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Abstract

N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a ubiquitous tetrapeptide hydrolyzed almost 

exclusively by angiotensin-converting enzyme (ACE). Chronic treatment with Ac-SDKP 

decreases cardiac and renal fibrosis and inflammatory cell infiltration in hypertensive rats. 

However, very little is known about endogenous synthesis of Ac-SDKP, except that thymosin-β4 

may be the most likely precursor. Two enzymes are potentially able to release Ac-SDKP from 

thymosin-β4: prolyl oligopeptidase (POP) and endoproteinase asp-N. POP is widely present and 

active in several tissues and biological fluids, whereas endoproteinase asp-N appears to be lacking 

in mammals. Therefore, we hypothesized that POP is the main enzyme involved in synthesizing 

the antifibrotic peptide Ac-SDKP. We investigated in vitro and in vivo production of Ac-SDKP. 

Using kidney cortex homogenates, we observed that Ac-SDKP was generated in a time-dependent 

manner in the presence of exogenous thymosin-β4, and this generation was significantly inhibited 

by several POP inhibitors (POPi), Z-prolyl-prolinal, Fmoc-prolyl-pyrrolidine-2-nitrile, and 

S17092. Long-term administration of S17092 in rats significantly decreased endogenous levels of 

Ac-SDKP in the plasma (from 1.76±0.2 to 1.01±0.1 nM), heart (from 2.31±0.21 to 0.83±0.09 

pmol/mg protein), and kidneys (from 5.62±0.34 to 2.86±0.76 pmol/mg protein). As expected, 

ACE inhibitors significantly increased endogenous levels of Ac-SDKP in the plasma, heart, and 

kidney, whereas coadministration of POPi prevented this increase. We concluded that POP is the 

main enzyme responsible for synthesis of the antifibrotic peptide Ac-SDKP.
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N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a tetrapeptide normally present in organs 

and biological fluids of humans and experimental animals.1–3 It was originally described as 

a natural inhibitor of pluripotent hematopoietic stem cells, preventing entry into the S 

phase.4 Recently, Ac-SDKP was found to be hydrolyzed almost exclusively by angiotensin-

converting enzyme (ACE). After treatment with ACE inhibitors (ACEi), its plasma 

concentration increased 5-fold.5–7 Thus, some of the protective effects of ACEi may be 

mediated by an increase in Ac-SDKP. Our laboratory has recently reported that Ac-SDKP 

prevents fibroblast proliferation and collagen synthesis in vitro8 and that long-term 
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treatment decreases cardiac and renal fibrosis and inflammatory cell infiltration in 

hypertensive rats without altering blood pressure.9,10 However, very little is known about 

endogenous synthesis of Ac-SDKP and the enzymes involved in the release of this 

tetrapeptide from its precursor thymosin-β4. Thymosin-β4, the most abundant β-thymosin in 

mammals,11 was reported to be the most likely precursor of the tetrapeptide because it 

possesses the sequence Ac-SDKP in its N-terminus, and thus a single cleavage (Pro4-Asp5) 

would be sufficient to release the tetrapeptide.12,13 However, we could find no reports 

addressing the enzymes involved in the production of Ac-SDKP in vivo.

Two enzymes are potentially able to cleave the Pro4–Asp5 bond of thymosin-β4 to release 

Ac-SDKP: prolyl oligopeptidase (POP), which cleaves the carboxyl end of proline, and 

endoproteinase asp-N, which cleaves the amino end of aspartate. Lenfant et al previously 

reported that endoproteinase asp-N is the main enzyme responsible for Ac-SDKP synthesis, 

based on in vitro studies with a bacterial enzyme.12 However, we know of no evidence that 

endoproteinase asp-N is present in mammals, which would suggest that it plays little or no 

role in production of Ac-SDKP in vivo. The other candidate enzyme, POP, belongs to a new 

class of serine peptidases (clan SC, family S9) unrelated to the well-known trypsin and 

subtilisin families14 and is able to hydrolyze a wide variety of proline-containing peptides.15 

Unlike endoproteinase asp-N, POP is widely present and active in human and animal tissues 

and biological fluids.16–19 Therefore, we hypothesized that POP is the main enzyme 

responsible for release of the antifibrotic peptide Ac-SDKP. We tested whether POP is 

involved in release of Ac-SDKP from thymosin-β4 in vitro, and whether treatment with a 

specific POP inhibitor (POPi) would lower endogenous levels of Ac-SDKP in vivo.

Methods

Animals

We used 10-week-old male Sprague-Dawley rats (Charles River Laboratories). All surgical 

procedures were conducted with the animals under pentobarbital anesthesia (50 mg/kg IP). 

The study was approved by the Institutional Animal Care and Use Committee (IACUC) of 

Henry Ford Health System.

Ac-SDKP Determinations

Ac-SDKP in plasma, urine, and tissue was measured as described by Azizi et al,6 using a 

commercially available enzyme immunoassay kit (Cayman Chemicals). Blood was collected 

in a prechilled syringe containing 10 μL heparin and 10 μL 10−3 mol/L lisinopril per mL of 

blood, and the plasma was separated. The purpose of adding an ACEi was to prevent Ac-

SDKP degradation during sample processing. Urine was collected directly from the bladder 

in a prechilled syringe containing 10 μL 10−3 mol/L lisinopril. Tissue samples were 

homogenized with cold 50 mmol/L phosphate-saline buffer (pH=7.4) containing 10−5 mol/L 

lisinopril. Ac-SDKP was extracted from an aliquot of plasma or tissue homogenate (150 and 

100 μL, respectively) and processed according to the manufacturer’s instructions. Urine was 

assayed without purification in 1:100 dilutions. We observed no cross-reactivity with 

thymosin-β4. Total proteins were measured by the Bradford method and creatinine by the 

Jaffé reaction.
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Effect of POPi on Ac-SDKP Synthesis In Vitro

Homogenates of kidney cortex were chosen because we have evidence that Ac-SDKP has 

renal antifibrotic effects.10 Tissue was desegregated and diluted up to 150 μg/mL total 

protein with cold phosphate–saline buffer; 100-μL aliquots of the homogenate were 

incubated at 37°C with: (1) thymosin-β4 vehicle and POPi vehicle (time control); (2) 

thymosin-β4 (2 μmol/L) plus POPi vehicle; (3) thymosin-β4 plus POPi (0.01 μmol/L); or (4) 

thymosin-β4 plus POPi (0.1 μmol/L). Thymosin-β4, purified from bovine spleen (gift of D. 

Safer, University of Pennsylvania, Philadelphia, Pa),20 was dissolved in water. Three 

different POPi were used: Z-prolyl-prolinal (Z-Pro-Pro, Biomol), Fmoc-prolyl-

pyrrolidine-2-nitrile (Fmoc-Pro-PyrrCN, a gift of S. Wilk, Mount Sinai School of Medicine, 

NY),21 and S17092 (a gift of P. Vanhoutte, Institut de Recherches Internationales Servier, 

France).22 Stock solutions of POPi were made with 20% DMSO, then diluted to their final 

concentration with water. POPi vehicle had the same percentage of DMSO. Ac-SDKP 

content was measured at 0, 20, 40, 80, and 160 minutes of incubation.

Effect of an Oral POPi on Endogenous Ac-SDKP

We tested whether long-term S17092 treatment would decrease endogenous Ac-SDKP by 

systemically blocking POP and whether it would also prevent the tetrapeptide from 

increasing during ACE inhibition. Rats were randomly divided into: (1) vehicle (n=10); (2) 

POPi (S17092, 20 mg/kg per day; n=7);23 (3) ACEi (captopril, 100 mg/kg per day; n=7); 

and (4) ACEi plus POPi (n=7). S17092 was mixed with 0.5 mL peanut oil to obtain an 

emulsion with the proper dose according to the body weight. POPi or vehicle was 

administered once daily by gavage. ACEi was given in drinking water. After 7 days of 

treatment, rats were anesthetized and blood, urine, heart, and kidneys were collected and 

kept at −70°C until Ac-SDKP assay.

Effect of S17092 on ACE Activity In Vivo

Rats were randomly divided into: (1) vehicle (n=4); (2) POPi (S17092, 40 mg/kg per day; 

n=4); and (3) ACEi (captopril, 100 mg/kg per day; n=5). We used a higher dose of S17092 

than in the previous protocol to ensure maximum effect. After 5 days of treatment, rats were 

anesthestized and the femoral artery and vein catheterized for mean arterial pressure (MAP) 

measurement and drug administration, respectively. After a 20-minute stabilization period, 

MAP was recorded for 5 minutes (basal), followed by different doses of bradykinin (Bk) 

(25, 50, and 100 ng) or angiotensin I (Ang I) (12, 25, and 50 ng). After each dose, MAP was 

allowed to stabilize for 15 minutes.

Data Analysis

In vitro experiments and changes in MAP were analyzed using ANOVA, and the Fisher 

protected least significant difference (Fisher LSD) was used to adjust for multiple 

comparisons. Ac-SDKP levels in vivo were analyzed using the Wilcoxon nonparametric 

rank-sum test. P<0.05 was considered significant. Data are expressed as mean±SE.
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Results

Effect of POPi on Ac-SDKP Synthesis In Vitro

Figure 1 shows time-dependent production of Ac-SDKP in vitro. Kidney cortex 

homogenates were incubated with exogenous thymosin-β4 in the presence or absence of 

different POPi (n=7). Panels A, B, and C show production of Ac-SDKP in the presence of 

Z-Pro-Pro, Fmoc-Pro-PyrrCN, and S17092, respectively. When homogenates were 

incubated in the presence of exogenous thymosin-β4, Ac-SDKP increased significantly in a 

time-dependent manner compared with time control (all panels). The highest concentration 

of Z-Pro-Pro (0.1 μmol/L) significantly blocked Ac-SDKP synthesis, whereas a lower dose 

(0.01 μmol/L) was ineffective (panel A); 0.1 μmol/L Fmoc-Pro-PyrrCN significantly 

inhibited Ac-SDKP production, whereas 0.01 μmol/L gave only partial inhibition (panel B). 

S17092 at high and low concentrations completely inhibited Ac-SDKP synthesis (panel C).

Effect of an Oral POPi on Endogenous Ac-SDKP

Figure 2 shows concentration of Ac-SDKP in plasma and urine, and Figure 3 shows Ac-

SDKP content in the heart and kidney after 7 days of S17092 with or without captopril. 

Plasma levels of Ac-SDKP were slightly lower in rats treated with S17092 alone compared 

with vehicle but did not reach statistical significance, whereas urinary levels were similar in 

both groups. Plasma and urinary Ac-SDKP increased significantly after captopril treatment, 

and this increase was significantly prevented by coadministration of S17092. Chronic 

treatment with S17092 alone significantly decreased endogenous levels of Ac-SDKP in the 

heart and renal cortex compared with vehicle. Captopril significantly increased endogenous 

Ac-SDKP, whereas coadministration of S17092 significantly prevented this increase.

Effect of S17092 on ACE Activity In Vivo

We tested whether a high dose of S17092 can inhibit ACE. In this protocol, we doubled the 

dose of S17092 used to measure endogenous Ac-SDKP to maximize possible effects of 

POPi on ACE activity and avoid problems related to insufficient dosage. Figure 4 shows 

changes in MAP caused by bolus injection of increasing amounts of Bk (panel A) and Ang I 

(panel B) in rats treated with vehicle, captopril, or S17092. Because Bk and Ang I are ACE 

substrates, they were used as indicators of ACE activity. We found that in rats treated with 

captopril, Bk-induced hypotension was significantly enhanced and the Ang I-induced 

pressor effect was significantly inhibited compared with vehicle. However, the changes in 

MAP seen in rats treated with S17092 were no different from vehicle. Plasma Ac-SDKP was 

also measured after the experiments, and we found that POPi alone at 40 mg/kg per day 

significantly decreased Ac-SDKP compared with vehicle (1.76±0.2 versus 1.01±0.1 nM; 

P<0.05).

Discussion

We found that: (1) Ac-SDKP generation in kidney homogenates increased in a time-

dependent manner in the presence of exogenous thymosin-β4, and this process was blocked 

significantly by several POPi; (2) rats that received POPi long-term showed significantly 

lower levels of endogenous Ac-SDKP in the heart and kidney; and (3) ACEi significantly 
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increased endogenous Ac-SDKP in the plasma, urine, heart, and kidney, whereas 

coadministration of POPi significantly prevented this increase. We believe this is the first 

study showing that POP is the enzyme responsible for production of the antifibrotic peptide 

Ac-SDKP in vitro and in vivo. Thymosin-β4 was postulated to be the most likely precursor 

for the tetrapeptide, because it possesses the sequence Ac-SDKP in its N-terminus. 

Thymosin-β4 was originally found in the thymus but is widely present in mammals and 

distributed ubiquitously in tissue and in the circulation.11 Its structure is the same in all 

mammals studied so far, including humans, rats, dogs, mice, cats, calves, pigs, sheep, and 

horses, except for the rabbit, which has Ala4 instead of Pro4. Although we have no direct 

evidence that Ac-SDKP is released from thymosin-β4 in vivo, precursor and product 

peptides have been colocalized to many tissues and their concentration shows a positive 

correlation.2 Moreover, in the present study we found that addition of exogenous thymosin-

β4 increased Ac-SDKP production in vitro, supporting this assumption.

Lenfant et al previously reported that endoproteinase asp-N was the enzyme responsible for 

release of Ac-SDKP from thymosin-β4 in vitro.12 They arrived at this conclusion by 

incubating pure bacterial endoproteinase asp-N and POP with 1 mg thymosin-β4 for 18 

hours. However, we believe the in vitro conditions used in their study are questionable for 

the following reasons: (1) bacterial enzymes could not properly reproduce the in vivo 

mammalian enzymatic and biochemical environment; and (2) incubation of extremely high 

amounts of substrate for a long time could lead to loss of enzyme specificity. In the present 

study, we clearly demonstrated that POP is responsible for Ac-SDKP production both in 

vitro and in vivo, because generation of the tetrapeptide was significantly blocked and 

endogenous levels were significantly decreased by specific POP inhibitors.

One particular characteristic of POP is that it only cleaves oligopeptides no larger than 30 

amino acids.17 Its catalysis is controlled by a gating filter mechanism that only allows small 

peptides to gain access to the active site; in this way, larger structural peptides and proteins 

are protected from proteolysis.24 Because thymosin-β4 has 43 amino acids, we believe it 

must be hydrolyzed into a smaller peptide by some other peptidases, resulting in truncation 

of thymosin-β4 before POP hydrolysis and release of Ac-SDKP from the N-terminus. 

Although we have not tested whether the real substrate for POP would be a truncated rather 

than an intact thymosin-β4, it is still important to show that POP is responsible for 

biosynthesis of Ac-SDKP. This could explain why in Lenfant’s studies of pure POP did not 

generate Ac-SDKP from thymosin-β4, because the incubates only contained the pure 

bacterial POP and thymosin-β4, and the absence of other peptidases made it impossible to 

produce a truncated thymosin-β4 as a substrate for POP and finally release Ac-SDKP. In 

contrast, our in vitro studies using tissue homogenates have the advantage of providing the 

proper enzymatic environment for hydrolysis and release of Ac-SDKP from thymosin-β4, 

because peptidases normally found in the kidney are still present in the homogenate.

We blocked Ac-SDKP synthesis using 3 different POPi, which have been developed to treat 

mental disorders such as depression, anorexia and bulimia nervosa, and Alzheimer 

disease.23,25–27 In general, peptide aldehyde analogs of the acyl portion of protease 

substrates are potent competitive inhibitors of serine and sulfhydryl proteases, because the 

aldehyde interacts with the active site serine to form a tetrahedral transition-state analog. 
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Based on this, S. Wilk and M. Orlowski synthesized Z-prolyl-prolinal (Ki 14 nM).28 Fmoc-

Pro-PyrrCN (Ki 5 nM) was also synthesized by S. Wilk;21 contrary to Z-pro-prolinal, this is 

a reversible inhibitor that could easily be synthesized from commonly available 

intermediates using a simple 2-step procedure. S17092 (Ki 1.5 nM) was developed by the 

Institut de Recherches Internationale Servier22 and was described as a highly potent, 

specific, and cell-permeant inhibitor of proline endopeptidase. All of these inhibitors were 

tested for their capacity to block several other proteolytic enzymes at a concentration >1000-

fold greater than their Ki for POP, and all failed to do so. Although these inhibitors are 

reportedly highly specific and do not block other peptidases, by using several compounds 

we increased the degree of certainty that proteolytic release of Ac-SDKP from thymosin-β4 

is caused by POP.

Endogenous Ac-SDKP in the heart and kidney was significantly lower in rats treated with 

POPi alone (lower dose) compared with vehicle, but not in the plasma. However, plasma 

levels of Ac-SDKP were significantly lower when a higher dose was used. It could be 

argued that Ac-SDKP in plasma did not decrease significantly because plasma ACE activity 

is inhibited by POPi; if so, Ac-SDKP degradation is blocked and its concentration would not 

decrease (Figure 5 shows clarification of enzymatic reactions). Therefore, we tested whether 

ACE activity is affected during chronic POPi treatment. We found that in rats treated with 

ACEi, Bk-induced vasodilatation was enhanced and Ang I-induced vasoconstriction was 

inhibited; however, in rats treated with a high dose of S17092, changes in MAP caused by 

acute administration of Bk and Ang I were no different from vehicle, suggesting that ACE 

activity is not affected by POPi. This confirms the findings of Barelli et al, who tested a 

saturating concentration of S17092 in vitro and observed that peptidase activity, including 

ACE, was not affected.22

Rats that received long-term ACEi treatment showed significantly increased endogenous 

levels of Ac-SDKP in the plasma, urine, heart, and kidney. This was as expected, because 

Ac-SDKP degradation is blocked by ACEi, and this was in accord with previous 

studies.5,6,29 By increasing Ac-SDKP levels with an ACEi, we wanted to show that 

simultaneous inhibition of tetrapeptide synthesis by coadministration of POPi could prevent 

Ac-SDKP accumulation.

Peptidases that are able to hydrolyze adjacent proline bonds are considered to have great 

metabolic importance, because the presence of a proline residue confers certain 

conformational restrictions to the peptide chain along with increased resistance to 

hydrolysis.30,31 POP is a member of the prolyl oligopeptidase family, a relatively new class 

of serine peptidases. It is involved in the maturation and degradation of many peptide 

hormones and neuropeptides such as angiotensins, kinins, vasopressin, and substance P,15,17 

and degrades bradykinin (Bk) into inactive peptides while breaking down Ang I and II to 

form angiotensin 1–7. In this study, we have shown that POP is also involved in hydrolysis 

of thymosin-β4 to release the antifibrotic peptide Ac-SDKP.

Because POP has been described as a ubiquitous enzyme that is widely distributed in 

various tissues,17,19 Ac-SDKP can be produced locally in any organ and released into the 

circulation. Ac-SDKP was also found to be synthesized by bone marrow cells in long-term 
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murine32 and human33 cultures, although we know of no direct evidence showing POP 

expression in bone marrow. We performed some preliminary experiments in vitro, 

incubating rabbit bone marrow homogenates with thymosin β4, and found that production of 

Ac-SDKP was blocked in the presence of POP inhibitors, similar to what we report in the 

present article involving kidney homogenates. Although we decided to use the kidney in 

future experiments because of its relevance to our research, based on our preliminary data 

we believe POP is present in bone marrow.

Perspectives

Increased extracellular matrix deposition is an important feature of target organ damage in 

hypertension, and we have reported that Ac-SDKP reduces collagen deposition in the heart 

and kidney of hypertensive rats by inhibiting fibroblast proliferation and decreasing 

macrophage infiltration.9,10 However, biosynthesis of Ac-SDKP has been poorly studied. 

We found that POP is the major enzyme involved in endogenous production of Ac-SDKP. 

Therefore, future studies in vivo involving long-term inhibition of Ac-SDKP synthesis will 

help us determine: (1) whether Ac-SDKP plays a physiological role in antagonizing pro-

fibrotic stimuli such as Ang II and endothelin-1; and (2) whether endogenous Ac-SDKP is 

an important mediator in the protective effects of ACEi in hypertension, acting as an anti-

inflammatory cytokine to prevent fibrosis and inflammation. Our present findings will help 

us understand some of the mechanisms by which fibrosis develops in diseases characterized 

by collagen deposition, such as hypertension, diabetes, and heart failure. Now that we know 

how Ac-SDKP is synthesized, we will be able to study whether POP activity and/or Ac-

SDKP levels are affected during the development of these diseases, allowing fibrosis to 

progress.
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Figure 1. 
Time-dependent generation of Ac-SDKP in vitro in the presence of exogenous thymosin-β4 

and various POP inhibitors; 100-μL aliquots of the kidney homogenate were incubated at 

37°C with: (1) thymosin-β4 vehicle and POPi vehicle (time control); (2) thymosin-β4 (2 

μmol/L)+POPi vehicle; (3) thymosin-β4+POPi (0.01 μmol/L); or (4) thymosin-β4+POPi (0.1 

μmol/L). A, Ac-SDKP generation in kidney homogenates containing exogenous thymosin-

β4 in the presence or absence of Z-prolyl-prolinal (Z-pro-pro) at 0.01 and 0.1 μmol/L; 

**P<0.001 vs time control; †P<0.01 and ‡P<0.001 vs thymosin-β4. B, Ac-SDKP generation 

in kidney homogenates containing exogenous thymosin-β4 in the presence or absence of 

Fmoc-prolyl-pyrrolidine-nitrile (Fmoc-Pro-PyrrCN) at 0.01 and 0.1 μmol/L; **P<0.001 vs 

time control; †P<0.05 and ‡P<0.001 vs thymosin-β4. C, Ac-SDKP generation in kidney 

homogenates containing exogenous thymosin-β4 in the presence or absence of S17092 at 

0.01 and 0.1 μmol/L; **P<0.001 vs time control; †P<0.01 and ‡P<0.001 vs thymosin-β4. 

Data are expressed as mean±SE.
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Figure 2. 
Plasma and urinary levels of Ac-SDKP in rats chronically treated with POPi. Ac-SDKP 

concentrations in the plasma and urine of rats chronically treated with vehicle (peanut oil), 

S17092 (20 mg/kg per day), captopril (100 mg/kg per day), or captopril+S17092. **P<0.01 

and *P<0.05. Data are expressed as mean±SE.
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Figure 3. 
Endogenous levels of Ac-SDKP in rats treated with POPi long-term. Amount of Ac-SDKP 

per mg protein in heart and kidney cortex of rats chronically treated with vehicle (peanut 

oil), S17092 (20 mg/kg per day), captopril (100 mg/kg per day), or captopril+S17092. 

**P<0.01 and *P<0.05. Data are expressed as mean±SD.
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Figure 4. 
Changes in mean arterial blood pressure of rats treated with POPi. Arterial blood pressure 

was monitored and changes in mean arterial pressure plotted during bolus injections of 

bradykinin (A) or angiotensin I (B) in rats treated long-term with vehicle (peanut oil), 

S17092 (40 mg/kg per day), or captopril (100 mg/kg per day). **P<0.01 and *P<0.05. Data 

are expressed as mean±SE.
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Figure 5. 
Schematic diagram illustrating enzymatic generation and degradation of Ac-SDKP.
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