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Abstract. The successive accumulation of proteases and
aminopeptidases in meconium are important physiological
components of the intrauterine environment in which a
fetus develops. The aim of the present study was to assess
the changes in the activities of these enzymes in meconium
of healthy infants, and to investigate whether there were any
statistically significant associations between activity of the
enzymes of interest and the mode of delivery. The activi-
ties of proteases and aminopeptidases were determined in
meconium portions (n=110) using the substrates BODIPY
FL casein and L-leucine-7-amido-4-methylcoumarin hydro-
chloride, respectively. Serial meconium samples (2-5 per
neonate) were collected from healthy infants born vaginally
(n=14), and by a cesarean section (n=16). Protease activity
(10* RFU/h) was lower in the first meconium sample compared
with the final sample from the same infant (3.99+2.03 vs.
5.76+2.24, respectively, mean + standard deviation; P=0.004).
Conversely, there was no significant difference in aminopep-
tidase activity (10° nM/1/h) between consecutive meconium
samples (P=0.702). The ratios of the first-meconium sample
enzyme activity to the last-meconium sample enzyme activity
were lower for proteases compared with aminopeptidases
(0.76+0.48 vs. 1.35+1.04, respectively mean + standard devia-
tion; P=0.014), and sustained in the infants born by a cesarean
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section (P=0.008). Spearman's correlation coefficient analysis
between the first and last meconium samples showed the
correlation increased in the infants born vaginally compared
with the rest of the infants (proteases, R=0.618 vs. R=0.314;
aminopeptidases, R=0.688 vs. R=0.566). Aminopeptidase
activity did not exhibit any notable dynamic changes during
meconium accumulation in the fetal intestine. In infants born
vaginally compared with those born by a cesarean section,
the activity of both proteases and aminopeptidases in the
first meconium sample showed an improved correlation with
the activity of the final meconium sample. This may suggest
that in the intrauterine environment, during accumulation of
meconium in the digestive tract of the fetus, the activity and/or
levels of these enzymes and the substrates they catalyze were
more stable in newborns born vaginally compared with infants
born by caesarean section.

Introduction

Proteolytic enzymes (proteases, proteinases and peptidases),
belong to Enzyme Classification (EC) number: 3.4. and are a
subgroup of hydrolases (EC 3.). Peptidases hydrolyze peptide
bonds in fundamentally irreversible reactions (1). They serve
a key role in numerous biological processes, including tissue
remodeling, wound healing, blood coagulation, angiogenesis,
neurogenesis, ovulation, fertilization, hemostasis, immunity,
inflammation, senescence, necrosis and apoptosis (1,2).
Proteolytic enzymes constitute ~2% of the mammalian
genome and significantly contribute to the enzymatic content
and activity of the gastrointestinal tract (3,4). During early
pregnancy, secretion of embryo-endometrial proteases is
responsible for the hatching of blastocysts and invasion
of implanting embryos into the uterine endometrium (5).
This physiological uterine modification is largely controlled
by proteases and/or their inhibitors, and disorders of the
feto-placental homeostasis results in maternal hypertension,
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preterm delivery or preeclampsia (6-10), which are common
causes for performing a cesarean delivery.

Aminopeptidases (EC 3.4.11.) are an important subset of
proteases which hydrolyze peptide bonds at the N-terminus of
proteins and peptides (11). They are generally zinc-dependent
metalloenzymes, are responsible for the limited proteolysis
and function as posttranslational modifiers of enzymes, inac-
tivators of signal peptides and hormones, and digestive
enzymes (11,12).

Meconium is a specific physiological product produced
in the gastrointestinal tract of a fetus, obtained noninvasively
within 2-4 days after birth and, under normal conditions, is not
excreted until/after delivery. Fetal meconium starts forming
at 13 weeks of gestation from cycles of swallowed or inhaled
amniotic fluid, shed epithelial cells, intestinal secretions and
urine (13).

The role of proteolytic enzymes in vital biological
processes, including embryogenesis and intrauterine fetal
development, may be associated with the mode of delivery.
This hypothesis is based on the results of studies which
indicate that fecal protease activity is associated with compo-
sitional alterations in the intestinal microbiota (4), and that the
diversity of the meconium microbiome depends on the mode
of delivery (14,15). To date, there have been no studies inves-
tigating any possible association between protease activity in
the fetal intestine during intrauterine development of the fetus
and the mode of delivery, to the best of our knowledge.

The aim of the present study was to assess the changes in
the activities of proteases and aminopeptidases, which are a
specific pool of proteolytic enzymes present in the meconium
of healthy infants, born either vaginally or by a cesarean
section, and to investigate whether there are any statistically
significant associations between their activity and the mode
of delivery.

Materials and methods

Ethics. The present study was approved by the Medical Ethics
Committee at the Central Clinical Hospital of the Ministry of
the Interior (Warsaw, Poland) (approval no. 71/2011), and was
performed in accordance with the Declaration of Helsinki (16).
Written informed consent was obtained from the parents or
guardians prior to inclusion of infants in the study.

Profile of neonates. A total of 30 infants born in the Clinical
Department of Obstetrics, Female Diseases and Gynecological
Oncology, Central Clinical Hospital of the Ministry of the
Interior, Warsaw, were included in the present study. Multiple
birth neonates, infants born before 35 weeks of gestation or
those with a birth weight of <2 kg were excluded from the
present study. The health conditions of the pregnant women
and infants were assessed by the attending physician.

Of the 30 infants, 13 were female and 17 were male; 14 were
delivered by vaginal birth and 16 were delivered by cesarean
section; the mean gestational age was 38.9+1.4 weeks (stan-
dard deviation), median gestational age was 39 weeks (range,
36-41 weeks); the mean birth weight was 3,409+512.5 g,
median, 3,445 g (range, 2,260-4,710 g); Apgar scores were
(min 1/3/5/10): 10/10/10/10 (n=21); 9/10/10/10 (n=1); 9/9/10/10
(n=1); 9/9/9/10 (n=2); 8/9/10/10 (n=5). The Apgar score is a

test performed on newborns that is repeated every few mins
following birth. The test is scored between 0-10, and measures
baby's heart rate, breathing, muscle tone, reflex response and
appearance.

Sample collection. The meconium was collected in the
hospital ward and consisted of all consecutive portions. A
total of 110 meconium samples from 30 infants were collected
from the nappy with a disposable spatula and transferred into
50 ml graduated plastic containers. The empty containers
were weighed prior to adding meconium and reweighed after
filling. The date, time and weight of each meconium collection
were recorded. Collection was considered complete, when, on
inspection, the dark-greenish-black color of the material had
changed to the yellowish-brown color characteristic of stool.
Passing of meconium stopped between 24-52 h postnatally.
Between 2-5 meconium portions were collected from each
infant. Analytical-grade distilled water was added to each
meconium sample up to a homogenate volume of 45 ml in
three stages (10 ml, 10 ml and then up to 45 ml). Meconium
homogenates were stored at -80°C. Prior to assessment of
protease and aminopeptidase activity, each homogenate
sample was thoroughly mixed and individually diluted with
analytical-grade distilled water to a final concentration of
0.5 mg meconium per ml after thawing.

Assay of protease activity. The protease activity in meco-
nium was determined using an EnzChek Protease assay kit
(Molecular Probes Inc.). This commercial kit did not involve
any separation steps and can be used to measure the kinetics
of a variety of exo- and endopeptidases continuously over a
wide range of pH values. The full substrate-dependent kinetic
analysis of the meconium protease activity was performed. A
set of increasing concentrations of BODIPY FL casein solu-
tions as a substrate was prepared (2.5, 3.75, 5.0, 7.5, 10, 20,
30 and 40 ug/ml). Separate stock solutions for each BODIPY
FL casein concentration were prepared (a total of 8 different
concentrations). A sample with the reaction mixture prepared
for the measurement contained 100 I BODIPY FL casein at
increasing concentrations and 100 pl of individually prepared
meconium homogenate solution at a final concentration
0.5 mg/ml. Thus the increasing concentrations of substrates
were added into a series of 8 wells and each well contained
100 ul meconium homogenate. Samples were assessed
in triplicate in a 96-well plate. At time O h and after 1 h of
incubation at room temperature. Fluorescence was measured
at 485 nm (excitation) and 530 nm (emission) using a Synergy
H1 Hybrid Reader (BioTek Instruments, Inc.). The activity
of proteases in meconium was calculated as the increase in
relative fluorescence units (RFU)/h. For each sample, a mean
RFU/h was calculated. Autoclaved samples were used as the
negative controls.

Assay of aminopeptidase activity. Maximal potential
aminopeptidase activity (Vmax) was measured using a fluo-
rogenic substrate (17), according to a modified version of a
previously described protocol (18,19). Briefly, 10 ul of the
substrate L-leucine-7-amido-4-methylcoumarin hydrochlo-
ride (Leu-MCA; Sigma-Aldrich; Merck KGaA) solution in
ethanol was added to 190 yl meconium homogenate (at a
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Table I. Aminopeptidases identified in meconium samples.

Classification system

UniProtKB BRENDA MEROPS Enzyme name Abbreviation

P28838 EC34.11.1 M17.001 Leucyl aminopeptidase, cytosol aminopeptidase LAP, cAP

P15144 EC34.112 MO01.001 Aminopeptidase N or M, alanine aminopeptidase, AP-N, AAP,
alpha-aminoacyl-peptide hydrolase, alanine or CD13
leucine arylamidase, leucine-beta-naphthylamidase

QIUIQ6 EC34.113 MO01.011 Placental leucine aminopeptidase, oxytocinase, P-LAP, CAP
cystine aminopeptidase

QO9H4A4 EC3.4.11.6 MO01.014 Aminopeptidase B AP-B

Q07075 EC34.11.7 M01.003 Aminopeptidase A, glutamyl aminopeptidase, AP-A
cystyl aminopeptidase

043895 EC34.119 M?24.005 Aminopeptidase P, X-Pro aminopeptidase AP-P

Table II. Activity of aminopeptidases stratified by ranges of percentages in meconium samples collected from 30 neonates.

Aminopeptidase activity (10° nM/1/h)

Kruskal-Wallis-ANOVA

Percentage n Mean =+ standard deviation Median Range P-value
0-25% 29 1.27+0.99 0.98 0.10-4.31
26-50% 23 1.08+0.68 1.13 0.01-3.01 P=0.702
51-75% 21 1.87£1.79 1.10 0.05-6.64
76-100% 37 1.31£1.15 1.02 0.11-5.29

concentration of 0.5 mg meconium/ml), resulting in solu-
tions with final Leu-MCA concentrations of 1.0, 2.5, 5.0,
10, 15, 20, 25 or 30 M. Separate stock solutions for each
Leu-MCA concentration were prepared (a total of 8 concen-
trations). For preparation of the calibration standard solution,
7-amino-4-methylcoumarin (MCA) was used to measure
the fluorescence. Final MCA concentrations in ethanol were
4.688,9.375, 18.75,37.5, 75, 150, 300 or 600 nM. A calibration
curve was prepared individually for each meconium homog-
enate. Samples were loaded in triplicate into a 96-well plate.
At time 0 h and after 1 h of incubation at room temperature,
the fluorescence of the MCA product was determined spectro-
fluorometrically at 380 nm (excitation) and 460 nm (emission)
using a Synergy H1 Hybrid Reader (BioTek Instruments, Inc.).
The aminopeptidase activity calculated from the standard
curve is given in nM/1/h.

Data analysis. Both methods of enzyme activity measurement
used the enzymatic hydrolysis of substrates and detection of
the fluorescence of the products. The tested enzyme-substrate
system followed first-order Michaelis—Menten kinetics (20).
Plotting reaction velocity (v) against substrate concentration
[S] resulted in a rectangular hyperbola-shaped relationship,
described by the equation: v=V,,, x[S]/(K,, +[S]), where K,
is the Michaelis constant and V,,, is the maximal potential
activity. K, represents the concentration of substrate which
permits the enzyme to achieve half V..

Plots of reaction velocity against substrate concentration
for proteases and aminopeptidases were constructed and V,,,,
and K were calculated. Non-linear regression analysis was
used to calculate the kinetic parameters of enzymatic reactions
using Origin 6.1 (OriginLab Corporation).

Aminopeptidases identified in the meconium samples (21)
are listed in Table I according to their classification system in
the following online databases; uniprot.org, brenda-enzymes.
org and merops.sanger.ac.uk.

Statistical analysis. Statistical analysis was performed using
Statistica Version 12 (StatSoft Inc.). The results are presented
as the mean + standard deviation, or median and range. A
Shapiro-Wilk's test was performed to assess the normality of
distribution. A Mann-Whitney U-test and a Kruskal-Wallis
with a Fisher's LSD post hoc test or an ANOVA with a post-hoc
Tukey's test, were used to compare the activity of peptidases
and aminopeptidases. A Spearman's rank-order correlation
test was performed to determine the relationship between
the activity of proteases and aminopeptidases in the first and
last meconium portions. P<0.05 was considered to indicate a
statistically significant difference.

Results

Table II shows the activity of aminopeptidases (10° nM/1/h)
in successive percentage ranges of meconium weight. It was
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Table III. Ratio of protease and aminopeptidase activities in the first and last meconium.

Protease activity (10* RFU/h)

Aminopeptidase activity (10° nM/1/h)

Meconium Mean + SD Median Range Mean + SD Median Range

First 3.99+2.03 3.79 0.35-8.34 1.24+0.94 1.04 0.09-4.31

Last 5.76x2.24 592 0.98-10.66 1.29+1.22 091 0.11-5.29
Ratio for protease Ratio for aminopeptidase

Ratio Mean + SD Median Range Mean + SD Median Range

First/last 0.76+0.48 0.77 0.08-2.68 1.35+1.04 0.99 0.15-4.11

SD, standard deviation; RFU, relative fluorescence units.

assumed that the weight of meconium excreted after birth
varied among neonates, but was always equal to 100% of the
weight of meconium formed and accumulated in the intestine
during gestation. Total meconium weight per neonate ranged
from 0.579-32.086 g (mean, 10.92+8.1; median, 9.19). Each
subsequent portion of meconium collected from an individual
neonate represented the specific activity of an aminopepti-
dase and a specific range (%) of the total meconium weight.
Subsequently, for each of the calculated percentage ranges, the
value corresponding to 50% of this range was calculated. This
value was assigned to one of the four percent ranges: 0-25,
26-50, 51-75 and 76-100%. The number of aminopeptidases
activity measurements in percent ranges varied as the number
of meconium portions excreted, and the total weight of meco-
nium accumulated in the fetal intestine were neonate-specific
and differed among infants. Thus, aminopeptidase activities in
the 0-25 and 76-100% ranges did not invariably correspond to
the measurements in the first and last meconium.

The median values were closer than the mean values in
sequential percent ranges and there were no statistically
significant differences in the aminopeptidase activity values
demonstrated within these ranges (P=0.702).

Table III shows the activity of proteases and aminopepti-
dases in the first and last meconium portions, and the ratio of
enzyme activity of first to last meconium portion. Fig. 1 shows
the distribution of the measurements in individual infants,
including the mode of delivery.

A statistically significant increase in the activity of
proteases was demonstrated between the first and last
meconium sample (P=0.004), and between the meconium
the last portions from the neonates born vaginally and those
delivered by a cesarean section (P=0.038). The activities of
both proteases (meconium from 24 neonates) and aminopep-
tidases (meconium from 15 neonates) were lower in the first
meconium portion compared with the last meconium portion.
In 5 neonates, the activity of proteases in the first meconium
portion was slightly higher compared with the last meconium
portion and the ratios did not exceed 1.25, except in only one
neonate (born by a cesarean section) where the ratio was 2.68.
Unlike protease activity, the activity of aminopeptidases was
significantly higher in the first meconium portion compared

with the last meconium portion in 8 neonates, and the ratio
exceeded 2, the maximum ratio observed was 4.11 in a neonate
born vaginally. Statistically significant differences were
observed in the first to last meconium portion ratio for prote-
ases and aminopeptidases in the entire study group (P=0.014)
and in neonates born by cesarean birth (P=0.008).

Fig. 2 shows the association between the activity of prote-
ases and of aminopeptidases in the first and last meconium
portion, including the mode of delivery. Vaginal birth was
associated with higher Spearman's correlation coefficients
values relative to the entire study group for both proteases
(R=0.618 and R=0.314, respectively) and aminopeptidases
(R=0.688, R=0.566, respectively).

Discussion

The assessment of protease and aminopeptidase activity in the
meconium of healthy infants, and the interrelationship of these
enzymes was demonstrated for the first time in the present
study, to the best of our knowledge. The results showed that
during fetal intrauterine development, activity of these enzymes
may be associated with the mode of delivery. Increases in the
protease activity between the first and last meconium portions,
observed in 80% of the infants included in the study, confirmed
the results of our previous (22). Peptidases are a highly diverse
class of enzymes and the MEROPS database is an essential
source of information regarding peptidases, their substrates
and inhibitors (23). In total, 22 human aminopeptidases are
described in the MEROPS database and 6 of these were present
in meconium (Table I) (21). In addition, proteomic analysis has
shown a total of 265 enzymatic proteins in meconium, 25% of
which are proteases, and of these, ~9% are aminopeptidases
(data not shown). The activities of aminopeptidases assayed in
the present study represent a pool of six enzymes with important
roles in fetal development, such as the regulation of pressure,
neuronal cell function in the brain, learning and memory, or
final digestion of peptides (8,11). Meconium aminopeptidases
are identical to placental aminopeptidases (8), but an additional
leucyl aminopeptidase (EC 3.4.11.1) is present in meconium
which may be derived from activated lymphocytes (24). As
the activities of aminopeptidases showed no apparent changes
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Figure 1. Scatter plots of enzyme activity in meconium. (A) Protease and aminopeptidase activities in the first and last meconium samples, and (B) the ratios of
enzyme activity between the first and last samples. Data from 30 infants, including the mode of delivery. Vertically arranged dots represent individual protease
and aminopeptidase activity measurements. The horizontal lines represent median levels. RFU, relative fluorescence units.

between successively collected portions of meconium, this
may suggest a similar degree of their involvement throughout
gestation. However, as a pool of aminopeptidases was assayed,

the actual involvement of individual enzymes may vary at
different stages of gestation. To date, the activity of these
aminopeptidases has not been investigated in meconium.
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Placental leucine aminopeptidase (P-LAP) appears to be the
most frequently studied aminopeptidase (6-8,11,25-27). In the
serum of normal pregnant women, P-LAP shows a charac-
teristic pattern of activity. P-LAP activities in the serum of
normal pregnant women are constant during the early stages
of pregnancy, then rise between the 18th and 37th weeks,
peaking at 38 weeks of gestation. The activities are flat or
slightly decreased just before labor and then further decrease
within 4 weeks after delivery (25). The possible sources of
serum P-LAP include the placenta, umbilical vessels, decidua
and/or the fetus (25). However, whether meconium may be
an additional source of serum P-LAP, or if serum P-LAP
is present in the meconium has not been determined, to the
best of our knowledge. High expression levels of P-LAP have
been reported in the lung, kidney, heart and pancreas (26),
and it is involved in hormonal control of uterine contrac-
tion, osmoregulation and blood glucose level regulation (27).
Aminopeptidase N serves a role in signal transduction,
inflammation, immunological responses, matrix degradation,
chemokines and cytokines processing (28). Aminopeptidases
are an important subgroup of peptidases which serve a key
role in a variety of processes, such as regulation of hormone
levels, protein maturation, inactivation of proteins and protein
digestion (25-29). Further research is required to determine
the activity of each of the aminopeptidases identified in meco-
nium in the present study, and to measure their activities in the
maternal serum and/or amniotic fluid. Individual assessment
of specific aminopeptidases and other proteases is essentially
hampered by the need for specific substrates or selective
inhibitors. Research is currently being performed in this area,
particularly for aminopeptidase N (28), and another study used
artificial substrates for aminopeptidase A, aminopeptidase B
and aminopeptidase N (29).

The source of proteases and aminopeptidases in meco-
nium has not been definitively established, to the best of our
knowledge. They are hypothesized to be derived from the

mother, placenta, amniotic fluid and/or fetus, but other studies
have also demonstrated aminopeptidase activity is associ-
ated with bacteria (4,30). The paradigm regarding the sterile
fetal environment is now being challenged based on evidence
showing the presence microbial communities in meco-
nium (31). A previous study demonstrated that the diversity of
the meconium microbiome was higher in vaginally delivered
infants compared with infants born by cesarean section, with
the Propionibacterium species being the most abundant in the
former and Bacillus licheniformis in the latter (14). Another
study found significant associations between specific intestinal
bacterial groups and fecal protease activity with a significant
difference between the microbiotas of high vs. low fecal
protease activity samples, suggesting that the difference in
microbial communities between these groups is based on both
dominant and low abundance bacterial taxa present in fecal
samples (4). However, the meconium microbiome may also be
dependent on race or geographical differences as well as the
interval of meconium collection (14).

The health condition of all neonates included in the present
study was assessed and considered good by the attending
physician. There was a stronger association between the
activities of proteases and aminopeptidases in the first vs.
the last meconium in vaginally born infants compared with the
entire study group, which may suggest in utero homeostasis
of processes catalyzed by these enzymes, while in infants
born by a cesarean section, this homeostasis may have been
disturbed. In the present study, 10 of the 16 infants born by a
cesarean section were born by an emergency cesarean section
(fetal asphyxia or failure to progress), while 6 infants were
born by an elective cesarean section. Considering the rising
rates of cesarean sections, both elective and emergency (32),
additional studies are required to characterize and differentiate
protease and individual aminopeptidase activities associated
with the mode of delivery, particularly for infants born by
cesarean section. It may also be important to consider the
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pharmacological aspects when analyzing individual amino-
peptidases.

In summary, in the present study, it was demonstrated that
there was an absence of significant dynamic changes in the
aminopeptidase activity during meconium accumulation in
the fetal intestine. In infants born vaginally, compared with
those born by a cesarean section, there was a stronger associa-
tion between the activities of proteases and aminopeptidases
in the first vs. the last meconium portion, which may suggest a
more prominent homeostatic effect of processes catalyzed by
these enzymes in the fetal intestine or even in the intrauterine
environment. These results, however, should be confirmed in
a larger number of infants, taking into account the type of
cesarean section (elective vs. emergency) and whether this
affects the activity of enzymes. Additionally, the activity of
individual aminopeptidases identified in meconium should be
determined.
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