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The neutrophil chemoattractant proline-glycine-proline (PGP) is generated from collagen by matrix metalloproteinase-8/9
(MMP-8/9) and prolyl endopeptidase (PE), and it is concomitantly degraded by extracellular leukotriene A4 hydrolase
(LTA4H) to limit neutrophilia. Components of cigarette smoke can acetylate PGP, yielding a species (AcPGP) that is
resistant to LTA4H-mediated degradation and can, thus, support a sustained neutrophilia. In this study, we sought to
elucidate if an antiinflammatory system existed to degrade AcPGP that is analogous to the PGP-LTA4H axis. We
demonstrate that AcPGP is degraded through a previously unidentified action of the enzyme angiotensin-converting
enzyme (ACE). Pulmonary ACE is elevated during episodes of acute inflammation, as a consequence of enhanced
vascular permeability, to ensure the efficient degradation of AcPGP. Conversely, we suggest that this pathway is aberrant
in chronic obstructive pulmonary disease (COPD) enabling the accumulation of AcPGP. Consequently, we identify a
potentially novel protective role for AcPGP in limiting pulmonary fibrosis and suggest the pathogenic function attributed to
ACE in idiopathic pulmonary fibrosis (IPF) to be a consequence of overzealous AcPGP degradation. Thus, AcPGP
seemingly has very divergent roles: it is pathogenic in its capacity to drive neutrophilic inflammation and matrix
degradation in the context of COPD, but it is protective in its capacity to limit fibrosis in IPF.
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Introduction
Chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) are 2 severe 
pulmonary disorders characterized by quite distinct clinical and pathological features, manifesting as 
alveolar emphysema and bronchiolar inflammation in COPD, versus interstitial fibrosis and honey-
combing in IPF (1–3). The pathogenesis of  COPD and IPF remain incompletely understood. COPD 
is associated with a characteristic pattern of  chronic inflammation with increased numbers of  neutro-
phils in the airway lumen and increased numbers of  macrophages and T and B lymphocytes, though 
it remains to be clearly defined how this inflammation relates to clinical outcomes and disease pro-
gression (4). While inflammation had classically been anticipated to precede fibrosis in IPF, the failure 
of  immunosuppressive therapies has led to a shift in thinking, whereby the disease is now considered 
to arise in genetically susceptible individuals as a consequence of  aberrant wound healing following 
repetitive alveolar injury (5). Nonetheless, it is anticipated that there are a number of  similarities in the 
etiologies and pathogenesis of  the 2 disorders, whereby an accelerated pulmonary senescence coupled 
with the long-term exposure to noxious chemical agents culminates in chronic, progressive diseases 
characterized by a compromised regenerative capacity (3, 6–8). The divergences in tissue renewal pro-
cesses between the 2 diseases ultimately then give rise to the distinct pathologies observed. Effective 
treatments are lacking for both COPD and IPF, in part due to our still-limited understanding of  the 

The neutrophil chemoattractant proline-glycine-proline (PGP) is generated from collagen by 
matrix metalloproteinase-8/9 (MMP-8/9) and prolyl endopeptidase (PE), and it is concomitantly 
degraded by extracellular leukotriene A4 hydrolase (LTA4H) to limit neutrophilia. Components of 
cigarette smoke can acetylate PGP, yielding a species (AcPGP) that is resistant to LTA4H-mediated 
degradation and can, thus, support a sustained neutrophilia. In this study, we sought to elucidate 
if an antiinflammatory system existed to degrade AcPGP that is analogous to the PGP-LTA4H 
axis. We demonstrate that AcPGP is degraded through a previously unidentified action of the 
enzyme angiotensin-converting enzyme (ACE). Pulmonary ACE is elevated during episodes of 
acute inflammation, as a consequence of enhanced vascular permeability, to ensure the efficient 
degradation of AcPGP. Conversely, we suggest that this pathway is aberrant in chronic obstructive 
pulmonary disease (COPD) enabling the accumulation of AcPGP. Consequently, we identify 
a potentially novel protective role for AcPGP in limiting pulmonary fibrosis and suggest the 
pathogenic function attributed to ACE in idiopathic pulmonary fibrosis (IPF) to be a consequence of 
overzealous AcPGP degradation. Thus, AcPGP seemingly has very divergent roles: it is pathogenic in 
its capacity to drive neutrophilic inflammation and matrix degradation in the context of COPD, but it 
is protective in its capacity to limit fibrosis in IPF.
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mechanisms defining disease progression. Accordingly, a variety of  underlying pathogenic mecha-
nisms are being explored, including oxidative stress, protease/antiprotease imbalance, and aberrant 
repair and remodeling processes (9–11).

A protease/antiprotease imbalance is a hallmark of  many chronic lung diseases, with proteases tar-
geting components of  the extracellular matrix (ECM) for degradation, disrupting tissue architecture and 
releasing ECM-derived bioactive signals, termed matrikines, that can perpetuate inflammation (12, 13). 
The tripeptide proline-glycine-proline (PGP) is one such matrikine, being a neutrophil chemoattractant 
derived from ECM collagen that exerts its activity by mimicking key sequences found in ELR+ chemokines 
and binding to CXCR1/2 (14). PGP is generated from collagen via the sequential enzymatic activity of  
matrix metalloproteinases (MMP; with key roles established for MMP-1, -8, and -9) and prolyl endopep-
tidase (PE) (15). Since neutrophils are a source of  the proteases that generate PGP, it is anticipated that 
this pathway can drive a self-sustaining cycle of  neutrophilic inflammation (16). PGP can subsequently be 
chemically acetylated on its N-terminus (AcPGP), which functions to enhance its chemotactic potential 
(17–19). Significant quantities of  PGP and AcPGP are found in patients with chronic neutrophilic lung 
diseases such as COPD, cystic fibrosis (CF), and bronchiolitis obliterans syndrome (BOS), peaking with 
exacerbations of  disease and, in some instances, inversely correlating with lung function (14, 15, 20–24).

Recently, we identified an antiinflammatory pathway whereby PGP is degraded during episodes of  
acute neutrophilic inflammation by the extracellular activity of  the enzyme leukotriene A4 hydrolase 
(LTA4H) (17) and showed this degradation to be critical to the timely resolution of  inflammation (25). 
LTA4H classically functions intracellularly to catalyze the generation of  the proinflammatory lipid media-
tor leukotriene B4 (LTB4) (26, 27). LTB4 can drive the recruitment and activation of  an array of  cells, includ-
ing neutrophils, and is implicated in protection against invading microorganisms, but also in the pathology 
of  multiple diseases (28). Therefore, LTA4H represents a highly unusual enzyme with directly opposing 
pro- and antiinflammatory activities that dictate the amplitude and persistence of  neutrophilic inflamma-
tion (29). We have subsequently demonstrated that this LTA4H-mediated PGP degradation is perturbed by 
cigarette smoke, contributing to the accumulation of  PGP in COPD (17, 21).

While PGP is readily broken down via LTA4H, AcPGP is completely protected from degradation (17), 
and thus, the acetylation process is seemingly a key event in driving the pathogenesis of  aforementioned 
disease states. Accordingly, there has been a sharper focus on processes that define the bioavailability of  the 
acetylated form of  PGP. Acetylation of  peptides is classically the function of  N-acetyl transferases; however, 
the small size and N-terminal proline of  PGP seemingly preclude it from being a favorable substrate for such 
enzymes (30, 31). Subsequently, however, we have demonstrated that PGP can be chemically acetylated to 
AcPGP through the action of  reactive aldehydes, such as acrolein and acetaldehyde, present in cigarette 
smoke (18). Reactive aldehydes can also be generated physiologically during episodes of  severe inflamma-
tion, with acrolein, for example, being a product of  lipid peroxidation and the myeloperoxidase- catalyzed 
(MPO-catalyzed) oxidation of  threonine (32, 33). While the processes of  PGP acetylation are increasingly 
being elucidated, it is still unknown as to whether there is an antiinflammatory system in place to degrade 
AcPGP that is analogous to the PGP-LTA4H axis. We previously demonstrated that AcPGP was completely 
protected from degradation by LTA4H but that bronchoalveolar lavage fluid (BALF) from influenza-infected 
mice possessed some capacity to degrade AcPGP (17). Although this AcPGP-degrading activity was signifi-
cantly inferior to the capacity of  the BALF to degrade PGP (17), the likely disproportionate generation of  
PGP versus AcPGP and the superior chemotactic activity of  the acetylated peptide may seeming make this 
AcPGP-degrading activity physiologically relevant.

In this study, we looked to characterize and identify the source of  this AcPGP-degrading activity and  
demonstrated that the enzyme responsible was angiotensin-converting enzyme (ACE). Moreover, we reveal 
how ACE functions during inflammation, in conjunction with LTA4H, to ensure efficient resolution of  the 
PGP/AcPGP pathway. Furthermore, we demonstrate that this ACE pathway may be differentially aber-
rant in COPD versus IPF in a manner that will define the divergent pathogenesis of  these disease states.

Results
A potentially novel role for the enzyme ACE in degrading AcPGP. Having previously ascertained that the BALF 
of  influenza-infected mice possessed a modest capacity to degrade AcPGP, we looked to determine the 
levels and tissue distribution of  this potentially novel activity in naive animals. An AcPGP-degrading 
activity was particularly prevalent in collagen-rich tissues of  the lung and intestine (Figure 1A). In order 
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for such an enzymatic activity to be functionally relevant, however, it must be present in an extracellular 
environment to gain access to AcPGP, and thus, activity of  BALF and serum of  naive mice was also deter-
mined. While weak AcPGP-degrading activity was detectable in naive BALF, it was substantially greater 
within serum (Figure 1B); therefore, it was deemed that serum was an appropriate matrix from which to 
further characterize and identify this activity. The capacity of  naive serum to degrade AcPGP over time 
was further interrogated by measuring loss of  the peptide by mass spectrometry (Figure 1C) and the cor-
responding release of  free proline via reaction with ninhydrin (Figure 1D). Serum demonstrated a robust 
capacity to cumulatively degrade AcPGP, with loss of  peptide correlating with release of  free proline. 
Importantly, serum from LTA4H-KO mice displayed a comparable capacity to degrade AcPGP to that 

Figure 1. An extracellular enzymatic activity that degrades AcPGP. Tissue homogenates (A) or BALF and serum (B) from naive Balb/c mice were incubated 
with AcPGP, and degradation was assessed after 24 hours by mass spectrometry. (C and D) Serum from naive lta4h–/– mice and littermate controls was 
incubated with AcPGP and degradation assessed at multiple time points by mass spectrometry (C) or release of free proline (D). Serum from naive Balb/c 
mice was heat inactivated (HI) for 10 min at 100°C (E) or preincubated with selective inhibitors (all at 1 μM) for 30 min at 37°C (F) prior to incubation with 
AcPGP. Degradation of AcPGP was subsequently assessed by mass spectrometry (E and F). A and B are from 4 mice/group and representative of 3 exper-
iments. C–F are triplicates and representative of 2 independent studies. Results depicted as mean ± SEM. *P < 0.05 or **P < 0.01 using Mann–Whitney 
statistical test (A, B, and E) or Kruskal-Wallis with Dunn’s post test (F).
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Figure 2. Angiotensin-converting enzyme (ACE) degrades AcPGP. Serum from naive Balb/c mice was preincubated with multiple concentrations (rang-
ing from 1 nM to 100 μM) of captopril (A) or enalapril (B) for 30 min at 37°C prior to incubation with AcPGP and degradation of peptide was assessed 
after 24 hours by mass spectrometry. (C) Plasma from ACE-KO mice (ACE 1 = null for ACE; ACE 14/14 = null for somatic ACE; n = 14) and littermate 
controls (n = 9) were incubated at 37°C with AcPGP and degradation of peptide assessed after 24 hours by mass spectrometry. Recombinant ACE 
(0.001–0.1 U/ml) and prolidase (1 U/ml) were incubated with AcPGP and degradation assessed at multiple time points by mass spectrometry. ***P < 
0.001 (D) or release of free proline (E). (F) Recombinant human ACE was incubated with AcPGP or Mca-RPPGFSAFK(Dnp)-OH and various concentra-
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of  WT animals (Figure 1, C and D), validating that this AcPGP-degrading activity was distinct from the 
LTA4H-mediated PGP-degrading activity. Heat-inactivating serum prior to incubation with AcPGP large-
ly ablated its capacity to degrade the peptide, supportive of  this being an enzymatic activity (Figure 1E). 
Subsequently, broad-acting inhibitors were assessed for their capacity to inhibit serum-mediated AcPGP 
degradation to further define the nature of  the enzyme responsible (Figure 1F). While classical serine and 
cysteine protease inhibitors had no effect on the AcPGP-degrading activity of  serum, the activity was 
significantly reduced by EDTA, suggestive that the enzyme responsible was likely a metalloproteinase.

While there was clearly an AcPGP-degrading metalloprotease activity that was abundant in the blood, 
the nature of  the enzyme remained unknown, with a limited number of  proteases seemingly capable of  
degrading such a small acetylated peptide. Angiotensin-1–converting enzyme (ACE, EC 3.4.15.1) is a zinc 
peptidase that is a central component of  the renin-angiotensin-aldosterone system (RAAS), wherein it 
converts angiotensin I into the vasoactive peptide hormone angiotensin II (AngII) (34, 35). However, ACE 
has also been demonstrated to be capable of  degrading a variety of  other peptides, including the acetylated 
tetrapeptide N-acetyl-Ser-Asp-Lys-Pro (AcSDKP; readily metabolizing circulating AcSDKP into inactive 
AcSD and KP; ref. 36). It was thus rationalized that ACE may be the enzyme that was degrading AcPGP, 
with this notion supported by the abundance of  activity in serum and its dependence on metal ions. To 
test this hypothesis, the capacity of  ACE-specific inhibitors, captopril and enalapril, to abrogate serum 
AcPGP–degrading activity was assessed. Both captopril (Figure 2A) and enalapril (Figure 2B) displayed 
a potent and absolute capacity to inhibit serum AcPGP–degrading activity, strongly suggesting that ACE 
was indeed the enzyme responsible. Importantly, plasma from ACE-KO mice displayed minimal capacity 
to degrade AcPGP relative to that of  littermate controls (Figure 2C), highlighting that degradation of  the 
peptide was almost entirely attributable to ACE. ACE is a dipeptidyl carboxypeptidase, and thus, we ratio-
nalized that the enzyme should cleave the GP from AcPGP. However, incubation of  serum with AcPGP 
resulted in the release of  free proline (Figure 1D), and this was abrogated if  AcPGP was substituted for 
AcPGG (data not shown), suggestive that a proline is being cleaved from the C-terminus of  AcPGP. We 
therefore hypothesized that an enzymatic cascade was present in serum, whereby AcPGP was initially 
cleaved by ACE to give rise to AcP and GP, with the GP subsequently being cleaved by prolidase into 
its individual amino acid constituents. Subsequently, the capacity of  recombinant ACE, with and without 
recombinant prolidase, to degrade AcPGP was assessed by measuring loss of  the peptide itself  by mass 
spectrometry (Figure 2D) and generation of  free proline via its reaction with ninhydrin (Figure 2E). ACE 
alone was able to potently and dose-dependently degrade AcPGP (Figure 2D); however, a concomitant 
release of  free proline also required the presence of  prolidase (Figure 2E), thus validating the hypothesized 
proteolytic cascade. We examined captopril inhibition of  ACE-mediated AcPGP degradation and found 
that the 50% inhibitory concentration (IC50) was lower than that seen for degradation of  an AngI-like ACE 
substrate (Figure 2F). Levels of  ACE in a variety of  tissues (Figure 2G) and BALF/serum (Figure 2H) of  
naive mice were assessed and shown to correlate with AcPGP-degrading activity (Figure 1, A and B). Thus, 
it appeared that ACE represented a potentially novel antiinflammatory arm of  a proteolytic cascade that 
defined the bioavailability of  PGP/AcPGP (Figure 2I).

Elevated airway ACE levels during episodes of  acute pulmonary inflammation facilitate AcPGP degradation. 
We have previously demonstrated that neutrophils are able to generate PGP via the release of  proteolytic 
enzymes that target collagen (16, 17, 25, 37). However, during episodes of  acute inflammation, there is 
the concomitant release of  LTA4H to ensure that PGP is readily degraded and inflammation efficiently 
resolved (17, 25). Since liberated PGP is free to be acetylated, which could in turn exacerbate inflamma-
tion, we hypothesized that there may also be a synchronized augmentation in BALF ACE during episodes 
of  acute pulmonary inflammation so as to degrade AcPGP generated. Mice were subsequently challenged 
with intranasal (i.n.) LPS, and at 0, 6, 12 and 24 hours after challenge, BALF AcPGP–degrading activity 
(Figure 3B) and the concentration of  ACE protein (Figure 3A) were assessed. Both BALF AcPGP–
degrading activity and levels of  ACE itself  exhibited a commensurate increase following LPS challenge 

tions of captopril. Degradation of AcPGP was assessed after 24 hours by mass spectrometry and of Mca- RPPGFSAFK(Dnp)-OH fluorometrically. Levels 
of ACE protein in tissue homogenates (G) or BALF and serum (H) from naive Balb/c mice were determined by ELISA. (I) Schematic of the proteolytic 
cascade that defines the availability of collagen-derived matrikines PGP and AcPGP. A, B, D, E, and F are triplicates and representative of 2 indepen-
dent studies. G and H are from 4 mice/group and representative of 2 experiments. Results depicted as mean ± SEM. *P < 0.05 or **P < 0.01 using 
Mann–Whitney statistical test (C and H) or Kruskal-Wallis with Dunn’s post test (G).
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Figure 3. ACE is elevated in BALF following pulmonary challenge to promote AcPGP degradation and is inhibited by captopril. (A and B) Balb/c mice 
were administered 10 μg LPS i.n. and culled after 6, 12, or 24 hours. BALF ACE protein levels were determined by ELISA (A). BALF from these mice was 
incubated with AcPGP and degradation assessed after 24 hours by mass spectrometry (B). (C–E) Naive Balb/c mice were administered histamine i.v. and 
culled after 30 min. BALF AcPGP–degrading activity was assessed by mass spectrometry (C) and ACE protein levels by ELISA (D). (E) Correlation between 
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(Figure 3, A and B). While ACE can be expressed by numerous cell types, the relative abundance of  this 
enzyme in serum led us to speculate that the increase in BALF levels with inflammation may reflect an 
escalation in vascular permeability and ensuing edema. Early changes in vascular permeability are induced 
via the direct action of  vasoactive agents, such as histamine, on endothelial cells, whereas later changes in 
vascular permeability are often imparted by the action of  neutrophils upon endothelium (38, 39). Subse-
quently, histamine was administered to mice and, after 30 minutes, resulted in an increased airway edema 
and a corresponding increase in BALF AcPGP–degrading activity (Figure 3C) and levels of  ACE (Figure 
3D), which correlated with levels of  BALF serum albumin (Figure 3E). Similarly, i.n. administration of  
neutrophil chemoattractant MIP-2 to mice resulted in augmented airway neutrophilia and an increase in 
BALF AcPGP–degrading activity (Figure 3F) and levels of  ACE (Figure 3G), which again correlated with 
levels of  BALF serum albumin (Figure 3H). Together, these results would suggest that changes in vascu-
lar permeability during periods of  inflammation may enable ACE to accumulate in the lung to facilitate 
AcPGP degradation. We subsequently questioned whether abrogation of  ACE activity during episodes 
of  acute pulmonary inflammation would enable AcPGP to accumulate in vivo. WT mice were therefore 
administered i.n. LPS with and without ACE inhibitor captopril, and BALF levels of  PGP (Figure 3I) 
and AcPGP (Figure 3J) were assessed at 24 hours after challenge. Neither PGP nor AcPGP was, however, 
detectable following LPS exposure, with or without captopril treatment. Previously, we have demonstrated 
that PGP is efficiently broken down by extracellular LTA4H during acute airway inflammation driven by 
bacterial infection (17), rationalizing the absence of  PGP in LPS-treated animals. It was deemed feasible 
that, following LPS challenge, PGP was being generated but then rapidly degraded by LTA4H, providing 
an insufficient window for AcPGP generation. LTA4H-KO mice were therefore also exposed to LPS, with 
and without captopril treatment, and BALF PGP and AcPGP were measured (Figure 3, I and J). Accord-
ingly, LPS-exposed LTA4H-KO mice displayed significant levels of  PGP in their airways at 24 hours after 
challenge (Figure 3I), and the majority of  LTA4H-KO mice that were coadministered captopril also pre-
sented with substantial quantities of  AcPGP (Figure 3J). Thus, it would seem that PGP substrate must be 
allowed to persist for acetylation and generation of  AcPGP to occur, which is pertinent given that we have 
previously demonstrated that cigarette smoke can both abrogate LTA4H peptidase activity and acetylate 
PGP (17, 18); however, ACE displays an important role in degrading any AcPGP that is generated.

A protective role for AcPGP in fibrosis. Given the role for ACE described within this study in regulating the 
AcPGP pathway, it is rational to question the significance of  this matrikine in the pathogenesis of  IPF. ACE 
expression has been demonstrated to be elevated in the lungs of  IPF patients (40–42), where it is thought to 
contribute to the development of  fibrosis through effects of  AngII on myofibroblasts and TGF-β signaling 
or through degradation of  the antifibrotic peptide AcSDKP (43). In keeping with previous studies, our own 
cohort of  IPF patients exhibited elevated BALF levels of  ACE relative to COPD patients (Figure 4 and Table 
1). Accordingly, PGP and AcPGP were both completely undetectable in the BALF of any of  these IPF 
patients when assessed by mass spectrometry (data not shown). We have previously demonstrated that smok-
ers and COPD patients present with substantial quantities of  PGP/AcPGP (21–24) that supports their per-
sistent airway inflammation and pathology, and intriguingly, BALF ACE levels in these patients tended to be 
lower than that observed in control individuals, though this failed to reach statistical significance (Figure 4).

To further explore the ACE-AcPGP axis in the pathogenesis of  IPF, we utilized the bleomycin 
mouse model that displays some of  the features of  human disease. In the bleomycin mouse model, there 
is an initial phase of  acute pulmonary inflammation, followed after several days by fibroproliferation 
and collagen deposition (44, 45). We sacrificed mice 1, 2, and 3 weeks after intratracheal (i.t.) bleomycin 
exposure and assayed BALF for PGP and AcPGP. In keeping with the IPF patients, bleomycin-exposed 
mouse BALF contained no PGP or AcPGP at any time point (data not shown). The AcPGP-degrad-
ing capacity of  bleomycin-exposed mice was subsequently assessed at each time point. BALF AcPGP 
degrading capacity was significantly greater than control mice 1 and 2 weeks after bleomycin exposure, 

BALF ACE protein levels and BALF albumin levels (determined by ELISA). (F–H) Balb/c mice were administered 1 μg MIP-2 i.n. and culled after 6 hours. 
BALF AcPGP–degrading activity was assessed by mass spectrometry (F) and ACE protein levels by ELISA (G). (H) Correlation between BALF ACE protein 
levels and BALF albumin levels (determined by ELISA). (I and J) Lta4h–/– mice and littermate controls were administered 10 μg LPS i.n. and 2 mg captopril/
PBS control i.p. Mice were culled after 24 hours, and levels of PGP (I) and AcPGP (J) in BALF were assessed by mass spectrometry. Experiments are from 4 
(F and G) or 5 (A–D, I and J) mice/group and representative of 2 experiments. Spearman correlation (E and H) is representative of 2 experiments, each with 
at least 4 mice per group. Results depicted as mean ± SEM. *P < 0.05 or **P < 0.01 using Mann–Whitney statistical test (C and H) or Kruskal-Wallis with 
Dunn’s post test (G). Spearman correlation from 2 experiments with at least 5 mice per group.
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before declining modestly by week 3, suggesting that this peptidase activity is 
maximal during acute repair (Figure 5A). In this early inflammatory phase of  the 
bleomycin model, BALF AcPGP–degrading activity (Figure 5B) and ACE pro-
tein levels (Figure 5C) reassuringly demonstrated a comparable augmentation. To 
confirm that ACE was the enzyme degrading AcPGP in the bleomycin model, 
we demonstrated that addition of  captopril to BALF from bleomycin-exposed 
mice completely abolished its capacity to degrade AcPGP (Figure 5D). The aug-
mented BALF ACE levels observed in bleomycin-exposed mice may reflect an 
enhanced influx from the vascular compartment, as seen in an acute inflamma-

tory model, but both macrophages and myofibroblasts have been reported as a potential source of  this 
enzyme in fibrosis (46). Accordingly, macrophages were markedly augmented in BALF 1 week after 
bleomycin exposure (Figure 5E), in keeping with the peak ACE levels at this time point.

Given the pathological role of  ACE ascribed to the development of  IPF, we questioned whether 
the robust AcPGP degradation observed could paradoxically be pathological in the setting of  IPF. To 
test this hypothesis, AcPGP was administered i.t. daily for 14 days (starting at day 7 after bleomycin to 
coincide with the onset of  repair) to the lungs of  bleomycin-exposed mice at 2 different doses (250 μg 
or 125 μg), with mice being euthanized at day 21 (Figure 6A). Strikingly, the administration of  250 μg 
AcPGP per day almost completely prevented bleomycin-induced pulmonary fibrosis, with 125 μg per 
day also proving significantly effective (Figure 6, B–H). These histological findings of  reduced fibrosis 
were confirmed by whole lung hydroxyproline measurements, which were also strikingly reduced in 
bleomycin-treated animals (Figure 6I). As a point of  note and in keeping with an improved health 
status, bleomycin-exposed, AcPGP-treated mice also failed to lose weight, while PBS-treated mice lost 
weight as expected (24% ± 5% for PBS vs. 1.3% ± 1.2% for AcPGP; mean ± SEM). To assess the 
relative potencies of  AcPGP and PGP, bleomycin-exposed mice were subsequently treated with 250 
μg AcPGP, PGP, or control peptide PGG for 2 weeks starting at day 7 (Figure 7A). Administration 
of  AcPGP again largely prevented the development of  pulmonary fibrosis, with PGP being slightly 
less effective and PGG being completely ineffective (Figure 7, B–I). Again, histological findings were 
reflected by whole-lung hydroxyproline measurements (Figure 7J). These data indicate that the antifi-
brotic effect is mediated by the PGP tripeptide with N-terminal acetylation conferring greater potency, 
as previously reported with neutrophil chemotaxis (19). PGP may also be less effective in vivo, as it is 
rapidly degraded in the lung by LTA4H, whereas AcPGP is not (17).

Figure 4. ACE is elevated in BALF of IPF patients. BALF ACE levels in human subjects with 
IPF (n = 10) or COPD (n = 17) and healthy controls (n = 17) were determined by ELISA. Results 
depicted as mean ± SEM. *P < 0.05 using unpaired t test.

Table 1. Clinical features of patients with IPF and COPD and healthy subjects

Characteristic IPF COPD Control
n 10 17 17

Age (y) 66 (56–80) 62 (52–76) 53 (41–74)
Female sex 3 (30) 4 (24) 9 (53)

African American race 0 3 (18) 11 (65)
Current smoker 0 10 (59) 6 (35)

FEV1 % predicted 90 (62–127) 55 (36–80) 97 (81–124)
FVC % predicted 80 (51–116) 78 (57–91) 97 (82–140)

FEV1/FVC 0.86 (0.73–0.88) 0.56 (0.36–0.69) 0.77 (0.7–0.88)
TLC % predicted 67 (43–97)   

DLCO % predicted 52.5 (37–97)   
Emphysema seen on CT  13 (76) 0

Data presented as n (%) or median (range).

IPF, idiopathic pulmonary fibrosis; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; TLC, total 
lung capacity; DLCO, diffusing capacity of lung for carbon monoxide.
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Finally, we looked to directly ascertain 
whether the pathological role attributed to 
ACE in the development of fibrosis was specif-
ically a consequence of its ability to efficiently 
degrade AcPGP. Therefore, bleomycin-treated 
mice were administered the ACE inhibitor cap-
topril in their drinking water (starting 2 days 
prior to bleomycin exposure) with or without 
AcPGP antagonist arginine-threonine-argi-
nine (RTR) (47) (Figure 8A). Bleomycin-treat-
ed mice administered captopril were largely 
protected from development of fibrosis (Fig-
ure 8, B–J), with a significant reduction in lung 
hydroxyproline content (Figure 8K). However, 
the protective effect of captopril was lost when 
mice were concomitantly administered RTR 
(Figure 8), clearly demonstrating that protec-
tion afforded by ACE inhibition is attributable 
to AcPGP accumulation.

Discussion
We have previously demonstrated that the enzyme LTA4H is able to potently degrade the neutrophil 
chemoattractant PGP to ensure the efficient resolution of  inflammation (17) and that this system is 
perturbed in chronic lung diseases, enabling PGP accumulation and persistent neutrophilia (17, 21). 
However, the acetylated variant AcPGP is completely protected from LTA4H-mediated degradation 
(17). Accordingly, it is clear that the acetylation process is a critical event in defining bioavailability 
and pathogenesis of  this matrikine, with an abundance of  AcPGP observed in COPD and CF (14, 
15, 21–24). In this study, we identify a potentially novel pathway by which AcPGP can be degraded 
through an action of  the enzyme ACE. We demonstrate that pulmonary ACE is elevated during epi-
sodes of  acute inflammation, likely as a consequence of  enhanced vascular permeability, to ensure 
the efficient degradation of  AcPGP. Conversely, we anticipate that this pathway may be aberrant in 
COPD, enabling the accumulation of  AcPGP in this disease. Surprisingly, we subsequently identify a 
protective role for AcPGP in limiting pulmonary fibrosis, and we demonstrate the pathogenic function 
attributed to ACE in fibrosis to be a consequence of  overzealous AcPGP degradation. Thus, AcPGP 
can seemingly have very divergent roles: pathogenic in its capacity to drive neutrophilic inflammation 
and ECM degradation in the context of  COPD, but protective in its capacity to limit fibrotic lung dis-
ease observed in IPF. Thus, we hypothesize that while COPD and IPF may be diseases with similar 
etiologies, they ultimately manifest as very different pathologies as a consequence of  disparate pertur-
bations of  the AcPGP-ACE axis.

Figure 5. ACE is elevated in BALF following bleo-
mycin exposure to promote AcPGP degradation. 
(A) C57BL/6 mice were administered bleomycin i.t. 
and culled after 1, 2, and 3 weeks. BALF was incu-
bated with AcPGP and degradation assessed after 
24 hours by mass spectrometry. (B–E) C57BL/6 
mice were administered bleomycin i.t. and culled 
after 3 and 7 days. BALF AcPGP–degrading activity 
was assessed by mass spectrometry (B) and ACE 
protein levels by ELISA (C). BALF AcPGP–degrad-
ing activity was assessed with and without prein-
cubation with 1 μM captopril (D). (E) Macrophages 
and PMNs were enumerated in BALF 3 and 7 days 
after bleomycin exposure. Experiments are from 
4 mice/group. Results depicted as mean ± SEM. 
*P < 0.05 and **P < 0.01 using Mann–Whitney 
statistical test.
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Figure 6. AcPGP inhibits bleomycin-induced pulmonary fibrosis. C57BL/6 mice were administered bleomycin i.t. followed after a week by daily i.t. 
administrations of 125 μg or 250 μg AcPGP per mouse or PBS for 2 weeks (A). Representative H&E stained lung sections (B–G) and quantification of 
the fibrosis using the Ashcroft scoring system (H). Images are 20× and 200×, as indicated; scale bars: 500 μM. (I) Total lung hydroxyproline measure-
ments. Experiments are from at least 5 mice/group and representative of 2 independent experiments. Results depicted as mean ± SEM. *P < 0.05 or 
**P < 0.01 using Kruskal-Wallis with Dunn’s post test.
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The renin-angiotensin system (RAS) 
controls blood pressure and renal homeo-
stasis (48), with the enzyme ACE func-
tioning as the distal enzyme in a cas-
cade that generates AngII from AngI 
(49). AngII is a powerful vasoconstrictor 
and, thus, is critical in the regulation of  
blood pressure (50). While ACE clas-
sically functions to generate AngII, it 
is acknowledged to be a promiscuous 
enzyme with the capacity to act on a vari-
ety of  natural substrates, and it possesses 
physiological roles beyond its capacity to 
modulate blood pressure (51). Of  note, it 
has been demonstrated that ACE has the 
capacity to degrade AcSDKP, a tetrapep-
tide that has been shown to be capable 
of  suppressing fibrosis (52–55). We now 
identify AcPGP as a peptide substrate 
for ACE and highlight a capacity for the 
AcPGP-ACE axis in differentially regu-
lating inflammation and fibrosis.

ACE is tethered to the luminal side 
of  the endothelium, with circulating 
plasma ACE derived from proteolyt-
ic cleavage (56), rationalizing the high 
levels of  AcPGP-degrading activity and 
ACE seen in our studies in the blood 
and highly vascularized organs such as 
the lungs. To degrade ECM collagen–
derived AcPGP within the lung, ACE 

must be freely available in an extracellular environment. We have presented evidence suggesting that 
BALF ACE is elevated during episodes of  inflammation as a consequence of  increased vascular per-
meability and an influx of  plasma enzyme. Given that ACE is expressed by multiple cell types that 
are prevalent within the fibrotic lung, we cannot, however, disregard the possibility that there is also a 
localized release of  ACE from resident and infiltrating cells. ACE exists as a single polypeptide chain, 
with 2 homologous but independent N- and C-terminal catalytic domains (57). Both catalytic sites of  
ACE can hydrolyze AngI, but only the N-domain site can degrade atypical substrates such as AcS-
DKP (53, 58–60). Captopril has a higher affinity for the N-domain site of  ACE (61) and accordingly 
inhibits hydrolysis of  AcSDKP with lower inhibitory constant (Ki) than AngI (62). Since captopril also 
inhibited hydrolysis of  AcPGP more than an AngI-like substrate, AcPGP cleavage is also likely to be 
restricted to the N-domain.

Figure 7. Efficacy of peptide analogs of 
AcPGP against fibrosis. C57BL/6 mice were 
administered bleomycin i.t. followed after 
a week by daily i.t. administrations of 250 
μg AcPGP, PGP, PGG, or PBS for 2 weeks (A). 
Representative H&E-stained lung sections 
(B–I). Images are 20× and 200×; scale bars: 
500 μM. (J) Total lung hydroxyproline mea-
surements. Experiments are from at least 5 
mice/group and representative of 2 indepen-
dent experiments. Results depicted as mean 
± SEM. **P < 0.01 using Kruskal-Wallis with 
Dunn’s post test.
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Striking similarities exist between the LTA4H-PGP axis we have previously described (17) and the 
ACE-AcPGP axis described in this study. Both LTA4H and ACE are dual-functioning enzymes with com-
plex roles in health and disease. LTA4H classically functions to generate the proinflammatory lipid medi-
ator LTB4, a function seemingly at odds with its antiinflammatory PGP-degrading activity (17). ACE is 
a truly promiscuous enzyme that has multiple peptide substrates with pleiotropic physiological functions 
(51), though degradation of  AcPGP is the first truly antiinflammatory activity ascribed to this enzyme. In 
this study, we demonstrate that PGP is normally degraded by LTA4H and that PGP accumulation (and 
hence failure of  the LTA4H system) is a requisite for conversion to AcPGP, with ACE subsequently func-
tioning to degrade any of  the acetylated variant that is generated. Thus, it would appear that 2 enzymes act 

Figure 8. A PGP antagonist abrogates the antifibrotic effects of captopril. C57BL/6 mice were provided with water or water supplemented with 
captopril and administered bleomycin i.t., followed a week later by i.t. administrations of 50 μg RTR or PBS 3 times a week for 2 weeks (A). Represen-
tative H&E-stained lung sections (B–I) and quantification of the fibrosis using the Ashcroft scoring system (J). Images are 20× and 200×. (K) Total lung 
hydroxyproline measurements. Experiments are from 3–5 mice/group and representative of 2 independent experiments. Results depicted as mean ± 
SEM. *P < 0.05 using Kruskal-Wallis with Dunn’s post test.
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in tandem during episodes of  acute inflammation to ensure that no PGP or AcPGP are allowed to persist 
and that neutrophilia is resolved. AcPGP has recently been demonstrated to function to promote vascular 
permeability via direct interaction with endothelial cells (63), and thus, the peptide can itself  indirectly pro-
mote its own degradation through increasing availability of  tissue ACE. Given the role ascribed to AcPGP 
in this study in limiting fibrosis, it should be considered that fibrosis is actually a repair process gone wrong. 
Under physiological conditions, it may be that AcPGP functions to limit any repair during early/ongoing 
inflammation, but as AcPGP is degraded by ACE and inflammation resolved, a repair process is initiated.

Levels of  PGP/AcPGP are elevated in murine cigarette-smoke models of  emphysema (21, 64) and 
clinical samples from smokers and COPD patients (21–24), wherein the accumulation of  peptide can drive 
neutrophil persistence and protease imbalance. Given the role ascribed to AcPGP/PGP in this study in lim-
iting fibrosis, it is plausible that accumulations of  these peptides in COPD patients may not only perpetuate 
inflammation, but also prevent reparative processes from taking place. We have previously demonstrated 
that reactive aldehydes within cigarette smoke are able to inhibit the PGP-degrading activity of  LTA4H, 
rationalizing the accumulation of  PGP in COPD patients and murine models (17, 21). Furthermore, the 
same reactive aldehydes are also capable of  acetylating PGP (to AcPGP) and, thus, protecting it from 
LTA4H-mediated degradation (18). It is feasible that the ACE pathway is also aberrant in COPD, and from 
our cohort of  patients, there is the suggestion that BALF ACE levels are reduced in COPD patients relative 
to healthy controls and IPF. Previous studies into the effect of  cigarette smoke on ACE levels/activity 
have been inconsistent and conflicting, though a reduction in ACE levels (65) and activity (66) have been 
reported in smokers relative to nonsmokers, with activity increased again by smoking cessation.

Increasingly, it is apparent that elevated ACE levels are associated with aberrant repair and fibrosis, 
though the mechanisms defining the pathogenesis are poorly defined. Increased ACE expression in pulmo-
nary granulomas in sarcoidosis has long been recognized (67), and elevations in ACE have been reported 
in IPF (40–42). The classical product of  ACE, AngII, has been suggested to play a role in tissue fibrosis 
through upregulation of  collagen gene expression in lung fibroblasts and apoptosis of  alveolar epithelial 
cells (40, 68). Accordingly, some studies have reported a partial amelioration of  bleomycin-induced pulmo-
nary fibrosis following administration of  angiotensin II receptor type 1 receptor antagonists such as losar-
tan (69–71). However, other studies have failed to confirm these protective effects of  AngII receptor antago-
nism (72), and it is increasingly anticipated that other activities of  ACE may be integral in defining fibrosis. 
AcSDKP has been suggested to be antifibrotic, and thus, the pathological role ascribed to ACE could be 
attributable to its capacity to degrade this peptide. Mice deficient in the N-domain of  ACE were protected 
from bleomycin-induced lung fibrosis. Though AcSDKP could not be detected in the lungs of  the mice, 
the protective effect was ascribed to preservation of  this peptide (43). To support this notion, inhibition of  
the enzyme PE that is critical to the generation of  AcSDKP restored the fibrotic phenotype (73). However, 
PE is also critical for PGP generation, and hence, the aforementioned protective phenotype of  ACE N-do-
main–KO mice could be attributed to a failure of  ACE to degrade AcPGP. Accordingly, we have demon-
strated that administration of  AcPGP to the lungs of  mice dramatically and dose-dependently reduced 
collagen accumulation and fibrosis. Furthermore, we demonstrated that the capacity of  the ACE inhibitor, 
captopril, to ameliorate bleomycin-induced pulmonary fibrosis was entirely dependent on AcPGP accumu-
lation, since protection was abolished by the AcPGP antagonist RTR. The mechanism whereby AcPGP 
prevents fibrosis in vivo is yet to be defined but could be due to proteolytic degradation of  the ECM, given 
the capacity of  PGP accumulation to drive protease imbalance in the lung (25). Alternatively, AcPGP may 
possess unappreciated roles in defining wound repair and fibrosis by modulating processes such epithelial 
cell apoptosis, fibroblast recruitment/differentiation, collagen synthesis/deposition, or collagen removal 
by macrophages. Elucidating this pathway would provide additional ways of  influencing the ACE-AcPGP 
axis and suggest therapeutic approaches for IPF.

While previous studies have largely ascribed a predominantly pathological role to PGP/AcPGP in 
diseases such as COPD and CF, it now seems likely that this peptide in moderation serves a beneficial role 
in limiting excessive collagen deposition. COPD and IPF are thought to arise from common etiologies and 
yet manifest with quite disparate disease pathologies. Is it feasible that divergences in the ACE-AcPGP 
axis define the relative progression of  disease? If  PGP/AcPGP is allowed to persist, as in COPD, then 
it can drive a vicious cycle of  neutrophilic inflammation and protease imbalance, while simultaneously 
preventing repair. Conversely, if  PGP/AcPGP are degraded too efficiently, as may be the case in IPF, then 
no signal is present to limit collagen deposition; hence, fibrosis ensues. Levels of  PGP/AcPGP generation 
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and degradation will ultimately be key in defining this balance, which in turn are seemingly dictated by 
genetic and environmental influences. In this manner, differences in ACE expression and activity between 
individuals could explain differing susceptibilities to smoking-induced lung diseases and phenotypes via 
modulating levels of  AcPGP.

Methods
Mice. Six- to 8-week-old female BALB/c mice were purchased from Harlan Laboratories. Six- to 8-week-
old female C57BL/6 mice were purchased from The Jackson Laboratory. Lta4h–/– mice and littermate 
controls were on a 129/S6 background and bred in house at Imperial College London, with female 6- to 
8-week-old mice utilized in experiments. ACE 1 mice (null for ACE) (74) and ACE 14/14 mice (null for 
somatic ACE) (provided by Ken Bernstein, Cedars-Sinai Medical Center, Los Angeles, CA, USA) and 
respective littermate controls were bred in house at Sinai-Cedars Medical Centre, with plasma from 11- to 
20-week-old female and male mice utilized in experiments. All mice were kept in specified pathogen-free 
conditions and provided autoclaved food, water, and bedding.

Lta4h–/– mice were genotyped by PCR on genomic DNA extracted using the Extract-N-Amp Tissue PCR 
Kit (MilliporeSigma). The WT expression of  LTA4H was detected by primers oIMR1720 (5′ - CGA ATC 
CAT GCT TAA AAT TGC - 3′) and oIMR1721 (5′ - GCG TTA CGA ACG TGA GAC AA - 3′) to yield a 
product size of  128 bp, and Lta4h–/– LTA4H was detected by primers oIMR6916 (5′ - CTT GGG TGG AGA 
GGC TAT TC - 3′) and  oIMR6917 (5′ - AGG TGA GAT GAC AGG AGA TC - 3′) to yield a product size 
of  280 bp. Amplification was achieved by PCR (94°C for 3 min > 35 × 2.5 min cycles [30 sec at 94°C > 60 sec 
at 60°C > 60 sec at 72°C] > 72°C for 2 min). Amplification fragments were visualized on agarose gels (2%).

Mouse challenge models. Balb/c mice were anesthetized with isoflourane and treated i.n. with 50 μg/kg 
recombinant murine MIP-2 (Peprotech) or 500 μg/kg LPS (ultrapure from E. coli K12 strain; InvivoGen), 
both in 50 μl PBS, and culled at times indicated in the text. In some experiments, Balb/c mice received 
250 mg/kg histamine (MilliporeSigma) i.v. in 200 μl PBS and were culled 30 minutes later. In other exper-
iments, Lta4h–/– mice and littermate controls were anesthetized with isoflourane and treated i.n. with 500 
μg/kg LPS in 50 μl PBS. These mice were also administered i.p. captopril (100 mg/kg; MilliporeSigma) or 
200 μl PBS (control) at the time of  LPS administration and 24 hours prior.

Bleomycin sulphate (MilliporeSigma) dissolved in 50 μl sterile saline was administered i.t. to C57BL/6 
mice at a dose of  1 U/kg. Control mice received saline. In some experiments, mice were also administered 
250 μg or 125 μg AcPGP/PGP (Bachem) dissolved in 50 μl PBS or PBS i.t. every day for 2 weeks starting a 
week after bleomycin exposure. In other experiments, mice were provided with drinking water supplement-
ed with captopril (500 mg/l; MilliporeSigma) starting 2 days prior to administration of  bleomycin, and 
were subsequently administered 50 μg RTR (Bachem) dissolved in 50 μl PBS or PBS i.t. 3 times per week 
for 2 weeks starting a week after bleomycin exposure.

Cell recovery and isolation. Mice were administered 150 mg/kg pentobarbital and exsanguinated via the 
femoral artery. Serum was isolated by centrifugation for 8 minutes at 5,000 g and frozen at –80°C until 
required. To obtain plasma, blood was collected via cardiac puncture and diluted 10-fold into Buffered 
Citrate (60 mM sodium citrate/40 mM citric acid), and then centrifuged 2 times at 800 g for 10 minutes 
with supernatant collected. To perform broncholaveolar lavage, the lungs were then inflated 5 times with 
1.5 ml PBS via an i.t. cannula, and the resulting BALF was centrifuged once at 400 g and the supernatant 
stored at –80°C. Right superior lung lobes, spleen, liver lobe, and a segment of  the small intestine dissected 
from naive Balb/c mice were snap frozen at the time of  harvest. These tissues were subsequently homoge-
nized in PBS at a concentration of  50 mg/ml. Homogenates were centrifuged at 800 g for 10 minutes, and 
supernatant was collected for downstream analysis.

Human BALF. BALF from human subjects with COPD were remnants obtained from a previous clinical 
trial (75). Subjects (Table 1) aged 40–80 years, smokers and nonsmokers, were categorized as COPD or con-
trols based on the presence or absence of  airflow obstruction (FEV1/FVC below the lower limit of  normal for 
age, race, sex, and height). A minimum of 10 pack years of  tobacco use was required for patients with COPD. 
COPD patients were on inhaled bronchodilators and/or corticosteroids only. Exclusion criteria were asthma, 
bronchiectasis, or other lung disease and any change in respiratory medications or respiratory illness in the 
month prior to enrollment. BALF from subjects with IPF were remnants from specimens obtained for clinical 
purposes. IPF (Table 1) was defined as an appropriate clinical presentation with usual interstitial pneumonia 
(UIP) seen on high-resolution chest CT scans that were absent other causes of  interstitial lung disease (76). 



1 5insight.jci.org   https://doi.org/10.1172/jci.insight.91923

R E S E A R C H  A R T I C L E

In some cases, UIP was confirmed by surgical lung biopsy. Subjects with IPF had stable disease and were not 
taking oral corticosteroids, immune suppressants, perfenidone, or nintedanib.

Assessment of  fibrosis in bleomycin-exposed mice. At the end of  the treatment period, mice were euthanized 
and lungs excised and inflated with 4% paraformaldehyde in PBS for histochemical analysis by H&E. The 
Ashcroft scoring system was used to assess the pulmonary fibrotic changes in lung tissue sections (77). Two 
independent and blinded observers determined the Ashcroft fibrosis score for each experimental group 
from at least 3 individual experimental mice of  each group. Whole-lung collagen levels were determined 
by assessment of  lung hydroxyproline. The harvested lungs were hydrolyzed in 6 mol/l HCl at 110°C for 
24 hours, and the amount of  hydroxyproline in the lung acid–hydrolysates was determined by colorimetric 
assay, as previously described (78).

AcPGP degradation experiments. BALF (neat), serum (diluted 1/10 in PBS), tissue homogenate (diluted 
1/10 in PBS), or recombinant porcine ACE and prolidase (at concentrations defined in the text; Milli-
poreSigma) were incubated with 1 μg/ml (BALF) or 100 μg/ml (all other tissues and recombinant proteins) 
AcPGP at 37°C 5% CO2 for varying periods of  time (as defined in the Figure 1–3 and 5 legends). Concen-
trations of  AcPGP remaining were subsequently quantified by liquid chromatography–electrospray ioniza-
tion-tandem mass spectrometry (ESI-LC/MS/MS; as discussed below) by comparison with AcPGP stan-
dards. The percentage of  peptide degraded was determined relative to control samples of  AcPGP alone. In 
some instances, AcPGP degradation was expressed as μg peptide degraded/mg of  total tissue protein or 
per ml of  biological fluid. AcPGP degradation was also assessed by measurement of  free proline released 
and its ensuing reaction with ninhydrin (as discussed below). In some experiments, serum was preincubat-
ed with EDTA, AEBSF, PMSF, E64, antipain (all 1 μM; MilliporeSigma), captopril, or enalopril (as con-
centrations defined in the text; MilliporeSigma) for 30 minutes at 3°C 5% CO2 prior to addition of  AcPGP.

ESI-LC/MS/MS for PGP detection. For peptide quantification in BALF, PGP, and AcPGP were mea-
sured using a MDS Sciex API-4000 spectrometer (Applied Biosystems) equipped with a Shimadzu HPLC. 
For peptide quantification from degradation experiments, AcPGP was measured using a Thermo Accela 
Pump and Autosampler coupled to a Thermo TSQ Quantum Access. HPLC was done using a 2.0 × 150 
mm Jupiter 4 μm Proteo column (Phenomenex) with (buffer A) 0.1% HCOOH and (buffer B) MeCN + 
0.1% HCOOH for 0–0.5 min 5% buffer B/95% buffer A, then increased over 0.5–2.5 min to 100% buffer 
B/0% buffer A. Background was removed by flushing with 100% isopropanol/0.1% formic acid. Positive 
electrospray mass transitions were at 270–70, 270–116, and 270–173 for PGP and 312–140 and 312–112 
of  AcPGP. Peak area was measured, and PGP/AcPGP peptide concentrations were calculated using a 
relative standard curve method, as previously described (12).

Measurement of  free proline. Aliquots from PGP degradation experiments were diluted 1:10 in PBS (to a 
final volume of  250 μl). Glacial acetic acid (250 μl) was then added, followed by 250 μl of  ninhydrin solu-
tion (25 mg/ml in acetic acid/6 M phosphoric acid; heated at 70°C to dissolve). The reaction mixture was 
heated at 100°C for 60 minutes and allowed to cool to room temperature, the proline containing fraction 
was extracted with 500 μl of  toluene, and optical density was measured at 520 nm.

ACE quantification. The levels of  ACE in BALF and tissues was measured by ELISA per the manufac-
turer’s directions (Duo Set; R&D Systems).

Albumin quantification. Suitably diluted mouse BALF was assessed for albumin (Bethyl Laboratories) by 
ELISA, following the manufacturer’s instructions.

Statistics. Mouse data were assessed for normal distribution using the Shapiro-Wilk normality test and 
found to be nonnormal. For comparison between 2 groups, statistical significance was calculated with a 
nonparametric Mann-Whitney test (2-sided). Group comparisons were performed using a nonparametric 
ANOVA test (Kruskal-Wallis), followed by a Dunn’s post test for multiple comparisons between groups. 
Details of  specific statistical test used for each experiment are described in respective figure legends. Results 
are depicted as mean ± SEM unless stated otherwise. Correlations were calculated using a Spearman’s 
Rank Correlation coefficient for nonparametric data. Assessment of  statistical significance of  ACE levels 
in human BALF was performed by a parametric unpaired t test. All P values of  ≤ 0.05 (*) and ≤ 0.01 (**) 
were considered significant and are referred to as such in the legends. Graph generation and statistical anal-
yses were performed using GraphPad Prism software (GraphPad Software Inc.).

Study approval. For animal experiments conducted at Imperial College London, research was carried out 
in accordance with the recommendations in the Guide for the Use of  Laboratory Animals of  Imperial Col-
lege London. All animal procedures and care conformed strictly to the UK Home Office Guidelines under 
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the Animals (Scientific Procedures) Act 1986, and the protocols were approved by the Home Office of  Great 
Britain. Animal experiments at the University of  Alabama at Birmingham were performed in accordance 
with the NIH guidelines for the IACUC. Plasma samples obtained from WT and ACE-KO animals followed 
protocols approved by the Cedars-Sinai IACUC. Human BALF samples were from a repository approved 
by the IRB of the University of  Alabama at Birmingham. All subjects provided written, informed consent.

Author contributions
PJO, QD, RJS, and JEB designed and interpreted the experiments and prepared the manuscript. RJS, with 
SA and DFP, performed experiments detailing the activity of  ACE and its role in acute pulmonary inflam-
mation. PJO and QD conducted experiments in bleomycin-exposed mice, with the assistance of  GC, LV, 
KRG, MLL, and MR. KEB and EAB provided plasma from ACE-KO mice and respective controls. PLJ 
aided with mass spectrometry, and PLJ and CML contributed discussions throughout the work.

Acknowledgments
We would like to thank Anna Caldwell and the Centre of  Excellence for Mass Spectrometry at King’s 
College London for the use of  equipment and technical assistance. RJS is a Wellcome Trust Career Devel-
opment Fellow (095707/Z/11/Z). The National Heart, Lung and Blood Institute funds JEB (HL077783, 
HL110950, HL114439, HL126596 and HL135710) and PJO (HL092296). CML is a Wellcome Trust 
Senior Fellow in Basic Biomedical Sciences (086718/Z/08/Z). The UAB Lung Health Center Pulmonary 
Proteomics Laboratory is funded through the UAB Health Service Foundation General Endowment Fund.

Address correspondence to: J. Edwin Blalock,1918 University Boulevard, MCLM 898, Birmingham, Ala-
bama, 35294-0005 USA. Phone: 205.934.6439; Email: jeblalock@uabmc.edu.

 1. Pauwels RA, Buist AS, Calverley PM, Jenkins CR, Hurd SS, GOLD Scientific Committee. Global strategy for the diagnosis, 
management, and prevention of  chronic obstructive pulmonary disease. NHLBI/WHO Global Initiative for Chronic Obstruc-
tive Lung Disease (GOLD) Workshop summary. Am J Respir Crit Care Med. 2001;163(5):1256–1276.

 2. Hogg JC, Timens W. The pathology of  chronic obstructive pulmonary disease. Annu Rev Pathol. 2009;4:435–459.
 3. [No authors listed]. American Thoracic Society. Idiopathic pulmonary fibrosis: diagnosis and treatment. International con-

sensus statement. American Thoracic Society (ATS), and the European Respiratory Society (ERS). Am J Respir Crit Care Med. 
2000;161(2 Pt 1):646–664.

 4. Barnes PJ. Inflammatory mechanisms in patients with chronic obstructive pulmonary disease. J Allergy Clin Immunol. 
2016;138(1):16–27.

 5. Woodcock HV, Maher TM. The treatment of  idiopathic pulmonary fibrosis. F1000Prime Rep. 2014;6:16.
 6. Rabe KF, et al. Global strategy for the diagnosis, management, and prevention of  chronic obstructive pulmonary disease: 

GOLD executive summary. Am J Respir Crit Care Med. 2007;176(6):532–555.
 7. Baumgartner KB, Samet JM, Stidley CA, Colby TV, Waldron JA. Cigarette smoking: a risk factor for idiopathic pulmonary 

fibrosis. Am J Respir Crit Care Med. 1997;155(1):242–248.
 8. Rennard SI, Togo S, Holz O. Cigarette smoke inhibits alveolar repair: a mechanism for the development of  emphysema. Proc 

Am Thorac Soc. 2006;3(8):703–708.
 9. Hautamaki RD, Kobayashi DK, Senior RM, Shapiro SD. Requirement for macrophage elastase for cigarette smoke-induced 

emphysema in mice. Science. 1997;277(5334):2002–2004.
 10. Shapiro SD, Goldstein NM, Houghton AM, Kobayashi DK, Kelley D, Belaaouaj A. Neutrophil elastase contributes to cigarette 

smoke-induced emphysema in mice. Am J Pathol. 2003;163(6):2329–2335.
 11. Horowitz JC, Martinez FJ, Thannickal VJ. Mesenchymal cell fate and phenotypes in the pathogenesis of  emphysema. COPD. 

2009;6(3):201–210.
 12. Houghton AM, et al. Elastin fragments drive disease progression in a murine model of  emphysema. J Clin Invest. 

2006;116(3):753–759.
 13. Djekic UV, Gaggar A, Weathington NM. Attacking the multi-tiered proteolytic pathology of  COPD: new insights from basic 

and translational studies. Pharmacol Ther. 2009;121(2):132–146.
 14. Weathington NM, et al. A novel peptide CXCR ligand derived from extracellular matrix degradation during airway inflamma-

tion. Nat Med. 2006;12(3):317–323.
 15. Gaggar A, et al. A novel proteolytic cascade generates an extracellular matrix-derived chemoattractant in chronic neutrophilic 

inflammation. J Immunol. 2008;180(8):5662–5669.
 16. Xu X, et al. A self-propagating matrix metalloprotease-9 (MMP-9) dependent cycle of  chronic neutrophilic inflammation. PLoS 

One. 2011;6(1):e15781.
 17. Snelgrove RJ, et al. A critical role for LTA4H in limiting chronic pulmonary neutrophilic inflammation. Science. 

2010;330(6000):90–94.
 18. Hardison MT, Brown MD, Snelgrove RJ, Blalock JE, Jackson P. Cigarette smoke enhances chemotaxis via acetylation of  pro-

line-glycine-proline. Front Biosci (Elite Ed). 2012;4:2402–2409.



1 7insight.jci.org   https://doi.org/10.1172/jci.insight.91923

R E S E A R C H  A R T I C L E

 19. Haddox JL, et al. Bioactivity of  peptide analogs of  the neutrophil chemoattractant, N-acetyl-proline-glycine-proline. Invest Oph-
thalmol Vis Sci. 1999;40(10):2427–2429.

 20. Hardison MT, et al. The presence of  a matrix-derived neutrophil chemoattractant in bronchiolitis obliterans syndrome after lung 
transplantation. J Immunol. 2009;182(7):4423–4431.

 21. Wells JM, et al. An aberrant leukotriene A4 hydrolase-proline-glycine-proline pathway in the pathogenesis of  chronic obstruc-
tive pulmonary disease. Am J Respir Crit Care Med. 2014;190(1):51–61.

 22. O’Reilly P, et al. N-alpha-PGP and PGP, potential biomarkers and therapeutic targets for COPD. Respir Res. 2009;10:38.
 23. O’Reilly PJ, Jackson PL, Wells JM, Dransfield MT, Scanlon PD, Blalock JE. Sputum PGP is reduced by azithromycin treat-

ment in patients with COPD and correlates with exacerbations. BMJ Open. 2013;3(12):e004140.
 24. Wells JM, et al. A Randomized, Placebo-controlled Trial of  Roflumilast. Effect on Proline-Glycine-Proline and Neutrophilic 

Inflammation in Chronic Obstructive Pulmonary Disease. Am J Respir Crit Care Med. 2015;192(8):934–942.
 25. Akthar S, et al. Matrikines are key regulators in modulating the amplitude of  lung inflammation in acute pulmonary infection. 

Nat Commun. 2015;6:8423.
 26. Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid biology. Science. 2001;294(5548):1871–1875.
 27. Haeggström JZ, Tholander F, Wetterholm A. Structure and catalytic mechanisms of  leukotriene A4 hydrolase. Prostaglandins 

Other Lipid Mediat. 2007;83(3):198–202.
 28. Di Gennaro A, Haeggström JZ. The leukotrienes: immune-modulating lipid mediators of  disease. Adv Immunol. 2012;116:51–92.
 29. Snelgrove RJ. Leukotriene A4 hydrolase: an anti-inflammatory role for a proinflammatory enzyme. Thorax. 2011;66(6):550–551.
 30. Varland S, Osberg C, Arnesen T. N-terminal modifications of  cellular proteins: The enzymes involved, their substrate specifici-

ties and biological effects. Proteomics. 2015;15(14):2385–2401.
 31. Arnesen T. Towards a functional understanding of  protein N-terminal acetylation. PLoS Biol. 2011;9(5):e1001074.
 32. Uchida K, Kanematsu M, Morimitsu Y, Osawa T, Noguchi N, Niki E. Acrolein is a product of  lipid peroxidation reac-

tion. Formation of  free acrolein and its conjugate with lysine residues in oxidized low density lipoproteins. J Biol Chem. 
1998;273(26):16058–16066.

 33. Anderson MM, Hazen SL, Hsu FF, Heinecke JW. Human neutrophils employ the myeloperoxidase-hydrogen peroxide-chloride system 
to convert hydroxy-amino acids into glycolaldehyde, 2-hydroxypropanal, and acrolein. A mechanism for the generation of highly reac-
tive alpha-hydroxy and alpha,beta-unsaturated aldehydes by phagocytes at sites of inflammation. J Clin Invest. 1997;99(3):424–432.

 34. Skeggs LT Jr, Kahn JR, Shumway NP. The preparation and function of  the hypertensin-converting enzyme. J Exp Med. 
1956;103(3):295–299.

 35. Zaman MA, Oparil S, Calhoun DA. Drugs targeting the renin-angiotensin-aldosterone system. Nat Rev Drug Discov. 
2002;1(8):621–636.

 36. Rieger KJ, et al. Involvement of  human plasma angiotensin I-converting enzyme in the degradation of  the haemoregulatory 
peptide N-acetyl-seryl-aspartyl-lysyl-proline. Biochem J. 1993;296(Pt 2):373–378.

 37. O’Reilly PJ, et al. Neutrophils contain prolyl endopeptidase and generate the chemotactic peptide, PGP, from collagen. J Neuro-
immunol. 2009;217(1-2):51–54.

 38. Baluk P, Bolton P, Hirata A, Thurston G, McDonald DM. Endothelial gaps and adherent leukocytes in allergen-induced early- 
and late-phase plasma leakage in rat airways. Am J Pathol. 1998;152(6):1463–1476.

 39. Vestweber D. How leukocytes cross the vascular endothelium. Nat Rev Immunol. 2015;15(11):692–704.
 40. Uhal BD, Li X, Piasecki CC, Molina-Molina M. Angiotensin signalling in pulmonary fibrosis. Int J Biochem Cell Biol. 

2012;44(3):465–468.
 41. Li X, et al. Extravascular sources of  lung angiotensin peptide synthesis in idiopathic pulmonary fibrosis. Am J Physiol Lung Cell 

Mol Physiol. 2006;291(5):L887–L895.
 42. Königshoff  M, et al. The angiotensin II receptor 2 is expressed and mediates angiotensin II signaling in lung fibrosis. Am J 

Respir Cell Mol Biol. 2007;37(6):640–650.
 43. Li P, et al. Angiotensin-converting enzyme N-terminal inactivation alleviates bleomycin-induced lung injury. Am J Pathol. 

2010;177(3):1113–1121.
 44. Khalil N, Bereznay O, Sporn M, Greenberg AH. Macrophage production of  transforming growth factor beta and fibroblast col-

lagen synthesis in chronic pulmonary inflammation. J Exp Med. 1989;170(3):727–737.
 45. Pittet JF, et al. TGF-beta is a critical mediator of  acute lung injury. J Clin Invest. 2001;107(12):1537–1544.
 46. Weber KT, Sun Y, Bhattacharya SK, Ahokas RA, Gerling IC. Myofibroblast-mediated mechanisms of  pathological remodelling 

of  the heart. Nat Rev Cardiol. 2013;10(1):15–26.
 47. van Houwelingen AH, Weathington NM, Verweij V, Blalock JE, Nijkamp FP, Folkerts G. Induction of  lung emphysema is pre-

vented by L-arginine-threonine-arginine. FASEB J. 2008;22(9):3403–3408.
 48. Matsusaka T, Miyazaki Y, Ichikawa I. The renin angiotensin system and kidney development. Annu Rev Physiol. 2002;64:551–561.
 49. Lentz KE, Skeggs LT Jr, Woods KR, Kahn JR, Shumway NP. The amino acid composition of  hypertensin II and its biochemi-

cal relationship to hypertensin I. J Exp Med. 1956;104(2):183–191.
 50. Helmer OM. Differentiation between two forms of  angiotonin by means of  spirally cut strips of  rabbit aorta. Am J Physiol. 

1957;188(3):571–577.
 51. Bernstein KE, et al. A modern understanding of  the traditional and nontraditional biological functions of  angiotensin-convert-

ing enzyme. Pharmacol Rev. 2013;65(1):1–46.
 52. Rasoul S, et al. Antifibrotic effect of  Ac-SDKP and angiotensin-converting enzyme inhibition in hypertension. J Hypertens. 

2004;22(3):593–603.
 53. Rousseau A, Michaud A, Chauvet MT, Lenfant M, Corvol P. The hemoregulatory peptide N-acetyl-Ser-Asp-Lys-Pro is a natural 

and specific substrate of  the N-terminal active site of  human angiotensin-converting enzyme. J Biol Chem. 1995;270(8):3656–3661.
 54. Conte E, et al. Effects of  thymosin β4 and its N-terminal fragment Ac-SDKP on TGF-β-treated human lung fibroblasts and in 

the mouse model of  bleomycin-induced lung fibrosis. Expert Opin Biol Ther. 2015;15 Suppl 1:S211–S221.
 55. Xu H, et al. A new antifibrotic target of  Ac-SDKP: inhibition of  myofibroblast differentiation in rat lung with silicosis. PLoS 

One. 2012;7(7):e40301.



1 8insight.jci.org   https://doi.org/10.1172/jci.insight.91923

R E S E A R C H  A R T I C L E

 56. Wei L, Alhenc-Gelas F, Soubrier F, Michaud A, Corvol P, Clauser E. Expression and characterization of  recombinant human 
angiotensin I-converting enzyme. Evidence for a C-terminal transmembrane anchor and for a proteolytic processing of  the 
secreted recombinant and plasma enzymes. J Biol Chem. 1991;266(9):5540–5546.

 57. Soubrier F, et al. Two putative active centers in human angiotensin I-converting enzyme revealed by molecular cloning. Proc Natl 
Acad Sci USA. 1988;85(24):9386–9390.

 58. Zou K, et al. Abeta42-to-Abeta40- and angiotensin-converting activities in different domains of  angiotensin-converting enzyme. 
J Biol Chem. 2009;284(46):31914–31920.

 59. Wei L, Alhenc-Gelas F, Corvol P, Clauser E. The two homologous domains of  human angiotensin I-converting enzyme are 
both catalytically active. J Biol Chem. 1991;266(14):9002–9008.

 60. Jaspard E, Wei L, Alhenc-Gelas F. Differences in the properties and enzymatic specificities of  the two active sites of  angiotensin 
I-converting enzyme (kininase II). Studies with bradykinin and other natural peptides. J Biol Chem. 1993;268(13):9496–9503.

 61. Wei L, Clauser E, Alhenc-Gelas F, Corvol P. The two homologous domains of  human angiotensin I-converting enzyme interact 
differently with competitive inhibitors. J Biol Chem. 1992;267(19):13398–13405.

 62. Michaud A, Williams TA, Chauvet MT, Corvol P. Substrate dependence of  angiotensin I-converting enzyme inhibition: capto-
pril displays a partial selectivity for inhibition of  N-acetyl-seryl-aspartyl-lysyl-proline hydrolysis compared with that of  angio-
tensin I. Mol Pharmacol. 1997;51(6):1070–1076.

 63. Hahn CS, et al. The matrikine N-α-PGP couples extracellular matrix fragmentation to endothelial permeability. Sci Adv. 
2015;1(3):e1500175.

 64. Braber S, et al. Cigarette smoke-induced lung emphysema in mice is associated with prolyl endopeptidase, an enzyme involved 
in collagen breakdown. Am J Physiol Lung Cell Mol Physiol. 2011;300(2):L255–L265.

 65. Sayed-Tabatabaei FA, et al. A study of  gene--environment interaction on the gene for angiotensin converting enzyme: a com-
bined functional and population based approach. J Med Genet. 2004;41(2):99–103.

 66. Ninomiya Y, Kioi S, Arakawa M. Serum angiotensin converting enzyme activity in ex-smokers. Clin Chim Acta. 
1987;164(2):223–226.

 67. Hinman LM, Stevens C, Matthay RA, Bernard J, Gee L. Angiotensin convertase activities in human alveolar macrophages: 
effects of  cigarette smoking and sarcoidosis. Science. 1979;205(4402):202–203.

 68. Wang R, et al. Human lung myofibroblast-derived inducers of  alveolar epithelial apoptosis identified as angiotensin peptides. 
Am J Physiol. 1999;277(6 Pt 1):L1158–L1164.

 69. Li X, Rayford H, Uhal BD. Essential roles for angiotensin receptor AT1a in bleomycin-induced apoptosis and lung fibrosis in 
mice. Am J Pathol. 2003;163(6):2523–2530.

 70. Yao HW, Zhu JP, Zhao MH, Lu Y. Losartan attenuates bleomycin-induced pulmonary fibrosis in rats. Respiration. 
2006;73(2):236–242.

 71. Molina-Molina M, et al. Losartan attenuates bleomycin induced lung fibrosis by increasing prostaglandin E2 synthesis. Thorax. 
2006;61(7):604–610.

 72. Keogh KA, Standing J, Kane GC, Terzic A, Limper AH. Angiotensin II antagonism fails to ameliorate bleomycin-induced pul-
monary fibrosis in mice. Eur Respir J. 2005;25(4):708–714.

 73. Cavasin MA, Rhaleb NE, Yang XP, Carretero OA. Prolyl oligopeptidase is involved in release of  the antifibrotic peptide Ac-SD-
KP. Hypertension. 2004;43(5):1140–1145.

 74. Esther CR, Howard TE, Marino EM, Goddard JM, Capecchi MR, Bernstein KE. Mice lacking angiotensin-converting enzyme 
have low blood pressure, renal pathology, and reduced male fertility. Lab Invest. 1996;74(5):953–965.

 75. Dransfield MT, et al. Acquired cystic fibrosis transmembrane conductance regulator dysfunction in the lower airways in COPD. 
Chest. 2013;144(2):498–506.

 76. Raghu G, et al. An official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diag-
nosis and management. Am J Respir Crit Care Med. 2011;183(6):788–824.

 77. Ashcroft T, Simpson JM, Timbrell V. Simple method of  estimating severity of  pulmonary fibrosis on a numerical scale. J Clin 
Pathol. 1988;41(4):467–470.

 78. Berg RA. Determination of  3- and 4-hydroxyproline. Meth Enzymol. 1982;82 Pt A:372–398.


