago-
nist reversed all the hemodynamic changes. In separate
studies, similar results were obtained in six of the baboons
with ACEblockade (20 mg, intravenous captopril). Post-
mortem studies indicated that chymase-like activity was
widely distributed in multiple tissues. Thus, in primates,
Ang I is converted into Ang II by an enzyme with chymase-
like activity. This study provides the first in vivo evidence
of an ACE-independent pathway for Ang II production. (J.
Clin. Invest. 1995. 95:1519-1527.) Key words: human heart
chyase * angiotensin II * converting enzyme * myocardial
contractility - hemodynamics

Introduction

Angiotensin I-converting enzyme (EC. 3.4.15.1) (ACE)1 is a
zinc metallopeptidase that converts angiotensin (Ang) I to the
vasopressor hormone Ang II (1). ACEis present in plasma and
in a number of tissues including blood vessels, kidney, heart,
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1. Abbreviations used in this paper: ACE, angiotensin I-converting
enzyme; Ang, angiotensin; LV, left ventricular.

brain, and the adrenal gland (2). ACEinhibitors are widely used
in the treatment of hypertension and congestive heart failure.
However, because Ang 11 is readily detected in plasma and
tissues during ACE inhibitor therapy (3), some investigators
have speculated that enzymes other than ACEare involved in
the in vivo conversion of Ang I to Ang 11. For example, while
examining the mechanism of action of Ang I in the dog aorta,
Okunishi and co-workers (4) described both ACE-dependent
and ACE-independent pathways of Ang II formation and indi-
cated that a chymotrypsin-like enzyme was responsible for the
Ang 11 formation that occurred in the presence of an ACE
inhibitor. While studying the biochemical pathways of Ang II
formation in the human heart, we observed that > 75% of the
Ang 11-forming enzyme activity in human left ventricular tissue
homogenates was not blocked by ACE inhibitors, but was
blocked by serine proteinase inhibitors (5). Our subsequent
studies showed that the major Ang 11-forming serine proteinase
from the human cardiac ventricles was a chymase. Humanchy-
mase, isolated from the heart and skin, is a glycoprotein with
an apparent molecular weight of 30 kD by SDS-PAGE
(6). The human chymase gene and cDNA have recently been
cloned (7).

In situ hybridization and EM-immunocytochemical studies
indicate that the mast cells and endothelial cells located within
the human heart and its vessels are the site of chymase synthesis
and storage (8). A high level of chymase-like immunoreactivity
is also localized to the cardiac interstitium and is likely associ-
ated with the interstitial extracellular matrix. In endothelial cells,
chymase-like immunoreactivity is present in Weibel-Palade
bodies. Recent studies suggest that secretion of the von-Wille-
brand factor stored in Weibel-Palade bodies is polarized, with
the bulk of the secretion occurring in the basolateral direction
(9); this would indicate that chymase is also released basolater-
ally. Consistent with this conjecture, EM-immunocytochemical
studies indicate the presence of chymase-like immunoreactivity
in the basolateral region of endothelial cells (8). The immuno-
cytochemical studies localizing chymase in the heart and vessels
suggest that chymase plays a significant role in the interstitial
formation of Ang 11. However, since mast cells are a major site
of elaboration of chymase and since procurement of tissues
could easily lead to mast cell degranulation and release of chy-
mase, the possibility exists that in vivo chymase-dependent Ang
II formation may be much less significant than that inferred from
immunocytochemical studies or studies using isolated tissues.

In vivo pharmacological studies with Ang I in the presence
of ACE inhibitors are one way to show the importance of an
alternative pathway to ACE in Ang II formation. However, in
these studies the possibility exists that even in the presence of
high concentrations of ACE inhibitor, tissue ACEis not fully
inhibited or that Ang I has intrinsic activity which allows a
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direct response without conversion in Ang II ( 10). These stud-
ies also do not rule out the possibility that nonspecific carboxy-
peptidases rather than chymase can convert Ang I to Ang II.

In the present study we use a novel approach to show that
chymase dependent Ang II formation can occur in conscious
baboons. This approach uses a selective Ang II containing sub-
strate, [Pro1 'DAla 12] Ang I, which is an inactive precursor that
yields Ang II upon incubation with chymase, but not ACE(11,
12). Extensive studies on the nature of the substrate binding
site of human chymase has revealed key differences in the way
human chymase binds Ang I prior to catalysis, compared to the
interaction between ACE and Ang I. These differences were
exploited to design [Pro "DAla'2] Ang I (11, 12). A penulti-
mate proline in peptides prevents ACEfrom cleaving a dipep-
tide from the COOHterminus [Pro 1DAla 12] Ang I and a car-
boxy-terminal DAla was added to prevent carboxypeptidases
from making the penultimate proline into a COOH-terminal
proline. Introducing Pro-DAla to the COOHterminus of Ang I
also reduced the intrinsic activity of this Ang I analog for the
Ang II receptor by a 100-fold compared to that of Ang I ( 12). In
in vitro biochemical studies, chymase, but not ACE, converted
[Pro "DAla 12] Ang I to Ang II. Using isolated human cardiac
trabeculae, we have shown that [Pro"DAla'2] Ang I produces
a positive inotropic response which can be inhibited by Ang II
receptor blockade (12). Finally, in addition to the use of a
chymase selective substrate, the use of a conscious baboon
model for demonstrating chymase dependent Ang II formation
circumvents potential problems related to the premature release
of chymase from mast cells due to anesthesia or tissue handling.
These studies provide evidence that chymase is functional in
tissues of conscious baboons and represent an important step
in understanding the role of the chymase-angiotensin system
in primates.

Methods

Animal instrumentation
Nine adult baboons (7 males, 2 females), weighing to 16-27 kg were
pre-instrumented for physiologic monitoring in the conscious state using
methods previously described (13). Briefly, after sedation with keta-
mine (10 mg/kg) and atropine (0.5 mg), the animals were intubated
and anesthesia maintained with 1.0-1.5% halothane. A Konigsburg
micromanometer (P5-P7) and a polyvinyl catheter (O.D .095 mm,
I.D .066 mm) were implanted in the left ventricular (LV) apex and
miniaturized sonomicrometer pairs were placed in the endocardium
across the LV anteroposterior minor axis (3 MHz, 6 mm) and transmu-
rally at the mid LV free wall for measurement of wall thickness (5
MHz, 2.5 mm). A polyvinyl catheter (O.D. .095 mm, I.D. .066 mm)
was implanted in the right atrial appendage for central venous access.
Wires and tubes were tunnelled subcutaneously into the interscapular
area for later attachment to a tether system. Postoperative pain was

reduced by the use of Buprenet (0.01 mg/kg I.M., q. 6 h) and postopera-
tive antibiotics (Monocid 25 mg/kg) were administered for 5 d to reduce
the risk of infection. After a minimum of 1 wk, studies were performed
with the animal resting quietly in an individual tether cage. Wires were
run from the tether cage into an adjoining room equipped with an eight
channel physiologic recorder and a microprocessor for A-D conversion
of pressure and dimension signals.

Hemodynamic data acquisition and analysis
The micromanometer and fluid-filled catheters were calibrated before
implantation with a mercury manometer. Zero drift of the micromano-
meter was corrected by matching the LV end diastolic pressure measured

simultaneously through the LV catheter. The fluid-filled LV catheter
was connected to a pre-calibrated Statham 23 dB transducer (housed in
the connector box of the tether jacket) with zero pressure at the level
of the mid right atrium. The transit time of ultrasound between the
ultrasonic dimension crystals was measured with a multichannel sono-
micrometer (Triton Technology, Inc.) and converted to distance assum-
ing a constant velocity of sound and blood of 1.55 mm/,usec.

Analog signals for high fidelity and fluid-filled LV pressures, LV
short axis and transmural dimensions, LV dP/dt and the electrocardio-
gram were recorded on-line on a Gould multichannel recorder (Gould,
Cleveland, OH) and digitized through an A-D board (Dual Control
Systems) interfaced to an IBM AT computer at 500 Hz and stored on
floppy disc. Data were analyzed using algorithms and software devel-
oped in our laboratory (14).

Fractional shortening of the LV minor axis was calculated as (EDD-
ESD)/EDD, where EDD= LV end diastolic dimension and ESD= LV
end systolic dimension. Fractional LV wall thickening was calculated as

(ESWTh - EDWTh)/ESWTh

where ESWTh= LV end systolic wall thickness and EDWTh= LV
end diastolic wall thickness.

Steady state data were acquired over 10 s and averaged.
The analog LV dP/dt signal was obtained by electronic differentia-

tion of the high fidelity LV pressure signal. Left ventricular end diastole
was defined as the time that +LV dP/dt increased by at least 150
mmHg/s for 50 ms, and LV end systole was defined as the time of the
maximum ratio of pressure to dimension. The time constant of LV
relaxation was derived from the high fidelity LV pressure tracing using
the method of Weiss et al. (15), which assumes a non-zero asymptote
and has been shown to be directionally equivalent to other mathematical
approaches for quantitation of isovolumic pressure decay (16).

[Pro'"DAla 12] Ang I synthesis and purification
[Pro "DAla12] Ang I used in this study was synthesized by Dr. K. S.
Misono, Cleveland Clinic Foundation. This peptide was purified on a
C18 reverse-phase HPLCcolumn (2.2 X 25 cm; Vydac) with a linear
acetonitrile gradient containing 0.1% trifluroacetic acid and character-
ized by amino acid analysis and by analytical C18 reverse-phase HPLC.
[Pro' "DAla'2] Ang I was purified to a peptide purity exceeding 99%.

Experimental protocols
Hemodynamic effects of [Pro"DAla'2] Ang I infusion. Animals were
allowed to acclimate to the tether system for at least 2 d. Studies were

performed with the animal resting quietly in an individual tether cage.
After baseline hemodynamic data were acquired, animals were given
the chymase-specific substrate, [Pro'DAla 12] Ang I sequentially as a

0.1 mg intravenous bolus, an hour long infusion of 5 mg (in 75 cc

D5W) and as a 3 mg bolus (Group A, n = 9). In order to determine
whether the hemodynamic effects were Ang II-mediated, the specific
Ang II-receptor antagonist, losartan (Merck-Dupont) was given within
three minutes of the 3 mg bolus of [Pro "DAla 12] Ang I. In a subgroup
of animals (Group B, N = 6), the same protocol was repeated after
ACEblockade one to 2 d later. Captopril was given as a 5 mg i.v. bolus,
followed in 10 min by 15 mgover 1 h, administered as a coinfusion with
[Pro "DAla'2] Ang I. This dose of captopril was derived empirically in
pilot studies and was associated with measurable hemodynamic effects
(see Table II).

Myocardial effects of [Pro " DAla12] Ang I and Ang II
To determine the direct myocardial effects of locally generated Ang II,
four animals underwent selective left coronary artery catheterization
under light general anesthesia (ketamine 10 mg/kg/I.M. and halothane
0.5-1%). Incremental doses (5 to 100 tig) of [Pro"DAla'2] Ang I
were suspended in 1 cc saline, mixed with 1 cc radiographic contrast

(16) and given directly through the coronary catheter. Intracoronary
Ang 11 (0.7 and 1.4 Img) was used as a positive control in an additional
four normotensive instrumented animals.
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Figure 1. Representative analog recordings during baseline, after a 0.1 mg bolus, constant infusion, and 3 mg bolus of [Pro DAla 12] Ang I. Note
the increase in LV systolic and diastolic pressures and dimensions and the decreased LV fractional shortening and wall thickening. Despite the
increased LV end diastolic pressure, there is no change in LV peak (+) dP/dt. PDA, [Pro "DAla'2] Ang I; LVP-F, LV pressure from fluid-filled
catheter; LVP-K, LV pressure from high fidelity Konigsburg catheter; A-P, anteroposterior minor axis; dP/dt, time derivative of LV pressure.

Enzymatic assay for chymase-like activity
in baboon tissues
At necropsy, samples from heart, lung, aorta, femoral artery, skeletal
muscle, GI tract, kidney, adrenal and brain were harvested to determine
the tissue distribution of the chymase. The extraction of chymase from
each tissue was performed as follows (8): a half gram of each tissue
was homogenized in 20 mMTris-HCl buffer, pH 7.4, and centrifuged
at 40,000 g for 20 min. This procedure was repeated twice. The pellet
was resuspended in 2 ml of 20 mMTris-HCl buffer, pH 8.0, containing
2.0 MKC1 and 1% Triton X-100. 10 j1 samples, preincubated for 30
min at room temperature with 1 mMEDTA, 1 mMo-phenanthroline,
10 MMaprotinin, and with or without 100 jM chymostatin, were incu-
bated for 20 min at 370C with 20 nmol [Pro"DAla'2] Ang I in 50 jl
of 20 jIM Tris-HCl buffer, pH 8.0, containing 0.5 MKC1 and 0.01%
Triton X-100. Generated Ang II was analyzed using a C18 reverse phase
HPLCcolumn (Vydac). The peak area corresponding to a synthetic Ang
H standard was integrated to calculate Ang II formation. Chymostatin-
inhibitable Ang H formation was considered to represent the chymase-
like activity and was expressed as pmol of Ang II formed/min/g tissue
wet weight. Other known Ang II forming enzymes including ACE,
cathespin G, kallikrein, chymotrypsin, trypsin, and carboxypeptidases
are completely inhibited in this assay procedure.

Statistics
In each group, hemodynamic and dimension data were compared using
a one-way repeated measures analysis of variance (StatView, Abacus
Concepts, Berkeley, CA). When significant differences were found,
group means were compared with Scheffes F test. The effects of ACE
blockade and [Pro'" DAla'2] Ang I on the percent change from baseline
for each hemodynamic and dimension variable was examined in Group
B animals with two factor repeated measures ANOVA(SuperAnova,
Abacus Concepts). A P value of <0.05 was considered significant.
Data are expressed as mean±SD.

Results

Hemodynamic effects of [Pro'DAla12] Ang I. Analog re-
cordings from a representative experiment are shown in Fig. 1
and the results from nine baboons (Group A) are summarized
in Table I. Intravenous administration of [Pro "DAla12] Ang I
significantly increased LV systolic and diastolic pressures, LV
end-diastolic and end-systolic dimensions and the time constant
of isovolumic LV relaxation, and significantly decreased LV
fractional shortening and wall thickening. Despite increases in

Table I. Systemic Effects [Pro"DAla12] Ang I on LV Performance in Conscious Baboons (n = 9)

0.1 mg Maximum 3 mg Ang II receptor
Baseline Bolus infusion Bolus antagonist

LV systolic P (mmHg) 118.8±14.0 124.6±12.9 151.8±21.9*11 191.2±40.4*tI1 - 117.6±14.2
LV diastolic P (mmHg) 9.3±3.4 12.6±4.7 20.0±3.5**§ 29.2±5.6*1§11 9.3±4.0
LV dP/dt (mmHg/s) 2445±384 2471±438 2387±398 2724±776 2549±610
Tau (ms) 24.6±6.5 26.7±5.5 30.9±5.9 41.9±11.6*~§1 27.9±8.1
Heart rate (bpm) 115±19 123±29 113±19 115±34 125±32
LVEDD(mm) 26.9±7.8 27.5±7.9 28.9±8.4*t 29.2±8.3*t§II 26.7±7.8
LVESD (mm) 19.9±7.2 20.9±7.0 22.5±7.6*11 23.5±7.9*t§11 20.6±7.7
Fractional LV shortening (%) 28.1±8.9 25.3±6.5 23.4±7.4* 20.3±7.3*1111 24.6±7.3
Fractional LV wall thickening (%) 22.4±7.8 20.4±6.9 17.9±6.6 15.4±4.9*1 21.7±8.8

LV, left ventricular; P, pressure; tau, time constant of isovolumic LV relaxation; EDD, end diastolic dimension; ESD, end systolic dimension; Ang
II antagonist, losartan (1 mg/kg). * P < 0.05 vs. baseline; t vs. 0.1 mg bolus; § vs. max; 11 vs. inhibitor.
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Table II. Systemic Effects of Intravenous [Pro"DAla12J Ang I on LV Performance after ACEInhibition in Conscious Baboons (n = 6)

Baseline
0.1 mg Maximum 3 mg Ang H receptor

Pre captopril Post captopril Bolus infusion Bolus antagonist

LV systolic P (mmHg) 115.8±17.6 109.1±18.71 112.8±21.6 147.3±29.1*t§ 197.7±57.6*t§iI 117.8±11.4
LV diastolic P (mmHg) 10.3±2.5 9.6±2.1 9.5±1.1 17.2±3.0*1§ 29.5±5.2*i§11 10.5±3.7
LV dP/dt (mmHg/s) 2118.2±283.7 2176±349 2083±264 2041±329 2795±1019 2210±341
Tau (ms) 25.84±3.57 29.1±6.9 28.6±4.7 35.6±5.0 44.0±10.3*1§ 29.4±8.5
Heart rate (bpm) 102.8±15.6 116±11 112±16 105±12 96±25 112±18
LVEDD(mm) 29.3±6.6 29.6±7.1 29.7±7.1 31.4±6.9*t§ 32.3±7.2**s 29.3±6.4
LVESD (mm) 22.9±6.7 22.6±7.3 23.2±7.2 25.3±7.0**§ 26.1±6.7*1§ 23.0±6.8
Fractional LV shortening (%) 22.9±6.1 24.8±6.41 23.0±6.2 20.3±5.8* 19.3±5.0* 22.6±6.0
Fractional LV wall thickening (%) 21.23±9.6 22.0±9.61 21.0±10.6 18.3±10.9 15.0±5.7 21.0±10.8

* P < 0.05 vs. baseline; t vs. 0.1 mg bolus; § vs. max; 11 vs. inhibitor; I pre vs. post captopril (5 mg IV.) Abbreviations as in Table I.

LV end diastolic pressure and dimension, LV dP/dt was un-
changed. Heart rate was unchanged by [Pro "DAla 12] Ang I
administration, despite the elevation of LV systolic pressure
and the expected baroreceptor-mediated cardiac slowing.

Maximum hemodynamic effects during the hourlong infu-
sion of [Pro"DAla'2] Ang I occurred after 50±7 min. After
an intravenous bolus, hemodynamic and LV dimension changes
generally occurred within 15 s.

All hemodynamic variables returned to baseline levels im-
mediately after administration of losartan (Fig. 2, Table I),
indicating that the hemodynamic effects of [Pro "DAla12] Ang
I were dependent on Ang II production.

Influence of ACEblockade. Pretreatment with intravenous
captopril decreased significantly LV systolic pressure, fractional
shortening and wall thickening (Table II). Heart rate tended to

200 r

(mmHg)

200

LVP-K
(mm Hg)

39.5 F

LV A-P
Diameter

(mm) L26.5

increase while LV dP/dt and the time constant of LV relaxation
were unchanged. The hemodynamic effects of intravenous [Pro-
"DAla'2] Ang I in the six baboons studied during ACEblock-
ade (Group B) are summarized in Table II and hemodynamic
and dimension variables from paired experiments with and with-
out ACE blockade are compared as the percent change from
baseline values in Table III and Fig. 3. The ACE inhibitor
captopril failed to attenuate any of the hemodynamic and LV
functional effects of [Pro "DAla 12] Ang I.

Direct myocardial effects of [Pro"DAla12J Ang I and Ang
II. An analog recording from a selective left intracoronary injec-
tion of [Pro "DAla12] Ang I is shown in Fig. 4 and data from
four baboons are summarized in Table IV. In doses from 5 to
40 jig, [Pro"DAla'2] Ang I did not have a consistent effect on
systemic hemodynamics or LV function. At doses of 100 gg,

,'Ak

FXfkfFW Uffl

5.97

LV Wall
Thickness

+6250 -

dP/dt
(mm Hg/s)

-6250 _

Figure 2. Analog recording imme-
diately before and after adminis-
tration of the Ang II receptor an-
tagonist, losartan. Note the prompt
normalization of hemodynamics
and left ventricular mechanics.
Abbreviations as in Fig. 1.
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Table III. Percent Change of Hemodynamic and Dimension Variables from Baseline: Influence of ACEBlockade Group B (n = 6)

Ang 11 receptor
0.1 mg bolus Maximum infusion 3 mg bolus antagonist

Cap - Cap + Cap - Cap + Cap - Cap + Cap - Cap +

LV systolic P 6±4 3±7 36±19 35±11 74±37 78±26 7±15 10±13
LV diastolic P 6±18 4±26 100+43 88±63 227+61 221±96 -2±35 17±57
LV dP/dt 2±6 -4±4 -3±13 -6±7 32±46 28±40 -4±6 3±17
Tau 2±14 0+11 28±23 24±12 61±25 53±27 7±16 2±18
Heart rate 4± 16 -4±+10 -5 ±+10 -9±8 -1± 27 -18±+18 0±20 -3± 16
LVEDD 2±3 0±2 9+5 7±4 10+6 9±4 4±7 -1±4
LVESD 2±2 3±1 12±5 13±8 15±6 18±8 4±4 2±3
Fractional LV shortening -3±4 -9±7 -13±9 -16±+11 -22±25 -24±9 -9 16 5±19
Fractional LV wall thickening -2±15 -6±12 -13±22 -19± 18 -20+30 -29± 14 -7± 17 -7± 17

ACE, angiotensin converting enzyme; Cap, captopril; other abbreviations as in Table I.

intracoronary injection caused delayed (30-60 s) systemic vas-
cular effects, although delayed effects were occasionally seen
at lower doses.

Results from the intracoronary Ang II experiments are sum-
marized in Fig. 5. Ang II produced dose-dependent delayed
systemic effects similar to those observed with [Pro'"DAla 12]
Ang I-i.e., increases in LV systolic and diastolic pressure and
the time constant of LV relaxation, decreases in LV fractional
shortening and no changes in either heart rate or peak positive
LV dP/dt. Direct positive inotropic effects (i.e., increases in
LV [+] dP/dt and shortening) were not observed.

Tissue distribution of chymase-like activity. A summary of
chymase-like activity in several tissues from normal and renal
artery-clipped baboons is presented in Table V. Additional ba-
boon tissues were made available from an unrelated study. Chy-
mase-like activity was widely distributed in normal and hyper-
tensive baboons. The highest levels of chymase-like activity
were observed in the spleen and lungs; most other tissues con-
tained levels of chymase-like activity between 0.05 and 0.56%
of that found in the spleen. Levels of chymase-like activity in
cardiac ventricles and atria were intermediate (- 30 pmol/min/

100

3 80
'U

60
m
0 40

IL
L. 20

XUo -20

-40

tissue wet weight). Compared with normotensive baboons,
hymase-like activity from hypertensive baboons was signifi-
antly less in the aorta and greater in the spleen. Levels of
hymase-like activity in cardiac ventricles and atria (and other
ssues in which a sufficient number of samples permitted com-
arisons) were similar (Table V).

Niscussion

this study, we provide the first in vivo evidence of an ACE-
idependent pathway for Ang II production. Infusion of the
,ng I analog, [Pro''DAla12] Ang I, a selective and specific
ibstrate for human chymase but not ACE, produced hemody-
amic and left ventricular functional changes consistent with
stemic arterial vasoconstriction; the latter is an action of Ang
which is highly conserved in all mammals (17). Although

e demonstrated identical hemodynamic responses with [Pro " -

Ala 12] Ang I infusion after pretreatment with captopril, we
nnot be certain that plasma ACEwas suppressed entirely or
at tissue ACE was blocked. However, the absence of any
tenuation of the hemodynamic changes by ACE inhibition

Figure 3. Changes in LV systolic pressure and fractional
shortening in response to graded doses of [Pro' 'DAla 12]
Ang I (PDA) before (closed circles and triangles, re-
spectively) and after (open circles and triangles, respec-
tively) ACE inhibition, expressed as a percent change
from baseline values.
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Figure 4. Analog recording demonstrating the effects of an 80 1Lg intracoronary injection of [Pro' DAla 12] Ang I (arrow). Note the delayed
increase in LV pressures and dimensions and decreased LV fractional shortening and wall thickening. ECG, electrocardiogram. Other abbreviations
as in Fig. 1.

suggests that Ang II was generated at least in part, by an ACE-
independent pathway. Thus, our data indicate that the hemody-
namic effects we observed were the result of functional chy-
mase-like activity in baboon tissues. This contention is sup-
ported by our additional finding in the postmortem studies; i.e.,
that chymase-like activity is present in several baboon tissues,
including the heart and the aorta. To ensure that the hemody-
namic effects we observed were not mediated by vasoactive
peptides other than Ang II, the specific nonpeptide Ang H inhibi-
tor, losartan, was given after a large bolus of [Pro"DAla2]

Ang I. This caused a prompt and complete reversal of the hemo-
dynamic and LV functional abnormalities. Moreover, [Pro 11
DAla12] Ang I does not interact directly with the Ang II receptor
(IC50 > 10 pM) (11). Taken together, these data indicate
that [Pro' DAla'2] Ang I-induced hemodynamic changes were
caused by ACE-independent production of Ang II. Because of
the unique substrate specificity- of human heart chymase (15)
and the abundance of chymase-like activity in baboon cardio-
vascular tissues, we speculate that chymase is likely responsible
for Ang II production in our study. However, because of the

Table IV. Effects of Graded Intracoronary Doses of [Pro"DAla'21 Ang I on LV Performance in Anesthetized Baboons (n = 4)

[Pro"DAla'2] Ang I dose

Baseline 10 ug 20 jig 40 jg 100 jig

LV systolic P (mmHg) 96.9±11.1 97.7±10.8 100±13.3 100.6±15.2 104.5±18.41
LV diastolic P (mmHg) 13.4±5.9 13.1±5.9 13.9±6.1 13.8±5.4 15.0±5.4
LV dP/dt (mmHg/s) 989±145 1000±121 1015±139 996±163 969±155
Tau (ms) 34±5.4 34.9±6.6 36.7±7.7 36.3±6.5 38.8±7.9*t
Heart rate (bpm) 104±14 105± 13 104±16 106±14 104±13
LVEDD(mm) 31.3±7.6 31.2±7.6 31.3±7.7 31.3±7.9 31.9±8.6
LVESD (mm) 25.9±7.0 25.9±6.9 26.1±6.9 26.2±7.0 27.0±7.8*t
Fractional LV shortening (%) 17.6±3.2 17.2±2.3 16.9±2.3 16.5±2.2 15.4±1.9*1
Fractional LV wall thickening (%) 19.4±7.9 20.0±8.4 19.3±7.9 18.9±7.5 17.0±8.1*1

* P < 0.05 vs. baseline; * P < 0.05 vs. 10 pg; § P = .06 vs. baseline. Abbreviations as in Table I.
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Ê&M^kft%%1fk^II

.111111111WIUIJWUJUJIL

/i, I . I
U

.0 f,..k r4

v

11111hillill i I i I i I
vrvlwrv



*

-I -2
C')

0* . . . , ,*
w

LVSP L H.7gU
a -20 1.4 us
Q

-40
LVSP LVDP HR dP~/dt TAU F'S

Figure 5. Changes in LV systolic (LVSP) and diastolic (LVDP) pres-
sures, heart rate (HR), LV peak (+) dP/dt, the time constant of LV
relaxation (Tau) and LV fractional shortening (FS) in response to 0.7
and 1.4 ,sg intracoronary boluses of Ang 11. Data are expressed as the
percent change from baseline values. *P < 0.05 vs. no change from
baseline.

unavailability of a specific chymase inhibitor, we cannot explic-
itly rule out the contribution of other enzymes in the [Pro"-
DAla'2] Ang I response.

In addition to its potent vasoconstrictor effect, Ang 11 modu-
lates directly and indirectly cardiac rate, contractility and myo-
cyte hypertrophy and proliferation. Ang II has a direct positive
inotropic effect in some, but not all, isolated heart preparations
( 18-24) in which indirect Ang II sympathetic facilitation was
excluded. For example, a positive inotropic effect has been
demonstrated in isolated hearts from dogs (19, 20), cats (21),
rabbits (22), chickens (22), and humans (23), but not in guinea
pigs or adult rats (24). In contrast, a positive inotropic effect
has been difficult to demonstrate in the intact organism (25,
26). In our study, [Pro "DAla'2] Ang I did not change LV dP/
dt, despite an increase in LV end diastolic dimension and end
diastolic pressure, hemodynamic changes which may be associ-
ated with an increased LV dP/dt, independent of a positive
inotropic effect. Moreover, administration of [Pro "DAla 12]
Ang I directly into the left coronary artery (to avoid the potential
confounding systemic effect of this compound), failed to in-
crease either LV dP/dt or LV shortening. Similar findings with
intracoronary Ang II infusions indicate that the lack of response
to [Pro "DAla'2] Ang I was not the result of inadequate myocar-
dial generation of Ang 11. Taken together, these data indicate a
lack of a measurable positive inotropic effect of Ang II in vivo
in primate myocardium. Although we cannot exclude entirely
an Ang 11-provoked increase in coronary vascular tone, the
absence of any change in LV wall thickening when [Pro"
DAla 12j Ang I was injected directly into the coronary artery
makes the possibility of offsetting myocardial ischemia at the
doses we used unlikely. A potentially confounding problem is
that it may be difficult to dissect direct from indirect adrenergic-
mediated effects. Although the animals were not sympatheti-
cally blocked, the presence of an intact sympathetic nervous
system should exaggerate, not attenuate any positive inotropic
effect of [Pro "DAla 12] Ang I. Moreover, in the isolated dog
heart, direct inotropic effects of angiotensin II required a dose
60 times greater than the dose that caused sympathetic effects
(20). Finally, the inotropic response of isolated muscle is het-

Table V. Chymase-like Activity in Baboon Tissue Homogenates

2 kidney-i clip
hypertensive baboons with Normal baboons

LVH chymase-like chymase-like activityt
activity5 (pmol Ang II (pmol Ang II

generated/min/g generated/min/g
Tissues tissue wet weight) n tissue wet weight) n

Aorta 7.1±4.7 4 48.2±27.4* 5
Diaphragm 69.3±55 4 59.0±67.5 5
Heart

Left ventricle 26.9±8.7 4 38.4±11.9 6
Right ventricle 35.8±17.0 4 69.9±55.6 6
Intraventricular

septum 23.5± 15 4 40.2±30.2 5
Lung 446±300 4 392±427 5
Skeletal muscle 39.4±31.0 4 14.6±3.5 4
Spleen 12,400±5,540 4 4781±2467* 4

LVH, left ventricular hypertrophy. I Chymostatin-blockade conversion
of [Pro"DAla'2] Ang I to Ang II. All assays were performed in duplicate.
* P < 0.05 vs. clipped.

erogeneous and dependent on the baseline contractile state (23);
moreover, coupling of Ang 11 receptors to inotropic responses
in human atrial, but not ventricular myocardium was recently
demonstrated (27). Thus, it is possible that dosage, experimen-
tal preparation and species and regional differences explain the
lack of a positive inotropic effect in our study.

Ang II has complex effects on heart rate. In addition to a
direct positive chronotropic effect (19), Ang 11 increases heart
rate by facilitating sympathetic neurohormonal activity and by
a central reduction of vagal tone; baroreceptor-mediated slow-
ing of the heart rate in response to Ang 11-provoked hyperten-
sion opposes these effects (18). Despite a striking elevation of
LV systolic pressure, we observed no significant changes in the
heart rate. Thus our data suggest a concomitant direct positive
chronotropic effect of Ang 11 in the intact animal. Since our
animals were not vagally blocked, a central parasympathetic
effect cannot be excluded. Interestingly, heart rate was un-
changed when either [Pro "DAla12] Ang I or Ang II was infused
directly into the left coronary artery; the absence of a chrono-
tropic response to left coronary injection may reflect the right
coronary arterial supply of the Ang 11 receptor-rich sinus node
(28) or a dose-related effect.

Ang 11 effects on diastolic LV function have received scant
attention. In isolated myocytes and isolated human atrial trabec-
ulae, Ang H produced a dose-dependent delay in relaxation (23,
29). In isolated, perfused rat hearts, Ang II activation (Ang I
infusion) caused a dose-dependent increase in isovolumic LV
diastolic pressure in rats with experimental pressure overload
left ventricular hypertrophy, but not in sham operated rats (30).
In the present study, the time constant of left ventricular relax-
ation was increased significantly by the large bolus of [Pro "-

DAla 12] Ang I, suggesting impaired left ventricular diastolic
function. However, this may reflect the large afterload stress
produced by Ang 11-mediated vasoconstriction. In addition, the
small, but significant increase in the time constant of isovolumic
LV relaxation after the 100 ,ug intracoronary bolus may reflect
the sensitivity of this index to changes in afterload in anesthe-
tized animals (31). By contrast, low (nonsystemic) doses of
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intracoronary [Pro'1DAla'2 I Ang I produced no effect on dia-
stolic function as measured by the time constant of LV relax-
ation. Thus, our data provide additional evidence that Ang II
does not have a significant direct effect on diastolic function
in normal myocardium. However, the response to Ang II in
hypertrophied primate myocardium is unknown. In aortic
banded rats, ACEmRNAexpression was increased in the hyper-
trophied left ventricle compared to sham controls (30). In this
regard it is interesting that we found reduced chymase activity in
all cardiovascular tissues from hypertensive baboons, although
statistical significance was achieved only with aortic tissue.

ACEinhibitors are used widely in the treatment of hyperten-
sion and heart failure. An alternative pathway for Ang II produc-
tion, such as demonstrated in our study, represents a potential
means by which tissues could escape from complete ACEinhi-
bition of Ang II production. This may be particularly important
in congestive heart failure. In the presence of ACEinhibitors,
resulting high levels of Ang 1 (32) may be shunted to Ang II by
chymase. It has been suggested that Ang II may have deleterious
direct effects on the failing heart (33). If so, then inhibition of
chymase-like activity, in addition to ACEinhibition may prove
more beneficial than ACE inhibitors alone in congestive heart
failure.

There is also a complex relationship between ACE inhibi-
tion, Ang II levels, and clinical effects in systemic hypertension.
During chronic therapy with ACE inhibition, plasma Ang II
levels return to normal despite continued salutary vascular ef-
fects (3). The dissociation between plasma Ang II activity and
the efficacy of ACE inhibitors in hypertension may relate in
part, to the ability of ACE inhibitors to interact with a variety
of substrates such as bradykinin, prostaglandin, substance P and
enkephalins (34). In a recent study, ACE inhibition in guinea
pigs had an additive beneficial effect on blood pressure over
either renin inhibition or Ang II receptor blockade that could
not be accounted for by cyclooxygenase inhibition or bradykinin
antagonism (35). Thus, chronic suppression of Ang II produc-
tion by inhibiting tissue chymase-like activity may prove a ben-
eficial adjunct to ACE inhibition in the treatment of systemic
hypertension.

In conclusion, intravenous administration of the chymase spe-
cific substrate, [Pro1 DAla12] Ang I to conscious baboons causes
a constellation of hemodynamic changes consistent with systemic
vasoconstriction and a lack of positive inotropic effect. The high
in vitro substrate specificity of [Pro 'DAla'2] Ang I, the reversal
of its effects by an Ang II receptor antagonist and the lack of
attenuation by captopril, indicate that our findings are due to in
vivo conversion to Ang II by chymase, but not ACE. These
results suggest that chymase may be involved in the regulation
of arterial pressure and may explain the inability of ACEinhibi-
tors to lower Ang H levels chronically. Although chymase-like
activity is relatively low in normal and hypertensive hypertro-
phied primate myocardium compared to lung and spleen, the
autocrine and paracrine effects of Ang II generated by this path-
way may have significant physiological implications. Whether
this ACEindependent formation of Ang H by chymase represents
a novel cardiac endocrine and/or vascular paracrine function is
currently under investigation in our laboratory.
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