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Background: Gut immaturity is linked with postnatal intes-
tinal disorders. However, biomarkers to assess the intestinal 
developmental stage around birth are lacking. The aim of this 
study was to gain more insight on intestinal fatty acid–binding 
protein (I-FABP) as an indicator of gut maturity.
Methods: Antenatal I-FABP distribution and release was 
investigated in extremely premature, moderately premature, 
and term lambs, and these findings were verified in human 
urinary samples. Ileal I-FABP distribution was confirmed in 
autopsy material within 24 h postnatally.
results: Median (range) serum I-FABP levels were lower 
in extremely premature lambs compared with moderately 
 premature lambs (156 (50.0–427) vs. 385 (100–1,387) pg/ml; 
P = 0.02). Contrarily, median early postnatal urine I-FABP levels 
in human infants were higher in extremely premature com-
pared with moderately premature and term neonates (1,219 
(203–15,044) vs. 256 (50–1,453) and 328 (96–1,749) pg/ml; P = 
0.008 and P = 0.04, respectively). I-FABP expression was most 
prominent in nonvacuolated enterocytes and increased with 
rising gestational age (GA) in ovine and human tissue samples. 
The epithelial distribution pattern changed from a phenotype 
displaying I-FABP-positive enterocytes merely in the crypts 
early in gestation into a phenotype with I-FABP expressing 
cells exclusively present in the villus tips at term in ovine and 
human tissue.
conclusion: In this ovine and human study, increasing GA 
is accompanied by an increase in I-FABP tissue content. Cord 
I-FABP levels correlate with gestation in ovine fetuses, identi-
fying I-FABP as a marker for gut maturation. Raised postnatal 
urine I-FABP levels in preterm human infants may indicate 
intestinal injury and/or inflammation in utero.

immaturity of the gut plays a pivotal role in the development 
of necrotizing enterocolitis (NEC), gut-derived sepsis, and 

feeding problems (1). The underlying mechanisms remain 
poorly understood, but increased intestinal permeability and 

inadequate intestinal immune responses in preterm neonates 
are associated with gastrointestinal disorders (2–4). In order to 
define the maturational stage of the gut, markers of gut matu-
rity are required.

A good candidate may be intestinal fatty acid–binding pro-
tein (I-FABP), which is a sensitive and specific enterocyte 
marker (5–7). It is released into the circulation as soon as the 
enterocyte’s cell membrane integrity is compromised, and it 
can be detected in urine (5,8), making it a suitable marker for 
intestinal pathologies such as NEC and coeliac disease (9,10). 
Moreover, I-FABP reflects enterocyte turnover and is exclu-
sively present in mature enterocytes of the small and large 
intestine (11,12). During early fetal life, the intestinal epithe-
lial lining consists of vacuolated, immature enterocytes, as 
shown in animal models and in the human gut (13–15). These 
immature cells gradually disappear with increasing gestational 
age (GA) and are completely replaced by mature enterocytes 
shortly after birth (14,16). More insight on I-FABP distribution 
and its release into the circulation as an indicator of gut matu-
rity can aid in the management of gut-associated problems in 
premature neonates. We hypothesized that I-FABP distribu-
tion and release is gestation dependent. To test this hypothesis, 
I-FABP distribution and release were evaluated during gesta-
tion in utero in fetal lambs, since the developmental biology 
of sheep is closest to the human development for most major 
organs including the gut (17). In addition, the postnatal distri-
bution and release of I-FABP were tested in preterm neonates.

RESULTS
Ovine I-FABP Serum and Tissue Levels Increase With GA
Serum I-FABP levels were elevated (385 (range: 100–1,387) 
pg/ml) in moderately premature lambs (n = 15) when com-
pared with extremely premature lambs (n = 11; 156 (50–427) 
pg/ml; P = 0.02; Figure 1). Median I-FABP levels tended 
to be elevated (255 (100–1,872) pg/ml) in the term group  
(n = 12) when compared with extremely premature lambs  
(P = 0.06). Accordingly, relative high amounts of I-FABP were 
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detected in ileal homogenates of term animals when compared 
with  extremely premature and moderately premature lambs 
(Figure 2).

I-FABP Distribution Pattern in the Ovine Ileal Epithelium Is GA 
Dependent
I-FABP expression was most prominent in nonvacuolated 
enterocytes. In extremely premature lambs, positive cells 
were only found in the primitive crypts and basis of the villi 
(Figure 3a). In the moderately premature group, the crypts and 
lower parts of the villi were positive for I-FABP (Figure 3b). In 
the term animals, I-FABP expression was exclusively present in 
the villus tips (Figure 3c).

I-FABP Distribution Pattern in Human Intestine Resembles the 
Ovine Situation
The postnatal distribution of I-FABP in extremely preterm, 
moderately preterm, and term born infants was studied in 
neonates who died within 24h after birth. Patient character-
istics are summarized in Table 1. As in ovine tissue, the same 
patterns of enterocyte vacuolization were seen dependent on 
GA. Moreover, I-FABP was predominantly present in nonvac-
uolated enterocytes. I-FABP expressing cell numbers increased 
with rising GA, comparable with the I-FABP distribution pat-
tern in ovine fetuses (Figure 4).

Figure 1. Ovine umbilical cord serum I-FABP levels determined by ELISA. 
I-FABP levels were significantly higher in the 130–135 d gestational age 
group compared with the 120–125 d group; *P = 0.02. ELISA, enzyme-
linked immunosorbent assay; I-FABP, intestinal fatty acid–binding protein.
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Figure 2. Ovine ileal tissue I-FABP content determined by western blot. 
Relative band intensities (corrected for actin) measured by Odyssey are 
depicted in the graph. *P = 0.04. I-FABP, intestinal fatty acid–binding 
protein.

0
120–125 d 130–135 d 140–145 d

*
*

500

1,000

I-
FA

B
P

 c
on

te
nt

1,500

Figure 3. Immunohistochemical staining of I-FABP in ovine ileum. (a) 120–125 d. (b) 130–135 d. (c) 140–145 d. (d) Negative control. I-FABP expression 
gradually disappears from the crypts with advancing gestational age, changing into a phenotype characterized by I-FABP expression in the villus tips 
(magnification ×200; scale bar = 100 μm). I-FABP, intestinal fatty acid–binding protein.
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Epithelial Proliferation and Apoptosis Are Not Dependent on GA 
in Human and Ovine Intestine
As epithelial I-FABP distribution was dependent on GA, the 
relationship with proliferation and apoptosis was investi-
gated. To determine whether increased I-FABP levels were 
related with increased epithelial proliferation rates, the 
proliferative marker Ki-67 was stained. Ki-67 positive cells 
were primarily located in the crypts of the ileum and to a 
lesser extent in the villi in all animals (Figure 5). No dif-
ferences were found between the GA groups. Similar to the 
ovine data, proliferation was not different throughout gesta-
tion on human tissue sections as measured by Ki67 (data not 
shown).

To evaluate whether increased I-FABP levels correlated with 
decreased epithelial apoptosis rates, immunohistochemical 
staining for caspase-3 was performed, revealing sparse apop-
totic activity in ileal tissue. No differences in caspase-3 pres-
ence were seen in GA groups (Figure 6).

Human Urinary I-FABP Levels Are Elevated in the Extremely 
Premature Neonates Shortly After Birth
Thirty-four neonates were included in the current study; 16 in 
the group with GA <28 wk (extremely premature), 18 in the 
group with GA 28–37 wk (moderately premature), and 12 in 
the group with GA 37–42 wk (term). Patient characteristics are 
outlined in Table 2, and clinical parameters are summarized 
in Table 3. Expectedly, GA at birth weight were significantly 
different between the groups. Moreover, there was a significant 
difference between the groups in Apgar scores, histopathologi-
cally confirmed chorioamnionitis, postnatal use of antibiotics 
and nonsteroidal anti-inflammatory drugs, and timing of first 
enteral feeding.

Median urinary I-FABP levels at 0–3 days postpartum were 
significantly higher in extremely premature neonates compared 
with moderately premature neonates and term neonates (1,219 
(203–15,044) pg/ml, 256 (50–1,453) pg/ml (P = 0.008), 328 
(96–1,749) pg/ml (P = 0.04); Figure 7a). This difference was 
still present at 4–7 d postpartum between extremely prema-
ture neonates (631 (191–3,670) pg/ml) and moderately pre-
mature neonates (282 (67–1,863) pg/ml, P = 0.004) but not 
between extremely premature neonates and term neonates (302 
(66–3,261); P = 0.16; Figure 7b). From 0–3 d to 4–7 d post-
partum, I-FABP levels decreased significantly (P = 0.04), with 
median 24%. However, this difference was obviously caused by 
a decrease of urinary I-FABP levels in the extremely premature 
group (median decrease: 64%; P = 0.04), while in the moder-
ately premature and term groups, urinary I-FABP levels did not 
decrease significantly (P = 0.79 and P = 0.45, respectively).

DISCUSSION
This study shows that the intestinal distribution pattern of 
I-FABP is GA dependent in both sheep and humans. In the 
ovine gut, I-FABP levels increase during gestation, which is 
also reflected by I-FABP levels in umbilical cord serum upon 
delivery. The epithelial distribution pattern changes from a 
phenotype displaying I-FABP positive enterocytes merely in 
the crypts at 120–125 d of gestation to a phenotype with I-FABP 
expressing cells restricted to the villus tips in term lambs. In 
human intestine, similar changes of epithelial maturation dur-
ing gestation were seen. However, the human urinary I-FABP 
levels during the first 3 d after birth were inconsistent with 
ovine data and human in utero data.

The differences may be explained by the following aspects. 
First, the fetal gut contains immature vacuolated enterocytes, 
which decrease in number through gestation, as observed in 
the current study and by others (15,18). After birth, vacuolated 
enterocytes rapidly mature, resulting in high enterocyte turn-
over rates and I-FABP release. As the extremely premature 
gut contains more immature enterocytes, turnover rates can 
be higher compared with the less premature intestine. This 
seems however unlikely as the current data do not show dif-
ferences between GA groups in mucosal proliferation rates in 
the first days after birth. Second, the stimuli of bacterial col-
onization after birth may lead to an inflammatory response, 
leading to damage of immature enterocytes due to inadequate 

table 1. Patient characteristics of postmortem study

Number Gender
Gestational 
age (weeks)

Time of death 
(hours after birth)

Presumable cause 
of death

1 M 27+5 24 Multiple congenital 
anomalies

2 F 24+2 1.5 Placental pathology

3 M 24+5 1 Placental pathology

4 M 24+2 1.5 Placental pathology

5 M 26 0.5 Meckel–Gruber 
syndrome

6 F 26 0.5 Sacrococcygeal 
teratoma

7 M 29+1 8 Subcapsular 
hematoma

8 M 30+1 1 Multiple congenital 
anomalies

9 F 28+3 24 Multiple congenital 
anomalies

10 M 29+1 0.5 Sepsis

11 F 30+6 12 Cardiac ischemia

12 M 30 12 Umbilical cord 
anomaly

13 M 29+5 1 Multiple congenital 
anomalies

14 M 30+4 2 Lung hypoplasia

15 M 31 1 Cytomegalovirus 
infection

16 M 32+6 24 Trisomy 21 and 
leukemia

17 F 37+6 1 Muscular dystrophy

18 M 40 0.5 Muscular dystrophy

19 M 40+2 2 Meconium 
aspiration

20 M 42 24 Placental pathology
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Figure 4. Immunohistochemical staining of I-FABP in human ileum. (a) <28 wk. (b) 28–37 wk. (c) 37–42 wk. (d) Negative control. Paralleling ovine intes-
tinal development, I-FABP expression gradually disappears from the crypts with advancing gestational age, changing into a phenotype characterized by 
I-FABP expression in the villus tips (magnification ×200; scale bar = 100 μm). I-FABP, intestinal fatty acid–binding protein.
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Figure 5. Immunohistochemical staining of Ki-67. (a) 120–125 d. (b) 130–135 d. (c) 140–145 d. (d) Negative control. No differences were found between 
the different gestational age groups (magnification ×200; scale bar = 100 μm).

a b

c d

264 Pediatric ReSeARCH      Volume 76  |  Number 3  |  September 2014



Copyright © 2014 International Pediatric Research Foundation, Inc.

I-FABP: a marker for gut maturation         Articles

immune response and barrier function associated with pre-
maturity (19). Elevated I-FABP levels may even underestimate 
the amount of enterocyte damage. Early intestinal damage 
affects primarily the villus tips. In extreme preterm infants, 
such mucosal injury may not lead to a significant increase in 

serum and urinary I-FABP levels since the protein is primarily 
expressed by epithelial cells lining the crypts and lower half 
of the villi. Reference values in clinical practice should there-
fore be adapted according to GA. In this context, the number 
of days after birth should be taken into account. Third, in the 

Figure 6. Immunohistochemical staining of caspase-3. (a) 120–125 d. (b) 130–135 d. (c) 140–145 d. (d) Negative control. Caspase-3-positive cells are 
indicated by arrowheads. No differences in caspase-3 expression were found between age groups (magnification ×200; scale bar = 100 μm).
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table 2. Baseline characteristics of neonates

Extremely premature (n = 16) Moderately premature (n = 18) Term (n = 12) P value

Gestational age (weeks) 27+2 (24+5–27+6) 34+0 (28+6–36+1) 39+4 (37+1–42+0) <0.0001

Birth weight (grams) 928 (590–1,248) 1,683 (770–2,990) 2,980 (1,990–4,585) <0.0001

Sex (males/females) 9/7 8/10 8/4 0.48

Apgar score (1 min) 7 (1–9) 8 (3–9) 8 (7–9) 0.01

Apgar score (5 min) 8 (3–10) 9 (5–10) 10 (8–10) 0.003

Umbilical vein pH 7.30 (7.05–7.45) 7.25 (6.88–7.41) 7.18 (6.97–7.28) 0.07

Chorioamnionitisa 5/8 (63%) 1/10 (10%) 0/1 (0%) 0.05

Data are presented as median (range).
aCases with histologically proven chorioamnionitis/cases with clinical suspection of chorioamnionitis.

table 3. Clinical parameters of the first seven days postpartum

Extremely 
premature (n = 16)

Moderately 
premature (n = 18) Term (n = 12) P value

Antibiotic use 16 (100%) 9 (50%) 7 (56%) 0.004

Indomethacin use 12 (75%) 4 (22%) 0 (0%) <0.0001

Norepinephrine use 4 (25%) 0 (0%) 1 (8%) 0.06

Nutrition (breast milk/formula/combination) 0/3/13 0/7/11 1/5/6 0.33

Start feeding (days postnatally) 1 (1–3) 0 (0–3) 1 (0–3) 0.0006

Data are presented as median (range) or total number (percentage).
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ovine model lambs are born prematurely because of human 
intervention. In humans however, preterm labor is frequently 
caused by chorioamnionitis (20). Incidence of chorioamnion-
itis was indeed increased in extremely premature neonates in 
this cohort. Previous studies have shown that chorioamnion-
itis can cause intestinal damage in utero (21–23). It is there-
fore likely that premature born neonates have already suffered 
intestinal damage in utero, reflected by high urinary I-FABP 
levels directly after birth. Other confounding factors such as 
indomethacin use may also increase I-FABP levels in prema-
ture neonates after birth. Finally, differences in renal function 
might contribute to antenatal and postnatal I-FABP levels. 
However, due to its small molecular size (14 kDa), plasma and 
urinary I-FABP levels are hardly affected by renal function. 
In a recent study, we have shown that differences in urinary 
I-FABP levels are not affected when corrected for creatinine 
even in severely ill neonates (24).

The data in this study have important implications. As intes-
tinal and circulatory I-FABP levels increase with GA, I-FABP 
reflects gut maturation, which is underlined by the histological 
change of phenotype. This makes I-FABP a potentially suit-
able marker for intestinal maturation, at least in the sterile 
and healthy intestine. Markers for intestinal maturation are 
currently lacking and may be of great value for guiding feed-
ing strategies. It is shown that standardized feeding protocols 
result in earlier successful enteral feeding without increased 
rates of major morbidities (25,26). A clinical study is needed 
to investigate whether implementation of I-FABP measure-
ments in such a protocol is beneficial, for instance, with slower 
feeding advancements in patients with low perinatal I-FABP 
levels reflecting gut immaturity. However, it should be noted 
that urinary I-FABP levels within the first 3 d after birth are 
not suitable for this purpose, since these levels do not reflect 
the in utero situation, possibly due to confounding factors such 
as bacterial colonization, chorioamnionitis, and indometha-
cin use. It may therefore be more adequate to measure peri-
natal I-FABP levels in cord blood, which is acquired routinely 
in most in-hospital deliveries. In the current study, this was 
impossible due to its retrospective design; however, the ovine 
cord blood data underline this hypothesis. In the future, it 

should be investigated whether human cord blood I-FABP lev-
els correlate with the development of gastrointestinal morbid-
ity, such as NEC and feeding intolerance.

In this study, neonates with intestinal disease were excluded 
to avoid confounding effects on I-FABP levels. It is appealing to 
investigate whether (extremely) premature neonates with high 
I-FABP levels shortly after birth are at increased risk for devel-
oping intestinal disorders or whether these high levels normal-
ize without an increased risk. I-FABP as a screening tool for 
NEC has been investigated before (27). Urinary I-FABP levels 
in the first 90 h after birth were measured in 55 preterm neo-
nates. In this group, nine infants developed NEC, all of them 
having elevated I-FABP values. Sixteen other neonates also had 
high I-FABP values but did not develop NEC. Interestingly, all 
16 patients had significantly more feeding problems compared 
with the infants with normal I-FABP values. Future studies 
could address the effectiveness of preventive strategies in pre-
mature neonates with high I-FABP levels.

In conclusion, I-FABP distribution is maturation depen-
dent both in ovine and human gut. Increasing GA parallels an 
increase in I-FABP tissue content and circulating I-FABP levels 
in sheep, making I-FABP a promising marker of gut matura-
tion. However, this study shows that extremely preterm neo-
nates suffer from more intestinal damage early in life than late 
preterm infants, indicating that the effect of maturation is con-
founded by postnatal factors. Urinary I-FABP levels in the first 
days after birth are therefore not suitable to assess gut matura-
tion. Future research should evaluate whether I-FABP levels in 
human cord blood accurately measure gut maturation.

METHODS
Animals
This study was approved by the Animal Ethics Committee of the 
University of Maastricht, The Netherlands. Time-mated pregnant 
ewes and fetuses were humanely killed by i.v. pentobarbital (150–
200 mg/kg) injection, and lambs were delivered by cesarean section 
either extremely preterm (120–125 dGA, comparable to <28 wk GA 
in humans), preterm (130–135 d GA, comparable to 28–37 wk GA 
in humans), or term (140–145 d GA, comparable to 37–42 wk GA in 
humans). Samples of the small intestine were collected and both snap 
frozen and fixated in formalin. Cord blood was immediately sampled 
from the umbilical artery, cooled on ice, centrifuged at 3,500 rotations 

Figure 7. Urinary I-FABP determined by ELISA in extremely premature, moderately premature, and term neonates. (a) I-FABP levels in the first 3 d of life. 
*P = 0.008; **P = 0.04. (b) Urinary I-FABP 4–7 d postpartum. *P = 0.004. ELISA, enzyme-linked immunosorbent assay; I-FABP, intestinal-fatty acid–binding 
protein.
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per minute for 15 min, and serum samples were stored at −80 °C until 
batch analysis.

Patients
Neonates admitted to the neonatal intensive care unit at the Maastricht 
University Medical Centre between July 2007 and July 2008 were 
eligible for inclusion, if not admitted after the third postnatal day. 
Neonates with asphyxia or those developing gastrointestinal events 
such as NEC or feeding problems were excluded retrospectively at 
neonatal intensive care unit discharge. Infants were divided into an 
extremely premature group (<28 wk of gestation), a moderately pre-
mature group (28–37 wk), and a term group (37–42 wk). Eligibility 
and inclusion numbers are outlined in Table 4. It was anticipated that 
only 25 extremely premature infants would be admitted to the neo-
natal intensive care unit during the study period, therefore the first 
25 consecutive infants of all three groups were approached for con-
sent. None of the approached parents refused consent; however, some 
infants were excluded retrospectively based on the exclusion criteria 
mentioned above. Written informed consent was obtained from both 
parents. The study was conducted with the approval from the local 
medical ethical committee, and the principles of good clinical prac-
tice were followed during this study.

Urine samples were collected by placement of a dental cotton 
roll (Henry Schein, Almere, The Netherlands) in the diaper of the 
neonate starting at the first day after birth. Once the roll was filled 
with urine, it was placed in a sterile 5 ml syringe (Becton Dickinson, 
Oxford, UK), the urine was pressed into Micronic tubes (Micronic 
B.V., Lelystad, the Netherlands), and stored at −20°C until analysis. 
Two samples were collected from each patient; one on days 0–3 after 
birth and one on days 4–7. Enteral feeding was initiated before the 
first urine sample was taken.

Human Tissue Collection
In the pathology department database of the Maastricht and Utrecht 
University Medical Centres, neonates who died within 24h after birth 
between January 2005 and December 2012 were identified. Of those 
patients in which intestinal tissue had been collected at postmortem 
examination, paraffin-embedded sections of ileal tissue were used for 
immunohistochemistry. Comparisons were made between extremely 
premature (<28 wk of gestation), moderately premature (28–37 wk), 
and term (37–42 wk) neonates.

Antibodies
The following antibodies were used for immunohistochemistry: rabbit 
antihuman cleaved caspase-3 (Asp175; Cell Signaling, Danvers, MA), 
rabbit antihuman I-FABP (in-house developed), and mouse antihu-
man Ki-67 (Clone MIB-1; Dako, Glostrup, Denmark). Goat antirabbit 
IgG labeled with horseradish peroxidase (Jackson ImmunoResearch, 
West Grove, PA) and biotin-conjugated swine antirabbit IgG (Dako), 
and goat antimouse IgG (Dako) were used as secondary antibodies.

For western blot, the following antibodies were used: rabbit anti-
human I-FABP (in-house developed) and mouse antihuman β-actin 
clone ac15 (Sigma, St Louis, MO). The secondary antibodies used for 
western blot were IRDye 800cw goat antirabbit (LI-COR Biosciences, 
Lincoln, NE) and IRDye 800cw goat antimouse (LI-COR Biosciences).

Immunohistochemistry
Ovine intestinal samples were immediately immersed in 4% form-
aldehyde fixative (Unifix; Klinipath, Duiven, The Netherlands) and 
incubated for 24 h. Tissue samples were embedded in paraffin, and 
4 μm sections were cut. Sections were first deparaffinized in xylene 
and then rehydrated in graded ethanol to distilled water. Endogenous 

peroxidase activity was blocked with 0.5% H2O2. Antigen retrieval 
was performed in citrate buffer at 90 °C for 30 min (Ki-67, I-FABP). 
Unspecific binding sites were blocked using normal goat serum 
 (Ki-67) for 30 min at room temperature. Slides were incubated with 
the primary antibody for 60 min at room temperature (I-FABP, cas-
pase-3) or overnight (Ki-67) at 4 °C, and then incubated with the 
appropriate secondary antibody for 1 h at room temperature. The tis-
sue sections were prepared with AB-complex (Ki-67, caspase-3). For 
I-FABP, positive staining was visualized with 3-amino-9-ethylcarba-
zole. Counterstaining of the nuclei was performed using hematoxylin. 
For Ki-67 and caspase-3, the staining was visualized with Nickel-
sulfate 3,3-diaminobenzidine, counterstaining with Nuclear Fast Red.

Enzyme-Linked Immunosorbent Assay
Urinary and serum I-FABP was measured using an in-house enzyme-
linked immunosorbent assay that selectively detects human and ovine 
I-FABP (standard: 10–800 pg/ml, lower detection level: 50 pg/ml).  
I-FABP concentrations are given in pg/ml. Human urine samples 
were batch analyzed after inclusion of the complete cohort.

Western Blot
Western blot was used for the analysis of I-FABP protein content of 
ovine ileal samples. First, snap-frozen tissues were homogenized in 
radioimmunoprecipitation assay buffer containing protease inhibi-
tors (1 mmol/l phenylmethylsulfonyl fluoride, 0.1 U/ml aprotinin, and 
1 µg/ml leupeptin). Determination of the protein concentration in the 
final supernatants was performed using the bicinchoninic acid pro-
tein assay. Equal amounts of total protein (20 or 40 µg where applica-
ble) were heated at 100 °C for 10 min in sodium dodecyl sulfate buffer 
containing β-mercaptoethanol. Proteins were separated by running 
the samples through a 15% sodium dodecyl sulfate–polyacrylamide 
gel and transferred to a nitrocellulose membrane. After a blocking 
step, the membranes were incubated with the primary antibody over-
night. Incubation with the secondary antibody was performed for 
1 h. Membranes were reprobed with mouse antihuman β-actin to 
ensure equal loading. Protein bands were visualized using an Odyssey 
Infrared Imaging System (LI-COR Biosciences).

Statistical Analysis
Normality was tested using Kolmogorov–Smirnov test. Between-
groups comparisons for continuous data were performed by Mann–
Whitney U-test and Kruskal–Wallis with post hoc Dunn’s multiple 
comparison test, where appropriate. All data are expressed as median 
and range. A two-sided P value <0.05 was considered statistically 
significant. Statistical analysis was performed using Prism 5.0 for 
Windows (Graphpad software, San Diego, CA).
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