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Abstract

Objective— N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a potent natural inhibitor of
hematopoietic stem cell proliferation which is degraded mainly by angiotensin-converting enzyme
(ACE). /n vitro, Ac-SDKEP inhibits collagen production by cardiac fibroblasts; while /n vivo it
blocks collagen deposition in the left ventricle (LV) of rats with hypertension or myocardial
infarction (MI). In addition, it reportedly prevents and reverses macrophage infiltration in the LV
of rats with MI. We tested the hypothesis that when Ac-SDKP is infused at doses that cause
plasma concentrations similar to those observed after ACE inhibition, it mimics the anti-
inflammatory and antifibrotic effects of ACE inhibitors (ACEi) in the heart, and, further, that these
effects are independent of changes in blood pressure.

Design and methods—Rats were divided into five groups: (1) controls, (2) Ang Il (750 ug/kg
per day, s.c.), (3) Ang Il + captopril (100 mg/kg per day in drinking water), (4) Ang Il + Ac-SDKP
(400 pg/kg per day, s.c.), and (5) Ang Il + Ac-SDKP (800 ug/kg per day, s.c.). We measured LV
cell proliferation, inflammatory cell infiltration, cytokine expression, hypertrophy and fibrosis.

Results—Plasma Ac-SDKP was five-fold higher in rats given ACEi and four- and ten-fold higher
in rats given 400 and 800 pg/kg per day Ac-SDKEP, respectively. ACEi significantly decreased Ang
I1-induced cell proliferation (Ki-67), LV macrophage/mast cell infiltration, transforming growth
factor-B, connective tissue growth factor and collagen deposition without affecting hypertension,
LV hypertrophy or myocyte cross-sectional area, and these effects were mimicked by exogenous
Ac-SDKP (400 pg/kg per day) which raised plasma Ac-SDKP to levels similar to ACEi. BP was
not decreased by either ACEi or Ac-SDKP.

Conclusions—We concluded that Ac-SDKP may be an important mediator of the anti-
inflammatory and antifibrotic effects of ACEi in hypertension independent of its hemodynamic
effects.

Correspondence and requests for reprints to Nour-Eddine Rhaleb, Hypertension and Vascular Research Division, E&R 7015, Henry
Ford Hospital, 2799 West Grand Boulevard, Detroit, Michigan 48202-2689, USA. Tel: + 1 313 916 1940; fax: + 1 313 916 8996;
nrhalebl@hfhs.org.
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Introduction

N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a natural inhibitor of pluripotent
hematopoietic stem cell proliferation [1,2] and is normally present in human plasma and
circulating mononuclear cells [3]. It is ubiquitously distributed in mouse tissues, including
the lung, kidney and heart [4], and is cleaved to an inactive form by the NH,-terminal
catalytic domain of angiotensin-converting enzyme (ACE) [5]. Captopril, an ACE inhibitor
(ACEi), prevented degradation of endogenous Ac-SDKP and raised its circulating
concentrations about five-fold in volunteers [5,6]. Ac-SDKP has a 4.5 min half-life in the
circulation and is probably released continuously [6]. We found that Ac-SDKP not only
inhibited rat cardiac fibroblast proliferation and collagen synthesis /in vitro [7,8] but also
prevented left ventricular (LV) fibrosis in hypertensive rats in vivo[9,10]. On the other hand,
ACE:i significantly attenuated cardiac fibrosis in rats with heart failure induced by
myocardial infarction (MI) [11], spontaneously hypertensive rats (SHR) [12] and rats with
mineralocorticoid hypertension [13]. Angiotensin Il (Ang I1)-induced hypertension has been
associated with not only fibroblast proliferation and interstitial/perivascular fibrosis, but also
myocardial invasion by inflammatory cells such as macrophages and lymphocytes that
persists for least 6 weeks after the start of Ang Il infusion [14]. Mast cells are another type
of inflammatory cell highly correlated with the severity of fibrosis in diseases such as
scleroderma, idiopathic pulmonary fibrosis, neurofibromas and some forms of eosinophilic
myocarditis (for review, see [15]). ACEi-treated SHR exhibited significantly lower LV mast
cell density and fibrosis, suggesting that mast cells may play a role in the development of
ventricular myocardial fibrosis in hypertension [15]. Treatment of renovascular hypertensive
rats with an inhibitor of mast cell degranulation markedly attenuated LV fibrosis [16].
However, it is not known whether Ac-SDKP interferes with the pro-inflammatory and
profibrotic effects of Ang Il /n vivo. Ang 1l is also known to stimulate expression of
transforming growth factor-B1 (TGF-B1) in cardiac fibroblasts and myofibroblasts [17]. Most
of the effects of TGF-B, are believed to be mediated by another cytokine named connective
tissue growth factor (CTGF) [18], and both of these cytokines play a central role in the
development of fibrosis [19]. We hypothesized that when Ac-SDKP is infused at doses that
cause plasma concentrations similar to those observed after ACE inhibition, it mimics the
anti-inflammatory and antifibrotic effects of ACE inhibitors (ACEi) in the heart, and, further,
that these effects are independent of changes in blood pressure. We examined whether: (1)
ACEi increase plasma Ac-SDKP, which in turn blunts cell proliferation, LV inflammatory
cell infiltration and collagen deposition; (2) exogenous Ac-SDKP mimics the anti-
inflammatory and antifibrotic effects of ACEi; and (3) the mechanism by which ACEi and
Ac-SDKP inhibit cardiac collagen is associated with inhibition of cell proliferation, TGF-p
and CTGF expression and infiltration of cardiac tissue by inflammatory cells. Since reports
have suggested that the antifibrotic effect of ACEi is not associated with hemodynamic
changes in Ang ll-induced hypertension [20], we selected this model to test our hypothesis.
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This study was approved by the Henry Ford Hospital Institutional Animal Care and Use
Committee.

Animals and experimental design

Male Sprague—Dawley rats weighing 200-255 g (Charles River, Wilmington, Delaware)
were anesthetized with sodium pentobarbital (50 mg/kg, i.p.). A small incision was made
between the shoulder blades and a pocket created subcutaneously, just large enough to hold
an osmotic minipump (Alzet 2 ML4). The pump was implanted to deliver Ang Il and/or Ac-
SDKEP (synthesized at Dr Domenico Regoli’s laboratory, University of Sherbrooke, Canada)
or saline plus 0.01 N acetic acid. Captopril was given in drinking water. Treatment with Ac-
SDKEP or captopril was begun simultaneously with Ang Il and continued for 4 weeks. Rats
were divided into five groups: (1) sham, (2) Ang Il + vehicle (saline + 0.01 acetic acid), (3)
Ang Il + captopril at 100 mg/kg per day, (4) Ang Il + Ac-SDKP at 400 pg/kg per day and (5)
Ang Il + Ac-SDKP at 800 pg/kg per day.

Systolic blood pressure (SBP) was measured by tail cuff twice a week for 4 weeks. At the
end of the experiment, animals were anesthetized with 50 mg/kg pentobarbital sodium, and
blood from the aorta was collected in a heparinized tube. The heart was stopped at diastole
with an intraventricular injection of 15% KCI and then rapidly excised along with the right
kidney for histological analysis. The LV (including the septum) was weighed and sectioned
transversely from apex to base.

Hydroxyproline assay

Collagen content of myocardial and renal tissue was determined by hydroxyproline assay as
described previously [10,21]. Briefly, tissue was freeze-dried, homogenized, and hydrolyzed
with 6 N HCI for 16 h at 110 °C. A standard curve of 0 to 5 pg hydroxyproline was used,
and data were expressed as pg collagen/mg dry wt, assuming that collagen contains an
average of 13.5% hydroxyproline [22].

Cross-sectional area of LV myocytes

Sections, 10 pm thick, from each frozen slice were stained with fluorescein-labeled peanut
agglutinin (Vector Laboratories, Burlingame, California, USA) after pretreatment with 3.3
U/ml neuroaminidase V type (Sigma, St Louis, Missouri, USA) to delineate myocyte cross-
sectional area (an indicator of myocyte volume) [11]. Stained sections were photographed
on 35-mm film. Each field contained = 100 myocytes. Images were projected with a photo-
magnifier, and myocyte cross-sectional area (radial fields) and length (longitudinal fields)
were determined using computer-based planimetry (SigmaScan). An average cross-sectional
area was calculated using data from all three slices.

LV interstitial collagen fraction

Total surface area (microscopic field), interstitial space (collagen plus capillaries) and area
occupied by capillaries alone were measured with computer-assisted videodensitometry
(JAVA,; SPSS; Chicago, Illinois, USA). Interstitial collagen fraction was calculated by the
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per cent total surface area occupied by the interstitial space minus the per cent total surface
area occupied by the capillaries. The average interstitial collagen fraction was calculated
using data obtained from all three slices [23].

Determination of cell proliferation (Ki-67)

Sections measuring 6 um were heated for 30 min in a 37°C oven, deparaffinized, rehydrated
and boiled in a microwave oven for 17 min. They were incubated overnight at 4°C with a
polyclonal anti Ki-67 antibody (1 : 33; Santa Cruz Biotechnology, California, USA)
followed by a biotinylated secondary antibody and stained with anti-rabbit 1gG labeled by
FITC for 1 h at 37°C [24,25]. Ki-67-positive cells in half of the LV were counted and
expressed as cells/mm?.

LV macrophage/monocyte and mast cell infiltration

LV sections were fixed in 2.5% paraformaldehyde and mounted in a paraffin block. Sections
4 um thick were deparaffinized, rehydrated, boiled in 0.2% citric acid (oH 6.0) for 10 min
for antigen retrieval, and washed three times in phosphate-buffered saline (PBS) for 5 min
each time. Sections were preincubated with blocking serum (1% normal serum) for 30 min
and incubated with a mouse monoclonal antibody against rat macrophages/monocytes (ED1,
1:1000 dilution; Chemicon, Temecula, California, USA) at room temperature for 30 min.
Each section was washed three times in PBS, and ED1 was assayed (Vectastain ABC kit;
Vector Laboratories). Sections were developed with diaminobenzidine substrate (Vector) and
counterstained with hematoxylin. To determine mast cell infiltration, we stained 4-pm
sections (prepared as described above) with toluidine blue O (Sigma) [26,27]. A Nikon
microscope was attached to a charge-coupled device video camera (Optronics) and the
images sent to a computer fitted with a Bioquant NOVA image analysis system (R&M
Biometrics, Nashville, Tennessee, USA). Stained cells were counted at x40; and because
every selected image occupied the entire window, we measured window size with the same
objective. Cell density was calculated as the number of cells per window area (1 mm?),
which was fixed at 0.022194 mm2. For each sample, 12 randomly selected fields were
examined.

Immunohistochemical staining for TGF-B and CTGF in the left ventricle

Sections 5 um thick were deparaffinized, rehydrated and quenched with endogenous
peroxide (3% hydrogen peroxide) and boiled in 0.2% citric acid (pH 6.0) for 10 min for
antigen retrieval. They were washed twice in PBS for 5 min each time, preincubated with
blocking serum (1% normal serum) for 30 min, then incubated with a mouse monoclonal
antibody against TGF-p (1 : 1000 dilution; R&D Systems, Minneapolis, Minnesota) or an
affinity-purified rabbit polyclonal antibody against residues 81-94 of human CTGF (1
ng/ml) at 4°C overnight [28]. Each section was washed three times in 1% Tween PBS and
assayed with a Vectastain ABC kit. Sections were developed with diaminobenzidine
substrate and counterstained with hematoxylin. For each sample, 16 randomly selected fields
in the LV were examined. TGF-B-positive staining was found in the interstitium. TGF-B was
localized within the cells and in the extracellular space. Thus, we felt the best way to
quantitate the results was to measure per cent total myocardial area as reported by others
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[29]. CTGF-positive staining was intracellular, making it possible to count the cells;
therefore, CTGF-positive cells in half of the LV were counted and expressed as cells/mm?.

Ac-SDKP plasma levels

Acrterial blood mixed with lisinopril (final concentration, 10 umol/l) was centrifuged at 2000
gfor 15 min at 4°C. Plasma was stored at =70°C until the assay. Plasma Ac-SDKP was
quantified using a competitive enzyme immunoassay kit (SPI-B1O, Massey Cedex, France)
and expressed as nm/I [3].

Statistical analysis

Analysis of variance (ANOVA) was used to test for differences among the five different
groups. Hochberg’s method was used to adjust the a level of significance. Values are
expressed as mean £ SEM. £ < 0.05 was considered significant.

Results

SBP, heart rate, left ventricular hypertrophy and myocyte cross-sectional area

One week after Ang Il infusion, SBP in the Ang Il + vehicle group was significantly
increased compared with the control group (P < 0.005) and remained at this plateau for 3
weeks. Neither captopril (100 mg/kg per day) nor Ac-SDKP at 400 or 800 ug/kg per day for
4 weeks had any effect on the development of hypertension (Fig. 1). Heart rate was
unchanged and was comparable in all groups. The ratio of LV weight to body weight was
significantly increased in the Ang Il + vehicle group (P < 0.001), and neither captopril nor
Ac-SDKP suppressed this increase. Myocyte cross-sectional area was also significantly
increased in the Ang II + vehicle group (455 + 14 versus 346 + 12 um? for control; <
0.0005). It was not affected by either captopril (434 + 3 pm?2) or Ac-SDKP (461 + 12) and
was consistently higher than control (£ < 0.0005).

Ac-SDKP plasma concentration

Ac-SDKP plasma concentration was the same for Ang Il + vehicle and control (Fig. 2).
However, as expected, plasma Ac-SDKP was five-fold higher in rats given captopril (P <
0.008). Exogenous infusion of Ac-SDKP (400 pg/kg per day) also generated higher plasma
Ac-SDKP compared with control and Ang Il + vehicle (P < 0.008), but similar to Ang 1 +
ACEi. Ac-SDKP at 800 pg/kg per day increased plasma Ac-SDKP 10-fold.

LV and kidney collagen content

LV collagen was significantly increased in the Ang Il + vehicle group (15.9 + 1.8 ug/mg dry
LV weight) compared with control (8.0 £ 0.3; £< 0.001), and this increase was significantly
prevented by captopril (10.5 £ 0.4; < 0.05) and by Ac-SDKP at 400 (11.4 + 0.9; A< 0.001)
and 800 pg/kg per day (9.97 £ 0.4; £<0.001) (Fig. 3). Figure 4 shows representative
histological sections of myocyte cross-sectional area and interstitial collagen deposition
from controls and Ang Il-hypertensive rats treated with either vehicle, ACEi or Ac-SDKP.
We also observed a significant increase in renal collagen in the Ang Il + vehicle group
(28.11 £ 2.58 pg/mg dry kidney weight) compared with control (14.93 + 1.72; £< 0.001),
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which was significantly attenuated by captopril (18.0 £ 0.72; < 0.001) and Ac-SDKP at
400 (17.24 £ 0.42; P<0.001) and 800 pg/kg per day (16.38 £ 0.73; £< 0.001) (Fig. 3).

Effect of captopril and Ac-SDKP on cell proliferation in the LV

Few Ki-67-positive cells were seen in the controls. In the Ang Il + vehicle group, Ki-67-
positive cells were largely restricted to the interstitial and perivascular spaces but were
significantly increased compared with control (P< 0.01). Treatment with ACEi or Ac-SDKP
significantly lowered the number of Ki-67-positive cells in the LV (P< 0.01) (Fig. 5).

Effect of captopril and Ac-SDKP infusion on monocyte/macrophage (ED1) and mast cell
infiltration in the LV interstitium

ED1-positive cells were significantly increased in the Ang Il + vehicle group compared with
control (P< 0.001). Treatment with captopril and Ac-SDKP (at both doses) significantly
reduced the number of ED1-positive cells in the LV (£< 0.001) (Figs 6 and 7). There were
also significantly more mast cells in the LV in the Ang Il + vehicle group than control (P<
0.001); captopril and Ac-SDKP kept mast cell infiltration at normal levels (Figs 6 and 7).

Effect of captopril and Ac-SDKP infusion on TGF-B and CTGF expression in the LV

TGF-p expression was significantly higher in the Ang Il + vehicle group (0.18 + 0.02% total
myocardium) compared with control (0.05 + 0.01%; P < 0.001). Treatment with captopril
and Ac-SDKP at 400 and 800 pg/kg per day inhibited TGF-p expression (0.12 + 0.01, P<
0.01; 0.10 £ 0.01, A< 0.01; and 0.10 £ 0.01, < 0.007, respectively) (Figs 8 and 9). CTGF
expression was also higher with Ang Il + vehicle, and treatment with captopril and Ac-
SDKP reduced it as well (Figs 8 and 9).

Discussion

We tested whether chronic infusion of exogenous Ac-SDKP or administration of an ACEi
would result in similar rises in plasma Ac-SDKP, leading to similar antiproliferative, anti-
inflammatory and antifibrotic effects in rats made hypertensive by Ang Il infusion. We
found that Ac-SDKP plasma concentration was the same for Ang Il + vehicle and control,
suggesting that Ac-SDKP synthesis and degradation may not be affected by Ang |1
hypertension. However, plasma Ac-SDKP was five-fold higher in rats given ACEi compared
with controls, confirming others’ findings [5,6]. Exogenous infusion of a low dose of Ac-
SDKP (400 ug/kg per day) generated plasma levels of Ac-SDKP similar to Ang Il + ACEi.
Interestingly, both ACEi and low-dose Ac-SDKP produced a very similar decrease in the
number of infiltrating inflammatory cells (monocytes/macrophages and mast cells),
expression of TGF- and CTGF, and collagen deposition in the LV of Ang Il hypertensive
rats without affecting blood pressure, cardiac hypertrophy or myocyte cross-sectional area.
Doubling the dose of exogenous Ac-SDKP produced twice the level of plasma Ac-SDKP
compared with Ang Il + ACEi or Ang Il + Ac-SDKP (400 ug/kg per day), and yet anti-
inflammatory and antifibrotic effects were similar to ACEi or low-dose Ac-SDKP. At week
4 of Ang Il infusion, the number of cells positive for Ki-67 (a marker for cell proliferation)
was significantly higher in the Ang Il + vehicle group compared with control. This finding is
different from Campbell et al., who reported that most PCNA-positive staining (another
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marker for cell proliferation) in rats with Ang Il-induced hypertension was seen as early as 2
days and lasted up to 14 days, but then faded [14]. It could be that PCNA is also detectable
in quiescent cells, probably because of its involvement in nucleotide excision repair
mechanisms, while Ki-67 antigen, a nuclear protein of unknown function, was shown to be
strictly expressed when cells passed from G to G; with continued expression throughout the
cell cycle. Indeed, Ki-67 has been used as a preferential marker for cell proliferation of solid
tumors and some hematological malignancies [30-32]. The advantage of this method over
BrdU or 3H-thymidine incorporation is that markers are not needed prior to isolating the
cells (e.g. cardiac fibroblasts or vascular smooth muscle cells) or tissue (e.g. heart). Ac-
SDKP (high dose) and ACEi prevented cell proliferation (Ki-67) in a very similar fashion.
The antifibrotic effect of Ac-SDKP has also been shown in rats on aldosterone-salt [10] or
two-kidney, one-clip hypertension (2K-1C) [9] and in rat hearts post-MI [33], and Ac-SDKP
is known to prevent macrophage/monocyte infiltration in the LV of 2K-1C hypertensive rats
and rat hearts post-MI [9,33].

Inflammatory cells (macrophages and mast cells) are reportedly associated with
cardiovascular disease. Myocardial fibrosis and the density of infiltrating macrophages are
positively correlated in SHR [34]. Nicoletti et a/. [35] reported that myocardial macrophages
(ED1-positive cells) were significantly increased in rats with 2K-1C hypertension and co-
localized with collagen-synthesizing fibroblasts. Inflammatory cells could promote fibrosis
by releasing growth factors or cytokines such as TGF-f which act on fibroblasts and/or
myofibroblasts. Mast cells are increased in the right and left ventricles of hypertensive rats
with myocardial fibrosis [15] and infarction [36] and in the lungs of patients with fibrosis
[37]. Mast cells may also play a role in cardiovascular disease, since they are present in
human heart tissue [38,39] and in the adventitia of diseased coronary arteries [40-42]. Mast
cell density and histamine concentration are both increased in the coronary arteries of
cardiac patients [40,41,43], whose arteries become hyper-responsive to histamine [40].
Furthermore, /n vivo histamine and other mast cell-derived mediators (peptide LTC,) cause
significant cardiovascular effects [44-46]. Mast cell-derived mediators are mitogens and co-
mitogens for human fibroblasts [47-50] and stimulate synthesis and accumulation of
collagen, a hallmark of ischemic and dilated cardiomyopathy [51]. In addition, mast cells are
an important source of monocyte chemoattractant protein-1 (MCP-1), which when released
can recruit more macrophages to the injured myocardium. Thus inhibition of macrophages/
monocytes and mast cells by ACEi (probably mediated by Ac-SDKP) and exogenous Ac-
SDKP may indicate that their antifibrotic action is at least partially mediated by their anti-
inflammatory effect.

TGF-p expression could be enhanced in the hypertensive heart, either because of increased
infiltrating inflammatory cells (macrophages) or the action of Ang Il on cardiac fibroblasts
and myofibroblasts [17]. Lee et al. [52] reported that Ang Il stimulates autocrine production
of TGF-p in adult rat cardiac fibroblasts and suggested that its effect on the adult
myocardium may be mediated in part by autocrine/paracrine mechanisms, including
production and release of TGF- by cardiac fibroblasts. In turn, TGF-f induces expression
of another downstream factor, CTGF, which promotes proliferation and extracellular matrix
production in connective tissue and was found to be overexpressed in fibrotic disorders
[19,53]. CTGF is a 38-kD protein belonging to the insulin-like growth factor family and is a
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mitogenic and chemotactic factor for cultured fibroblasts [54,55]. It has been shown to
promote proliferation and production of extracellular matrix in the heart [19]. As expected,
we found that CTGF was markedly increased in the LV of Ang Il hypertensive rats, and that
Ac-SDKP significantly inhibited overexpression of CTGF in the heart. Therefore, inhibition
of cardiac fibrosis was associated with suppression of increased LV TGF-B and CTGF. Ac-
SDKP could inhibit the increase in CTGF by blocking TGF-f production, because CTGF is
a downstream component of the TGF-p signaling pathway [19]; or it could do so by
inhibiting cardiac fibroblast proliferation [7] and thus CTGF production, since fibroblasts
can also produce CTGF [54,55]. CTGF is probably induced following TGF-p binding to its
receptor(s), triggering specific signals such as Smads and leading to activation of
transcriptional factors. Indeed, Ac-SDKP has been shown to inhibit TGF- signaling,
resulting in inhibition of Smad activation in rat cardiac fibroblasts [8] as well as human
mesangial cells [56].

In summary, inhibition of TGF-p and CTGF expression by Ac-SDKP in the LV of Ang II-
infused hypertensive rats may be an important factor in mediating its antifibrotic effect. We
found that an ACEi increased plasma Ac-SDKP in a manner similar to exogenous Ac-SDKP.
The ACE:i also resembled Ac-SDKP in several other ways: (1) inhibition of cell
proliferation, (2) inhibition of LV inflammatory cell infiltration (macrophages/monocytes
and mast cells), (3) reduction of TGF-p and CTGF expression in the LV, and (4) prevention
of cardiac and renal fibrosis resulting from Ang Il infusion. These findings suggest that Ac-
SDKEP prevents cardiac fibrosis by blocking cell proliferation and collagen production and
also inhibits inflammation in Ang Il-hypertensive rats. ACEi increase plasma [6] and tissue
Ac-SDKP [57] and decrease cardiac and renal fibrosis [11-13,58,59]. In the future,
development of an Ac-SDKP antagonist or an inhibitor of Ac-SDKP synthesis would be
valuable in determining what role Ac-SDKP might play in the anti-inflammatory/antifibrotic
effect of ACEi in cardiovascular disease.
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(@) Systolic blood pressure (SBP) and (b) ratio of left ventricular (LV) weight to body weight
in rats with angiotensin Il (Ang I1)-induced hypertension (750 pg/kg per day) treated with
either captopril at 100 mg/kg per day or N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) at

400 or 800 ug/kg per day. Ang Il infusion significantly increased SBP and induced LV

hypertrophy. Neither captopril nor Ac-SDKP affected SBP or LV hypertrophy. *P < 0.005
for all groups versus control. ACEi, angiotensin-1 converting enzyme inhibitors; NS, not

significant.
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Fig. 2.

Plgsma N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) in controls and angiotensin Il (Ang
I)-infused rats after 4 weeks of treatment with captopril or Ac-SDKP. Ac-SDKP was not
affected by chronic Ang Il treatment; however, it was five-fold higher in rats given captopril
(100 mg/kg per day) and four- and ten-fold higher in rats given Ac- SDKP at 400 and 800
ug/kg per day, respectively. *P < 0.008 for all groups versus control.
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(750 pg/kg per day)

Collagen deposition in the left ventricle (LV) and right kidney (RK) in controls and
angiotensin Il (Ang I)-infused rats after 4 weeks of treatment with either captopril or A~
acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP). Collagen deposition was significantly higher
in the Ang Il + vehicle groups. Captopril (100 mg/kg per day) and Ac-SDKP at 400 and 800
ug/kg per day significantly lowered collagen deposition. *P < 0.002 for Ang Il + vehicle
versus control. **P < 0.001 for Ang Il + angiotensin-I converting enzyme inhibitors (ACEi)

or Ac-SDKP versus Ang Il + vehicle.
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Control

Ang Il + captopril Ang Il + Ac-SDKP

Fig. 4.
Representative histological sections showing myocyte cross-sectional area, interstitial

collagen deposition (green) and capillaries (yellow; since images were exposed under
fluorescent light, the red color given by rhodamine is not apparent) from (1) controls and
rats infused with angiotensin (Ang Il) plus either (2) vehicle, (3) captopril (100 mg/kg per
day) or (4) N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP, 800 ug/kg per day).
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Fig. 5.

Immunohistochemical staining for Ki-67-positive cells in the left ventricle (LV) of controls
and angiotensin Il (Ang Il)-infused rats after 4 weeks of treatment with either captopril or N-
acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP). The number of Ki-67-positive cells was
significantly higher in the Ang Il + vehicle group. Captopril (100 mg/kg per day) and Ac-
SDKP at 800 pg/kg per day significantly lowered cell proliferation. *~< 0.01 for Ang Il +
vehicle versus control. **P< 0.01 for Ang Il + ACEi or Ac-SDKP versus Ang Il + vehicle.
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Immunohistochemical staining for monocytes/macrophages (ED1-positive cells; brown) and
toluidine blue staining for mast cells (dark pink cells with characteristic cytoplasmic
granules) in the left ventricle (LV) 4 weeks after treatment in controls, rats given angiotensin
I1 (Ang Il) + vehicle and rats given Ang Il + captopril or A-acetyl-seryl-aspartyl-lysyl-
proline (Ac-SDKP, 400 or 800 ug/kg per day). Magnification x 400.
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Fig. 7.

Ef%ect of captopril and A-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) on macrophage and
mast cell infiltration in the left ventricle (LV) in controls and angiotensin Il (Ang Il)-infused
rats after 4 weeks of treatment. There were significantly more macrophages and mast cells in
rats given Ang Il + vehicle than in the controls. Captopril and Ac-SDKP significantly
inhibited inflammatory cell infiltration in the LV. *£< 0.001 for Ang Il + vehicle versus
controls. **P< 0.001 for Ang Il + angiotensin-I converting enzyme inhibitors (ACEi) or Ac-
SDKP versus Ang Il + vehicle.
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Immunohistochemical staining for transforming growth factor-p (TGF-B)-positive staining
and connective tissue growth factor (CTGF)-positive cells in the left ventricle (LV) 4 weeks
after treatment in controls, rats given angiotensin Il (Ang Il) + vehicle and rats given Ang 11
+ captopril or N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) (400 or 800 ug/kg per day).

Magnification x400.
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Fig. 9.

Efgfect of captopril and N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) on transforming
growth factor-p (TGF-B)- and connective tissue growth factor (CTGF)-positive cells in the
left ventricle (LV) in controls and angiotensin 11 (Ang I1)-infused rats after 4 weeks of
treatment. There were significantly more TGF-p- and CTGF-positive cells in rats given Ang
I + vehicle than in the controls. Captopril and Ac-SDKP significantly inhibited cytokine
expression in the LV. *P< 0.001 for Ang Il + vehicle versus controls. **£ < 0.05 for Ang Il
+ ACEi or Ac-SDKP versus Ang Il + vehicle.

J Hypertens. Author manuscript; available in PMC 2019 November 01.



	Abstract
	Introduction
	Methods
	Animals and experimental design
	Hydroxyproline assay
	Cross-sectional area of LV myocytes
	LV interstitial collagen fraction
	Determination of cell proliferation (Ki-67)
	LV macrophage/monocyte and mast cell infiltration
	Immunohistochemical staining for TGF-β and CTGF in the left ventricle
	Ac-SDKP plasma levels
	Statistical analysis

	Results
	SBP, heart rate, left ventricular hypertrophy and myocyte cross-sectional area
	Ac-SDKP plasma concentration
	LV and kidney collagen content
	Effect of captopril and Ac-SDKP on cell proliferation in the LV
	Effect of captopril and Ac-SDKP infusion on monocyte/macrophage (ED1) and mast cell infiltration in the LV interstitium
	Effect of captopril and Ac-SDKP infusion on TGF-β and CTGF expression in the LV

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9

