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Abstract
Background  Pancreatic digestive enzymes present in meconium might be responsible for meconium-induced lung injury. 
The local Renin Angiotensin System plays an important role in lung injury and inflammation. Particularly, angiotensin con-
verting enzyme-2 (ACE-2) has been identified as a protective lung enzyme against the insult. ACE-2 converts pro-apoptotic 
Angiotensin II to anti-apoptotic Angiotensin 1–7. However, the effect of meconium on ACE-2 has never been studied before.
Objective  To study the effect of meconium on ACE-2, and whether inhibition of proteolytic enzymes present in the meco-
nium reverses its effects on ACE-2.
Methods  Alveolar epithelial A549 cells were exposed to F-12 medium, 2.5% meconium, meconium + a protease inhibitor 
cocktail (PIc) and PIc alone for 16 h. At the end of incubation, apoptosis was measured with a nuclear fragmentation assay 
and cell lysates were collected for ACE-2 immunoblotting and enzyme activity.
Results  Meconium caused a fourfold increase in apoptotic nuclei (p < 0.001). The pro-apoptotic effect of meconium can 
be reversed by PIc. Meconium reduced ACE-2 enzyme activity by cleaving ACE-2 into a fragment detected at ~ 37 kDa by 
immunoblot. PIc prevented the degradation of ACE-2 and restored 50% of ACE-2 activity (p < 0.05).
Conclusion  These data suggest that meconium causes degradation of lung protective ACE-2 by proteolytic enzymes present 
in meconium, since the effects of meconium can be reversed by PIc.

Keywords  Meconium aspiration syndrome · Angiotensin-converting enzyme 2 · Renin-angiotensin system · Neonatal lung 
injury

Introduction

Despite improved obstetric care in last several decades, 
meconium aspiration syndrome (MAS) remains a leading 
cause of respiratory distress in term neonates. None of the 

interventions (oropharyngeal, nasopharyngeal, and tracheal 
suctioning) after delivery has proven effective in preventing 
MAS [1]. Meconium aspiration is characterized by initial 
obstruction of the airways resulting in ventilation-perfusion 
mismatch and hypoxemia. Within a few hours of exposure 
to meconium, a severe inflammatory response in the lungs 
is initiated [2]. Recent experimental data using animal 
models have indicated the presence of non-inflammatory 
cell death, apoptosis, in meconium-contaminated lungs 
[3]. Still, the potential pro-inflammatory and pro-apoptotic 
action of meconium in the pathogenesis of MAS is not well 
understood.

The role of the Renin Angiotensin System (RAS) is 
well established in neonatal lung injury and inflammation 
[4]. RAS is thought to be a systemic cascade and plays an 
important role in fluid balance and blood pressure regula-
tion [5]. However, many studies support the pivotal role of 
tissue specific RAS in injury and repair [6–11]. A subset of 
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these studies supports the existence of an intrinsic angio-
tensin system in lung alveolar epithelial cells (AECs) and 
demonstrates that activation of this local angiotensin sys-
tem plays a major role in lung injury [12]. Angiotensinogen 
gets converted to Angiotensin I (ANG I) via renin. ANG 
I is then converted to ANG II by angiotensin converting 
enzyme (ACE). ANG II induces apoptosis in AEC’s through 
angiotensin type 1 receptor (AT1R). In contrast, ANG 1–7 is 
antiapoptotic, anti-inflammatory, antifibrotic and vasodila-
tory and acts through the “Mas receptor.” The main function 
of ACE-2 is to convert the octapeptide ANG II to the hepta-
peptide ANG 1–7, thereby counterbalancing ACE activity 
[13].

Human meconium consists of toxic substances such as 
pancreatic enzymes, bile pigments and desquamated cells 
and is considered to be responsible for meconium-induced 
lung injury [14]. Ivanov et al. [15] showed that meconium 
causes intense lung epithelial cell detachment and that the 
effect of meconium on AECs can be reversed by adding a 
protease inhibitor cocktail (PIc) to the meconium. There-
fore, we hypothesized that pancreatic proteolytic digestive 
enzymes present in the meconium cause downregulation of 
ACE-2 and that its effect can be reversed by inhibiting pro-
teolytic enzymes.

Methods and Materials

Meconium Collection, Storage and Preparation

First-pass meconium was collected from random anonymous 
healthy babies without a history of MSAF in the full-term 
nursery at Sparrow Hospital, Lansing, Michigan. The meco-
nium samples were divided into 1 g aliquots and kept at 
− 20 °C until use. On the day of experiment, meconium was 
prepared and sterilized as described before [15]. Meconium 
samples were collected from four individual babies. We did 
not pool samples.

Cell Preparation

The human lung adenocarcinoma A549 cell line was grown, 
maintained, and handled according to the supplier’s manual 
in Ham’s F12 medium (ATCC, Manassas, VA), with 10% 
fetal bovine serum (Gibco, Grand Island, NY), as described 
earlier [12]. Data from our laboratory showed that ACE-2 
expression is cell cycle dependent and maximum at postcon-
fluent (quiescent) densities [16]. Therefore, we used cells 
5 days postconfluence for ACE-2 protein experiments. In 
contrast, we used A549 cells at ~ 90% confluence for ACE-2 
enzyme activity assay due to previous reports of interference 
of ACE-2 activity with higher ACE-2 protein [17].

Treatment of Cells

All subculture experiments were performed in serum-free 
medium. Proprietary PIc (Roche, Nutley, NJ) was diluted in 
2.5% meconium and serum-free media according to manu-
facturer’s recommendations. The composition of the pro-
prietary PIc is not available in the manufacturer’s manual. 
However, it inhibits the effect of pancreatic enzymes of 
our interest, e.g., trypsin and chymotrypsin. The cells were 
exposed to serum free medium (control), 2.5% meconium, 
2.5% meconium and PIc and PIc alone for 16 h.

At the end of the incubation period, cells were assayed 
for ACE-2 by immunoblotting for reactive protein and for 
ACE-2 enzyme activity.

Nuclear Fragmentation Assay

Apoptotic cells were detected by nuclear fragmentation 
assay using propidium iodide, after enzymatic digestion of 
ethanol-fixed cells with DNase-free RNase in PBS contain-
ing 5 µg/ml propidium iodide, as previously described [18, 
19]. During fixation with 70% ethanol, detached cells were 
retained by centrifugation of the 24-well culture plates. Cells 
with discrete nuclear fragments with condensed chromatin 
were counted as apoptotic using epifluorescence micros-
copy. Apoptotic cells were scored over a minimum of three 
separate microscopic fields from each of at least six culture 
vessels per treatment group.

Western Blotting

After performing a protein assay using the BCA method, 
45 µg of protein lysate was loaded in each well of 10% Tris 
HCL polyacrylamide gels, and separated by SDS-PAGE, in 
10× Tris/glycine/SDS buffer. Proteins were transferred to 
Polyvinylidene Difluoride “PVDF” blotting membrane and 
blocked by 5% nonfat dry milk in 0.1% tween 20 in Tris-
buffered saline.

Western blot analysis was performed using polyclonal 
antibody against C-terminal amino acids of Human ACE2 
(Abcam Catalog Ab15348). PVDF membrane was incubated 
with ACE-2 antibody for 16 h at + 4 °C. β-actin (Cell Signal-
ing Technology, Danvers, MA) was used to normalize the 
assay. Bands were visualized by HRP-conjugated goat anti-
rabbit antibody using enhanced chemiluminescence detec-
tion by standard film techniques.

ACE‑2 Enzyme Assay

After the treatment, A549 cells were harvested in ice-cold 
complete Tris–HCl buffer (pH 6.5), 1 × Complete PIc 
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EDTA-free and lisinopril (50 µg/l; Sigma-Aldrich). Lisino-
pril was added to the buffer to block the ACE activity. In 
a half-area black 96-well microtiter plate, the fluorogenic 
peptide substrate for ACE-2, MCA-APK (Dnp) (Enzo Life 
Sciences, Farmingdale, NY) was added at a final concentra-
tion of 10 µmol/l to 30 µl cell lysate (in a total volume of 
50 µl) on ice. DX600 (AnaSpec Inc., Fremont, CA), at a 
final concentration of 10 µmol/l, a competitive inhibitor of 
ACE-2, was added to half of the wells to compare enzymatic 
ACE-2 activity inhibition. The plate was warmed to room 
temperature, and the fluorescence was read on a plate reader 
(310/20 nm excitation and 420/50 nm emission) in a FL600 
Microplate Fluorescence Reader (BioTek, Burlington, VT) 
for 30 min. ACE-2 activity in the culture medium was cor-
rected for the cell protein amounts on the culture dishes.

Statistics

All data are shown as mean ± SEM. Group comparisons were 
evaluated by one-way analysis of variance (ANOVA). When 
the overall ANOVA was significant, comparisons between 
the groups were made using Student–Newman–Keul’s post 
hoc test. For comparisons involving two groups, Student’s t 
test was used. P < 0.05 was considered significant.

Results

Apoptosis in human A549 AECs was quantitated by fluo-
rescence detection of nuclear fragmentation in alcohol-fixed 
cells stained with propidium iodide (Fig. 1a). Figure 1b 
shows meconium-induced apoptosis of AECs in a concen-
tration-dependent manner. Scoring of fragmented nuclei 

revealed dose-dependent apoptosis of AEC that reached sta-
tistical significance beginning at 2.5% meconium, whereas 
the effect of 0.5% meconium was indistinguishable from 
control values. Therefore, we used 2.5% meconium for all 
other experiments.

As shown in Fig. 2, meconium causes a fourfold increase 
in apoptotic nuclei as compared to control. Addition of the 
PIc to the meconium completely blocked the meconium-
induced apoptosis of A549 cells (p < 0.0001), PIc alone was 
not different from control.

We next studied the effect of meconium on ACE-2 in 
A549 cells. Figure 3 shows proteolytic cleavage of ACE-2 by 

Fig. 1   Nuclear fragmentation in human A549 AECs in response to 
meconium. a Cells exhibiting nuclear fragmentation with propidium 
iodide (arrowhead) were scored as apoptotic as compared to normal 
morphologic nuclei (white arrow). Magnification 200  ×. The scale 

bar is 100 µm. b Meconium induces nuclear fragmentation in a dose-
dependent manner (2.5–20%). Bars are means ± SE of six observa-
tions per treatment. A significant increase in number of apoptotic 
nuclei as compared to control (C); *p < 0.05, **p < 0.01 versus C

Fig. 2   Meconium induces apoptosis in human A549 AECs. A signifi-
cant increase in percentage of apoptotic nuclei in meconium-treated 
cells as compared to control was noted. Its effect can be reversed 
by adding PIc to the meconium. Bars are means ± SE of at least six 
observations; *P < 0.001 meconium versus C, M + PI and PI alone
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human meconium. Immunoreactive ACE-2, which appears 
at ~ 100 kDa by Western blot in A549 AECs decreased non-
significantly after treating cells with meconium (Fig. 3a). 
Nevertheless, the cleaved portion of ACE-2 at ~ 37 kDa 
is significantly increased in meconium-treated cells as 
compared to control (twofold increase, p < 0.01) by den-
sitometry. This degraded ACE-2 (at ~ 37 kDa) was only 
found in meconium-treated cells (Fig. 3b). The degraded 
ACE-2 at ~ 37 kDa by Western blot has been detected in 
an LPS-induced rat model of lung injury [20]. We did not 
observe a statistically significant decrease in intact ACE-2 at 
~ 100 kDa by densitometry. This might be due to abundance 
of ACE-2 protein expression in A549 cells after 5 days post-
confluence. (We used cells 5 days postconfluence to maxi-
mize ACE-2 expression in our experiments.) At the same 
time, generation of a small quantity of cleaved ACE-2 in 
meconium-treated cells as compared to other groups did 
reach statistical significance.

Table 1 shows that meconium-treated cells have increased 
cleaved ACE-2 at ~ 37 kDa as compared to control cells 
by densitometry (Western blot). We collected meconium 
from normal healthy term neonates without the history of 
meconium-stained amniotic fluid and studied the effect of 
meconium on ACE-2 individually. There was a wide vari-
ation in production of cleaved ACE-2 by meconium from 
each baby as compared to control (control vs meconium, 

p < 0.05, paired t test). This variation might explain the het-
erogeneity in the clinical presentation of MAS.

In the next step, we studied the effect of meconium-
induced ACE-2 cleavage on ACE-2 enzymatic activity. 
Figure 4 shows a reduction of 60% in ACE-2 enzymatic 
activity in meconium-treated cells as compared to control 
(p < 0.0001). However, adding the PIc to the meconium par-
tially but significantly reversed the effect of meconium on 
ACE-2 enzyme activity [60 ± 7 (C) vs 23 ± 11 (M) vs 44 ± 6 
(M + PIc)]. PIc alone had no effect on ACE-2 enzyme activ-
ity (data not shown). For each treatment group, the enzy-
matic activity detected by fluorogenic peptide substrate was 
essentially eliminated by the addition of peptide DX600, a 
competitive inhibitor of ACE-2 [21]. 85% of ACE-2 activity 
was inhibited by DX600, suggesting a key role for ACE 2 
specific enzyme activity rather than other enzymes capable 
of cleaving the substrate.

Fig. 3   Meconium proteolytically cleaves ACE-2 in A549 AECs. 
a ACE-2 protein that appears at ~ 100  kDa decreased slightly in 
meconium-treated cells as compared to control, meconium + PI and 
PI alone. b The cleaved portion of ACE-2 at ~ 37 kDa increased in 
meconium-treated cells. *P < 0.05 versus C, M + PI and PI alone. 
Bars are means ± SE of at least three observations over two experi-
ments (n = 4 babies)

Table 1   Difference in production of cleaved ACE-2 ~ 37 kDa by indi-
vidual baby’s meconium (by densitometry), p value < 0.05; paired t 
test

Baby Cleaved ACE-2/β-actin 37 kDa
Mean ± SEM

p Value

Control Meconium

1 0.43 ± 0.03 0.96 ± 0.04
2 0.53 ± 0.03 0.84 ± 0.09
3 0.45 ± 0.14 1.31 ± 0.23
4 0.46 ± 0.11 1.26 ± 0.15
Mean 0.47 ± 0.05 1.12 ± 0.10 0.0005

Fig. 4   Meconium reduces ACE-2 activity in A549 cells. Note the 
essentially complete inhibition of ACE-2 activity by DX600. Bars 
are means ± SE of at least six observations. *P < 0.0001 versus C, 
**p < 0.001 versus M + PI and ***p < 0.05 C versus M + PI
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Discussion

MAS is still a major cause of morbidity and mortality 
in near term and term neonates, particularly in develop-
ing countries. However, the pathophysiology of MAS is 
not completely understood. The bulk of evidence implies 
that toxic substances present in the meconium cause lung 
AEC detachment, surfactant inactivation, apoptosis and 
lung injury. Nevertheless, attempts to prevent meconium-
induced lung injury remain largely unsuccessful. Previ-
ous studies from our laboratory showed that apoptosis is 
regulated by the local RAS in AECs and that protective 
lung enzyme ACE-2 is downregulated in experimental 
lung injury [12, 13]. To our knowledge, the role of ACE-2 
in meconium-induced lung injury has never been studied 
before.

Mullinger and Palasi reported trypsin and chymotrypsin 
activities in meconium on day 1 and showed that enzy-
matic activity increases in first 3 days of life [22]. We used 
a PIc which caused near complete inhibition of trypsin, 
chymotrypsin and pancreatic metalloprotease enzyme 
activities. We demonstrated that meconium-induced lung 
AEC apoptosis by nuclear fragmentation assay in human 
A549 cells is reversed by inhibiting the activities of fetal 
proteolytic enzymes. Ivanov et al. [15] has shown that 
meconium causes A549 cell detachment and the detached 
A549 cells were alive (using the acridine orange staining 
method) in contrast to our results demonstrating apoptosis 
after centrifugation of detached cells. It is important to 
point out that the acridine orange staining method is not a 
reliable method for detection of cell apoptosis, particularly 
for in vitro studies. We used the nuclear fragmentation 
assay which is considered the gold standard for measuring 
apoptosis in in vitro studies [23–25]. It has been shown 
that nuclear fragmentation is a crucial event in apopto-
sis [26]. The morphology of this event is strikingly simi-
lar in different cell types [26, 27]. Previous studies have 
shown that protease inhibitors can prevent cell apoptosis 
in response to various noxious stimuli by nuclear frag-
mentation assay method [28]. This method of detecting 
apoptosis has been validated in previous publications from 
our laboratory [18, 19, 29] by simultaneously using other 
methods (In Situ End Labelling and anti-caspase 3 immu-
nolabeling) in human A549 cells. This observation is in 
agreement with studies by Zagariya and co-workers, who 
have demonstrated lung AEC detachment and apoptosis in 
meconium-induced lung injury [30].

Rosenfeld et al. showed that exposure to meconium 
induces AT1 receptor expression and further that losar-
tan, an antagonist for the AT1 receptor, attenuates meco-
nium-induced AEC apoptosis in newborn rabbit lung [31]. 
An extensive body of literature has shown that the ACE/

ANGII/AT1 axis promotes lung injury and is counteracted 
by the ACE-2/ANG1-7/Mas axis. Interestingly, previous 
attempts to downregulate ACE/ANGII/AT1 axis by using 
captopril and losartan have produced mixed results in 
human and animal studies [32]. In particular, ACE2 has 
been identified as an essential receptor for SARS corona-
virus infections, as well as a protective molecule against 
lethal lung failure in SARS [33]. Imai et al. showed the 
severe acute lung injury in ACE-2 knock-out mice and 
symptoms of acute lung injury can be rescued by a recom-
binant ACE-2 protein [34]. Intriguingly, ACE2 localiza-
tion was mapped to the apical surface of epithelial cells in 
the lungs [35]. This leads to our hypothesis that proteolytic 
enzymes in the meconium causes cleavage of ACE-2 pre-
sent on the surface of AECs.

To our knowledge, this is the first study reporting pro-
teolytic cleavage of ACE-2 by human meconium in human 
A549 cells. There is an increased cleaved portion of ACE-2 
~ 37 kDa in meconium-treated cells as compared to control. 
Also, there is a reduced ACE-2 activity in meconium-treated 
cells, and adding PIc to the meconium partially reverses the 
effect of meconium on ACE-2 activity. Previously, Wosten-
van Asperen et al. [20] have shown ACE-2 degradation and 
decreased ACE-2 activity by LPS induce lung injury in a 
rat model of acute respiratory distress syndrome. We have 
observed a similar effect in our study. Interestingly, there are 
reports of the presence of RAS in the GI tract, particularly 
on the intestinal brush border [21]. However, we did not 
observe ACE-2 activity in collected meconium. It is becom-
ing increasingly apparent that the proteolytic cleavage of 
cell surface proteins is an important mechanism regulating 
their expression and function. We speculate that meconium 
induces lung epithelial cell apoptosis by proteolytically 
cleaving ACE-2. However, the mechanism by which this 
protective axis prevents lung injury is still an active area of 
research.

As mentioned in Table 1, the proteolytic cleavage of 
ACE-2 is a consistent finding but there is a considerable 
variation in the effect of meconium on ACE-2 cleavage in 
each individual baby. We speculate that this effect is due to 
individual variation in the amounts of proteolytic enzymes 
present in each meconium sample. This could also explain 
the partial reversal (50%) of ACE-2 enzyme activity by 
PIc. It is possible that that particular baby had a very high 
amount of proteolytic enzymes in the meconium; there-
fore, protease inhibitor could only partially inhibit pancre-
atic enzymes which led to only 50% restoration of ACE-2 
enzyme activity. This observed effect may provide an insight 
into the clinical spectrum of MAS.

Our study is limited by small sample size, and the fact 
that it used adult human lung AECs. However, our labora-
tory has demonstrated the presence of ACE-2 in neonatal 
mouse lung as well as in fetal lung fibroblasts [36, 37]. 
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Therefore, it is plausible that a similar effect of meconium 
on fetal and neonatal lungs would be observed. Also, we 
have not examined the direct effect of downregulation of 
ACE-2 and meconium-induced apoptosis in this study. 
Nevertheless, our laboratory has previously shown that 
ACE-2 downregulation leads to apoptosis of human A549 
cells, MLE12 cells and fetal fibroblast IMR 90 cells in 
response to various noxious stimuli, e.g., bleomycin [18], 
hyperoxia [36] and hypoxia [37]. Therefore, it is safe to 
assume that meconium-induced human A549 cells apop-
tosis is due to downregulation of ACE-2.

Previously, various studies have shown AEC apoptotic 
induction by meconium, and it was therefore theorized 
that pharmacological inhibition of apoptotic factors may 
provide potential therapeutic targets for MAS. Additional 
experimental studies have shown the activation of the local 
RAS system mediated apoptosis in response to meconium 
[30, 31]. This led to our speculation that maintaining high 
levels of tissue ACE-2 by prevention of its cleavage, and/
or replacement of the protein through administration of 
biologically active enzyme, may hold potential as a thera-
peutic strategy for treating MAS. In support of this theory, 
a recent pilot clinical trial of GSK2586881, a recombinant 
form of human angiotensin-converting enzyme 2 (rhACE-
2), was performed in adults with acute respiratory distress 
syndrome [38].

In the current study, we have further established the role 
of pulmonary RAS activation in meconium-induced lung 
injury. This apoptotic effect is presumably due to reduc-
tion in ACE-2 activity caused by proteolytic cleavage of 
the lung protective enzyme ACE-2 by pancreatic digestive 
enzymes present in the meconium. Since it is well known 
that lung injury can be abrogated by ACE-2, the demon-
stration of a direct effect of meconium on ACE-2 in human 
A549 cells has significant implications. The findings from 
this preliminary report suggest the ACE-2 mediated RAS 
modification may be a viable therapeutic option for treat-
ment of MAS.
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