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Hypoxic renal injury in newborns with abdominal compartment
syndrome (clinical and experimental study)
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BACKGROUND: Surgical treatment for gastroschisis and
congenital diaphragmatic hernia (CDH) commonly leads to
abdominal compartment syndrome (ACS) associated with
hypoxic renal injury. We hypothesized that measurement of
urinary and serum concentrations of vascular endothelial
growth factor (VEGF), π-glutathione S-transferase (π-GST), and
monocyte chemoattractant protein-1 (MCP-1) may serve for
noninvasive detection of hypoxic renal injury in such patients.
METHODS: Intra-abdominal pressure (IAP), renal excretory
function, and the biomarker levels were analyzed before, 4,
and 10 days after surgery. Association between the biomarker
levels and renal histology was investigated using an original
model of ACS in newborn rats.
RESULTS: Four days after surgery, IAP increased, renal
excretory function decreased, and the levels of VEGF, π-GST,
and MCP-1 increased, indicating renal injury. Ten days after
surgery, IAP partially decreased, renal excretory function
completely restored, but the biomarker levels remained
elevated, suggesting the ongoing kidney injury. In the model
of ACS, increase in the biomarker levels was associated with
progressing kidney morphological alteration.
CONCLUSION: Surgical treatment for gastroschisis and CDH
is associated with prolonged hypoxic kidney injury despite
complete restoration of renal excretory function. Follow-up
measurement of VEGF, π-GST, and MCP-1 levels may provide a
better tool for noninvasive assessment of renal parenchyma in
newborns with ACS.

Intra-abdominal hypertension (IAH) is defined as a
sustained or repeated pathological elevation in intra-

abdominal pressure (IAP) ≥ 12 mmHg (1). IAH with
sustained IAP above 20 mmHg may lead to development of
abdominal compartment syndrome (ACS) characterized by a
significant reduction in abdominal perfusion pressure causing
organ dysfunction/failure and ultimately death, if untreated
(1,2). Constantly updated clinical guidelines developed by the
World Society of the Abdominal Compartment Syndrome

(WSACS) have helped to reduce ACS mortality in adults
(2,3). However, in newborns, it is still high, reaching 60%
(4,5). Neonates with specific birth defects associated with
visceral-abdominal disproportion, including gastroschisis and
congenital diaphragmatic hernia (CDH), are at the highest
risk of developing ACS after surgical treatment (6).
ACS is commonly associated with renal hypoperfusion,

circulatory hypoxia, and subsequent renal injury. Injury to the
renal tissue induces local inflammatory response that may
result in renal scarring and chronic kidney disease later on
(7–9). However, diagnostic techniques for detection and
monitoring of hypoxic renal injury in newborns with ACS are
still lacking. Previous studies have demonstrated that the
measurement of serum and urinary levels of some biomarkers
may serve as a useful tool for noninvasive assessment of renal
parenchyma. It has been shown that vascular endothelial
growth factor (VEGF) levels correlate with the severity of
renal hypoxia (10), π-glutathione S-transferase (π-GST) levels
correlate with distal tubule injury (11), and monocyte
chemoattractant protein-1 (MCP-1) levels indicate the extent
of the inflammatory cell infiltration in the kidney (12).
Therefore, in the present study, we hypothesized that
concentrations of VEGF, π-GST, and MCP-1 may serve as
potential biomarkers of hypoxic renal injury in newborns with
ACS. To examine this possibility, we measured serum and
urinary concentrations of these biomarkers before and after
surgical treatment in children with gastroschisis and CDH,
and using an original model of ACS in newborn rats, we
investigated whether the changes in the biomarker levels were
associated with kidney morphological alterations resulting
from IAH.

METHODS
Ethics
The study was approved by the Institutional Review Board. All
children were included in the study after their parents agreed and
signed the informed consent form. Care and handling of the animals
were in accord with the National Institutes of Health guidelines.
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Patients
A total of 27 newborns admitted for surgical treatment of
uncomplicated gastroschisis (n= 14) and CDH (n= 13) were
prospectively enrolled in this study between January 2014 and June
2015. The exclusion criteria were: presence of additional birth
defects, severe cerebral ischemia, infection, and systemic inflamma-
tory disease. Birth defects were diagnosed antenatally on routine
ultrasound scanning. The control group included 20 newborns
admitted for surgical treatment of minor omphalocele. The results of
all clinical, instrumental, and laboratory data, including IAP, renal
RI, urine output, serum creatinine, and the biomarkers, were
collected at three time points of the study: on the day of admission
(before surgery), on POD4, and on POD10.

IAP Measurement
IAP was measured by intravesical manometry as described
previously (13). The urinary bladder was emptied, and sterile normal

saline was instilled into the bladder with a volume of 1 ml/kg. The
feeding tube was held vertically up and the height of the column of
saline from midaxillary line at the level of iliac crest was measured at
the end of expiration. IAP was measured in cmH2O and converted to
mm Hg (1 mmHg= 1.36 cmH2O).

Renal RI Measurement
Renal Doppler ultrasound examinations were performed on the
interlobar or arcuate arteries using 3.5 to 5.5 MHz transducer. The
Doppler spectrum was considered optimal when three consecutive
similar-appearing waveforms were obtained. The renal RI was
calculated as follows: (peak systolic velocity− end diastolic velocity)/
peak systolic velocity. Three measurements were performed on each
kidney and averaged to obtain the mean RI value.

Model of ACS in Newborn Rats
A total of 100 newborn Wistar rats (age range, 2–6 h) were equally
randomized into five groups. Group 1 served as a control (mean IAP,
2 mm Hg). Groups 2 and 3 were exposed to mild IAH (mean IAP,
9 mm Hg) for 3 and 8 days, respectively. Groups 4 and 5 were
exposed to severe IAH (mean IAP, 17 mmHg) for 3 and 8 days,
respectively. Rats were anesthetized with isoflurane–oxygen mixture
and subjected to urinary catheterization and intravesical manometry
using 24 G peripheral venous catheter. IAP was measured in cmH2O
and converted to mm Hg. IAH was created by intraperitoneal
injection of crosslinked bovine collagen (Zyplast; Allergan, Irvine,
CA) under control of intravesical manometry. In the control group,
the abdominal cavity was pierced without further injection of the
collagen gel.

Histological Examination
Kidneys were obtained from each killed rat, fixed in 10% netural-
buffered formalin, and subjected to routine tissue processing.

Table 1. Characteristics of healthy controls and patients with
congenital defects

Variable Control
(n= 20)

Gastroschisis
(n=14)

CDH
(n= 13)

Age at repair
(days)

10.4 ± 3.1 1.4 ± 0.5 2.7 ± 1.2

Sex, male, n (%) 12 (60%) 8 (57%) 7 (54%)

Birth weight (g) 3,050± 421 2,164 ± 325 2,650± 461

Gestation
(weeks)

38 ± 1.5 31 ± 1.7 37± 1.8

Apgar score 8 ± 2 5± 1 3± 1

CDH, congenital diaphragmatic hernia.
The values shown are mean ± SD.
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Figure 1. Laboratory and instrumental data in controls and patients with gastroschisis and congenital diaphragmatic hernia (CDH). (a) Intra-
abdominal pressure; (b) serum creatinine; (c) urine output; (d) resistive index. The data are presented as mean± SD. White bars denote admission
values, grey bars postoperative day 4 (POD4) values, and black bars POD10 values. The data were analyzed using one-way analysis of variance
(ANOVA), followed by a post hoc t-test corrected for multiple hypothesis testing. Comparison vs. control: *Po0.05; **Po0.01; ***Po0.001.
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Five-micrometer-thick sections were prepared, stained with hema-
toxylin and eosin, and examined by light microscopy.

Biomarker Measurement
In patients, blood samples were obtained through a central venous
catheter, and urine samples were obtained by urinary catheterization.
In experimental animals, blood was collected by cardiac puncture
under anesthesia. Blood and urine samples were centrifuged at
3,000 g for 15 min, and supernatants were immediately stored at
− 25 °C for no more than 1 month until testing. Concentrations of
VEGF, π-GST, and MCP-1 were measured by enzyme-linked
immunosorbent assay. All specimens were measured in duplicate
wells, and the mean of the two values was taken. The minimal
detectable concentrations were 15 pg/ml VEGF, 0.156 ng/ml π-GST,
and 5 pg/ml MCP-1.

Statistical Analysis
The clinical data represented by eight end points (IAP, urine output,
serum creatinine, renal RI, urinary π-GST, urinary MCP-1, urinary
VEGF, and serum VEGF) were processed using R-statistics software
version 3.3.0. Each of the end points was subject to one-way analysis
of variance (ANOVA), followed by one-sided t-test vs. the control
group, which included multiple hypothesis correction for eight
comparisons in two time points separately in each of the two
treatment groups. It was not unreasonable to assume normal
distribution of end point values. The animal data represented by
one end point (serum VEGF) was analyzed by a two-way ANOVA
(end point vs. duration of IAH, intensity of IAH, and the interaction
of the two), followed by Tukey’s post hoc test. By default, all statistical
tests were carried out at the 5% significance level. Regression analyses
were performed using ordinary least-squares method and Pearson’s
correlation coefficient (r). Throughout the paper, the average values
are reported as mean± SD, where SD is the standard deviation.

RESULTS
Patients
The study included 14 patients with uncomplicated gastro-
schisis and 13 patients with CDH. The demographic data for
the patient groups are summarized in Table 1. Surgical
treatment was performed on the day of admission. In
gastroschisis group, nine patients underwent primary fascial
closure and remaining five patients underwent staged closure
with a silo. In CDH group, eight patients underwent
thoracoscopic repair using local tissues and remaining five
patients who had had diaphragmatic cupola aplasia
underwent repair using either local tissues or a
synthetic patch.

IAP. In control patients, IAP was 3.1± 1.3 mmHg. Upon
admission, in gastroschisis patients IAP did not differ from that
in control while in CDH patients it was increased to
6.0± 1.4 mmHg (Po0.001). Surgical repair of the
malformation resulted in significant elevation of IAP in both
groups (Figure 1a). By POD4, in gastroschisis patients it
increased to 22.2± 2.9 mmHg and in CDH patients to
19.0± 2.5 mmHg (vs. admission, Po0.001 for both). By
POD10, IAP partially decreased in both groups, reaching
13.4± 1.0 and 11.4± 1.3 mmHg, respectively (vs. POD4,
Po0.001 for both).

Urine output. In control patients, urine output was
2.7± 0.7 ml/kg/h. At admission, in gastroschisis patients it
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Figure 2. The biomarker levels in controls and patients with gastroschisis and congenital diaphragmatic hernia (CDH). (a) Urinary π-glutathione
S-transferase (π-GST); (b) urinary monocyte chemoattractant protein-1 (MCP-1); (c) urinary vascular endothelial growth factor (VEGF); (d) serum
VEGF. The data are presented as mean± SD. White bars denote admission values, grey bars postoperative day 4 (POD4) values, and black bars
POD10 values. The data were analyzed using one-way analysis of variance (ANOVA), followed by a post hoc t-test corrected for multiple hypothesis
testing. Comparison vs. control: *Po0.05; **Po0.01; ***Po0.001.
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was 1.8± 0.6 ml/kg/h and in CDH patients 2.0± 0.5 ml/kg/h
(P= 0.013 and P= 0.058, respectively). By POD4, urine output
decreased in both groups, reaching 0.6± 0.3 ml/kg/h in
gastroschisis and 1.3± 0.2 ml/kg/h in CDH group (vs.
admission, Po0.001 and P= 0.002, respectively). By POD10,
urine output restored and did not differ from that in control
group (Figure 1b).

Creatinine. Upon admission, serum creatinine level in both
patient groups did not significantly differ from
43.8± 17.5 μmol/l in control. Correction of the malformation
significantly increased the creatinine level by POD4, which
reached 113.4± 15.0 and 93.3± 14.5 μmol/l (vs. admission,
Po0.001 for both) in gastroschisis and CDH groups,
respectively. By POD10, serum creatinine levels significantly
decreased and did not differ from the admission level in any of
the patient groups (Figure 1c).

Renal resistive index. In control group, resistive index (RI)
was 0.74± 0.02. Similar admission values of RI were observed
in gastroschisis and CDH patients. By POD4, RI significantly
increased in both patient groups, reaching 0.83± 0.03

(Po0.001) and 0.80± 0.04 (P= 0.009), respectively. By POD10,
in gastroschisis patients RI was 0.73± 0.05 and in CDH
patients 0.78± 0.03; however, the change was not statistically
significant (Figure 1d).
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Figure 3. Relationship between intra-abdominal pressure (IAP) and the biomarker levels. (a) Urinary π-glutathione S-transferase (π-GST); (b) urinary
monocyte chemoattractant protein-1 (MCP-1); (c) urinary vascular endothelial growth factor (VEGF); (d) serum VEGF. The values are presented as
scatter charts. Each symbol corresponds to a single measurement. Crosses denote controls; open symbols denote gastroschisis patients, filled
symbols denote congenital diaphragmatic hernia (CDH) patients; circles denote admission values, diamonds denote postoperative day 4 (POD4)
values, triangles denote POD10 values. The line represents the optimal least-squares estimate.
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Biomarkers
π-GST. Upon admission, the urinary levels of π-GST in both
patient groups were close to 1.5± 0.2 μg/ml in control. By
POD4, in gastroschisis patients the level of π-GST increased to
11.0± 1.9 μg/ml and in CDH patients to 9.7± 1.5 μg/ml (vs.
admission, Po0.001 for both) (Figure 2a). By POD10, the π-
GST levels decreased to 5.5± 1.2 and 4.3± 1.0 μg/ml,
respectively (vs. POD4, Po0.001 for both), although they
were still higher than before the surgery (vs. Po0.001).

MCP-1. The admission levels of urinary MCP-1 in
gastroschisis and CDH patients were greater than in control:
199± 49 and 192± 41 pg/ml, respectively, vs. 58± 3 pg/ml
(Po0.001 for both) (Figure 2b). By POD4, the MCP-1 levels
further increased, reaching 388± 117 and 376± 154 pg/ml (vs.
admission, Po0.001 for both), respectively. By POD10, the
levels of MCP-1 decreased to 289± 31 pg/ml in gastroschisis
patients (vs. POD4, P= 0.031) and to 278± 24 pg/ml in CDH
patients (although the change was not statistically significant,
P= 0.114).

VEGF. At admission, the urinary VEGF levels in gastroschisis
and CDH patients were greater than in control: 89± 4 and
82± 12 pg/ml, respectively, vs. 58± 4 pg/ml (Po0.001 for
both) (Figure 2c). By POD4, the urinary VEGF levels further
increased in both groups, reaching 171± 7 and 165± 20 pg/ml
(vs. admission, Po0.001 for both), respectively. By POD10, the
urinary VEGF levels decreased in gastroschisis patients to
139± 7 pg/ml and in CDH patients to 135± 8 pg/ml (vs.
POD4, Po0.001 for both), while they were still higher than
before the surgical treatment. Similar changes were detected for
serum VEGF levels in both patient groups (Figure 2d).

Correlation between IAP and the biomarkers. To
investigate the relationship between IAP and the biomarker
levels, we performed a simple linear regression analysis. The
analysis showed that elevation of IAP statistically significantly
predicted the increase in the biomarker level (Figure 3). There
was a strong positive correlation between the levels of IAP and
the levels of serum and urinary VEGF (r= 0.89 and r= 0.91,
respectively) and urinary π-GST (r= 0.91), followed by urinary
MCP-1 levels (r= 0.75) (Po0.001 for all).

Model of ACS in Newborn Rats
In the previous part of the study, we demonstrated that
urinary and serum levels of the biomarkers differ in newborns
with different severity of IAH and strongly correlate with the
levels of IAP. To verify whether the changes in the biomarker
concentrations were associated with kidney injury caused by
elevated IAP, we created a model of IAH in newborn rats. In
this model, rat pups were exposed to either mild
(9± 2 mmHg) or severe (17± 2 mmHg) IAH for either 3
or 8 days and tested for serum VEGF levels and kidney
morphological alterations.

VEGF
In control rats, serum VEGF level was 30± 3 pg/ml. In a
group of mild IAH, VEGF did not change by day 3 of
exposure but rose to 45± 9 pg/ml by day 8 (Po0.001)
(Figure 4). In a group of severe IAH, VEGF increased to
39± 2 and 61± 25 pg/ml by day 3 and day 8 of exposure
(Po0.001 for both), respectively. Further analysis showed
that severity and duration of IAH were independently
associated with increased VEGF levels (Po0.001 for both),
without statistically significant interaction between the two
factors (P= 0.136).

Renal histology
In the control group, light microscopy revealed normal
histological structure of the renal cortex and medulla
(Figure 5a). Induction of mild IAH for 8 days led to a
minimal dilation of the glomerular urinary space, mild
vacuolization of the proximal tubule epithelial cells, and
dilation of the collecting ducts with some epithelial
desquamation (Figure 5b). Induction of severe IAH for
8 days led to further dilation of the glomerular urinary space,
hydropic degeneration of the epithelium of the proximal
tubules, and marked cystic transformation of the proximal
tubules and collecting ducts (Figure 5c).

DISCUSSION
Surgical repair of gastroschisis and CDH is accompanied by a
considerable rise in IAP and a decline in abdominal perfusion
pressure. Kidneys are the most sensitive to reduced blood
supply and get damaged first (14). In the present study, we
investigated the urinary levels of VEGF, π-GST, and MCP-1

a b c

Figure 5. Histopathological changes of the kidney tissue in the model of abdominal compartment syndrome (ACS) in newborn rats. (a) Control; (b)
mild intra-abdominal hypertension (IAH) (9 mm Hg IAP for 8 days); (c) severe IAH (17 mm Hg IAP for 8 days). Hematoxylin and eosin staining; original
magnification, × 400.
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and serum levels of VEGF as potential biomarkers of renal
hypoxic injury in newborns treated for gastroschisis
and CDH.
Before surgery, gastroschisis patients had normal and CDH

patients slightly elevated IAP. All the patients demonstrated
normal routine laboratory tests and the π-GST levels,
indicating preserved renal function, but showed moderately
increased VEGF and MCP-1 levels. This is in line with
increased serum levels of VEGF and MCP-1 and their
upregulated expression in the pulmonary vascular endothelial
cells affected by persistent pulmonary hypertension in CDH
patients. Increased VEGF levels reflect an attempt by the
fetus/newborn to enlarge the pulmonary vascular bed in the
hypoplastic lungs to alleviate pulmonary hypertension (15),
while MCP-1 contributes to recruitment and activation of
monocytes, which promote inflammation and pulmonary
fibrosis (16). Increased MCP-1 levels were also reported in the
cord blood of gastroschisis patients as a result of chronic
inflammation in the intestines exposed to amniotic fluid
during development (17). Our findings are also consistent
with the reports demonstrating leukocyte infiltration in the
intestinal wall and increased levels of proinflammatory
cytokines in the amniotic fluid in gastroschisis patients (18).
Therefore, the changes in the cytokine profile at admission
could be regarded as a protective or adaptive response of a
newborn to the congenital birth defect.
Reduction of the abdominal viscera and closure of the

abdominal cavity caused a significant increase in IAP, as
detected on the fourth day after surgery in both patient
groups. It was accompanied by increased RI, reduced urine
output, and accumulation of serum creatinine, indicating
renal hypoperfusion and reduced excretory function. Increase
in IAP was also associated with a substantial rise in the
urinary VEGF, π-GST, and MCP-1 levels and serum VEGF
levels. π-GST is a constitutive cytoplasmic enzyme of the
distal tubule epithelial cells. It is released into urine following
distal tubule damage and serves as a sensitive and specific
marker of kidney hypoperfusion and injury (19–21). MCP-1
is a proinflammatory chemokine expressed in proximal
tubular epithelial and other kidney cells following ischemic
injury (22,23). It plays a major role in recruitment and
activation of monocytes and macrophages in the damaged
kidney, promoting further tissue destruction (24,25). VEGF is
a potent angiogenic factor which is markedly upregulated
following renal ischemia in tubular epithelial cells. By
stimulating endothelial cell proliferation and neovasculariza-
tion, it serves for adaptation of a kidney to circulatory hypoxia
(26). The increase in the urinary and serum levels of the
biomarkers indicates the extent of hypoxic renal injury and
adaptation of the renal tissue to hypoperfusion resulting from
postsurgery increase in IAP.
Ten days after surgical treatment, IAP partially decreased in

both patient groups. It was accompanied by mild, although
not significant, reduction in RI, suggesting some improve-
ment of renal blood flow at least in part of our patients, as
well as by complete restoration of urine output and creatinine

levels, indicating normal excretory function. In contrast, the
VEGF, π-GST, and MCP-1 levels remained significantly
elevated. Moreover, we demonstrated that a change in IAP
accurately predicted a change in the VEGF and π-GST levels,
pointing out close relationship between IAP and hypoxic
renal injury. Although elevation of the urinary VEGF, π-GST,
and MCP-1 levels does not affect the postoperative manage-
ment, it suggests the ongoing renal injury and inflammation,
which put the patients at risk for renal scarring and chronic
kidney disease in the follow-up (7–9). Therefore, monitoring
for biomarkers predicting the onset of renal scarring would be
beneficial in this clinical setting.
To confirm that the changes in the biomarker levels were

specifically associated with renal injury that had resulted from
sustained elevation of IAP, we created a model of ACS in
newborn rats. By using this model, we demonstrated that
increase in serum VEGF levels paralleled progressing kidney
morphological alteration caused by experimental IAH. Similar
histopathological changes have been also shown using
alternative models of ACS in adult rats (27,28). These
observations support our hypothesis that increased serum
and urinary levels of the biomarkers reflect the extent of
hypoxic renal injury following surgical treatment for gastro-
schisis and CDH.
In the present study, the levels of VEGF, π-GST, and

MCP-1 were investigated in patients with two different types
of congenital malformations who underwent different surgical
treatment. Despite this variability, similar changes in the
biomarker levels were revealed in both patient groups,
suggesting the causative role for IAH rather than for specific
malformation or treatment procedure. The association
between the biomarkers levels and morphological alterations
in the kidney was demonstrated using the original model of
ACS which has several advantages over the other existing
models. First, in contrast to the models based on intraper-
itoneal insufflation of a gas and requiring prolonged general
anesthesia (29,30), our model requires only transient
anesthesia for collagen injection and IAP measurement and,
therefore, is not limited by duration of anesthesia. Second,
collagen is stable and not absorbable bulking material
allowing to create a sustained IAH lasting for several days
without additional manipulations. This cannot be reached in
the models based on intraperitoneal instillation of highly
absorbable crystalloid solutions (31,32). Furthermore, com-
pared to the model in which IAH is induced by applying an
abdominal restraint device (33), our model is closer to the
pathophysiology of IAH associated with visceral-abdominal
disproportion. We assume that our experimental model of
ACS could be useful for the investigation of renal dysfunction
not only in newborns treated for gastroschisis or CDH but
also in children receiving a disproportionately large kidney
from adult donor and other similar clinical settings.
In conclusion, the major finding of the present study is that

urinary VEGF, π-GST, and MCP-1 levels and serum VEGF
levels paralleled the severity of IAH more precisely than the
values of urine output and creatinine levels following surgical
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treatment of the malformation in gastroschisis and CDH
patients. By using the original model of ACS in newborn rats,
we confirmed that the increase in serum VEGF levels was
associated with the extent of kidney morphological alterations
resulting from sustained elevation of IAP. Additionally,
prolonged elevation of the biomarker levels suggests the
ongoing renal injury in newborns with ACS despite complete
restoration of renal excretory function several days after
surgery. Therefore, a follow-up measurement of VEGF, π-
GST, and MCP-1 levels may provide a better tool for
noninvasive assessment of kidney injury and may aid in
elaboration of personalized treatment strategy in newborns
with ACS.
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