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Cinnamaldehyde protects against rat intestinal ischemia/
reperfusion injuries by synergistic inhibition of NF-κB and p53
Marwan Almoiliqy1, Jin Wen1, Bin Xu1, Yu-chao Sun1, Meng-qiao Lian1, Yan-li Li1, Eskandar Qaed1, Mahmoud Al-Azab1, Da-peng Chen2,
Abdullah Shopit1, Li Wang1, Peng-yuan Sun1 and Yuan Lin1

Our preliminary study shows that cinnamaldehyde (CA) could protect against intestinal ischemia/reperfusion (I/R) injuries, in which
p53 and NF-κB p65 play a synergistic role. In this study, we conducted in vivo and in vitro experiments to verify this proposal. SD
rats were pretreated with CA (10 or 40 mg · kg−1 · d−1, ig) for 3 days, then subjected to 1 h mesenteric ischemia followed by 2 h
reperfusion. CA pretreatment dose-dependently ameliorated morphological damage and reduced inflammation evidenced by
decreased TNF-α, IL-1β, and IL-6 levels and MPO activity in I/R-treated intestinal tissues. CA pretreatment also attenuated oxidative
stress through restoring SOD, GSH, LDH, and MDA levels in I/R-treated intestinal tissues. Furthermore, CA pretreatment significantly
reduced the expression of inflammation/apoptosis-related NF-κB p65, IKKβ, IK-α, and NF-κB p50, and downregulated apoptotic
protein expression including p53, Bax, caspase-9 and caspase-3, and restoring Bcl-2, in I/R-treated intestinal tissues. We pretreated
IEC-6 cells in vitro with CA for 24 h, followed by 4 h hypoxia and 3 h reoxygenation (H/R) incubation. Pretreatment with CA (3.125,
6.25, and 12.5 μmol · L−1) significantly reversed H/R-induced reduction of IEC-6 cell viability. CA pretreatment significantly
suppressed oxidative stress, NF-κB activation and apoptosis in H/R-treated IEC-6 cells. Moreover, CA pretreatment significantly
reversed mitochondrial dysfunction in H/R-treated IEC-6 cells. CA pretreatment inhibited the nuclear translocation of p53 and NF-κB
p65 in H/R-treated IEC-6 cells. Double knockdown or overexpression of p53 and NF-κB p65 caused a synergistic reduction or
elevation of p53 compared with knockdown or overexpression of p53 or NF-κB p65 alone. In H/R-treated IEC-6 cells with double
knockdown or overexpression of NF-κB p65 and p53, CA pretreatment caused neither further decrease nor increase of NF-κB p65 or
p53 expression, suggesting that CA-induced synergistic inhibition on both NF-κB and p53 played a key role in ameliorating
intestinal I/R injuries. Finally, we used immunoprecipitation assay to demonstrate an interaction between p53 and NF-κB p65,
showing the basis for CA-induced synergistic inhibition. Our results provide valuable information for further studies.
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INTRODUCTION
The common denominators of diverse I/R-induced tissue injuries,
including cerebral, cardiac, renal, hepatic, and intestinal injuries,
are found to provoke excessive inflammation, oxidative stress, and
apoptosis [1–5]. Intestinal I/R injuries may induce loss of intestinal
epithelial barrier function, leading to the translocation of
endotoxins and bacteria to local and remote organs [6, 7] and
triggering the release of inflammatory cytokines, the development
of sepsis, and the initiation of systemic inflammatory response
syndrome and multiple organ dysfunction syndrome [8–10].
Multiple targets, including MAPK, MEK, ERK, PI3K, AIF, ROCK,

JNK, AKT, JAK2/STAT3, p53, and NF-κB, are involved in tissue
injuries [11–15]. Diverse natural compounds provide beneficial
health effects through modulating these targets against exces-
sive and/or aberrant inflammation, oxidative stress, and apopto-
sis [16–18]. For instance, ginsenosides ameliorate myocardial I/R-
induced inflammation, oxidative stress, and apoptosis via
inhibiting the p53 pathway [19]. Berberine ameliorates renal

I/R-induced inflammation, mitochondrial dysfunction, oxidative
stress, and apoptosis via inhibiting the p53 pathway [20].
Astaxanthin ameliorates hepatic I/R injuries by attenuating
inflammation, oxidative stress, and apoptosis through modulat-
ing AKT/HIF-α/MAPK pathways [21]. 6-Gingerol attenuates
myocardial I/R injuries by reducing inflammation, oxidative
stress, and apoptosis through NF-κB/JNK pathways [22]. Gastrin
ameliorates myocardial I/R-induced injury by modulating AKT/
ERK1/2/STAT3 pathways [23]. Coptisine attenuates myocardial I/
R-induced injury through RhoA/ROCK pathways [24]. Paeoniflorin
ameliorates I/R-induced nerve injuries via activation of Ras/MEK/
ERK [25]. Our previous studies showed that catalpol ameliorated
intestinal I/R-induced injury by attenuating inflammation, oxida-
tive stress, and apoptosis through suppressing the JAK2/STAT3
pathway [26]; myricetin attenuated intestinal I/R-induced injury
by reducing inflammation, oxidative stress, and apoptosis via the
p-MKK7 pathway [27]; and paeoniflorin ameliorated intestinal I/R-
induced injury by reducing inflammation, oxidative stress, and
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apoptosis and promoting autophagy through the LKB1/AMPK
pathway [28].
Cinnamon is obtained from the inner bark of several tree

species from the genus Cinnamomum. Cinnamaldehyde (CA) is a
major component of cinnamon [29]. CA possesses diverse
beneficial effects, including anti-bacterial [30], anti-inflammatory
[31], anti-oxidative [32], and anti-apoptotic effects [33]. CA has
been found to ameliorate bacterial infection [34], peptic ulcers
[35], diabetes [36], cardiac hypertrophy [37], myocardial I/R [38],
and cerebral I/R injuries [39]. However, whether CA can effectively
ameliorate intestinal I/R injuries remains to be clarified. Based on
our preliminary experiments, we proposed that CA could protect
against intestinal I/R injuries by attenuating inflammation,
oxidative stress, mitochondrial dysfunction, and apoptosis, and
CA-induced synergistic inhibition of both NF-κB and p53 played a
key role in the amelioration. Rats with intestinal I/R injuries and a
hypoxia/reoxygenation (H/R)-injured intestinal epithelial cell line
(IEC-6 cells) were used to verify our hypothesis.

MATERIALS AND METHODS
Chemicals and materials
Cinnamaldehyde (purity: ≥98%) was purchased from Aladdin.
Reagent kits for detecting superoxide dismutase, glutathione,
malondialdehyde (MDA), lactate dehydrogenase (LDH), and
apoptosis (via TUNEL) were obtained from Nanjing Jiancheng
Institute of Biotechnology (Nanjing, China). ELISAs for measure-
ment of tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β),
interleukin-6 (IL-6), and myeloperoxidase (MPO) were supplied by
Shanghai Lengton Bioscience Co. LTD (Shanghai, China). Dulbec-
co’s minimum essential medium (DMEM), nonessential amino
acids, and glutamine were purchased from Gibco (CA, USA). Fetal
bovine serum (FBS) was purchased from ScienCell Research
Laboratories (CA, USA). Protein extraction kits and bicinchoninic
acid (BCA) protein assay kits were obtained from Beyotime
Institute of Biotechnology (Jiangsu, China). Cell counting kit-8
(CCK-8) was provided by Biotool (Shanghai, China). siRNAs against
NF-κB p65 and p53 as well as Lipofectamine 2000 were provided
by GenePharma (Shanghai, China). cDNA of NF-κB p65 and p53
were provided by Genecopia (Guangzhou, China). Protein A+ G
agarose was provided by Beyotime Institute of Biotechnology
(Jiangsu, China). A rat small intestinal crypt epithelial cell line (IEC-
6 cells) was purchased from American Type Culture Collection
(ATCC). Other materials, including 4′, 6-diamidino-2-phenylindole
(DAPI), pyruvate, glutamate, malate, succinate, cytochrome c,
rotenone, oligomycin, FFCP, digitonin, antimycin-A, and ADP, were
provided by Sigma-Aldrich (St Louis, MO, USA). All other reagents
were used at an analytical grade.

Animals
Male Sprague-Dawley rats (200–220 g) were provided by the
Experimental Animal Center, Dalian Medical University (Certificate
of Conformity: NO. SCXK (Liao) 2008–2002). All experimental
protocols were strictly conducted in conformity with the National
Institutes of Health Guide for Care and Use of Laboratory Animals
(Publication no. 85-23, revised 1985) and the Dalian Medical
University Animal Care and Ethics Committee (Approval number:
L20140402). The animal protocol was designed to minimize pain
and discomfort to the animals. Rats were housed one per cage in a
controlled environment with alternating 12 h light/dark cycles.
Rats were deprived of food for 12 h before the experiments.

Intestinal I/R model establishment
A rat model of I/R injury to the small intestines was established as
previously described [40]. After one week of housing and before
inducing I/R injuries, rats were fasted with free access to water for
12 h. Then, rats were subjected to an abdominal incision
(approximately 2 cm midline) after anesthetization with

intraperitoneal (ip) administration of pentobarbital (50 mg/kg).
The superior mesenteric artery (SMA) was exposed and occluded
with a traumatic microvascular clamp for 1 h to induce ischemia.
Then, the clamps were removed, and the skin was sutured to
begin reperfusion for the next 2 h [26, 27]. After reperfusion, the
rats were euthanized, and all serum samples were collected for
further analysis. Intestinal tissues of the jejunum were collected
and placed on ice, rinsed with physiological saline and were
stored at −80 °C. Parts of jejunal segments were fixed with
formalin for IHC, TUNEL, and histological analysis [41].
Rats were randomly assigned into five groups (n= 5 in each

group): sham group: vehicle was administered via intragastric
gavage (ig) for three days before sham surgery; (2) sham+ CA (H)
group: animals were administered CA (40mg/kg, ig) once daily for
three days before sham surgery; (3) I/R group: animals were
subjected to 1 h of intestinal ischemia and 2 h of reperfusion after
being given a vehicle ig for three consecutive days; (4) I/R+ CA (L)
group: animals were pretreated with CA (10mg/kg, ig) once daily
for three days before the I/R surgery; and (5) I/R+ CA (H) group:
animals were pretreated with CA (40mg/kg, ig) once daily for
three days before the I/R surgery. Cinnamaldehyde was sus-
pended in 1% carboxymethyl cellulose (CMC) and was suitable for
oral gavage administration at 2 mL/kg.

Histological examination
Isolated intestinal segments were fixed in a 4% paraformaldehyde
solution and then were embedded in paraffin; the tissue was then
cut into 4-μm slices using a sectioning apparatus (LEICA, RM2245,
Germany). Staining was performed with hematoxylin and eosin
(H&E) according to the manufacturer’s instructions. The samples
were selected randomly. The extent of I/R-induced injuries was
evaluated according to Chiu’s score [42].

Biochemical analysis
Rat jejunal homogenate samples were collected after tissue
homogenization in saline at 4 °C and were then centrifuged at
3000 g/min for 10min at 4 °C. Levels of tissue proinflammatory
cytokines, TNF-α, IL-1β, IL-6, and MPO, were determined using
enzyme-linked immunosorbent assay kits according to the manu-
facturer’s instructions (Lengton, Shanghai, China). The levels of SOD,
GSH, LDH, and MDA (Nanjing Jiancheng, China) were measured
using commercial kits according to the manufacturer’s instructions.

Cell culture and hypoxia/reoxygenation (H/R) incubation
IEC-6 cells were cultured according to the supplier recommenda-
tions. IEC-6 cells were cultured in DMEM supplemented with 10%
fetal bovine serum, 1% penicillin/streptomycin, and 0.1 U/mL
bovine insulin as described [27]. To induce hypoxia, IEC-6 cells
were incubated for 4 h in a humidified hypoxic chamber (Thermo,
Waltham, MA) that contained 5% CO2 and 1% O2 and was
balanced with 94% N2, and then the cells were cultured in
normoxic conditions for an additional 3 h to achieve reoxygena-
tion. IEC-6 cells were pretreated with CA or with the same volume
of a vehicle solution 24 h prior to H/R induction.

Cell viability assay
IEC-6 cells were seeded in 96-well plates at a concentration of 1 ×
104 cells per well in 100 μL of DMEM, and they were grown
overnight. After that, cells were treated with various dilutions of
CA (1.56, 3.125, 6.25, 12.5, and 50 μmol · L−1), and the cells were
then incubated at 37 °C with 5% CO2 for 24 h before H/R
induction. Ten microliters of CCK-8 reagent was added to each
well for 1 h incubation at 37 °C, and then absorbance readings
were obtained at 450 nm using a microplate reader (Enspire2300).

Measurement of mitochondrial function
Mitochondrial respiration activity was detected by using high
resolution respirometry (HRR; Oxygraph-2k, Oroboros, Innsbruck,
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Austria) for respiration measurement. All chemicals were prepared,
adjusted and stored according to the manufacturer’s instructions.
For intact and permeabilized cells, IEC-6 cell suspensions (2 mL)
were added to oxygraph-2 chambers, and chemicals were added
as described according to the instructions [43, 44].

Immunohistochemistry analysis
Immunohistochemistry (IHC) analysis was performed to determine
the protein level of NF-κB p65; sections of paraffin-embedded
jejunum were dewaxed and washed with PBS, and then 3% H2O2

solution was added, which was followed by incubation in
blocking buffer for 30 min. Jejunal sections were then incubated
with polyclonal rabbit anti-rat NF-κB p65 (1:50, Proteintech,
Wuhan, China) overnight and then were incubated with
horseradish-conjugated goat anti-rabbit antibody (HRP) (1:50,
Proteintech, Wuhan, China), which was followed by washing
with PBS. Finally, tissue slides were stained with
diaminobenzidine (DAB) and hematoxylin for counterstaining
and were imaged using a microscope (DM4000B, Leica, Germany)
[45].

cDNA amplification
Total RNA was extracted from intestinal tissues and IEC-6 cells
using TRIzol reagent (Invitrogen, Carlsbad, CA). The initial cDNA
was synthesized using reverse transcriptase according to the
manufacturer’s instructions (Nanjing Jiancheng Corp., China). A
SYBR PrimeScript RT kit was used for cDNA amplification with a
real-time quantitative PCR procedure as described in the
manufacturer’s protocol (Nanjing Jiancheng Corp., China) [46].

Immunofluorescence staining
IEC-6 cells were seeded in 24 plates and were allowed to grow
overnight; CA was added to the cells for 24 h before H/R induction,
and then immunofluorescence assays were performed as
described [47]. Samples were washed with PBS 3 times/5 min
and analyzed using fluorescence microscopy (BX63, IX81, Olym-
pus, Japan).

ROS staining
ROS detection was performed using an ROS staining kit (DCFH-DA,
Sigma-Aldrich, USA) according to the manufacturer’s instructions.
IEC-6 cells were seeded and grown overnight; CA was added for
24 h before H/R. Then, the cells were washed with PBS, incubated
in an ROS solution at 37 °C for 20min and analyzed using
fluorescence microscopy (BX63, IX81, Olympus, Japan) [48].

Measurement of mitochondrial membrane potential
The assessment of mitochondrial membrane potential (MMP ΔΨm)
was performed by using fluoroprobe 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolocarbo-cyanine iodide (JC-1) according to
the manufacturer’s instructions (Invitrogen, Carlsbad, CA). IEC-6
cells were seeded in 6-well plates and treated with 3.125 and 12.5
μmol · L−1 CA for 24 h prior to H/R induction. Then, the cells were
washed with PBS, stained with JC-1 dye (1 μg/mL) and incubated at
37 °C for 30min in the dark; signals were then assessed using a
fluorescence microscope (BX63, IX81, Olympus, Japan) [49].

Cell transfection
NF-κB p65 and/or p53 were knocked down and overexpressed in
H/R-injured IEC-6 cells according to the manufacturer’s instruc-
tions. IEC-6 cells were seeded in 6-well plates, and then a specific
NF-κB p65 siRNA, p53 siRNA, and control siRNA (GenePharma,
Shanghai, China) or a specific cDNA encoding NF-κB p65, p53, and
control cDNA (Genecopia, Guangzhou, China) were transfected
with Lipofectamine 2000 reagent (GenePharma, Shanghai, China).
Cotransfection of NF-κB p65 and p53 siRNA or NF-κB p65 and p53
cDNA was also performed according to the manufacturer’s
instructions. After 48 h, CA was added to the incubation for 24 h

before H/R, and then the protein levels of NF-κB p65, p53 and Bax
were estimated as previously prescribed [50].

Immunoprecipitation
To determine the potential interaction between NF-κB p65 and
p53, 1 μg of p53 antibody or rabbit immunoglobulin G control
antibody (Proteintech, Wuhan, China) and the extracts obtained
from normal IEC-6 cells, H/R-injured IEC cells, and CA+H/R-injured
IEC cells were combined and stirred slowly at 4 °C overnight. On
the following day, 20 μL of protein A+G agarose beads (Beyotime,
Shanghai, China) was added and incubated with the mix for an
additional 3 h; then, the supernatant was removed after centrifu-
gation, and the beads were washed five times in lysis buffer. The
antibody-bound complexes were eluted by boiling in 1x sodium
dodecyl sulfate (SDS) sample buffer. Samples were resolved on a
10% gel by SDS-PAGE for NF-κB p65 immunoblotting [51].

TUNEL immunostaining
Tissue samples were dewaxed, incubated with 0.1% TritonX-100
for 10 min, and then washed with PBS. After washing, tissue
samples were stained using a TUNEL-based apoptosis detection
assay kit (Nanjing Jiancheng Corp., China) according to the
manufacturer’s instructions. Positive apoptotic cells were identi-
fied by fluorescence microscopy (BX63, IX81, Olympus, Japan).

Western blotting analysis
Proteins were obtained from three randomly selected individual
rat intestinal tissues from each group and from three individual
groups of IEC-6 cells by lysing with total protein lysis buffer
(P0013, Beyotime, Shanghai, China). The supernatant was col-
lected and quantified using a BCA kit (Beyotime, Jiangsu, China).
Equivalent amounts of protein samples were loaded with loading
buffer and separated on 8%, 10%, or 12% acrylamide gels
according to the molecular weight of the protein of interest. The
proteins were transferred for 1 h to nitrocellulose membranes
(Merck Millipore, Darmstadt, Germany). The membranes were
blocked with 5% skimmed milk or 5% bovine serum albumin
diluted in Tris-buffered saline with Tween (TBS-T) for 1 h at 37 °C.
Then, membranes were incubated with the following relevant
primary antibodies overnight at 4 °C: IKKβ, IK-α, NF-κB p50, NF-κB
p65, p53, Bax, Bcl-2, caspase-3, caspase-9, and SOD-2 (Proteintech,
Wuhan, China). After primary antibody incubation, blots were
washed three times in TBS-T and then were incubated with a
horseradish-conjugated goat anti-rabbit antibody (Proteintech,
Wuhan, China) at 37 °C for 1 h. Membranes were developed with
an ECL detection system (Proteintech, Wuhan, China). Image Lab
software (Bio-Rad, CA, USA) was used for protein quantification of
three independent experiments and were normalized to the
corresponding expression of β-actin. The methods for protein
level determination were described previously [52, 53].

Statistical analysis
GraphPad Prism 5.0 (GraphPad Prism Software, La Jolla, CA) was
used for data analysis. All values are presented as the mean ±
standard deviation SD. One-way ANOVA was used to compare
means between groups. P-values of less than 0.05 indicated
statistically significant differences. Data were statistically analyzed
using DatLab software (Oroboros Instruments).

RESULTS
Cinnamaldehyde-induced protective effects against I/R-induced
intestinal morphological damage
H&E staining indicated that I/R-induced rat intestinal injuries
possessed the following indicators of morphological damage:
massive inflammatory cell infiltration characterized by denuded
villi, disruption of mucosal integrity, dilated capillaries, and
digestion, as well as disintegration of the lamina propria,
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hemorrhaging, and ulceration. CA pretreatment (10 and 40mg/kg)
protected against and ameliorated I/R-induced intestinal damage
(Fig. 1b). Chiu’s score was significantly increased in I/R-injured rats
over that of sham-operated rats, and CA pretreatment significantly
reversed Chiu’s score (Fig. 1c). CA did not induce a significant
histological alteration in the sham-operated rats.

Cinnamaldehyde-induced protective effects against I/R-induced
intestinal inflammation
The activities of pro-inflammatory cytokines, TNF-α, IL-1β, IL-6, and
MPO, were significantly increased in I/R-injured intestines
compared with that of sham-operated rats. CA pretreatment (10,
40mg/kg) significantly reversed these values in a dose-dependent
manner (Fig. 1d), suggesting that CA-mediated reductions of
injuries were related to the inhibition of inflammation. CA did not
significantly affect these parameters in sham-operated rats.

Cinnamaldehyde-induced protective effects against I/R-induced
intestinal oxidative stress
The results obtained from enzymatic assays indicated that the
levels of SOD and GSH were significantly reduced, and the levels
of LDH and MDA were significantly elevated in intestinal I/R-
injured rats compared with the levels observed in sham-operated

rats. CA pretreatment significantly reversed SOD, GSH, LDH, and
MDA levels in the treated I/R rats (Fig. 2a) compared with that of
the I/R control rats. Western blot analysis indicated that SOD
protein expression was significantly reduced in both I/R-injured
rats (Fig. 2b, c) and H/R-injured IEC-6 cells (Fig. 2d, e) compared
with the corresponding controls. CA pretreatment significantly
reversed the decrease in SOD protein expression in I/R-injured rats
and in H/R-injured IEC-6 cells (Fig. 2b-e). ROS fluorescence assays
indicated a significant increase in ROS in H/R-injured IEC-6 cells
compared with that of the control IEC-6 cells. CA pretreatment
significantly reduced ROS generation in a dose-dependent
manner (Fig. 2f), suggesting that the protective effects of CA
against intestinal I/R injuries are related to the inhibition of
oxidative stress. CA did not significantly affect these parameters in
sham-operated rats or in control IEC-6 cells.

Cinnamaldehyde-induced reversion of the decreased cell viability
Cell Counting Kit-8 (CCK-8) assays were used to determine cell
viability. The results indicated that CA in a concentration range of
1.56–50 μmol · L−1 did not significantly affect the viability of
normal IEC-6 cells (Fig. 2g). Under H/R conditions, CA pretreatment
at concentrations of 3.125, 6.25 and 12.5 μmol · L−1 significantly
reversed the decreased viability compared with that of the control

Fig. 1 Cinnamaldehyde protected against intestinal I/R-induced morphological damage and inflammation. a The chemical structure of
cinnamaldehyde. b Representative images of intestinal histology (H&E staining, original magnification ×100). c Chiu’s score of the intestine
after intestinal I/R. d Tissue levels of TNF-α, IL-1β, IL-6 and MPO. Data are expressed as the mean ± SD (n= 5), ***P < 0.001, **P < 0.01, and *P <
0.05 vs sham group; ###P < 0.001, ##P < 0.01, and #P < 0.05 vs I/R group
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H/R-injured IEC-6 cells (Fig. 2h), suggesting that CA-induced
protection of IEC-6 cells against H/R-induced injury was related to
the reversal of decreased cell viability.

Cinnamaldehyde-induced improvement of H/R-induced
mitochondrial dysfunction
I/R injuries may induce mitochondrial membrane depolarization,
mitochondrial respiration dysfunction, and apoptosis [54, 55].
Mitochondrial membrane permeability (MMP ΔΨm) was

determined by using a JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetra-
ethylbenzimidazolocarbo-cyanine iodide) staining assay. Our
results indicated that both JC-1 aggregates and MMP were
significantly decreased in H/R-injured IEC-6 cells compared with
that of normal IEC-6 cells, indicating that the depolarization of
mitochondrial membranes was induced by H/R injury. CA
pretreatment significantly increased JC-1 aggregation and
restored MMP in H/R-injured IEC-6 cells (Fig. 3a). I/R injuries may
lead to the disruption of mitochondrial respiration [56], with the

Fig. 2 Cinnamaldehyde protected against intestinal I/R- and H/R-induced oxidative stress. a Tissue levels of SOD, GSH, LDH, and MDA. b The
levels of SOD protein expression in intestinal tissues from three individual samples of randomly selected rats from each group.
c Quantification analysis of SOD in intestinal tissues is performed for three independent experiments. d The levels of SOD protein expression
in normal/H/R-injured IEC-6 cells from three individual samples. e Quantification of SOD in normal/H/R-injured IEC-6 cells from three
independent experiments. f ROS assays were performed on the IEC-6 cell line. g The effect of CA (1.56, 3.125, 6.25, 12.5, 25, and 50 μmol · L−1)
on IEC-6 cell viability for 24 h under normal conditions. h The effect of CA (1.56, 3.125, 6.25, 12.5, 25, and 50 μmol · L−1) on IEC-6 cell viability for
24 h in H/R conditions. Data are expressed as the mean ± SD (n= 3), ***P < 0.001, **P < 0.01, and *P < 0.05 vs sham group; ###P < 0.001, ##P < 0.01,
and #P < 0.05 vs I/R group
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impairment of maximal capacity of the electron transfer system
(ETS) [57]. The results indicated that CA pretreatment significantly
reversed the reduced ETS capacity in H/R-injured IEC-6 cells, which
was characterized by improving mitochondrial respiration in intact

cells (Fig. 3b-e). CA pretreatment also showed a significant
elevation of ADP, cytochrome c and ETS compared with that of
H/R-injured IEC-6 cells, indicating that CA-induced improvement
of respiration in permeabilized H/R-injured IEC-6 cells (Fig. 3f-i)

Fig. 3 Cinnamaldehyde improved mitochondrial respiration function and MMP (ΔΨm) in H/R-injured IEC-6 cells. a Mitochondrial membrane
potential (MMP ΔΨm) assays were performed by using JC-1 staining in normal/H/R-injured IEC-6 cells. bMitochondrial respiration of intact IEC-
6 cells is shown; the plot of oxygen consumption flux per 1 × 106 cells in DMEM at 37 °C: control IEC-6 cells, (c) CA 12.5 μmol · L−1+ H/R-injured
IEC-6 cells, and (d) H/R-injured IEC-6 cells. e Shown are the average basal respiration (ROUTINE), Oligomycin/Oly (LEAK), FCCP (maximal
electron transport system ETS) and rotenone/Rot and Antimycin-A/ Ant-A (ROX). f Mitochondrial respiration of permeabilized IEC-6 is shown;
the graph represents the plot of oxygen consumption flux per 1 × 106 cells in DMEM at 37 °C: control IEC-6 cells, (g) CA 12.5 μmol · L−1+ H/R-
injured IEC-6 cells, and (h) H/R-injured IEC-6 cells. i Average values are shown for digitonin (Dig), pyruvate (P), glutamate (G) and malate (M),
ADP, cytochrome-c (C), succinate (S), FFCP, rotenone (Rot) and antimycin-A (Ant-A)
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and suggesting that the CA-reduced H/R injuries were related to
the mitigation of mitochondrial respiration dysfunction.

Role of p53 and NF-κB in cinnamaldehyde-induced amelioration
Inhibitory effects of cinnamaldehyde on P53. P53 is found to play a
transcriptional role in the nucleus [58], and it mediates inflamma-
tion, oxidative stress, and apoptosis in cell and tissue injuries
[59–61]. P53 is the main member of the p53-dependent apoptotic
family [62]. Our results obtained from Western blot analysis
indicated that expression of apoptosis regulatory proteins,
including Bax, caspase-9, caspase-3, and p53, was significantly
upregulated, and Bcl-2 expression was significantly

downregulated in both I/R-injured rats and H/R-injured IEC-6 cells
compared with that of the corresponding normal controls. CA
pretreatment significantly reversed not only the increased
expression of Bax, caspase-9, caspase-3, and p53 but also reversed
the decreased expression of Bcl-2 in both I/R-injured rats and H/R-
injured IEC-6 cells, indicating that CA protected against intestinal I/
R-induced apoptosis (Fig. 4a-d). The results obtained using RT-
qPCR indicated that p53 gene expression was significantly
upregulated in both I/R-injured rats and H/R-injured IEC-6 cells,
and CA pretreatment significantly reversed the upregulation of
p53 gene in both I/R-injured rats and H/R-injured cells (Fig. 4e, f),
suggesting that the CA-mediated reduction in injuries was related

Fig. 4 Cinnamaldehyde ameliorated apoptosis in intestinal I/R-injuries and H/R injuries. a Apoptotic protein levels of Bax, Bcl-2, caspase-9,
caspase-3, and p53 in sham-operated/I/R-injured intestinal tissues from three individual samples of randomly selected rats from each group.
b Quantification analysis of apoptotic protein levels in intestinal tissues of three independent experiments. c The protein levels of Bax, Bcl-2,
caspase-9, caspase-3, and p53 in 3 individual samples of normal/H/R-injured IEC-6. d Quantification analysis of apoptotic protein levels in
three independent experiments for normal/H/R-injured IEC-6 cells. e p53 mRNA levels in intestinal tissues. f p53 mRNA levels in normal/H/R-
injured IEC-6 cells. g TUNEL staining in intestinal I/R-injured tissues (All images original magnification ×200). Data are expressed as the mean ±
SD (n= 3), ***P < 0.001, **P < 0.01, and *P < 0.05 vs control group; ###P < 0.001, ##P < 0.01, and #P < 0.05 vs I/R group
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to the decrease in apoptosis. CA did not significantly affect the
gene expression in sham-operated rats or in normal IEC-6 cells.
Apoptotic TUNEL-positive cells were increased in I/R-injured rats

compared with sham-operated rats. CA pretreatment (10 and 40
mg/kg) significantly decreased the number of TUNEL-positive cells
in the villi of the intestine compared with that of the control I/R
rats (Fig. 4g). These results also indicated that CA pretreatment
significantly ameliorated intestinal I/R-induced apoptosis.

Inhibitory effects of cinnamaldehyde on NF-κB. NF-κB also plays an
important role in tissue injuries [63, 64] and the related
inflammation, immune responses [65], and apoptosis [66]. The
NF-κB p65 subunit is the main member of the NF-κB transcription

factor complex (which contains IKKβ, IK-α, NF-κB p50, and NF-κB
p65) [67]. Western blot analysis indicated that expression of NF-
κB-related proteins IKKβ, IK-α, NF-κB p50, and NF-κB p65 was
significantly upregulated in both I/R-injured rats and H/R-injured
IEC-6 cells compared with that of the corresponding normal
controls. CA pretreatment significantly downregulated IKKβ, IK-α,
NF-κB p50, and NF-κB p65 expressions in both I/R-injured rats
(Fig. 5a, b) and H/R-injured IEC-6 cells (Fig. 6a, b). The results
obtained using RT-qPCR indicated that NF-κB p65 gene expression
was significantly upregulated in both I/R-injured rats and H/R-
injured IEC-6 cells, and CA pretreatment significantly reversed the
upregulation of NF-κB p65 in treated I/R-injured rats (Fig. 5c) and
treated H/R-injured IEC-6 cells (Fig. 6c); these results indicate that

Fig. 5 Cinnamaldehyde protected against intestinal I/R injuries through inhibition of NF-κB in rats. a Protein levels of IKKβ, IK-α, NF-κB p50,
and NF-κB p65 in the intestinal tissues from three individual samples of randomly selected rats from each group. b Quantification analysis of
NF-κB-related proteins in the intestinal tissues from three independent experiments. c NF-κB p65 mRNA levels in intestinal tissues.
d Immunohistochemical staining of NF-κB p65 in I/R-injured rats (original image magnification ×200). Data are expressed as the mean ± SD
(n= 3), ***P < 0.001, **P < 0.01, and *P < 0.05 vs sham group; ###P < 0.001, ##P < 0.01, and #P < 0.05 vs I/R group

Cinnamaldehyde protects against rat intestinal I/R injuries
M Almoiliqy et al.

1215

Acta Pharmacologica Sinica (2020) 41:1208 – 1222



NF-κB p65 played an important role in CA ameliorated intestinal I/
R- and H/R injuries. CA did not significantly affect gene expression
in sham-operated rats or in normal IEC-6 cells.
Immunohistochemical analysis also showed that the increased

protein expression of NF-κB p65 was observed in I/R-injured rats
compared with the sham-operated rats. CA pretreatment also
significantly reversed the increase in NF-κB p65 expression,
confirming the role of NF-κB p65 in CA-induced amelioration.
CA pretreatment did not significantly affect NF-κB p65 expression
in the sham-operated rats (Fig. 5d).

Inhibitory effects of cinnamaldehyde on I/R-induced NF-κB p65 and
p53 nuclear translocation. Both NF-κB p65 and p53 are transcrip-
tional factors that remain inactive in the cytoplasm under an
unstressed state, but stimuli can promote NF-κB p65 and
p53 subunit translocation into the nucleus and trigger the release
of pro-inflammatory cytokines and proapoptotic genes [58, 68, 69].
Our immunofluorescence assays indicated that more translocated
nuclear NF-κB p65 was observed in H/R-injured IEC-6 cells than was
observed in the control of IEC-6 cells. CA pretreatment significantly
inhibited the nuclear translocation of NF-κB p65 in H/R-injured IEC-
6 cells in a dose-dependent manner (Fig. 7a), indicating the role of
NF-κB p65 in CA-induced amelioration.
The immunofluorescence assays also indicated that more

nuclear translocation of p53 expression was observed in H/R-
injured IEC-6 cells than was observed in the control IEC-6 cells. CA
pretreatment significantly inhibited the nuclear translocation of

p53 in H/R-injured IEC-6 cells (Fig. 7b), confirming the role of p53 in
CA-induced amelioration.

Cinnamaldehyde–induced inhibition of NF-κB p65 and p53 in a
synergistic manner. NF-κB p65 and p53 are transcription factors
that may induce the activation or inhibition of one another,
suggesting a potential relationship and interaction between NF-κB
and p53 [70–72]. NF-κB, p53, and Bax activation plays a crucial role
in apoptosis [73–75]. The proapoptotic activity of p53 is promoted
through stimulation of specific proapoptotic target genes such as
Bax [75, 76]. Bax also plays an important role in NF-κB p65-
mediated apoptosis [77]. The roles of NF-κB p65, p53, and Bax
were evaluated in CA-induced amelioration of H/R injuries in the
present study. H/R-injured IEC-6 cells were transfected with either
an siRNA that knockdown or a cDNA that overexpressed NF-κB
p65 and p53; transfections were performed for the siRNA and
cDNA individually or in combination. The expression levels of NF-
κB p65, p53, and Bax were determined to reveal the role of NF-κB
and/or p53 activation in CA-induced amelioration of I/R injuries.
The results indicated that the protein expression levels of Bax, NF-
κB p65, and p53 were significantly decreased in all NF-κB p65 and/
or p53 siRNA-transfected H/R-injured IEC-6 cells compared with
that of the control siRNA-transfected H/R-injured IEC-6 cells. Bax
protein expression was further decreased in the double knock-
down of both p53 and NF-κB p65 and in the single knockdown of
p53 compared with that of the NF-κB p65 single knockdown
(Fig. 8a, b), indicating the important role of p53 in activating Bax.

Fig. 6 Cinnamaldehyde protected against H/R injuries through inhibition of NF-κB in IEC-6 cells. a Protein levels of IKKβ, IK-α, NF-κB p50, and
NF-κB p65 in three individual samples of normal/H/R-injured IEC-6 cells. b Quantification analysis of NF-κB-related proteins in three
independent samples of normal/H/R-injured IEC-6 cells. c NF-κB p65 mRNA levels in normal/H/R-injured IEC-6 cells. Data are expressed as the
mean ± SD (n= 3), ***P < 0.001, **P < 0.01, and *P < 0.05 vs sham group; ###P < 0.001, ##P < 0.01, and #P < 0.05 vs H/R group
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Double knockdown of NF-κB p65 and p53 did not further decrease
NF-κB p65 expression compared with the levels in either of the
single knockdown experiments (NF-κB p65 or p53), and p53
protein expression was significantly decreased following single
p53 knockdown compared with that of the single NF-κB p65
knockdown; p53 levels further decreased following double
knockdown compared with that of the single knockdown of NF-
κB p65 or p53, indicating that p53 is activated by NF-κB in
intestinal I/R injuries (Fig. 8c, d) and NF-κB p65 plays an important
role in activating p53 in intestinal I/R injuries. CA pretreatment did
not further reduce the protein expression of NF-κB p65 and p53 in
siRNA NF-κB p65 and p53 cotransfected H/R-injured IEC-6 cells,
indicating that NF-κB and p53 are the major targets for CA-
induced amelioration of I/R and H/R injuries (Fig. 8c, d).
The protein expression levels of Bax, NF-κB p65, and p53 were

significantly increased in all NF-κB p65- and/or p53 cDNA-
transfected H/R-injured IEC-6 cells compared with control cDNA-
transfected H/R-injured IEC-6 cells. The protein expression of Bax
was further increased in the overexpression of both p53 and NF-
κB p65 and in the overexpression of p53 alone compared with
individual NF-κB p65 overexpression, indicating a role for p53 in
promoting Bax activation (Fig. 8e, f). Dual overexpression of NF-κB
p65 and p53 did not further increase NF-κB p65 expression over
what was observed following overexpression of either NF-κB p65

or p53; further, p53 protein expression was significantly increased
in single p53 overexpression experiments compared with that of
single NF-κB p65 overexpression experiments, and p53 further
increased in dual overexpression compared with that of the single
overexpression of NF-κB p65 or p53. These results indicate that
p53 is activated by NF-κB in intestinal I/R injuries (Fig. 8g, h), and
NF-κB p65 plays an important role in activating p53 in intestinal I/
R injuries. CA pretreatment could not decrease the protein
expression of NF-κB p65 and p53 in H/R-injured IEC-6 cells that
were cotransfected with the NF-κB p65 and p53 cDNAs,
suggesting that NF-κB and p53 are the major targets for CA-
induced amelioration of I/R and H/R injuries (Fig. 8g, h).
Immunoprecipitation assays were performed with a p53 anti-

body and were followed by immunoblotting for NF-κB p65, and
they revealed the presence of an interaction between p53 and NF-
κB p65. There was higher binding affinity between p53 and NF-κB
p65 in H/R-injured IEC-6 cells than there was in CA+ H/R-injured
IEC-6 cells and normal IEC cells (Fig. 8i), showing the basis for CA-
induced synergistic inhibition of p53 and NF-κB p65.

DISCUSSION
Tissue injuries, including those to liver [78], brain [79], heart [80],
and intestine [81], are related to excessive/aberrant inflammation,

Fig. 7 Cinnamaldehyde inhibited NF-κB and p53 nuclear translocation in H/R-injured IEC-6 cells. a Immunofluorescence assay of NF-κB p65 in
normal/H/R-injured IEC-6 cells. b Immunofluorescence assay of p53 in normal/H/R-injured IEC-6 cells
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oxidative stress, mitochondrial dysfunction, and apoptosis [82].
Mitochondria are known as the energy factory of cells [83], and
inflammation, ROS generation, mitochondrial dysfunction, and
apoptosis are also found in I/R injuries [84].

Our results obtained from both in vivo and in vitro studies
support our hypothesis. CA pretreatment ameliorated severe I/R-
induced morphological damage in rat intestinal tissues and
reversed the injury-related functional/biochemical changes. CA

Fig. 8 Effects of cinnamaldehyde in NF-κB p65+ p53 siRNA and cDNA cotransfected IEC-6 cells. a Protein level of Bax in control siRNA-
transfected IEC-6 cells, in control siRNA-transfected H/R-injured IEC-6 cells, in NF-κB p65 siRNA-transfected H/R-injured IEC-6 cells, in p53
siRNA-transfected H/R-injured IEC-6 cells, and in NF-κB p65+ p53 siRNA cotransfected H/R-injured IEC-6 cells. b Quantification analysis of the
parameters in (a). c Protein levels of NF-κB p65 and p53 in control siRNA-transfected IEC-6 cells, in control siRNA-transfected H/R-injured IEC-6
cells, in NF-κB p65 siRNA-transfected H/R-injured IEC-6 cells, in p53 siRNA-transfected H/R-injured IEC-6 cells, in NF-κB p65+ p53 siRNA
cotransfected H/R-injured IEC-6 cells, in control siRNA transfected and CA pretreated H/R-injured IEC-6 cells, and in CA pretreated and NF-κB
p65+ p53 siRNA cotransfected H/R-injured IEC-6 cells. d Quantification analysis of the parameters in (c). e Protein level of Bax in control cDNA-
transfected IEC-6 cells, in control cDNA-transfected H/R-injured IEC-6 cells, in NF-κB p65 cDNA-transfected H/R-injured IEC-6 cells, in p53
cDNA-transfected H/R-injured IEC-6 cells, and in NF-κB p65+ p53 cDNA cotransfected H/R-injured IEC-6 cells. f Quantification analysis of the
parameters in (e). g Protein levels of NF-κB p65 and p53 in control cDNA-transfected IEC-6 cells, in control cDNA-transfected H/R-injured IEC-6
cells, in NF-κB p65 cDNA-transfected H/R-injured IEC-6 cells, in p53 cDNA-transfected H/R-injured IEC-6 cells, in NF-κB p65+ p53 cDNA
cotransfected H/R-injured IEC-6 cells, in control cDNA-transfected and CA pretreated H/R-injured IEC-6 cells, and in CA pretreated and NF-κB
p65+ p53 cDNA cotransfected H/R-injured IEC-6 cells. h Quantification analysis of the parameters in (g). i A p53 antibody was
immunoprecipitated after incubation with extract from control IEC-6 cells, H/R-injured IEC-6 cells, and CA pretreated and H/R-injured IEC-6
cells; NF-κB p65 was used for immunoblotting. Data are expressed as the mean ± SD (n= 3), ***P < 0.001, **P < 0.01, and *P < 0.05 vs control
siRNA or cDNA IEC-6 cells; ###P < 0.001, ##P < 0.01, and #P < 0.05 vs H/R+ siRNA or cDNA IEC-6 cells; ~P < 0.05 vs protein expression before H/R
in transfection with NF-κB p65 and p53; ^P < 0.05 vs single transfection
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pretreatment significantly ameliorated I/R-induced inflammation
by reducing infiltration of inflammatory cells and levels of pro-
inflammatory cytokines (TNF-α, IL-1β, and IL-6) and by reducing
neutrophil myeloperoxidase enzyme (MPO). CA pretreatment
significantly ameliorated I/R- and H/R-induced oxidative stress
by reversing SOD, GSH, LDH, and MDA levels in I/R-injured rats and
by reducing ROS generation in H/R-injured IEC-6 cells. Our results
also indicated that CA pretreatment significantly reversed the
decreased MMP (ΔΨm) and significantly enhanced mitochondrial
complexes in intact and permeabilized H/R-injured cells by
enhancing ADP, cytochrome c, and ETS levels (Fig. 3), indicating
that CA protected against intestinal I/R injuries at the mitochon-
drial level by improving mitochondrial respiration and reducing
apoptosis. CA did not significantly affect the abovementioned
parameters in the respective controls.
NF-κB and p53 are two main transcription factors involved in

cell survival and cell division in response to genotoxic stimuli
[85, 86]. NF-κB and its related proteins (IKKβ, IK-α, NF-κB p50, and
NF-κB p65) play important roles in mediating inflammation and
apoptosis [87]. The transcription factor p53 is the main p53 family
member in the apoptotic signaling pathway [88, 89]. Activation of
NF-κB or p53 plays a role in inducing inflammation, oxidative
stress, and apoptosis in tissue injuries [90–92]. Myocardial I/R
injuries are found to induce inflammation, oxidative stress, and
apoptosis via the NF-κB pathway [93]. The p53 pathway also
mediates cerebral and renal I/R-induced inflammation, oxidative
stress, and apoptosis [94, 95]. Cerebral I/R injuries were also found
to be mediated by both NF-κB and p53 pathways, resulting in
excessive inflammation, oxidative stress, and apoptosis [96]. Our
results revealed significant upregulation of NF-κB signaling
pathway-related proteins, IKKβ, IK-α, NF-κB p50, and NF-κB p65,
and significant upregulation of p53 signaling pathway-related
proteins, Bax, caspase-9, caspase-3, and p53, and downregulation
of Bcl-2, which were observed in both I/R and H/R injury
conditions. CA pretreatment significantly reversed all these
changes in I/R-injured rats and H/R-injured IEC-6 cells. CA
pretreatment also significantly reduced the number of TUNEL-
positive cells and significantly reduced NF-κB p65 expression in I/
R-injured rats, revealing CA-induced amelioration of inflammation
and apoptosis. The nuclear translocations of NF-κB p65 and p53 in
different types of I/R injuries, including intestinal I/R injuries, result
in inflammation and apoptosis [40, 97]. Our results indicated that
CA inhibited both NF-κB p65 and p53 nuclear translocation in H/R-
injured IEC-6 cells, suggesting that inhibition of nuclear transloca-
tion and inhibition of inflammation and apoptosis were involved
in CA-induced protection against intestinal I/R injuries.
NF-κB and p53 are activated in response to stress stimuli, and

their activation results in apoptosis through either synergistic or
antagonistic relationships [98–100]. P53 plays an important role in
activating Bax-induced apoptosis [101, 102]. Upon activation by
oncogene-induced pathways or DNA damage, p53 promotes the
expression of some proapoptotic genes that are involved in
apoptosis, including Bax [75, 76]. Bax also plays a role in NF-κB-
mediated apoptosis [103]. The NF-κB p65 subunit plays a key role
in determining the duration, strength, and specificity of NF-κB-
related gene programs [104–106], and p53 is a transcription factor
that, of the p53-mediated genes, is known to be the main gene
that functions in apoptosis [89, 107]. Our results indicated that the
reduction of Bax expression in p53 siRNA-transfected H/R-injured
IEC-6 cells was more significant compared with that of NF-κB p65-
transfected H/R-injured IEC-6 cells, revealing the role of p53 in
activating Bax and inducing apoptosis. Simultaneous knockdown
of both NF-κB p65 and p53 protein expression did not result in a
further decrease in NF-κB p65 protein expression over what was
observed in either single knockdown (NF-κB p65 or p53). Further,
simultaneous knockdown of NF-κB p65 and p53 resulted in the
expression of p53 being reduced to levels that were lower than
what was observed following knockdown of either NF-κB p65 or

p53 individually in transfected cells, suggesting that NF-κB p65
promoted p53 activation during intestinal I/R injuries (Fig. 8).
Additionally, CA pretreatment did not further reduce the protein
expression of NF-κB p65 and p53 in siRNA NF-κB p65 and siRNA
p53 cotransfected H/R-injured IEC-6 cells, indicating that NF-κB
and p53 are the major targets for CA-induced amelioration and
that simultaneous inhibition of NF-κB and p53 exerts a combined
alleviation of I/R and H/R injuries. Overexpression of both NF-κB
p65 and p53 together showed that p53 protein expression was
further increased over what was observed following single
overexpression of either NF-κB p65 or p53 in cDNA-transfected
cells, suggesting that NF-κB p65 promoted p53 activation.
Additionally, CA pretreatment could not reduce the protein
expression of NF-κB p65 and p53 in cDNA NF-κB p65 and p53
cotransfected H/R-injured IEC-6 cells, indicating that CA-induced
amelioration via synergistic inhibition of NF-κB and p53 activity in
the conditions of I/R and H/R injuries.
The results from immunoprecipitation assays supported the

presence of an interaction between p53 and NF-κB p65 and
showed the basis for CA-induced amelioration via combined
inhibition of NF-κB and p53 activity during I/R and H/R injuries.
Taken together, our in vivo and in vitro studies showed that CA

pretreatment significantly protected against and ameliorated
intestinal I/R and H/R injuries by improving mitochondrial function
and reducing excessive inflammation, oxidative stress, and
apoptosis. CA did not significantly affect the in vivo and in vitro
normal controls. CA-induced synergistic inhibition of NF-κB and
p53 plays a key role in protecting against and ameliorating
intestinal I/R injuries. Our study suggests that CA can be
considered a prophylactic drug for ameliorating I/R injuries, but
the exact relationship between NF-κB and p53 under I/R
conditions needs further study.
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