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Ulinastatin is a protease inhibitor derived from urine that has shown anti-inflammatory effects in human dis-
ease, including in sepsis. Necrotizing enterocolitis (NEC) is a common gastrointestinal disease in premature in-
fants. Our aim was to explore the effects of ulinastatin on a neonatal NEC rat model.

Forty-five neonatal rats were divided into 3 groups: normal control; NEC+sepsis-induced kidney injury (SIRS);
NEC/SIRS+ulinastatin. The NEC/SIRS model was induced by injection of intraperitoneal saline, enteral formula
feeding, hypoxia-hyperoxide, and cold stress exposure. The NEC/SIRS neonatal rats were perfused with ulina-
statin at a dose of 10 000 u/kg/day. Giemsa staining and hematoxylin and eosin (H&E) were performed to
evaluate the severity of intestinal damage. To assess intestinal cell apoptosis, we examined the expression of
caspase-3 by TUNEL staining and western blot analysis. Intestinal levels of inflammatory cytokines (IL-1f, IL-6,
and TNF-ar) were examined using ELISA assay.

Rats in the NEC treated with ulinastatin group had better physiological status and histological score compared
to the NEC/SIRS group. Ulinastatin reduced NEC-induced weight loss. Macroscopic and microscopic morphol-
ogy analyses showed that rats in the NEC treated with ulinastatin group had lower severity of intestinal dam-
age compared to the NEC/SIRS group. TUNEL staining and caspase-3 expression detection results revealed that
ulinastatin significantly inhibited intestinal cell apoptosis of NEC. Furthermore, ulinastatin decreased the intes-
tinal levels of IL-1f, IL-6, and TNF-o. in NEC.

Ulinastatin could ameliorate the severity of intestinal damage in NEC and possess anti-apoptosis and anti-
inflammation effects.

Enterocolitis, Necrotizing ¢ Infant, Newborn ¢ Inflammation
NEC - necrotizing enterocolitis; SIRS — sepsis-induced kidney injury; ELISA — enzyme-linked immuno-
sorbent assay; H&E — hematoxylin and eosin; TNF-o. — tumor necrosis factor-o; IL-1p — interleukin1f;

IL-6 — interleukin 6; TUNEL - transferase mediated dUTP nick end labeling
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Background

Necrotizing enterocolitis (NEC) is a common gastrointestinal
disorder in premature infants [1], with high neonatal morbidity
(2-7%) and mortality (15-30%) [2]. The pathogenesis of NEC is
characterized by intestinal inflammation, which can progress
to systemic infection, induce multiple organ failure, and ulti-
mately lead to death [3,4]. In China, the preterm birth rate is
as high as 7.1%. Premature infants with NEC usually have low
birth weight and young gestational age [5]. Though the much
improvement of neonatal care has greatly improved the survival
rate of premature infants, the risk of NEC is also increasing [6].
Thus, novel treatment options are expected to assist treat and
prevent the development and progression of the disease [7].

Increased intestinal cell shedding is one of the early chang-
es in the intestinal mucosa of NEC [8,9]. Exfoliated gut cells
die through the process of cell apoptosis, which causes bac-
teria to metastasize in the intestinal monolayer and activate
the host’s immune system. Therefore, inhibiting apoptosis will
reduce the incidence and severity of NEC. Inflammation is a
crucial factor in the progression of NEC [10]. Increased inflam-
matory cytokines such as tumor necrosis factor (TNF-o), inter-
leukins (IL-1B, IL-6) aggravate intestinal mucosal injury [11].
It has been confirmed elevated levels of TNF-a in plasma of
infant with NEC [12]. The pathogenesis of NEC is complex and
varies greatly. To understand the disease, the researchers stud-
ied tissues removed from NEC patients. However, since these
tissues are obtained in the late stages of NEC, it is difficult to
study clues leading to pathogenic events in NEC. Thus, animal
models have been widely applied used to determine the role
of inflammatory mediators in NEC [13].

Ulinastatin, a trypsin inhibitor, consists of a glycoprotein con-
sisting of 143 amino acids [14,15]. Ulinastatin was originally
obtained by separation and purification from human urine.
It has been well recognized that ulinastatin has anti-inflam-
matory and anti-apoptotic properties, which has been used
to treat sepsis, shock, acute pancreatitis and so on [16-18].
To our knowledge, our study is the first to explore the effect
of ulinastatin in the NEC/SIRS rat model.

In our study, we hypothesized that ulinastatin could reduce

the intestinal damage of NEC/SIRS rat model by anti-inflam-
matory and anti-apoptotic properties.

Material and Methods

Experimental animals

Thirty Sprague-Dawley adult rats, including 20 females and
10 males, were purchased from Shanghai Slack Laboratory
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Animals Co., Ltd. (China). All rats were housed in a suitable
environment of 20-26°C and 40-70% humidity. After adap-
tive feeding for 1 week, the rats were caged (male to male ra-
tio 2: 1). On the 22nd day, 5 female rats gave birth to 45 mice
for further experiments. Our study was approved by the Ethics
Committee of Jinhua Polytechnic.

Experimental groups

The 45 neonatal rats were randomly divided into 3 groups.
1) Normal control (NC) group (n=15): the rats were routinely
fed without any intervention or stimulation. 2) NEC+SIRS
group (n=15): The rats were injected with intraperitoneal sa-
line, fed with intestinal formula milk, exposed hypoxia-high
oxygen and cold stress. That is to say, neonatal rats were in
turn placed 100% CO, for 10 minutes, 4°C for 5 minutes, 97%
0, for 5 minutes, twice a day for 3 consecutive days, and in-
jected saline into the peritoneal cavity. Based on the success-
ful construction of the NEC model, the SIRS model was estab-
lished. 3) NEC/SIRS+ulinastatin treatment group (n=15): After
successfully constructing NEC/SIRS model, neonatal rats were
perfused with ulinastatin at a dose of 10 000 u/kg/day, once
a day for 3 consecutive days.

NEC/SIRS evaluation and tissue preparation

The changes in general conditions and body mass parameters
of all neonatal rats were observed. The physiological status
scores were recorded (0 to 12 scores), including appearance,
behavior, and neurological function [19]. General conditions
include mental, reaction, activity status, food intake, bloating,
vomiting, stomach retention, changes in stool characteristics,
etc. The weight of rats was measured every day.

The following 2 or more items are diagnosed as SIRS [20]:
1) hyperthermia or low body temperature; 2) tachycardia;
3) accelerated breathing or assisted ventilation; 4) leukocytosis
or reduction. Considering that the heart rate of newborn rats was
greatly disturbed by the environment and the body temperature
was not easy to measure, our study measured the respiratory
and white blood cell counts. If reaching or exceeding 2 times
of the normal value of these 2 items, it was regarded as SIRS.

After euthanizing the rats, the gastrointestinal tissues (end
of the duodenum to the ileocecal intestine) were removed.
The intestines were evaluated and scored, including bowel ap-
pearance, tension, contractility, and so on. To determine the
changes in intestinal pathology of NEC rats, light microscopy
of intestinal tissue was performed. The intestinal pathology
was scored by the standard double-blind method [21], as fol-
lows: 0 points: intact intestinal mucosa, normal tissue structure;
1 point: slight submucosal and/or lamina propria separating
and swelling; 2 points: moderate submucosal and/or lamina
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propria, submucosal and/or muscular edema; 3 points: severe
submucosal and/or lamina propria, submucosal and/or muscu-
lar edema, local villi detachment; 4 points: Intestinal villi dis-
appear with intestinal necrosis. A pathological score >2 points
was considered as NEC.

Giemsa staining

The cells from intestinal tissues of newborn rats were fixed us-
ing Carnoy fixative. Then, the cells were stained with Giemsa
and observed under an optical microscopy (200x).

Histology

Intestinal tissues of newborn rats were fixed in 10% formalin
solution for 24-48 hours. Next, the tissues were dehydrated
by 70%, 80%, 90%, 95%, 100% ethanol I, 100% ethanol Il for
52 minutes, respectively. Then, the dehydrated tissues were
immersed transparently through xylene | and xylene Il for 52
minutes, respectively. After being immersed in wax, the tissues
were embedded and sliced. The section thickness was 4 ym.
After the sections were placed in a 60°C box for 6-12 hours,
the tissues were subjected to H&E staining. After dewaxing
to water, the section was stained with hematoxylin dye solu-
tion for 20 minutes at room temperature and eosin solution
for 1 minute. After dehydration and transparency, the sections
were taken out and sealed with a neutral balsam.

Transferase mediated dUTP nick end labeling (TUNEL)
staining

TUNEL staining of the intestinal tissue sections was performed.
After dewaxing to water, the section was added with 20 ug/mL of
proteinase K (positive control group was added with protease K
containing 10 ug/mL DNase) at 37°C for 20 minutes. After that,
the section was added with an appropriate amount of TUNEL
assay solution (Beyotime, Hunan, China), and incubated at 37°C
for 60 minutes in the dark. The section was washed 3 times
with phosphate buffered saline (PBS) for 10 minutes each time,
air-dried and sealed with anti-fluorescence quencher sealer.

Western blotting analysis

Tissue samples were lysed using 200 pL of lysate (Beyotime,
Hunan, China) supplemented with protease inhibitor (Bimake,
Shanghai, China) and allowed to stand on ice for 20 min-
utes. After repeated centrifugation at 4°C, centrifugation
at 13 000 rpm for 30 minutes, the supernatant was taken.
The extracted protein samples were added to 6xloading buf-
fer, denatured at 100°C for 5 minutes, and collected by brief
centrifugation. After determining the protein concentration,
the protein was separated by polyacrylamide gel electropho-
resis and then transferred to a PVDF membrane (Millipore,
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Bedford, MA, USA). The PVDF membrane was immersed in a
blocking solution containing 5% skim milk powder or 5% bo-
vine serum albumin (BSA) and blocked at room temperature
for 2 hours. Next, the PVDF membrane was incubated with pri-
mary antibodies including rabbit anti-caspase-3 (Cat N0.9664S;
1: 1000; Cell Signaling Technology, Danvers, MA, USA) and rat
anti-B-actin (Cat No.ab8226; 1: 5000; Abcam, Danvers, MA,
USA) overnight at 4°C and then incubated with secondary anti-
body for 2 hours at room temperature. The protein was visual-
ized through the ECL kit. B-actin served as an internal control.

Enzyme-linked immunosorbent assay (ELISA)

Inflammatory cytokine tumor necrosis factor-o. (TNF-a), inter-
leukinlP (IL-1B), and interleukin 6 (IL-6) levels were har-
vested from the supernatant of rat intestinal tissue and were
measured using the rat TNF-a ELISA test kit (MultiSciences
Biotech Co., Ltd., Zhejiang, China), rat IL-1B ELISA test kit
(MultiSciences Biotech Co., Ltd., Zhejiang, China) and rat IL-6
ELISA test kit (MultiSciences Biotech Co., Ltd., Zhejiang, China).

Statistical analysis

All statistical analyses were performed using Graphpad
Prism 7.0 (San Diego, CA, USA). Data were expressed as the
meantstandard deviation (SD). The differences between 2
groups were compared using Student’s t-test. P-value <0.05
was considered statistically significant.

Results

Ulinastatin reduced weight loss and ameliorates intestinal
injury in NEC/SIRS

Rats in the NEC/SIRS model group with or without ulinastatin
treatment had weight loss, while rats in the normal control
group had weight gain (Figure 1A). However, we found that
ulinastatin reduced NEC/SIRS-induced weight loss. We recorded
the physiological status scores of each group of rats (Table 1).
Ulinastatin improved the physiological status of NEC/SIRS rats.

The respiratory rates of newborn rats in the NEC/SIRS model
group were both higher than that in the normal control group,
and the mouth was often breathing. Furthermore, the results
of Giemsa staining showed that the number of white blood
cells in the NEC/SIRS model group was much larger than that
of the normal control group. These results confirmed that the
rats in the NEC/SIRS model group met SIRS diagnostic criteria.
However, we found that in the NEC/SIRS model group, neu-
trophils were increased, and basophils were decreased after
ulinastatin treatment (Figure 1C). Therefore, ulinastatin im-
proved SIRS symptom of newborn rats.
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Figure 1. Weight changes, macroscopic and microscopic morphological analyses of gut tissue changes of newborn rats. (A) Weight
changes for newborn rats in each group. (B) Macroscopic morphological analyses of the gut for newborn rats in each
group. (C) Microscopic morphological analyses of the gut for newborn rats in each group using Giemsa staining (200x).
Blue-purple is basophilic, and lavender is neutrophil. NEC — necrotizing enterocolitis; NC — normal control; NS — necrotizing
enterocolitis/sepsis-induced kidney injury; ulinastatin, necrotizing enterocolitis/sepsis-induced kidney injury+ulinastatin.

Table 1. Physiological status and histological score of newborn

rats (xts).
Grouy Physiol:cgti,cr:l status Hists::)oriical
NC 0.2+0.22 0.2+0.42
N 044078 341050
Ulinastatin 031:039 131048

NC — normal control; NS — necrotizing
enterocolitis/sepsis-induced kidney injury; ulinastatin, necrotizing
enterocolitis/sepsis-induced kidney injury+ulinastatin.

Next, we analyzed the macroscopic and microscopic mor-
phology of the gastrointestinal tract for rats in each group.
We found that rats in the NEC group developed extensive in-
testinal lesions, similar to the pathological changes in neo-
natal NEC. Macroscopically, in the NEC group, we observed
severe inflammation, discoloration, and bleeding in the in-
testines. The appearance of the intestine of the NEC group
ranged from pink/red to deep purple/black. In the rats of nor-
mal control groups, the appearance of the normal intestine
was yellow/green (Figure 1B). To confirm the severity of NEC,

we performed histological analysis of the intestine. Those with
a pathological score of >2 were considered to be NEC positive
(Table 1). Histological analysis showed significant pathological
changes in the intestinal structure of the NEC group. As shown
in Figure 2, H&E staining results showed that in the NC group,
the structure of the intestine was clear and normal; the epithe-
lium was intact and continuous; the glands were arranged reg-
ularly; the villi were high; and the mucosa, submucosa and lam-
ina propria were free from congestion and edema and fracture
separation. In the NEC model group, intestinal tissue necrosis
was severe; glandular disorder, disappearance; villus edema,
uneven, partial necrosis or disappearance of the villus; thin-
ning or even rupture of the muscular layer, severe edema of the
lamina propria and submucosa. In the NEC model with ulina-
statin group, mild to moderate congestion and edema, villus
edema, and slightly disordered glandular structure were ob-
served in the intestinal mucosa and submucosa. Above results
revealed that ulinastatin ameliorated intestinal injury in NEC.

Ulinastatin reduced apoptosis of intestinal cells in
NEC/SIRS rats

To investigate the effect of ulinastatin on apoptosis of intesti-
nal cells in NEC rats, TUNEL staining was performed. The results
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Figure 2. Representative sections of intestinal tissues of neonatal rats were stained with H&E (400x). Abbreviations: NEC, necrotizing
enterocolitis; NC, normal control; NS, necrotizing enterocolitis/sepsis-induced kidney injury; ulinastatin, necrotizing
enterocolitis/sepsis-induced kidney injury+ulinastatin; H&E — hematoxylin and eosin.

showed that there were more apoptotic cells in the NEC/SIRS
model group than in the normal control group. Moreover, we
found that apoptotic cells in the NEC/SIRS model treated with
ulinastatin group were significantly inhibited compared to the
NEC/SIRS model group (Figure 3A, 3B). We also examined the
expression of caspase-3 of intestinal tissues of neonatal rats
for each group. The results showed that caspase-3 expression
in the NEC/SIRS model group was significantly higher than that
in the normal control group (Figure 4). Furthermore, we found
that caspase-3 expression in the NEC/SIRS model treated with
ulinastatin group was lower than that in the NEC/SIRS model
group. Therefore, ulinastatin reduced caspase-3 expression in
NEC rats. These results revealed that ulinastatin reduces apop-
tosis of intestinal cells in NEC rats.

Ulinastatin suppressed inflammation cytokine IL-1f3, IL-6
and TNF-o levels in NEC/SIRS rats

To observe the anti-inflammation effects of ulinastatin on NEC
rats, we examined inflammatory cytokines including IL-1f, IL-6,
and TNF-a from rat intestinal tissues using ELISA. The results

This work is licensed under Creative Common Attribution-
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showed that the expression levels of IL-1f, IL-6, and TNF-a in
the NEC/SIRS group were significantly higher than those in
the normal control group (Figures 5A-5C). Furthermore, ulina-
statin significantly inhibited the expression levels of IL-1p, IL-6,
and TNF-a in NEC models. Therefore, ulinastatin could possess
anti-inflammation effects on NEC.

Discussion

In this study, we successfully established neonatal NEC rat
model. Our findings revealed that administration of ulina-
statin reduced NEC-induced weight loss. Furthermore, ulina-
statin could improve intestinal injury caused by formula feed-
ing and hypoxia stress as well as cold stimulation, suggesting
that ulinastatin can reduce the degree of histological injury
in the NEC rat model. We further investigated that enteral ad-
ministration of ulinastatin could reduce apoptosis and intesti-
nal inflammation. Thus, ulinastatin could possess anti-apop-
tosis and anti-inflammation effects on NEC.
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Figure 3. Ulinastatin reduces apoptosis of intestinal cells in NEC rats. (A) Representative sections of intestinal tissues of neonatal rats
for each group were stained with TUNEL staining (x200). The nucleus was stained red. (B) Cell apoptosis rate was calculated
for each group. NEC — necrotizing enterocolitis; NC — normal control; NS — necrotizing enterocolitis/sepsis-induced kidney
injury; ulinastatin, necrotizing enterocolitis/sepsis-induced kidney injury+ulinastatin; TUNEL — transferase mediated dUTP
nick end labeling. * P-value <0.05.

In our study, the neonatal rat NEC model was constructed

NC NS Ulinastatin .
e 35 kD to reflex complex factors in human through enteral formula
| P G pp——— }?lﬁgg feeding, hypoxia-hyperoxide exposure, and cold stress [25,26].
Experimental animal models and human epidemiological anal-
yses have shown that formula feeding, intestinal hypoxic isch-
emic injury and abnormal bacterial colonization are in asso-
ciation with an increased risk of NEC. However, it is still very
difficult to fully reflect these complex factors in animal mod-
els [3,22,23]. Although it has been recognized that NEC de-
velopment in human is more complex than in rat models, and
the pathophysiology of rat models may be a little different
from human, the premature rat model based on formula feed-
ing and hypoxic stress on intestinal damage has been consid-
ered a successful NEC model [24]. Therefore, our neonatal rat
NEC model can adequately reflex complex factors in human.

Actin [ S ———— —— —————— 43/]

49 *%

Relative caspase-3 expression

NC NS Ulinastatin Our results showed that ulinastatin reduced weight loss and
ameliorated intestinal injury the neonatal rat NEC model, sug-
Figure 4. Western blotting analysis showing caspase-3 gesting that ulinastatin might possess potential to treat NEC.

expression of intestinal tissues of neonatal rats for
each group. Actin was used as an internal control.

We found that TUNEL staining was reduced and caspase-3
NEC - necrotizing enterocolitis; NC — normal control;

NS — necrotizing enterocolitis/sepsis-induced kidne expression was decreased in NEC model treated with ulina-

- . & . P L ney statin [32,33]. The result revealed that ulinastatin treatment

injury; ulinastatin, necrotizing enterocolitis/sepsis- X . .

induced kidney injury+ulinastatin. ** P-value <0.01. reduces intestinal cell apoptosis of NEC. It has been con-
firmed that intestinal apoptosis is a pivotal process in the
pathogenesis of NEC [27-29]. Apoptosis is thought to be the
earliest histopathological change in NEC intestinal tissue [8].
Histopathological analysis revealed significant epithelial cell
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Figure 5. ELISA analysis showing inflammation cytokine IL-1pB, IL-6, and TNF-a levels in NEC rats. (A) IL-1B. (B) IL-6. (C) TNF-c..
NEC — necrotizing enterocolitis; NC — normal control; NS — necrotizing enterocolitis/sepsis-induced kidney injury;
ulinastatin, necrotizing enterocolitis/sepsis-induced kidney injury+ulinastatin; ELISA — enzyme-linked immunosorbent
assay; IL-1P — interleukin 1p; IL-6 — interleukin 6; TNF-ot — tumor necrosis factor-a. * P-value <0.05; ** P-value <0.01;

*** P-value <0.001.

apoptosis in the intestinal tissues of preterm infants with NEC.
Abnormally active apoptosis is a main cause of deterioration
of intestinal mucosal barrier function [30,31]. Hence, inhibition
of apoptosis will reduce the incidence and severity of NEC. Our
findings revealed that ulinastatin protects the intestinal epi-
thelium by inhibiting epithelial cell apoptosis.

Our findings showed that ulinastatin reduced the intestinal lev-
els of the pro-inflammatory cytokines IL-1B, IL-6, and TNF-a.
In the intestinal tissues of NEC rats, we observed a significant
increase in IL-1P, IL-6, and TNF-o. levels. Obviously, a severe
inflammatory process occurred in NEC rats, destroying the in-
testinal structure. These results indicated that administration
of ulinastatin reduces pro-inflammatory cytokines at the in-
testinal level associated with NEC. Inflammation is known to
be a key factor in the pathogenesis of NEC [11], as abnormally
activated intestinal immune system plays a role in the patho-
genesis of NEC [34]. A few different pro-inflammatory and anti-
inflammatory mediators have been identified to be associated
with NEC. It has been reported that innate immune responses
are characterized by activated pro-inflammatory cytokines in
intestinal tissues, including TNF-q, IL-1pB, and IL-6 [1,13]. TNF-o.
is a key immunoregulatory cytokine that functions in trigger-
ing a series of immune responses. In addition, TNF-a stimu-
lates the production of other cytokines (such as IL-1 and IL-6),
and aggravates intestinal mucosal damage. Increased levels of
TNF-a and IL-6 have been demonstrated in the intestinal ileum
of NEC [26]. TNF-q, IL-1B, and IL-6 are main cytokines asso-
ciated with inflammatory responses [35]. During the inflam-
matory response, TNF-a is initially released and regulates IL-6
levels [36]. Ulinastatin has been confirmed to have a strong
anti-inflammatory effect [37-39]. Studies have found that ulina-
statin inhibits TNF-o and IL-6 levels in sepsis [40,41]. In addi-
tion, ulinastatin inhibits lipopolysaccharide-induced up-regu-
lation of TNF-a. and macrophage-induced IL-1B and IL-6 [42].

Ulinastatin may be resistant to diabetes-induced cardiomyo-
cyte inflammation and apoptosis [43]. Therefore, our results
demonstrated that ulinastatin could have potential anti-inflam-
matory properties in the intestine of NEC rats by reducing the
activation of pro-inflammatory cytokines.

However, there are several limitations in this study. This was a
study in an animal model, and the findings require further vali-
dation by both in vitro and in vivo studies and human toxicity
testing. In 2008, Zani et al. evaluated the neonatal rat model of
NEC. Although they found that this was a good model of mac-
roscopic and histological intestinal damage, they cautioned that
this was just a model and the findings did not reflect the patho-
genesis of any specific human disease [19]. Importantly, prema-
ture rats are used in the model of NEC immediately after they
are born and before the intestine has been colonized by bacteria,
which is a limitation to the applicability of the rat model to clinical
NEC. However, NEC occurs after approximately 7-10 days of age
in humans, which is after the intestine has been fully colonized
with intestinal flora [44]. Thus, there is no perfect animal mod-
el of human disease, which is why the findings should not lead
to clinical recommendations without further clinical studies [45].

Conclusions

In our study, we observed the effects of ulinastatin in the treat-
ment of neonatal NEC rat model. Our findings revealed that ulina-
statin could ameliorate the severity of intestinal damage in NEC
and possess anti-apoptosis and anti-inflammation effects on NEC.
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