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Abstract. Acute lung injury (ALI) is a common complica-
tion following intestinal ischemia/reperfusion (I/R) and is a
major contributing factor to its high mortality rate. Sirtuin 1
(SIRT1), a NAD*-dependent deacetylase, has been reported
to have an important role in apoptosis inhibition, oxida-
tive stress resistance and cell lifespan extension through its
deacetylation of forkhead box protein O3 (FOXO3). It has
been demonstrated that icariin (ICA), a flavonoid extracted
from Epimedium, upregulates SIRT1 expression. The aim
of the present study was to examine whether ICA-mediated
SIRT1/FOXO3 signaling pathway activation had a protec-
tive effect on intestinal I/R-induced ALI. The effects of
ICA on intestinal I/R-induced ALI and its regulation of the
SIRT1/FOXO3 signaling pathway on intestinal I/R-induced
ALI were investigated in rats. The results demonstrated that
ICA pretreatment markedly reduced intestinal I/R-induced
ALI as indicated by histological alterations, including
decreased tumor necrosis factor-o (TNF-a), interleukin 6
(IL-6), reduced oxidative stress, acetylated FOXO3 and B-cell
lymphoma 2 (Bcl-2)-interacting mediator of cell death levels,
and increased glutathione (GSH), GSH peroxidase, SIRTI,
manganese superoxide dismutase and Bcl-2 levels in rat lung
tissues. Furthermore, ICA pretreatment upregulated SIRT1
expression, which then downregulated FOXO3 acetylation.
In conclusion, ICA exhibited significant protective effects in
intestinal I/R-induced ALI. The protective effect of ICA may
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be attributed to the upregulation of SIRT1, which contributed
to FOXO3 deacetylation and the modulation of downstream
antioxidative and anti-apoptotic factors.

Introduction

Ischemia/reperfusion (I/R) injury of the intestine is a common
type of intraoperative tissue and organ damage that is secondary
to vascular disease of the gut and its mesentery, as well as to a
variety of clinical pathophysiological processes of the disease,
including acute blood loss, shock, severe trauma, small bowel
transplantation and sepsis, among others (1,2). I/R injury is
characterized by a high mortality rate of up to 60-80% (3) and
causes gut barrier disruption, oxygen free radical generation and
endotoxin entry into the circulation, thereby leading to severe
systemic inflammation and eventual multiple organ failure
of the lungs, liver and kidneys (4-7). In fact, acute lung injury
(ALI) is a common complication following intestinal I/R and
tends to develop as acute respiratory distress syndrome, which
is a major contributor to its high mortality rate (8-11).

Specific mechanisms underlying ALI, however, are highly
complex and involve the production of reactive oxygen species,
the activation of cytokines and inflammatory mediators, and the
initiation of cell apoptosis (12,13). A previous study reported that
the antioxidant manganese superoxide dismutase (MnSOD) and
the apoptosis-associated molecule B-cell lymphoma 2 (Bcl-2)
have important roles in the pathogenesis of I/R-induced ALI in
the small intestine, in which the above molecules are mediated
by the regulatory factor forkhead box protein O3 (FOXO3) (14).
Furthermore, the sirtuin 1 (SIRT1)/FOXO3 signaling pathway is
indispensable to the antioxidative and anti-apoptotic properties
of I/R disease (15).

SIRTI1, a nicotinamide adenine dinucleotide
(NAD)-dependent class IIT histone deacetylase (HDAC), is
a mammalian SIR2 homologue in the yeast Saccharomyces
cerevisiae. Among the seven sirtuin genes (SIRT1-7) in
mammals, SIRT1 is the most widely studied and was found
to be mostly localized to the nucleus, where it has a vital role
in transcriptional repression via histone deacetylation (16-18).
Recent studies have identified that SIRT1 is important in
DNA damage repair, apoptosis inhibition, oxidative stress
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resistance and cell lifespan extension (19). According to a
study by Hsu er al (20), SIRT1 expression in myocardial I/R
injury may confer a protective effect. For example, SIRT1
regulates a diverse set of proteins, including p53 and the tran-
scription factors nuclear factor-kappa B (NF-«B) and FOXO,
and promotes cell survival in response to severe stress (21-24).
Under ischemic or hypoxic conditions, FOXO3 may enhance
cellular resistance to oxidative stress through SIRT1 deacety-
lation in a process that is mainly completed by MnSOD, which
is able to scavenge reactive oxygen species (ROS) (21,25).
In addition, a study by Motta er al (24) demonstrated that
mammalian SIRT1 deacetylated FOXO3 and attenuated its
pro-apoptotic abilities. Furthermore, Brunet et al (21) revealed
that SIRT1 deacetylation increased the ability of FOXO3
to induce cell cycle arrest and oxidative stress resistance;
however, this inhibited the ability of FOXO3 to induce cell
death. Therefore, to the best of our knowledge, the present
study assessed, for the first time, whether SIRT1 may possess
protective effects on intestinal I/R-induced ALI by regulating
the FOXO3 signaling pathway.

A variety of natural products are involved in SIRTI regu-
lation, including polyphenols and flavonoids, among others.
Resveratrol is a representative polyphenolic compound that
is known to have a role in SIRT1 regulation. Icariin (ICA) is
a flavonoid extracted from Epimedium, a genus of flowering
plants in the family Berberidaceae, which is used in Traditional
Chinese Herbal Medicine as an aphrodisiac. A recent study by
Wang et al (26) found that ICA upregulated SIRT1 expression,
which resulted in the enhancement of neuronal viability and
the suppression of neuronal death in response to oxygen and
glucose deprivation. Furthermore, regulation of the SIRT1
signaling pathway by ICA has been demonstrated to amelio-
rate oxidative stress in the treatment of central nervous system
disorders (27,28). However, to the best of our knowledge, no
studies have reported ICA regulation of the SIRT1/FOXO3
signaling pathway in intestinal I/R injury.

Therefore, the aims of the present study were i) to deter-
mine whether ICA-mediated SIRT1/FOXO3 activation had a
protective effect on intestinal I/R-induced ALI by inhibition
of alveolar cell apoptosis and increased antioxidant enzyme
activity and ii) to determine whether ICA was able to increase
SIRT]1 levels to reduce the content of acetylated FOXO3 and
regulate the antioxidant MnSOD and apoptosis-associated
factors, Bcl-2 and Bcl-2 interacting mediator of cell death
(Bim).

Materials and methods

Animals and reagents. Male Sprague-Dawley rats (aged
5 weeks) weighing 160-180 g were obtained from the Animal
Center of Dalian Medical University (Dalian, China) and main-
tained in a temperature-controlled (25°C) facility with a 12-h
light/12-h dark cycle with free access to a standard laboratory
diet and water. The rats were acclimatized for one week prior
to the experiments. All procedures were conducted according
to the Institutional Animal Care Guidelines and were approved
by the Institutional Ethics Committee of Dalian Medical
College (Dalian, China). ICA (>98% of purity) was purchased
from Shanghai Winherb Medical S&T Development Co., Ltd.
(Shanghai, China).
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Intestinal I/R model and experimental design. The rat
intestinal I/R model was established as previously described
with several small modifications (29). Briefly, the superior
mesenteric artery (SMA) was identified through a midline
laparotomy and occluded gently by an atraumatic micro-
vascular clamp for 60 min. The occlusion was confirmed
when the mesenteric pulsations ceased and the intestines
became pale. A 120-min reperfusion was then performed.
In the control groups, the rats underwent surgical prepara-
tion, including isolation of the SMA but without occlusion.
All of the animals were randomly divided into five groups,
with eight rats in each of the following: i) Control group;
i) intestinal I/R group; iii) control+ICA group, where the
mice were pretreated with ICA (60 mg/kg by intragastric
administration for three consecutive days); iv) I/R+ICA group,
where the mice were pretreated with ICA as above and then
surgery was performed in analogy to that in the I/R group and
v) I/R+ischemia preconditioning (IPC) group, where the rats
were pretreated with reperfusion for 5 min following occlusion
of the SMA for 5 min, which was repeated three times and then
surgery was performed in analogy to that in the I/R group. All
of the animals were sacrificed at the end of the reperfusion, and
the tissues and blood samples were obtained for analysis.

Assessment of lung histopathology. The isolated right middle
lobe of the lung was fixed in 4% formaldehyde. After being
embedded in paraffin, the tissues were sectioned and stained
with hematoxylin and eosin (H&E). The specimens were
examined under light microscopy (Leica DM4000, Wetzlar,
Germany). The pathological scores of lung damage were
examined according to the previously described methods (30).

Measurement of serum cytokine levels. Blood samples
were collected from the abdominal aorta and allowed to
coagulate for 2 h on ice. The serum was then isolated as the
supernatant fraction following centrifugation at 3,000 x g for
20 min. Tumor necrosis factor-a (TNF-a) and interleukin 6
(IL-6) levels were measured with ELISA kits (Wuhan Boster
Biological Technology, Ltd., Wuhan, China), according to the
manufacturer's instructions.

Lung malondialdehyde assay (MDA), glutathione (GSH) and
GSH peroxidase (GSH-PX) activity assay. The lung tissues
were weighed, minced and transferred into a centrifuge tube.
The 1:9 (w/v) volume of cold isotonic sodium chloride solution
was added and the mixtures were homogenized by a tissue
disperser (IKA, Staufen, Germany) four times at 4°C, each for
10 sec. The homogenates were centrifuged at 3,000 x g for
15 min to remove the debris. The MDA, GSH and GSH-PX
activity in the supernatants were determined using an assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
according to the manufacturer's instructions.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay. The TUNEL assays were
performed with the TMR red In Situ Cell Death Detection
kit (supplemented with 0.1% sodium citrate; Hoffmann-La
Roche Inc., Nutley, NJ, USA), according to the manufactur-
er's instructions. The lung samples were treated as mentioned
in the histopathological analysis. Briefly, the lung tissue



MOLECULAR MEDICINE REPORTS 11: 269-276, 2015

sections were pretreated with 0.1% Triton X-100 for 8 min,
washed with PBS, then stained by TUNEL reaction mixture
(label and enzyme solutions) for 1 h at 37°C. The fluorescein
isothiocyanate-labeled TUNEL-positive cells were imaged
under a fluorescent microscope (DMI 4000 B; Leica, Wetzlar,
Germany) using 488 nm excitation and 530 nm emission. The
cells exhibiting green fluorescence were defined as apoptotic
cells.

Western blot analysis of SIRTI, FOXO3, MnSOD, Bim and
Bcl-2 in lung tissue. Nuclear and cytosolic proteins were
extracted from the lung tissues with a protein extraction kit
(Nanjing KeyGen Biotech. Co. Ltd., Nanjing, China) according
to the manufacturer's instructions. The protein concentrations
were determined using an bicinchoninic acid protein assay kit
(Beyotime Institute of Biotechnology, Jiangsu, China). Equal
amounts of nuclear and cytosolic protein were used to determine
SIRT1, FOXO3, MnSOD, Bim and Bcl-2 protein concentra-
tions. The sample proteins (50 yg/lane) were separated by 12%
SDS-PAGE (Bio-Rad, Hercules, CA, USA) and then transferred
to a polyvinylidene difluoride membrane (Millipore, Bedford,
MA, USA). Following blocking, the membranes were probed
with the following primary antibodies: Anti-SIRT1 (mouse,
mAb, 1:4000, Abcam Ltd., Cambridge, UK), anti-FOXO3
(rabbit, pAb, 1:2000, Abcam Ltd.), anti-MnSOD (mouse, mAb,
1:1000, Abcam Ltd.), anti-Bcl-2 (rabbit, pAb, 1:1000, Beyotime
Institute of Biotechnology) and anti-f-actin (mouse, mAb,
1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
overnight at 4°C. Following washing in tris-buffered saline
containing Tween 20 (TTBS) three times, the membranes were
incubated with the relevant horseradish peroxidase-conjugated
secondary antibodies for 2 h at 37°C. Following adequate
washing with TTBS, the membranes were exposed to chemi-
luminescence-plus reagents. The blots were then developed
with a BioSpectrum-410 multispectral imaging system with a
Chemi HR camera 410 and the density of the bands was deter-
mined using Gel-Pro Analyzer Version 4.0 (Media Cybernetics,
Bethesda, MD, USA).

Immunoprecipitation assay. The protein samples were
extracted from the lung tissues, mixed with non-specific rabbit
immunoglobulin G and the fully resuspended Protein A+G
Agarose (Beyotime Institute of Biotechnology) and slowly
shaken at 4°C for 2 h, 1,000 x g for 5 min and the superna-
tant was used for subsequent immunoprecipitation. Rabbit
anti-human polyclonal acetylated lysine antibody (Abcam
Ltd.) was added at 4°C, the mixture was slowly agitated for
18 h and then fully resuspended in Protein A+G Agarose
with 4°C with gentle agitation for 2 h, 1,000 x g for 5 min,
and then the precipitation of all of the acetylated protein was
performed. Finally, acetylated FOXO3 proteins were detected
using western blot analysis with the previously mentioned
antibodies against FOXO3 (Abcam Ltd.).

RNA isolation and polymerase chain reaction (PCR)
analysis. Total RNA was extracted from the frozen lung
using RNA iso Plus (Takara Biotechnology (Dalian) Co.,
Ltd., Dalian, China) following the manufacturer's instruc-
tions. RNA was dissolved in diethylpyrocarbonate-treated
deionized water, and the RNA concentrations were analyzed
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using a nanodrop spectrophotometer (UV1102II, Shanghai,
China) to determine quality and quantity. Reverse transcrip-
tion was performed using a Takara RNA PCR kit (AMV)
version 3.0 (Takara Bio, Inc., Shiga, Japan). For PCR
analysis, the primers and their sequences were as follows:
SIRT1 (forward, F) 5'-GCAACAGCATCTTGCCTGAT-3'
and (reverse, R) 5'-GTGCTACTGGTCTCACTT-3";
B-actin, F 5'-AGAGGGAAATCGTGCGTGAC-3' and R
5'-CAATAGTGATGACCTGGCCGT-3'. Two-step PCR was
conducted according to the instructions of the Takara RNA
PCR Kit (AMV) version 3.0. The conditions for reverse
transcription were 42°C for 30 min, 99°C for 5 min and then
5°C for 5 min to terminate the reverse transcription. The PCR
was performed as follows: 94°C for 30 sec for denaturation;
annealing, 55°C for 30 sec and 72°C for 90 sec for extension.
The products were then separated by electrophoresis using
1.5% agarose gels. The bands were visualized using the
BioSpectrum-410 multispectral imaging system with a Chemi
HR camera 410 (UVP, Upland, CA, USA).

Statistical analysis. The mean + standard deviation values
were calculated to summarize all of the measurements.
A one-way analysis of variance was used to compare the
means of the five groups. The Student-Newman-Keuls/Least
Significant Difference test was performed to compare all pair
means. A value of P<0.05 was considered to indicate a statisti-
cally significant difference. All statistical analyses were run
with the SPSS version 17 Statistical Software Package (SPSS,
Inc., Chicago, IL, USA).

Results

Effects of ICA on intestinal I/R-induced ALI and systemic
inflammation. To determine whether ICA protects against
intestinal I/R-induced ALI, the histopathological properties of
lung tissue, serum TNF-a and IL-6 levels, as well as GSH and
GSH-PX activity in the lung were examined. As demonstrated
in Fig. 1A, in the I/R group, the lung tissue was markedly
damaged, as characterized by severe congestive alveoli,
alveolar wall telangiectasia, increased inflammatory cell
infiltration, thickened alveolar walls and hyaline membrane
formation. In conjunction with this damage, serum TNF-a and
IL-6 levels were significantly increased, while lung GSH and
GSH-PX activities were decreased (Table I). By contrast, in the
I/R+ICA and IPC groups, the results demonstrated that ICA
and IPC attenuated inflammatory infiltration, improved lung
histopathology scores (Fig. 1B), reduced serum TNF-o and
IL-6 levels, and increased lung GSH and GSH-PX activities
(Table I). These results indicated that ICA offered effective
protection against intestinal I/R-induced ALI.

Effects of ICA on the SIRT1-FOXO3 pathway activation in rat
lung tissues. To determine whether intestinal I/R, ICA admin-
istration and IPC affected SIRT1 mRNA expression in the
lung, PCR analysis of SIRT1 was performed. As demonstrated
in Fig. 2A, following intestinal ischemia for 60 min followed
by reperfusion for 120 min, SIRT1 mRNA expression in the
injured lung tissue was significantly decreased compared with
that in the control tissues. Following ICA administration or
IPC, SIRT1 mRNA expression was significantly increased
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Table I. GSH, GSH-PX, TNF-a and IL-6 expression levels in intestinal tissues from the different groups (mean + standard

deviation, n=8).

Group GSH (mg/g protein) GSH-PX (U/g protein) TNF-a (pg/ml) IL-6 (pg/ml)
Sham 6.32+0.51 87.51+6.54 63.96+10.12 165.72+21.47
I/R 2.54+0.31* 36.27+3.78" 117.05+15.31° 257.88+£34.97*
Sham+ICA 6.48+0.42 95.74+7.78 62.31+10.77 151.89+18.25
I/R+ICA 4.53+0.57° 65.27+10.53" 83.81+9.69° 205.96+21.87°
I/R+IPC 3.70+0.46° 55.53+8.30° 99.70+12.26" 200.73+20.91°

1P<0.01 vs. the sham group; "P<0.01 vs. the I/R group. GSH, glutathione; GSH-PX, GSH peroxidase; TNF-o, tumor necrosis factor-a; 1L-6,

interleukin 6; I/R, ischemia/reperfusion; ICA, icariin.
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Figure 1. ICA improved intestinal I/R-induced lung histopathological properties. (A) Pathological changes in the lung tissue from each group (magnification,
x400); (B) normalized histopathological properties of the lung tissues. Values are presented as the mean + standard deviation (n=8). ““P<0.01 vs. the control
group; #P<0.01 vs. the I/R group. I/R, ischemia/reperfusion; ALI, acute lung injury; ICA, icariin; IPC, ischemia preconditioning.

compared with that in the I/R group. These results suggested
that ICA administration or IPC increased SIRT1 mRNA
expression in the I/R group.

To determine whether intestinal I/R, ICA administration or
IPC affected the expression of proteins of the SIRT1-FOXO3
pathway in lung tissues, including SIRT1 and acetylated
FOXO3, western blot analysis for SIRT1 and immunoprecipi-
tation of acetylated FOXO3 were performed. Brunet ef al (21)
reported that in response to oxidative stress, the deacetylase
SIRT1 forms a protein complex with the forkhead transcrip-
tion factor FOXO3 that contributes to FOXO3 deacetylation
and then steers FOXO3-dependent responses away from cell
death and towards stress resistance. As demonstrated in Fig. 2B,
following intestinal ischemia for 60 min and subsequent
reperfusion for 120 min, SIRT1 protein expression in the lung
tissue was significantly decreased compared with that in the
controls, while acetylated FOXO3 was significantly increased.
Following ICA administration or IPC, SIRT1 expression was
increased, whereas acetylated FOXO3 expression was signifi-
cantly decreased compared with the I/R group. Collectively,
these results suggested that both ICA administration and IPC
suppressed intestinal I/R-induced ALI via upregulation of SIRT1
expression, thereby contributing to FOXO3 deacetylation.

In conclusion, ICA administration and IPC promoted SIRT1
mRNA and protein expression, which contributed to FOXO3
deacetylation in intestinal I/R-induced ALI in rats.

Effects of ICA-mediated SIRTI-FOXO3 pathway activation
on the expression of apoptosis-associated factors in rat lung
tissue. Since it is well-established that intestinal I/R-induced
ALI causes alveolar cell apoptosis, the TUNEL assay was
performed to assess the extent of apoptosis. As revealed

in Fig. 3A, marked alveolar cell apoptosis was observed in
the lungs of rats in the intestinal I/R group, whereas in the
ICA and IPC groups, alveolar cell apoptosis was markedly
attenuated.

The pro-apoptotic factor Bim and anti-apoptotic factor
Bcl-2 have crucial roles in the regulation of cellular responses
to apoptosis. According to a study by Brunet ez al (21), SIRT1
inhibited the ability of FOXO3 to induce cell death, whereas
Motta et al (24) and Dijkers et al (31) demonstrated that
SIRT1 deacetylated and repressed the activity of the forkhead
transcription factor FOXO3a, which, in turn, reduced the
expression of the forkhead-dependent apoptotic factor Bim. To
determine whether intestinal I/R, ICA administration and IPC
affected Bim and Bcl-2 expression in ALI, western blot analysis
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Figure 2. Effects of ICA on SIRT1-FOXO3 pathway activation in rat lung tissues. (A) Effects of ICA on SIRT1 mRNA expression in the rat lung tissues. ICA
pretreatment or IPC increased SIRT1 mRNA expression in the lung following intestinal I/R. (B) Effects of ICA on SIRT1-FOXO3 pathway activation in
the rat lung tissues. ICA pretreatment or IPC increased SIRT1 protein expression in the lung tissues following intestinal I/R, while it suppressed acetylated
FOXO3 protein expression. Values are presented as the mean + standard deviation (n=3). “P<0.01 vs. the control group; “P<0.01 vs. the I/R group. I/R, isch-
emia/reperfusion; ICA, icariin; SIRTI, sirtuin 1; IP, immunoprecipitation assay; WB, western blot analysis; FOXO3, forkhead box protein O3; IPC, ischemia
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Figure 3. Effects of ICA-mediated SIRT1-FOXO3 pathway activation on the expression of apoptosis-associated factors in rat lung tissues. (A) ICA attenuated
I/R-induced alveolar cell apoptosis in vivo, as confirmed using the TUNEL assay. The content of TUNEL-positive cells was equal to the amount of green
fluorescenct in the image (magnification, x400). (B) Western blot analysis of Bim and Bcl-2 protein in lung tissue samples from each group. ICA pretreatment
or IPC reduced Bim expression and enhanced Bcl-2 expression in the lung tissue samples following intestinal I/R. Values are presented as the mean + standard
deviation (n=3). “P<0.01 vs. the control group; #P<0.05, "P<0.01 vs. the I/R group. I/R, ischemia/reperfusion; ICA, icariin; IPC, ischemia preconditioning;
SIRTI,sirtuin 1; FOXO3, forkhead box protein O3; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; Bcl-2, B-cell lymphoma
2; Bim, Bcl-2-interacting mediator of cell death.

was performed. As revealed in Fig. 3B, following intestinal
ischemia for 60 min and subsequent reperfusion for 120 min,
the expression of Bim was elevated and Bcl-2 was significantly
decreased in the injured lung tissues compared with those in
the controls. Following ICA administration or IPC, Bim levels
were decreased and Bcl-2 levels were increased compared with
those in the I/R group. Along with the conclusions mentioned
above, these phenomena indicated that ICA administration or
IPC upregulated SIRT1 expression and the latter deacetylated
FOXO3, thereby lowering the pro-apoptotic factor Bim, while

enhancing the anti-apoptotic factor Bcl-2, which suggested
that the ICA-mediated SIRT1-FOXO3 activation produced an
anti-apoptotic effect in intestinal I/R-induced ALI.

Effects of ICA-mediated SIRTI-FOXO3 pathway activation
on the expression of antioxidative factors in rat lung tissues.
MDA is a degradation product of polyunsaturated fatty acid
peroxidation and arachidonic acid metabolism, and is used as
an indicator of oxidative stress in cells and tissues. Therefore,
serum MDA levels were analyzed to quantify oxidative
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Figure 4. Effects of ICA-mediated SIRT1-FOXO3 pathway activation on the expression of antioxdative factors. (A) Lung MDA activity increased in the I/R
group. By contrast, ICA pretreatment or IPC attenuated MDA activity. Values are presented as the mean + standard deviation (n=8). (B) Western blot analysis
of MnSOD in the lung samples from each group. ICA pretreatment or IPC enhanced MnSOD expression in the lung tissue samples following intestinal I/R.
Values are presented as the mean + standard deviation (n=3). “"P<0.01 vs. the control group; ”P<0.01 vs. the I/R group. I/R, ischemia/reperfusion; ICA, icariin;
IPC, ischemia preconditioning; SIRT1, sirtuin 1; FOXO3, forkhead box protein O3; MDA, malondialdehyde assay; MnSOD, manganese superoxide dismutase.

damage to alveolar cells. As revealed in Fig. 4A, lung MDA
activity was increased in the I/R group. By contrast, the results
demonstrated that ICA administration and IPC evidently
attenuated MDA activity in the I/R+ICA and IPC groups.
These results indicated that ICA administration and IPC
effectively protected the alveolar cells against oxidative stress
in intestinal I/R-induced ALL.

Tofurtherassesstheimpactof ICA-mediated SIRT1-FOXO3
pathway activation on the expression of antioxidative factors,
the role of MnSOD in intestinal I/R-induced ALI was investi-
gated. MnSOD is the primary mitochondrial ROS-scavenging
enzyme and is the target protein of the FOXO transcription
factors involved in the FOX0O3-MnSOD network (21). As
revealed in Fig. 4B, MnSOD protein expression in the lung
tissue samples was significantly decreased in the intestinal
I/R group compared with that in the control group, whereas
ICA administration or IPC demonstrated an efficient recovery
of MnSOD protein levels. These results indicated that ICA
administration or IPC upregulated SIRT1 protein expression,
which subsequently deacetylated and activated FOXO3, while
the latter increased the levels of the antioxidative molecule
MnSOD, suggesting that the ICA-mediated activation of the
SIRT1-FOXO3 pathway had an antioxdative role in intestinal
I/R-induced ALI via MnSOD induction.

Discussion

Intestinal I/R injury is considered a harbinger of systemic
inflammation and contributes to distant organ injury and
multiple organ dysfunction syndrome (32). The lung is the
remote organ most susceptible to injury following intestinal
I/R, which explains why ALI is a major cause of death (8,9,11).
Mechanisms underlying ALI are complex, but ultimately
induce an antioxidative stress imbalance and the initiation of
apoptotic signaling. Previous studies have demonstrated that
the antioxidant molecule MnSOD and anti-apoptotic Bcl-2
family of molecules attributed to small intestine I/R-induced
ALI (33-35). SIRs were first identified in yeast as silent informa-
tion regulators and grouped as class III HDACs. SIRs function
by removing acetyl groups from lysine residues via NAD

consumption. There are seven human SIR homologs (SIRT1-7),
each of which exhibits different enzymatic activities and
functions, although SIRT1 is the most widely studied (36,37).
SIRT1 enhances cellular responses to exogenous stress and
survival via regulation of various proteins, including p53,
NF-«B and the FOXO transcription factors (25,38-40). FOXO3
enhances cellular responses to oxidative stress and apoptosis
under ischemic or hypoxic conditions (41). In addition, in
tissues and organs, IPC has a protective effect via activation of
endogenous mechanisms; however, the delayed protection of
IPC limits its clinical application. Therefore an ideal method
would be to administer drugs, including ICA, which exerted
positive effects in the present study, to achieve the effects of
IPC.

Following ICA and IPC pretreatment, levels of SIRT1 and
acetylated FOXO3 were altered in small intestinal I/R-induced
ALI, as well as the regulation of downstream antioxidant factors
and apoptosis-associated factors. The present study demon-
strated that i) in small intestinal I/R-induced ALI, SIRT1 levels
were significantly lower and acetylated FOXO3 levels were
significantly higher; ii) following ICA administration or IPC,
SIRT1 levels were significantly increased, while acetylated
FOXO3 levels were significantly reduced and iii) the protec-
tive role of ICA and IPC in this model was associated with
the activation of downstream FOXO3-associated molecules,
including the antioxidant factor MnSOD, the pro-apoptotic
protein Bim and the anti-apoptotic protein Bcl-2. These results
suggested that the regulation of the SIRT1/FOXO3 signaling
pathway by ICA may be beneficial in intestinal I/R-induced
ALL

Intestinal I/R initiates a series of inflammatory and oxida-
tive stress responses (42). In the present study, it was identified
that following intestinal I/R, the intestinal and lung tissues
exhibited histological damage and serum TNF-a and IL-6
levels were markedly increased in association with signifi-
cantly decreased levels of tissue GSH and GSH-PX, and the
lung MDA activity was elevated compared with the control
group. These changes were parallel to the decrease SIRT1
and MnSOD levels and increased acetylated FOXO3 protein
expression. Following ICA pretreatment, SIRT1 mRNA and
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protein levels were elevated, which induced the reduction of
acetylated FOXO3 protein levels, which then induced MnSOD
production. More importantly, the indicators of injury
mentioned above were reversed, which suggested that the
SIRT1/FOXO3 signaling pathway had a crucial role in anti-
oxidative stress amelioration following intestinal I/R-induced
ALI Several studies have suggested a functional link between
SIRT1 and FOXO3 regulation of the MnSOD-mediated
antioxidant pathway regarding ROS production (41,43). In
the present study, MnSOD levels were evidently attenuated
by intestinal I/R. By contrast, following ICA administration,
acetylated FOXO3 expression levels were reduced and MnSOD
was upregulated, which was attributed to the increasing levels
of deacetylated FOXO3. Therefore, intestinal I/R appeared
to activate a cascade resulting in ROS accumulation, SIRT1
reduction, FOXO3 acetylatation and MnSOD downregulation.
The regulation of the SIRT1-FOXO3 signaling pathway by
ICA upregulated MnSOD expression, thereby strengthening
cellular antioxidant capability and survival.

To identify the potential mechanisms of the SIRT1-FOXO3
signaling pathway associated with cell apoptosis in intes-
tinal I/R-induced ALI, the functional link between FOXO3
and apoptosis by evaluating Bim and Bcl-2 expression was
determined using the TUNEL assay to measure the extent
of apoptosis. The Bcl-2 family, which has both pro- and
anti-apoptotic members, including Bim and Bcl-2, has a
critical role in the regulation of cell survival. A study by
Dijkers et al (31) suggested that the activation of FOXO3
was sufficient to induce Bim expression. Furthermore, the
authors proposed that Bcl-2 suppressed the ability of FOXO3
to induce apoptosis. In addition, a study by Motta et al (24)
demonstrated that SIRT1 deacetylated and repressed the
activity of FOXO3 to reduce forkhead-dependent apoptosis.
The present study demonstrated that Bim expression was
increased and Bcl-2 expression was significantly decreased
in the intestinal I/R group; however, ICA or IPC pretreat-
ment markedly decreased Bim expression, increased Bcl-2
expression and reduced FOXO3 acetylation in response to
SIRT1 upregulation. Therefore, consistent with the results of
previous studies, Bcl-2 overexpression via the SIRT1-FOXO3
signaling pathway protected lung epithelial cells from
intestinal I/R-induced apoptosis and subsequent ALI. The
TUNEL assay revealed marked alveolar cell apoptosis in the
lung tissues of rats in the intestinal I/R group, while alveolar
cell apoptosis was markedly attenuated in the ICA and IPC
groups.

In conclusion, the present study demonstrated that
ICA-mediated SIRT1-FOXO3 signaling regulated oxidative
stress injury and cell apoptosis in intestinal I/R-induced ALI.
ICA or IPC pretreatment protected the experimental rats from
intestinal I/R-induced ALI via activation of the SIRT1-FOXO3
signaling pathway. However, this protective mechanism may
be mediated by MnSOD upregulation and enhanced Bcl-2
expression. Manipulation of SIRT1 upregulation may offer
a new therapeutic approach to alleviate ALI in intestinal
I/R patients. It is therefore important to further elucidate the
regulation mechanisms of ICA that induced SIRT1 expression
and FOXO3 deacetylation. At present, a study is underway in
our group to determine the precise mechanisms underlying
ICA-mediated regulation in SIRT1 expression.
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