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Abstract: Aim: To explore whether mitochondrial energy metabolism disorder and apoptosis of smooth muscle cells 
in intestinal muscularis are participated in pathogenesis of postoperative ileus (POI). Methods: Rats were random-
ized into three groups: naive controls (NC) group, sham controls (SC) group and intestinal manipulation (IM) group. 
Gastrointestinal transits were analyzed. Reactive oxygen species (ROS), malondialdehyde (MDA) and adenosine 
triphosphatases (ATPases) activity in intestinal muscularis were determined. The levels of aldehyde dehydroge-
nase 2 (ALDH2), Bcl-2 and Bax in intestinal muscularis were measured by real-time PCR assays and western blot 
analysis. The levels of ATP, ADP and AMP in intestinal muscularis were determined by high performance liquid 
chromatography. Transmission electron microscopic was used to observe ultrastructure of smooth muscle cells and 
mitochondria in intestinal muscularis. Results: Delayed gastrointestinal transitoccurred only in IM groups. After IM, 
increased levels of ROS and MDA were observed in intestinal muscularis. In IM groups, we also observed decreased 
levels of ALDH2 and Bcl-2/Bax ratio. The levels of ATP and ADP were decreased and level of AMP was increased 
in IM groups. The activity of ATPases was decreased in IM groups. Abnormal morphological architecture of smooth 
muscle cells and mitochondria were found in intestinal muscularis of IM groups. Conclusion: Our results suggest 
that mitochondrial energy metabolism disorder and apoptosis of smooth muscle cells in intestinal muscularis may 
participate in the development of POI.
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Introduction

Postoperative ileus (POI) is an iatrogenic condi-
tion that occurs following almost every abdomi-
nal surgery characterized by generalized hypo-
motility of the gastrointestinal tract, the clinical 
manifestations include abdominal distension, 
nausea, vomiting and the inability to pass 
stools or tolerate a solid diet [1, 2]. In addition 
to the discomfort experiences of patients, POI 
is also leads to increased morbidity, prolonged 
hospitalization and, therefore, increased total 
treatment cost [3]. Neural sympathetic inhibi-
tory reflexes and intestinal inflammatory res- 
ponses are generally considered to participate 
in the development of POI [4, 5]. Currently, 
numerous pharmacologic interventions have 
been used in an attempt to shorten the length 
of POI after abdominal surgery, such as proki-

netic drugs and newer attempts to use anti-
inflammatory agents. But the therapeutic eff- 
ects of these treatments were unsatisfactory 
[6-8]. The reason for limited success to treat 
POI may be that the aetiology of POI is multifac-
torial and underlying mechanisms of POI are 
still unclear.

Besides these well reported mechanisms of 
POI, other mechanisms, such as oxidative st- 
ress, are believed to be related to gastrointesti-
nal dysmotility after abdominal surgery. De 
Backer et al. have detected a markedly increa- 
sed oxidative stress levels in intestinal muscu-
laris in POI model of mice [9]. But it still lacks an 
in-depth research on oxidative stress in POI 
model of animals. Oxidative stress describes an 
imbalance between antioxidant defenses and 
the production of ROS [10]. Previous studies 
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have demonstrated that oxidative stress medi-
ated mitochondrial dysfunction and nuclear 
DNA damage, can contribute to a labile cell 
redox state, leading to the promotion of cell 
apoptosis [11-13]. Mitochondria have a funda-
mental role in the maintenance of the normal 
structure and function of tissues. In addition, 
mitochondria are also the most important ener-
gy sources, efficiently generating ATP [14, 15]. 
A decline in mitochondrial function impaired 
the normal regulation of redox state, energy 
metabolism, apoptosis and intracellular signal-
ing [16, 17]. Besides, previous studies have 
demonstrated that some mitochondrially locat-
ed enzymes, such as ALDH2, are involved in 
antioxidant defense [18, 19].

However, the role of mitochondrial energy 
metabolism disorder and apoptosis of smooth 
muscle cells in intestinal muscularis in POI has 
not been investigated, which we hypothesized 
to be participated in the pathogenesis of POI.

Materials and methods

Animal

Male Sprague-Dawley rats (weighing 210-230 
g) were provided by Vital River Laboratory 
Animal Technology Co., Ltd. (Beijing, China). All 
the animals were maintained under specific-
pathogen-free conditions, at acontrolled tem-
perature (21±1°C), humidity (50%±5%) and 
12-h light and 12-h dark cycles (light, 08:00-
20:00 h; darkness, 20:00-08:00 h) with a free 
access to standard laboratory rat chow and tap 
water. All the animals were allowed a minimum 
of oneweek acclimatization before study. This 
animal protocol was reviewed and approved by 
the Institutional Animal Committee of Wenzhou 
Medical University. All the experiments were 
performed according to the National Institutes 
of Health Guidelines on the use of laboratory 
animals. All the experiments were conducted in 
accordance with “Guide for the Care and Use of 
Laboratory Animals”. All efforts were made to 
minimize the number of animals and their 
suffering.

Experimental groups and operative procedures

Age-matched rats were randomized assigned 
to 3 experimental groups: Non-operated rats 
without anesthesia served as naive controls 
(NC; n=8) group, rats undergoing surgical anes-

thesia and manipulation of the small intestine 
served as intestinal manipulation (IM; n=32) 
group, rats undergoing the above-mentioned 
procedure without intestinal exteriorization and 
manipulation served as sham controls (SC; 
n=32) group. The small intestine was subjected 
to a standardized degree of surgical manipula-
tion as described previously [20]. Briefly, after 
the rats were anesthetized, a 3 cm midline inci-
sion was made into the peritoneal cavity. The 
entire small intestine was exteriorized on a 
moist gauze padand the small intestine from 
the ligament of Treitz to the ileocecal junction 
was gently manipulated in its entirety by an 
aboral compression of the gut lumen using two 
sterile, moist cotton applicators, which lasted-
for 15 minutes. Touching the mesentery was 
strictly avoided. Thereafter, the intestine was 
returned into the abdominal cavity and the inci-
sion was closed using two-layer continuous 
sutures. After closure, Animals recovered from 
anesthesia in a heated recovery cage where 
they had free access to water and rat chow 
within 12 hours.

Gastrointestinal transit measurements

Gastrointestinal transit was measured 24 h 
postoperatively by evaluating the intestinal dis-
tribution of orally gavaged fluorescein isothio-
cyanate (FITC)-labeled dextran [21]. Food pel-
lets were removed from the cage 3 h before 
sacrifice. Rats were administered 200 μl FITC-
dextran (70,000 Da; Invitrogen, Paisley, UK) 
dissolved in 0.9% saline (6.25 mg/mL) via oral 
gavage and water was removed from the cage. 
Ninety minutes after administration, the animal 
was sacrificed, the abdomen was opened and 
the gastrointestinal part was isolated, the 
stomach and intestine were separated as a 
single stomach segment (Sto), ten small intes-
tine segments (SI1-SI10), a single cecum seg-
ment (Cec) and three colon segments (Co1-
Co3). The contents of each segment were col-
lected and assayed for the presence of fluores-
cent label (Synergy HT, BioTek Instruments Inc., 
VT, USA; excitation wavelength: 485 nm, emis-
sion wavelength: 528 nm) for quantification of 
the fluorescent signal in each bowel segment.
GI transit was calculated as the geometric cen-
ter (GC) of distribution of fluorescence marker 
using this formula: (GC): ∑ (percent of total fluo-
rescent signal in each segment) × (segment 
number)/100 for quantitative statistical com-
parison among experimental groups.
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Whole mount preparation 

At the time of sacrifice (in the SC and IM groups, 
animals were sacrificed and tissue was har-
vested at four different time points: 3 h, 6 h, 12 
h, and 24 h), rats were anesthetized by intra-
peritoneal injection of a lethal dose of pento-
barbital sodium, abdomen was opened by a 
midline laparotomy and samples were collected 
from the 7th segment of the small intestine 
(SI7). Mesenteric attachment was removed and 
the segments were cut open along the mesen-
tery border, fecal content was washed out in 
ice-cold modified Krebs solution, and segments 
were fixed with 100% ethanol for 10 minutes, 
transferred to ice-cold modified Krebs solution 
and pinned flat in a glass-dish. Mucosa and 
submucosa were carefully removed, musculari-
sexterna isolates were snap-frozen in liquid 
nitrogen and stored at -80°C.

Prism 7500HT (Applied Biosystems, Carlsbad, 
CA, U.S.A.) with SYBR Green RT-PCR Master Mix 
(TOYOBO Co., Ltd.). The reaction parameters 
were incubation at 95°C for 3 min, followed by 
40 cycles of 95°C for 15 s, 60°C for 15 s, 72°C 
for 45 s and then melting curve was used. All 
reactions were performed in triplicates and 
normalized using β-actin as an endogenous 
control gene. The expression levels of mRNA 
were expressed as relative to control and were 
compared as fold change using the compara-
tive Ct method described previously [22]. The 
sense sequence and the anti-sense sequence 
of each gene were shown in Table 1.

Western blot analysis

Western blots were performed on proteins from 
intestinal muscularis tissue homogenates, 
which was homogenized in RIPA lysis buffer 
(Beyotime Biotechnology, China). Proteins sam-

Table 1. The primer sequences used for RT-PCR
Gene Primer Sequence Product (bp)
ALDH2 Sense 5’-TCACAGGTTCCACTGAGGTTG-3’ 106

Antisense 5’-ATGATGATATTGGGGCTCTTTCC-3’
Bcl-2 Sense 5’-ACTTCTCTCGTCGCTACCGTCG-3’ 111

Antisense 5’-CCCTGAAGAGTTCCTCCACCACC-3’
Bax Sense 5’-GATGGCCTCCTTTCCTACTTCGG-3’ 185

Antisense 5’-CCTTTCCCCGTTCCCCATTCAT-3’
β-actin Sense 5’-TCACCAACTGGGACGATATG-3’ 119

Antisense 5’-GTTGGCCTTAGGGTTCAGAG-3’
ALDH2, aldehyde dehydrogenase 2; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated 
X protein.

Figure 1. Mean calculated geometric centre for the distribution of FITC-la-
beled dextran (70 kDa) along the gastrointestinal tract. Values are expressed 
as the mean ± S.D. bP<0.01 vs NC; dP<0.01 vs SC. NC, naive controls; SC, 
sham controls; IM, intestinal manipulation; Cec, cecum.

Determination of protein con-
centration

Protein concentrations were 
determined using a bicincho-
ninic acid protein assay kit 
(Pierce, Rockford, IL, USA).

Real-time quantitative poly-
merase chain reaction (PCR) 
assays

Real-time quantitative PCR 
were performed for quanti-
tate expression of the ALDH2, 
Bcl-2 and Bax mRNA levels. 
The total RNA was extracted 
using TriPure isolation reage- 
nt (Roche Diagnostics GmbH, 
Mannheim, Germany) accord-
ing to the manufacturer’s pro-
tocol and the integrity of RNA 
was identified by the method 
agarose gel electrophoresis. 
RNA purity and concentrati- 
on were assessed by UV sp- 
ectrophotometry (2.0>A260: 
A280>1.8). Then 1 μl total 
RNA was reverse transcribed 
to 50 μl cDNA with reverse-
transcription (RT) kit (TOYO- 
BO Co., Ltd., Japan). Real-time 
quantitative PCR-experimen- 
ts were performed using ABI 
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ples (30 μg) were separated on 10% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) by electrophoresis performed 
according to standard procedures. After the 
electrophoresis, the gel was separated from 
the glass plates and the proteins were elect- 
rotransferred onto a polyvinylidenedifluoride 
(PVDF) membrane (Millipore, Bedford, MA, 
U.S.A.) in a wet transfer system (Bio-Rad, 
U.S.A.). The membranes were blocked with 
5.0% skim milk in TBST (TBS containing 0.05% 
Tween 20) at room temperature for 1 h and 
subsequently incubated overnight at 4°C with 
the primary antibody. The primary antibodies 
were rabbit anti-ALDH2 monoclonal antibody 
(1: 1000; Abcamplc, Cambridge, U.K.), rabbit 
anti-Bcl-2 polyclonal antibody (1:100; Abca- 
mplc, Cambridge, U.K.), and rabbit anti-Bax 

rmed by calculating the density of each individ-
ual band sample and was compared as fold 
change to internal control.

Measurement of myenteric malondialdehyde 
(MDA) 

To measure the level of MDA (a presumptive 
marker of oxidant-mediated lipid peroxidation), 
a commercial available kit purchased from 
Nanjing Jiancheng Bioengineering institute 
(Nanjing, China) was used. Samples were ho- 
mogenized in ice-cold phosphate-buffered sa- 
line (PBS) and centrifuged at 2500 rpm/min for 
15 min at 4°C. The MDA content was measured 
spectrophotometrically at wavelengths of 532 
nm using a Varioskan Flash (Thermo Fisher 
Scientific Waltham, MA, USA).

Figure 2. Oxidative stress levels in intestinal muscularis. A. Formation of ROS in intestinal muscularis. B. MDA con-
tent in intestinal muscularis. MDA, malondialdehyde; ROS, reactive oxygen species; Values are expressed as the 
mean ± S.D. aP< 0.05, bP<0.01 vs NC; cP<0.05, dP<0.01 vs SC. NC, naive controls; SC, sham controls; IM, intestinal 
manipulation.

Table 2. Myenteric energy metabolism levels
Groups Time ATP (nmol/mg) ADP (nmol/mg) AMP (nmol/mg)
NC - 10.88±1.33 5.02±0.49 2.75±0.49
SC 3 h 9.91±1.23 5.13±0.44 3.02±0.66

6 h 10.74±1.19 4.84±0.36 2.85±0.73
12 h 10.43±1.27 4.97±0.40 2.75±0.77
24 h 9.62±1.50 5.08±0.69 2.98±0.68

IM 3 h 9.71±1.47 4.79±0.53 3.07±0.55
6 h 7.56±1.64b,d 3.64±0.49b,d 3.86±0.43b,d

12 h 3.95±1.04b,d 2.33±0.38b,d 4.78±0.58b,d

24 h 4.56±1.56b,d 3.01±0.71b,d 4.14±0.56b,d

The results showed content of ATP, ADP, and AMP in intestinal muscu-
laris. ATP, Adenosine triphosphate; ADP, Adenosine diphosphate; AMP, 
Adenosine monophosphate; Values are expressed as the mean ± S.D. 
bP<0.01 vs NC; dP<0.01 vs SC. NC, naive controls; SC, sham controls; 
IM, intestinal manipulation.

monoclonal antibody (1:1000, Santa 
Cruz, USA). β-actin (rabbit anti-β-actin 
primary antibody; 1:3000; from Good- 
here Biotechnology Co., Ltd., Hangzhou, 
China) protein expression was used as 
an internal control. After four washings 
with TBST over 5 min, the membranes 
were incubated at room temperature 
for 1 h with the appropriate secondary 
antibody (HRP-conjugated anti-IgG anti-
body, Biosharp, China; 1:5000). Immu- 
noreactive bands were captured on 
autoradiography film (Blue X-Ray Film, 
Phoenix Research, Candler, NC, USA) 
and the resulting labeled bands were 
quantified with Quantity One software 
4.6.2 (Bio-Rad, Hercules, CA, USA). The 
quantification of proteins was perfo- 
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Measurement of myenteric reactive oxygen 
species (ROS) 

To measure the level of intracellular ROS, the 
fluorescent probe 2’7’-dichlorofluorescin diace-
tate (DCFH-DA) (Nanjing Jiancheng Bioen- 
gineering institute, Nanjing, China) was used. 
Samples were homogenized in ice-cold phos-
phate-buffered saline (PBS) and centrifuged at 
1000× g for 10 min at 4°C. Supernatants were 
incubated with 1 mmol/L DCFH-DA for 30 min 
at 37°C in the dark. The fluorescence was mea-
sured using a Varioskan Flash (Thermo Fisher 
Scientific Waltham, MA, USA) at an excitation 
wavelength of 502 nm and an emission wave-
length of 530 nm. Final results of ROS were 
normalized to protein concentration.

Measurement of myenteric ATP synthases 
activity

The activity of Na+-K+-ATPase and Ca2+-Mg2+-
ATPase were measured using a commercial 

available kit purchased from Nanjing Jiancheng 
Bioengineering institute (Nanjing, China). The 
optical density (OD) was measured using a 
Varioskan Flash (Thermo Fisher Scientific 
Waltham, MA, USA) at a wavelength of 532 nm. 
Final results of Na+-K+-ATPase and Ca2+-Mg2+-
ATPase activity were normalized to protein 
concentration. 

High performance liquid chromatography 
(HPLC)

Intestinal muscularis samples were processed 
with 5% perchloric acid for removing the impu- 
rities and then centrifuged at 4000 rpm/min  
at 4°C for 15 min. The supernatant solutions 
were adjusted to pH 6.5 with 2 mol/LKOH, and 
then centrifuged at 4000 rpm/min at 4°C for 
15 min again. The supernatant solutions were 
measured for the concentrations of adenosi- 
ne triphosphate (ATP), adenosine diphosphate 
(ADP) and adenosine monophosphate (AMP) 
using the HPLC-fluorescence detection system 

Figure 3. ATPases activity in intestinal muscularis. A. The activity of Na+-K+-ATPase in intestinal muscularis; B. The 
activity of Ca2+-Mg2+-ATPase in intestinal muscularis. Values are expressed as the mean ± S.D. aP<0.05, bP<0.01 vs 
NC; cP<0.05, dP<0.01 vs SC. NC, naive controls; SC, sham controls; IM, intestinal manipulation.

Figure 4. The levels of mRNA expression of ALDH2, Bcl-2 and Bax in intestinal muscularis. β-actin was used as 
an internal control. ALDH2, aldehyde dehydrogenase 2; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein. 
Values are expressed as the mean ± S.D. aP<0.05, bP<0.01 vs NC; cP<0.05, dP<0.01 vs SC. NC, naive controls; SC, 
sham controls; IM, intestinal manipulation.
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(Agilent 1260 Infinity, U.S.A.) with a Hyspersil 
C18 column (250 mm×4.6 mm i.d., 5 mm par-
ticle size, from Elite Analytical Instrument Co., 
Ltd., Dalian, China). A variable wave length UV 
detector (Model HP 1050) monitored the absor-
bance of the eluents at 254 nm. Detector sig-
nals were recorded and integrated by Chem- 
station HP software. Buffers were prepared 
with ultrapure water and degassed by sonica-
tion before use. Buffer A consisted of 12 
mmol/L Na2HPO4 and 88 mmol/L NaH2PO4. 
The mobile phase consisted of Buffer A with 1% 
(v/v) acetonitrile. The flow rate was maintained 
at 1.0 mL/min. The fluorescence excitation and 
emission wavelengths and the preparation of 
standard working solutions were described pre-
viously [23]. ATP, ADP and AMP were purchased 
from Sigma (St. Louis, MO, U.S.A.). Their con-
centrations were determined from ratios of 
their peak areas to standards separately.

Transmission electron microscopic (TEM) 
analysis 

To reflect the ultrastructural changes of smooth 
muscle cells and mitochondria in intestinal 

muscularis, an ultrastructural TEM analysis 
were performed on 24 h postoperatively (the 
time point gastrointestinal transits were ana-
lyzed). After dissection, small pieces of the 
intestinal samples were cut into 1 mm3 and 
immediately fixed in 2.5% glutaraldehyde at 
4°C overnight. Samples were then post-fixed in 
1% osmium tetroxide for 1 h followed by dehy-
drated through an ascending acetone series 
(50%, 70%, 90%, 95%, 100% and 100% again, 
respectively), every treating for 10 min. Spe- 
cimens were embedded in a acetone and epoxy 
resin mixture for 72 h at 40°C and for 24 h at 
60°C. Semiultrathin sections were stained with 
toluidine blue. Ultra-thin sections were fabri-
cated and observed by TEM (H-7500, HITACHI, 
Tokyo, Japan). The images collection and statis-
tical analysis were completed.

Statistical analysis

All the data are expressed as mean ± standard 
deviation (S.D.). The significance of the mean 
difference was determined by one-way ANOVA, 
followed by post-hoc tests (using Least Sig- 
nificant Difference test, LSD-t) for multi-group-

Figure 5. The levels of protein expression of ALDH2, Bcl-2 and Bax in intestinal muscularis. A. Representative west-
ern blot; B. Quantitative analysis of the ALDH2/β-actin protein expression ratios in intestinal muscularis; C. Quan-
titative analysis of the Bcl-2/Bax protein expression ratios in intestinal muscularis. β-actin was used as an internal 
control. ALDH2, aldehyde dehydrogenase 2; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein. Values are 
expressed as the mean ± S.D. bP<0.01 vsNC; dP<0.01 vs SC. NC, naive controls; SC, sham controls; IM, intestinal 
manipulation.
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comparisons. Differences between groups with 
P<0.05 were considered statistically signifi-
cant. Statistical analyses were performed using 
the IBM SPSS Statistics for Windows, Version 
20.0.

Result

Gastrointestinal transit

The distribution histogram shows a significant 
delay in transit of the FITC-labeled marker mea-
sured in IM groups (P<0.01; Figure 1). In con-
trast, sham operation had no effect on gastro-
intestinal transit. 

Myenteric oxidative stress levels

When compared to NC and SC groups, the for-
mation of ROS (Figure 2A) and content of MDA 
(Figure 2B) in intestinal muscularis were 
increased in IM groups with the greatest values 
at 6 h (P<0.01). In contrast, sham controls did 
not cause any changes in ROS and MDA after 
sham operation. 

Myenteric energy metabolism levels

The levels of ATP, ADP and AMP are shown in 
Table 2. When compared to NC and SC groups, 

there was a tendency of deceased concentra-
tions of ATP and ADP and increased concentra-
tions of AMP in the IM groups with the most 
pronounced effect at 12 h (P< 0.01). In addi-
tion, sham operation did not cause any chang-
es in the levels of ATP, ADP and AMP. 

Changes in ATPases activity

When compared to NC and SC groups, after a 
significant rise at 3 h, the activity of Na+-K+-
ATPase (Figure 3A) and Ca2+-Mg2+-ATPase 
(Figure 3B) were soon decreased in IM groups 
with the most pronounced effect at 12 h 
(P<0.01). In contrast, sham controls did not 
cause any changes in the activity of Na+-K+-
ATPase and Ca2+-Mg2+-ATPase after sham op- 
eration.

Myentericapoptosis levels

The results of RT-PCR and western blot analysis 
revealed that, compared with that of the NC 
and SC groups, the Bcl-2/Bax ratios at the 
mRNA (Figure 4B) and protein (Figure 5C) lev-
els were both decreased in IM groups at 6 h, 12 
h and 24 h with the most pronounced effect at 
6 h (P<0.01). In contrast, sham controls did not 
cause any changes in the Bcl-2/Bax ratios after 
sham operation.

Figure 6. Representative photographs of TEM of smooth muscle cells and mitochondria in intestinal muscularis 
(×10000 and ×20000). Cell nuclear of smooth muscle cells indicated by black arrow; Mitochondria indicated by 
white arrow. NC, naive controls; SC, sham controls; IM, intestinal manipulation.
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Changes in the expression levels of ALDH2

The mRNA and protein expressions of ALDH2 
are shown in Figures 4A and 5B, respectively. 
The western blot analysis and RT-PCR assays 
revealed that, compared with that of the NC 
and SC groups, the ratios of ALDH2/β-actin at 
the mRNA and proteins level were both 
decreased in IM groups at 6 h, 12 h and 24 h 
with the most pronounced effect at 6 h 
(P<0.01). In contrast, sham operation had no 
effect on mRNA and protein expressions of 
ALDH2.

Ultrastructural changesin intestinal muscularis

Figure 6 shows the ultrastructure micrographs 
of smooth muscle cellsand mitochondria in 
intestinal muscularis in three groups. The elec-
tron micrographs showed normal morphologi-
cal architecture of smooth muscle cells and 
mitochondria in intestinal muscularis from NC 
and SC groups. Nuclear shrinkage and chroma-
tin condensation of smooth muscle cells, swell-
ing and rupturing of the mitochondria with dis-
torted cristae can be seen in IM groups.

Discussion

POI after abdominal surgery has traditionally 
been accepted as an inevitable event. Clinically, 
it is characterized by a transient inhibition of 
coordinated motility of the gastrointestinal 
tract after abdominal surgery and leads to 
increased morbidity and prolonged hospitaliza-
tion [24]. Currently, manipulation of the small 
intestine is widely used as a preclinical model 
of POI [20]. The aetiology of POI is multifactori-
al, but insights into the pathogenesis of POI, 
neurogenic, inflammatory and inflammatory-
neuronal interactive mechanisms are generally 
considered to induce POI [25]. However, the 
exact mechanism of POI is still unknown. As far 
as our knowledge, this is the first study report-
ing the mitochondrial energy metabolism disor-
der and apoptosis of smooth muscle cells in 
intestinal muscularisthat might participate in 
the pathophysiology of POI in a rat model 
induced bymanipulation of the small intestine.

De Backer et al. have detected an early and 
transient increase of oxidative stress in the 
immediate postoperative phase, which further 
increased until the end of the experiment [9]. 
Oxidative stress describes an imbalance be- 

tween antioxidant defenses and the production 
of ROS, which at high levels triggers lipid peroxi-
dation [26, 27]. Mitochondria have been sug-
gested to be the key sources of ROS [28]. In 
congruence with earlier studies, we observed 
an increase in formation of ROS and content of 
MDA in IM groups. Not only producing ROS, 
mitochondria are also the targets of oxidative 
stress. Prior to the present study, it had already 
been reported that disorganization of the ultra-
structure in mitochondria accompanied the 
aggravation of oxidative stress during experi-
mental pulmonary carcinogenesis [29]. In our 
study, the electron micrographs shows mito-
chondrial swelling with distorted cristae indi-
cating mitochondrial degeneration from IM 
groups compared with mitochondria from NC 
and SC groups. In addition, cell atrophy, partic-
ularly nuclear shrinkage and chromatin con-
densation of smooth muscle cells in IM groups 
were also observed, which suggested that 
parts of smooth muscle cells were in early 
stage of apoptosis. The atypia was degenera-
tive and not observed in NC and SC groups. 
Those degenerative changes in ultrastructure 
of smooth muscle cells and mitochondria in 
intestinal muscularis may be associated with 
gastrointestinal motility impairment.

After observation of the degenerative changes 
in ultrastructure, we further researched the 
functional impairment of mitochondria in POI 
model rats. Mitochondria are the most impor-
tant cellular organelle that generates ATP and 
supplies cells with energy [30]. However, mito-
chondria energy metabolism is extremely sen-
sitive to impairment by ROS. The findings of the 
present study showed the mitochondrial forma-
tion of ATP was declined in IM groups compared 
with those in NC and SC groups, which demon-
strated an aberrant in energy metabolism in 
intestinal muscularis of POI model rats. Fur- 
thermore, energy metabolism includes anabo-
lism and catabolism with many biological 
enzymes involved in [31]. Na+/K+-ATPase and 
Ca2+/Mg2+-ATPase are two ATP-hydrolyzing en- 
zymes, which have an ability to hydrolyze ATP to 
supply direct free energy [32]. ATP-hydrolyzing 
enzyme plays an important role in maintaining 
physiologic functions of the energy conversion, 
material transport, and information transmis-
sion [33]. As the results showed, in parallel with 
changes in ATP, activity of Na+/K+-ATPase and 
Ca2+/Mg2+-ATPase were both significantly de- 
creased in IM groups.
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Apoptosis of intestinal smooth muscle cells 
have been observed by TEM analysis. We fur-
ther investigated the underlying apoptosis 
pathways that are activated in POI model rats. 
Previous study has indicated that oxidative 
stress leads to a sharp rise in intracellular ROS 
production by mitochondria and activation of 
mitochondrial apoptotic pathways in intestinal 
epithelial cells [12]. Cell apoptosis of mitochon-
dria pathway is mediated by Bcl-2 family pro-
teins. In brief, in the mitochondrial pathway, 
inactivating of Bcl-2 and Bcl-XL promotes the 
opening of mitochondrial permeability transi-
tion pore (MPTP), subsequently reduces mito-
chondrial membrane potentialand increasing 
intracellular Ca2+ concentration, finally leading 
to Cyt C release [34]. The balance in the expres-
sion levels of the anti-apoptotic Bcl-2 and the 
pro-apoptotic Bax proteins has a major role in 
the regulation of apoptotic cell death [35, 36]. 
The Bcl-2/Bax ratio represents the extent of 
apoptosis [37]. In the present study, it was 
shown that in the IM groups, Bcl-2/Bax ratio in 
intestinal muscularis was significantly decrea- 
sed. These results suggesting that the mito-
chondrial apoptosis pathway activated maycon-
tribute to cell apoptosis in POI model of rats.

Mitochondrially located enzymes are essential 
to antioxidant defense and maintenance of 
mitochondria function [19]. Mitochondrial 
ALDH2 participates in one of the major meta-
bolic pathways for the removal of acetaldehyde 
and other toxic aldehydes [38], thereby playing 
a part in protecting cells against the oxidative 
stress [39]. Previous study has indicated that 
ALDH2 has a great importance in chronic alco-
hol ingestion-induced hepatic damage, as the 
overexpressions of ALDH2 effectively amelio-
rate alcohol-induced hepatic apoptosis [40]. 
Ren et al. suggested that transgenic overex-
pression of ALDH2 rescues chronic alcoholism-
elicited cerebral injury [41]. When ethanol was 
administered in order to induce ALDH2 activity 
in diabetic rats, the levels of oxidative stress 
and the occurrence of apoptosis were amelio-
rated [42, 43]. In present study we found that 
the mRNA and protein expressions of ALDH2 
were both decreased in groups at 6 h, 12 h, 
and 24 h in IM groups. It was interesting that, 
the decreased ALDH2 level was accompanied 
by a decreased level of Bcl-2/Bax ratio in intes-
tinal muscularis. Our results suggested that the 
decreased expression levels of the ALDH2 may 

contribute to the occurrence of apoptosis of 
smooth muscle cells. Although ALDH2 is essen-
tial for cell survival, the mechanism of how 
decreased ALDH2 expression levels leads to 
apoptosis of smooth muscle cells remains to 
be fully elucidated.

Conclusion

In summary, our study provided evidences that 
mitochondrial energy metabolism disorder and 
apoptosis of smooth muscle cells in intestinal 
muscularis are involved in pathophysiological 
mechanisms of POI, at least in part, relevant to 
the mitochondrial ALDH2 activity impairment 
by ROS. To our knowledge, this is the first report 
that reveals the relationships between mito-
chondrial events and gastrointestinal dysmo- 
tility in POI model rats. In addition to the cur-
rently accepted mechanisms of POI, mitoch- 
ondrial energy metabolism disorder and ap- 
optosis of smooth muscle cells should be 
noticed as a new potential pathogenesis and 
may show a new target to shorten the duration 
of postoperative gastrointestinal ileus phar- 
macologically. 
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