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Abstract

N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a natural substrate for the N-terminal active 

site of angiotensin-converting enzyme (ACE). We previously reported that Ac-SDKP prevented 

cardiac fibrosis in rats with renovascular or aldosterone-salt hypertension. However, it is not clear 

whether Ac-SDKP reverses cardiac fibrosis in hypertension, nor the mechanism(s) involved. In the 

present study, we tested the hypothesis that Ac-SDKP reversal of hypertension-induced cardiac 

fibrosis involves a decrease in transforming growth factor-β (TGF-β) and/or connective tissue 

growth factor (CTGF). In 2-kidney, 1-clip (2K-1C) hypertensive rats, Ac-SDKP at 400 or 800 

μg/kg per day SC was started 8 weeks after hypertension and cardiac fibrosis were established and 

was continued for 8 weeks. Left ventricular (LV) collagen in rats with 2K-1C plus vehicle at 8 and 

16 weeks after clipping was similar but higher than in the sham group (P<0.05). Ac-SDKP at 400 

and 800 μg/kg per day, which increased plasma Ac-SDKP 2- and 5-fold, respectively, reversed the 

increase in LV collagen in a dose-dependent manner. The mechanism by which Ac-SDKP reverses 

LV fibrosis does not appear to depend on ACE inhibition by Ac-SDKP, since we found that Ac-

SDKP at various doses did not affect blood pressure responses to exogenous angiotensin I or 

bradykinin. However, Ac-SDKP reversed the increase in LV TGF-β and CTGF compared with rats 

with 2K-1C plus vehicle (P<0.005). We concluded that in hypertension, Ac-SDKP reverses 

cardiac fibrosis, perhaps due in part to a decrease in TGF-β and CTGF in the heart.
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N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a natural inhibitor of pluripotent 

hematopoietic stem cell proliferation1,2 that is normally present in human plasma and 

circulating mononuclear cells.3 It is cleaved to an inactive form by the NH2-terminal 

catalytic domain of angiotensin-converting enzyme (ACE).4
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ACE inhibitors (ACEi) reversed cardiac fibrosis in patients with hypertensive heart disease,5 

spontaneously hypertensive rats (SHR),6 and rats with deoxycorticosterone acetate (DOCA)-

salt hypertension, and this effect was independent of changes in blood pressure (BP).7 ACEi 

reversal of cardiac fibrosis could be partially due to Ac-SDKP, since ACE inhibition 

increased plasma Ac-SDKP.4,8 We previously found that Ac-SDKP not only inhibited 

cardiac fibroblast proliferation and collagen synthesis in vitro but also prevented enhanced 

collagen deposition in the left ventricle (LV) in both 2-kidney, 1-clip (2K-1C) and 

aldosterone-salt hyper-tensive rats.9–11 However, once cardiac fibrosis is established, it is not 

clear whether it can be reversed by Ac-SDKP, nor the mechanisms involved.

Transforming growth factor-β (TGF-β) is a key profibrotic cytokine whose effect may be 

mediated by another cytokine, connective tissue growth factor (CTGF), a downstream 

component of the TGF-β signaling pathway.12–16 These two cytokines play a central role in 

the development of cardiac fibrosis.16 Thus, we hypothesized that Ac-SDKP reverses 

hypertension-induced cardiac fibrosis by inhibiting expression of TGF-β and/or CTGF. 

Boulanger et al17 reported that Ac-SDKP at very high doses impairs angiotensin I (Ang I)–

induced contractions of the rat aorta in vitro, suggesting that this effect is mediated by ACE 

inhibition. Therefore, we tested whether Ac-SDKP at the doses we used in vivo inhibits 

ACE activity. For this, we examined the pressor and depressor response to Ang I and 

bradykinin (BK), respectively, in an additional group of rats treated with various doses of 

Ac-SDKP. Since we previously found that cardiac fibrosis is fully established 8 weeks after 

induction of 2K-1C hypertension,10 in the present study Ac-SDKP was started at the end of 

week 8 and continued for 8 weeks.

Methods

Animals and Experimental Design

Male Sprague-Dawley rats (Charles River, 175 to 185 g) were anesthetized with 

methohexital sodium (Brevital; 50 mg/kg IP). Hypertension was induced by clipping the left 

renal artery as described previously.10 Ac-SDKP (obtained from Dr Domenico Regoli, 

University of Sherbrooke, Canada) at 400 or 800 μg/kg per day was started 8 weeks after 

clipping and continued for 8 weeks. Ac-SDKP was infused subcutaneously through an 

osmotic minipump (Alzet). Animals were divided into 6 groups: (1) 8-week sham-clipped 

(sham-8W, n=5), (2) 8-week 2K-1C plus vehicle (2K-1C/vehicle-8W, n=5), (3) 16-week 

sham-clipped (sham-16W, n=9), (4) 16-week 2K-1C plus vehicle (2K-1C/vehicle-16W, 

n=10), (5) 2K-1C plus Ac-SDKP 400 μg/kg per day (2K-1C/Ac-SDKP 400, n=9), and (6) 

2K-1C plus Ac-SDKP 800 μg/kg per day (2K-1C/Ac-SDKP 800, n=13). To test whether Ac-

SDKP at the doses we used inhibits ACE, we studied the effect of Ac-SDKP at 400 (n=5), 

800 (n=4), and 1600 μg/kg per day (n=5) for 3 weeks (subcutaneously, through osmotic 

minipump) on the BP response to Ang I, Ang II, and BK (Bachem). Captopril (Sigma; 50 

mg/kg per day) given in drinking water was used as a positive control for blocking ACE 

(n=5) and was compared with placebo (n=5). Drugs were given through a catheter placed in 

the carotid artery, and mean arterial pressure (MAP) was measured via the femoral artery.18 

These studies were approved by the Henry Ford Hospital Institutional Animal Care and Use 

Committee.
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Measurement of Systolic Blood Pressure and Sample Collection

Systolic blood pressure (SBP) was measured by tail cuff once per week. Tissue was 

collected as described previously.11

Measurement of Plasma Ac-SDKP

Blood was withdrawn through the vena cava in a heparinized syringe containing lisinopril 

(Merck; final concentration, 10 μmol/L). Plasma Ac-SDKP was measured with an enzyme 

immunoassay kit (SPI-BIO).

Hydroxyproline Assay

Collagen content of the LV was determined by hydroxyproline assay, as described 

previously.11,19,20

Histochemical Analysis of Interstitial Collagen Fraction in the Left Ventricle

Interstitial collagen fraction (ICF) was measured in a double-blind manner, as described 

previously.11,21,22

Immunohistochemical Staining for TGF-β and CTGF in the Left Ventricle

A monoclonal antibody against bovine TGF-β1,2,3 (1:1000; R&D Systems) and an affinity-

purified rabbit polyclonal antibody against a human CTGF peptide (residues 81 to 94, 1 

ng/mL)23 were used as the primary antibody for TGF-β and CTGF detection, respectively. 

Staining was assayed with a Vectastain ABC kit (Vector Laboratories), as described 

previously.11 Areas that stained positive for TGF-β (Bioquant NOVA Image Analysis 

System) were expressed as a percentage of total myocardial area, as suggested by Lim et al.
24 For each sample, 16 randomly selected fields in the LV were examined. CTGF-positive 

cells in half of the LV sections were counted and expressed as positive cells per millimeter 

squared. Immunohistochemical measurements were carried out in a blinded manner.

Statistical Analysis

ANOVA with repeated measures was used to analyze the SBP data. The Student t test was 

used to compare treatment groups with regard to the ratio of organ weight to body weight 

(BW), TGF-β and CTGF, collagen content, and ICF. Because of the lack of normally 

distributed samples, nonparametric Wilcoxon 2-sample exact tests were used to compare 

plasma Ac-SDKP measurements. The Hochberg step-up method was applied to each group 

of probability values within each parameter group to adjust for multiple testing.25 Family-

wise α levels were preset at α=0.05 within each group. Values are expressed as mean±SEM.

Results

Systolic Blood Pressure, Plasma Ac-SDKP Concentration, and Ratio of Organ Weight to 
Body Weight

Two weeks after surgery, SBP in the 2K-1C/vehicle group was significantly increased 

compared with sham, reaching a maximum by week 3 and remaining elevated for up to 16 

weeks. Ac-SDKP at 400 or 800 μg/kg per day for 8 weeks had no effect on hypertension 
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(Table). After 8 weeks of Ac-SDKP treatment, plasma Ac-SDKP concentration was 

increased in a dose-dependent manner compared with the untreated groups (Table). The ratio 

of LV weight (LVW) to BW in 2K-1C rats was significantly and similarly increased at 8 and 

16 weeks after clipping, and treatment with Ac-SDKP for 8 weeks did not reverse this 

increase. The ratio of atrial weight (AW) or RV weight (RVW) to BW did not differ 

significantly among groups (Table).

Effect of Ac-SDKP on Pressor Response to Ang I and Ang II or Depressor Response to BK

As shown in Figure 1, BP response to Ang I, Ang II, or BK was not affected by Ac-SDKP. 

However, BP response to Ang I was attenuated by captopril, whereas BP response to BK 

was enhanced, consistent with ACE inhibition; conversely, BP response to Ang II was not 

affected by captopril, indicating that Ac-SDKP at the doses used did not inhibit ACE.

Collagen Content of the Left Ventricle

LV collagen content, as estimated by hydroxyproline assay, was increased in the 2K-1C/

vehicle group 8 weeks after clipping compared with sham (12.5±0.9 versus 9.7±0.3 μg/mg 

dry LV; P=0.03), and this increase was maintained for up to 16 weeks (Figure 2). LV 

collagen was reversed in a dose-dependent manner in rats with 2K-1C plus Ac-SDKP at 16 

weeks after clipping, reaching maximum regression at a dose of 800 μg/kg per day (Figure 

2).

Interstitial Collagen Fraction in the Left Ventricle

Histochemical analysis showed that ICF in the LV was significantly increased in the 8-week 

2K-1C/vehicle group compared with 8-week sham (P<0.001). There was no difference in 

ICF between 8-week and 16-week 2K-1C/ vehicle groups. Ac-SDKP at 400 and 800 μg/kg 

per day reversed the increase in ICF in a dose-dependent manner (Figures 2 and 3), 

confirming the data for collagen content.

TGF-β and CTGF Expression in the Left Ventricle

TGF-β–positive staining was found in the LV interstitial space and perivascular area in both 

sham-clipped rats and rats with 2K-1C hypertension (Figure 4). It was increased 6-fold in 

the LV in the 2K-1C/vehicle group 8 weeks after clipping compared with 8-week sham 

(0.43±0.04% versus 0.07±0.01%; P=0.001) and exhibited a similar increase at 16 weeks, 

whereas there was no significant difference in TGF-β expression between 8-week and 16-

week sham groups (Figures 4 and 5). Ac-SDKP treatment for 8 weeks significantly reversed 

increased TGF-β in the LV (Figure 5). CTGF-positive staining was seldom observed in 

vascular endothelial, smooth muscle, or LV interstitial cells in the sham-clipped groups; 

however, in rats with 2K-1C hypertension, CTGF-positive staining was distributed diffusely 

throughout the vascular endothelium, interstitial, and perivascular spaces (Figure 6). At 

either 8 or 16 weeks after clipping, more CTGF-positive cells were seen in the 2K-1C/

vehicle group than sham. Both doses of Ac-SDKP also significantly lowered the number of 

CTGF-positive cells in the LV (Figures 5 and 6).
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Discussion

We previously reported that Ac-SDKP prevents cardiac fibrosis without affecting 

hypertrophy or BP.10,11 In the present study, we tested whether Ac-SDKP can reverse 

cardiac fibrosis in 2K-1C hypertensive rats. We found that LV collagen deposition was 

significantly increased at 8 weeks after clipping and remained elevated at 16 weeks 

compared with sham-clipped rats, as assessed by hydroxyproline assay and histochemical 

analysis. Ac-SDKP was started 8 weeks after clipping and continued for 8 weeks. It reversed 

cardiac fibrosis in a dose-dependent manner, yet had no effect on hypertension or LV 

hypertrophy. It is interesting to note that RV hypertrophy did not occur in this model of high 

renin and Ang II hypertension, similar to the study by Brilla et al,26 who reported finding 

RV fibrosis but no hypertrophy in a slightly different model (abdominal aortic banding plus 

right renal artery clipping). The present study was a follow-up of our previous work10 and 

was designed mainly to study whether Ac-SDKP reverses established LV fibrosis. Others 

have also reported reversing cardiac fibrosis in SHR without altering LV hypertrophy and 

hypertension with the use of an ACEi.6 The density of collagen is low, which together with 

its small volume fraction (0.9%) accounts for its lack of any major impact on myocardial 

tissue weight.

One mechanism by which Ac-SDKP reverses cardiac fibrosis could be inhibition of ACE. 

Indeed, Boulanger et al17 reported that Ac-SDKP at 10 to 100 μmol/L impaired Ang I–

induced contractions of the rat aorta in vitro, suggesting that this effect is mediated by ACE 

inhibition. However, our present findings indicate that at the doses of Ac-SDKP we used to 

reverse cardiac fibrosis, or even at a higher dose, ACE activity remained unchanged, since 

Ac-SDKP did not affect changes in BP in response to exogenous Ang I, bradykinin, or Ang 

II, suggesting that the antifibrotic effects of Ac-SDKP that we observed were not mediated 

by ACE inhibition. Although the reason for the differences between Boulanger’s findings 

and ours is not clear, they could be related to the amount of Ac-SDKP that we used (plasma 

concentration, 4 to 15 nmol/L), which was at least one order of magnitude lower than in 

Boulanger’s study.

TGF-β is a cytokine that may play an important role in the development and maintenance of 

fibrosis, particularly in the presence of an activated renin-angiotensin system (as in 2K-1C 

hypertension), since Ang II stimulates synthesis of TGF-β.27,28 TGF-β has been shown to 

stimulate gene expression of extra-cellular matrix components such as fibronectin, laminin, 

and collagen.16 We confirmed that TGF-β expression was similarly increased in the LV in 

another model of high Ang II hypertension, transgenic rats characterized by increased 

cardiac Ang II concentrations [TGR(mRen2)27], as reported by others.28,29 Ac-SDKP 

treatment for 8 weeks significantly reversed increased TGF-β; however, it is not clear how 

Ac-SDKP reduced TGF-β production. Several types of cells are able to express TGF-β, 

including fibroblasts, myocytes, and endothelial and vascular smooth muscle cells.30 In 

addition, an increased number of inflammatory cells (eg, macrophages) in the hypertensive 

heart could increase TGF-β, leading to cardiac fibrosis.31–33 We previously reported that 

Ac-SDKP inhibits infiltration by inflammatory cells (monocytes and macrophages) within 

the LV interstitial space of rats with 2K-1C hypertension,10 suggesting that Ac-SDKP may 

inhibit TGF-β expression through its anti-inflammatory effect.
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CTGF is a 38-kDa protein belonging to the insulin-like growth factor family and is a 

mitogenic and chemotactic factor in cultured fibroblasts.34,35 It has been shown to promote 

proliferation and production of extracellular matrix in the heart and is a downstream 

component of the TGF-β signaling path-way.16 CTGF is a ubiquitously expressed cytokine 

that is secreted by fibroblasts and endothelial cells. We found that CTGF was markedly 

increased in the LV of 2K-1C rats at both 8 and 16 weeks after clipping and that Ac-SDKP 

reversed overexpression of CTGF in the heart. Therefore, reversal of cardiac fibrosis was 

associated with reversal of increased LV TGF-β and CTGF. Ac-SDKP could reverse the 

increase in CTGF by inhibiting TGF-β production. It is possible that inhibition of CTGF by 

Ac-SDKP is due to suppression of both TGF-β expression and TGF-β–stimulated 

phosphorylation of Smad2 or protein kinase C/ras/mitogen-activated protein kinase (MAK) 

pathways, since there is evidence that Ac-SDKP inhibits the effect of TGF-β on Smad 

signaling in vitro.36,37 TGF-β could also directly activate transcription of the CTGF gene, 

which contains a specific TGF-β response element; thus, Ac-SDKP may inhibit CTGF 

expression by decreasing the available amount of TGF-β.38

The antifibrotic effect of Ac-SDKP appears to be compatible with its inhibitory effect on 

TGF/CTGF expression; still, the changes in collagen did not completely match those of 

TGF/CTGF, suggesting that other mechanisms could be involved in the antifibrotic effect of 

Ac-SDKP, including inhibition of fibroblast proliferation or inhibition of collagen synthesis, 

as we have shown previously.9–11

Reversal of cardiac fibrosis by Ac-SDKP could also be due to enhanced metalloproteinase 

(MMP) activity and decreased tissue inhibitors of MMPs, but we know of no evidence that 

Ac-SDKP has any effect on these two parameters. The contribution of collagen degradation 

to reversal of fibrosis is rather complex and merits a separate study, investigating the effect 

of Ac-SDKP on temporal changes in the activity of matrix MMPs and their respective 

endogenous inhibitors.

In summary, our study showed that 2K-1C hypertension increased TGF-β and CTGF in the 

LV, accompanied by increased LV collagen deposition. Ac-SDKP significantly reversed 

increased LV fibrosis without affecting BP or cardiac hypertrophy, acting independently of 

ACE inhibition and most likely through inhibition of TGF-β/CTGF expression.

Perspectives

We found that Ac-SDKP can ameliorate cardiac fibrosis by reversing increased LV TGF-β/

CTGF. In a separate study, we compared the antifibrotic effect of ACEi with that of Ac-

SDKP in Ang II–hypertensive rats and found that ACEi not only mimicked the antifibrotic 

effect of Ac-SDKP but also raised plasma Ac-SDKP to levels similar to exogenous Ac-

SDKP.39 Since ACEi can increase plasma Ac-SDKP concentration4,8 and reverse cardiac 

fibrosis,40 we speculate that the beneficial effects of ACEi could be partially mediated by 

Ac-SDKP and that the antifibrotic effects of ACEi and Ac-SDKP on the heart could be due 

in part to decreased TGF-β/CTGF expression. More extensive studies are needed to clarify 

the mechanisms of Ac-SDKP in reducing LV fibrosis. In the future, an Ac-SDKP antagonist 

or an inhibitor of Ac-SDKP production will be instrumental in fully assessing the role of Ac-

SDKP in the antifibrotic effects of ACEi. Reversal of cardiac fibrosis has important clinical 
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relevance, and producing an Ac-SDKP agonist that is resistant to ACE, or an antagonist of 

the TGF-β/CTGF signaling pathway, might both prevent and reverse cardiac fibrosis.
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Figure 1. 
Changes in MAP in response to exogenous Ang I, BK, and Ang II in rats treated with 

various doses of Ac-SDKP or captopril for 3 weeks. Baseline MAP in each group was 

control, 120±11 mm Hg; Ac-SDKP 400 μg/kg per day, 112±13 mm Hg; Ac-SDKP 800 

μg/kg per day, 126±2 mm Hg; Ac-SDKP 1600 μg/kg per day, 123±9 mm Hg, and captopril, 

125±6 mm Hg. Ac-SDKP did not affect the MAP response to Ang I, BK, or Ang II. As 

expected, captopril attenuated the pressor effect of Ang I and potentiated the depressor effect 

of BK but did not affect the pressor effect of Ang II. This suggests that Ac-SDKP at the 

doses used does not affect ACE activity in vivo. *P<0.05 vs control.
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Figure 2. 
LV collagen content (top) and interstitial collagen fraction (ICF; bottom) in 2K-1C 

hypertensive rats treated with Ac-SDKP for 8 weeks. Collagen content (assessed by 

hydroxyproline assay) was significantly increased at 8 or 16 weeks after clipping. Ac-SDKP 

reversed this increase in a dose-dependent manner compared with 2K-1C/vehicle-8W, 

reaching significance only at a high dose (P<0.001). ICF showed a similar pattern, 

confirming the collagen data. *P<0.05 vs sham-8W, †P<0.001 vs sham-16W, ‡P<0.05, 

§P<0.001 vs 2K-1C/vehicle-16W.
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Figure 3. 
Myocyte cross-sectional area (MCSA) and ICF in LV of sham-16W rats and 2K-1C-8W and 

2K-1C-16W rats treated with vehicle or Ac-SDKP at 800 μg/kg per day. Green staining 

represents collagen. Eight weeks after clipping, LV collagen deposition and myocyte cross-

sectional area were increased. LV collagen in 2K-1C/vehicle-8W was similar to 2K-1C/

vehicle-16W. Ac-SDKP reversed the increase in LV collagen but not the increase in MCSA, 

suggesting that Ac-SDKP can reverse cardiac fibrosis but not hypertrophy in 2K-1C 

hypertensive rats.

Peng et al. Page 12

Hypertension. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Immunohistochemical staining for TGF-β (with hematoxylin counter-staining) in LV of 

2K-1C rats treated with Ac-SDKP. Brown color represents positive staining. TGF-β–positive 

staining was found in the LV interstitial space, primarily in the perivascular area. TGF-β 
expression was increased 8 and 16 weeks after clipping, and Ac-SDKP treatment for 8 

weeks reversed this increase.
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Figure 5. 
TGF-β (top) and CTGF (bottom) in LV of 2K-1C rats treated with Ac-SDKP for 8 weeks. 

Percentage of TGF-β–positive area was significantly increased at 8 and 16 weeks after 

clipping compared with sham. Ac-SDKP treatment for 8 weeks significantly lowered TGF-β 
production. CTGF-positive cells showed a similar pattern. This suggests that Ac-SDKP 

reverses cytokine production in 2K-1C hypertensive rats. *P<0.005 vs sham-8W, †P<0.001 

vs sham-16W, ‡P<0.005 vs 2K-1C/vehicle-16W.
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Figure 6. 
Immunohistochemical staining for CTGF (with hematoxylin counterstaining) in LV of 

2K-1C rats treated with Ac-SDKP. Brown color represents positive staining. CTGF-positive 

cells were observed in vascular endothelial cells and interstitial cells and were increased 8 

and 16 weeks after clipping, whereas Ac-SDKP reversed this increase.
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