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Abstract. Reseda odorata L. has long been used in traditional 
Asian medicine for the treatment of diseases associated with 
oxidative injury and acute inflammation, such as endotoxemia, 
acute lung injury, acute myocardial infarction and hepatitis. 
Luteolin, the main component of Reseda odorata L., which is 
also widely found in many natural herbs and vegetables, has 
been shown to induce heme oxygenase-1 (HO-1) expression to 
exert anti-inflammatory and antioxidant effects. In this study, 
we aimed to examine the effects of luteolin on mice with severe 
acute pancreatitis (SAP), and to explore the underlying mecha-
nisms. Cerulein and lipopolysaccharide were used to induce 
SAP in male Institute of Cancer Research (ICR) mice in the 
SAP group. The SAP group was divided into 4 subgroups, as 
follows: the vehicle, luteolin, zinc protoporphyrin (ZnPP) only, 
and luteolin (Lut) + ZnPP (luteolin plus zinc protoporphyrin 
treatment) groups. The wet/dry weight ratios, hematoxylin and 
eosin staining and pathological scores of pancreatic tissues were 
assessed and compared to those of the control mice. Amylase, 
lipase, nuclear factor-κB (NF-κB) and myeloperoxidase activi-
ties, and malondialdehyde, tumor necrosis factor α (TNFα), 

interleukin (IL)-6, IL-10 and HO-1 levels, as well as the expres-
sion of HO-1 were determined in serum and/or pancreatic tissue 
samples. SAP was successfully induced in male mice compared 
to normal control mice. The wet/dry weight ratios, pathological 
scores, and amylase and lipase activity, as well as the levels of 
TNFα and IL-6 were significantly reduced in the pancreatic 
tissues of the mice in the Lut group compared with those of the 
mice in the vehicle group. The Lut group exhibited a significant 
increase in HO-1 expression in the pancreas and enhanced 
serum HO-1 and IL-10 levels compared with the vehicle group. 
The suppression of HO-1 activity in the ZnPP group significantly 
abolished the protective effects of luteolin. NF-κB expression in 
the pancreatic tissues from the mice in the Lut + ZnPP group 
was significantly increased following the suppression of HO-1 
activity. On the whole, our findings demonstrate that luteolin 
protects mice from SAP by inducing HO-1-mediated anti-
inflammatory and antioxidant activities, in association with the 
suppression of the activation of the NF-κB pathway.

Introduction

Acute pancreatitis (AP) remains a common acute abdominal 
disease, which includes mild acute pancreatitis (MAP) and 
severe acute pancreatitis (SAP) (1). Patients with MAP can 
exhibit an improvement in severity or can even be cured by active 
treatment within 1 week. However, SAP rapidly ensues, readily 
causing systemic inflammatory response syndrome (SIRS) in 
the early stages and subsequently, multiple organ dysfunction 
syndrome (MODS), with a high fatality rate of up to 15-20%. 
Despite multiple basic and clinical studies assessing SAP, no 
ideal therapeutic drug is yet available (2,3).

Luteolin (Lut, 3, 4', 5', 7-tetrahydroxyflavone), a natural flavo-
noid first isolated from Reseda odorata L. and is widely found 
in many vegetables and herbal medicines, has long been used 
in traditional Asian medicine for the treatment of diseases 
associated with oxidative injury and acute inflammation, such 
as endotoxemia, acute lung injury, acute myocardial infarction 
and hepatitis (4-6). Luteolin displays specific anti-inflamma-
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tory effects at micromolar concentrations, partly explained 
by its antioxidant capacity, including the activation of anti-
oxidant enzymes, the suppression of nuclear factor-κB (NF-κB) 
pathway activation and the inhibition of pro‑inflammatory 
substances (4). However, the role and underlying pharmacolog-
ical mechanisms of luteolin in diseases are largely unknown.

Recently, it has been reported that luteolin is an effec-
tive heme oxygenase-1  (HO-1) inducer and that it exerts 
anti‑inflammatory effects in macrophages in a dose-dependent 
manner, leading to the suppression of inducible nitric oxide 
synthase  (iNOS)-derived nitric oxide  (NO) production, 
suggesting the potential therapeutic effects of luteolin in 
inflammatory diseases (7). HO-1 is the rate-limiting enzyme 
in heme degradation; it catalyzes the oxidative degradation of 
heme to equimolar quantities of carbon monoxide (CO), iron 
and biliverdin (8). Of note, HO-1 overexpression can be applied 
in multiple clinical conditions, such as organ transplantation, 
acute kidney injury, hypertension and atherosclerosis (9-14). 
Importantly, HO-1 is known to exhibit cytoprotective, anti-
inflammatory, anti-proliferative, antioxidant and anti-apoptotic 
activities, making it a promising therapeutic target for the 
treatment of inflammatory diseases of the gastrointestinal 
system  (15). Panhematin leads to the rapid induction and 
activation of pancreatic HO-1, and has potential for use in the 
treatment of human pancreatitis (16). In addition, hemin‑like 
compounds or hemin-activated macrophages prevent AP via 
the upregulation of HO-1 (17). In agreement with these studies, 
stressful conditions, such as severe hypoxia, hyperpyrexia and 
endotoxemia observed in patients with SAP can be alleviated by 
the appropriate induction of HO-1 levels (18,19). Furthermore, 
HO-1 exerts protective effects against cardiomyocytic apoptosis 
and oxidative stress by inhibiting NF-κB activity (18,20,21).

Oxidative stress and the activation of NF-κB have been 
suggested to play important roles in SAP (22-24). However, 
whether luteolin exerts its anti-inflammatory and antioxidant 
effects by inducing HO-1 expression in SAP remains unknown. 
Therefore, in this study, we aimed to assess the protective effects 
of luteolin in mice with SAP induced by cerulein plus lipopoly-
saccharide (LPS), and unveil the underlying mechanisms.

Materials and methods

Chemicals. Purified luteolin  (>99%, CAS:  491-70-3) was 
purchased from Shanghai Tauto Biotech Co., Ltd. (Shanghai, 
China) and its quality was analyzed by high-performance liquid 
chromatography (HPLC) (Fig. 1). Cerulein, LPS and zinc proto-
porphyrin (ZnPP) were obtained from Sigma‑Aldrich (St. Louis, 
MO, USA). Luteolin was dissolved in 35% propanediol to the 
concentration of 20 mg/ml. Cerulein and LPS were dissolved 
in 0.9% NaCl to the concentration of 10 µg/ml and 1 mg/
ml, respectively. The ZnPP solution was prepared as follows: 
first, 25 mg ZnPP were dissolved in 3.3 ml NaOH (0.2 M) in 
a dark room and 0.2 M HCl was added to adjust the pH to 7.0. 
Finally, saline was added to 50 ml (0.5 mg/ml). The resulting 
solution was stored away from light.

Animal model of SAP. Male Institute of Cancer Research (ICR) 
mice (8 weeks old; weighing 20-23 g) were purchased from 
Shanghai SLAC  Laboratory Animal  Co.,  Ltd.  (Shanghai, 
China). The animals were maintained on a 12 h-light/12 h-dark 

cycle at 22˚C, given water ad libitum, fed standard laboratory 
chow and allowed to acclimatize for a minimum of 1 week. All 
animal-related procedures were approved by the Institutional 
Animal Care and Use Committee of Shanghai Jiao  Tong 
University (Shanghai, China). This study was also performed 
under the permission of Science and Technology Commission of 
Shanghai municipality with the permit no. SYXK 2013‑0050.

To investigate the optimal dose of luteolin, we first evalu-
ated its pharmacological toxicity and half lethal dose (LD50), 
and the effect of luteolin on cerulein plus LPS-induced 
SAP in mice was determined at different doses, including 
25, 50 and 100 mg/kg. To investigate the effects of luteolin 
treatment on SAP, 54  male ICR mice were divided into 
3 groups (n=18 per group) as follows: the normal control (NC) 
group  (without  SAP), the SAP  control group  (mice with 
SAP treated with the vehicle) and the luteolin (Lut) group 
(SAP mice treated with luteolin). The mice were fasted for 
12 h with free access to drinking water prior to the induction 
of SAP. SAP was induced by an intraperitoneal injection of 
50 µg/kg cerulein (Sigma-Aldrich) in 0.9% NaCl, as previously 
described (25,26). After the final administration, the animals 
were intraperitoneally injected with LPS  (Sigma-Aldrich) 
at 5 mg/kg. The mice in the Lut group were intraperitone-
ally injected with luteolin  (Sigma-Aldrich) at 100  mg/kg 
2 h prior to the induction of SAP. The SAP control group 
mice were intraperitoneally injected with equal volumes of 
35% propanediol as the Lut group. In the NC group, the mice 
were continuously administered the same volume of saline 
7 times. After modeling, the mice were still fasted but were 
allowed free access to drinking. Each group was subdivided 
into 3 subgroups to obtain serum and pancreatic tissues at the 
time points of 1, 3 and 6 h post-modeling (n=6 per group). 
Blood (1 ml) was collected by retro-orbital bleeding at 1, 3 
and 6 h after modeling under anesthesia with phenobarbital 
sodium (50 mg/kg) intraperitoneally. Serum samples were 
obtained by centrifugation (900 x g, 5 min) and stored at -20˚C 
for ELISA, amylase and lipase detection. Pancreatic tissues 
were extracted at 1, 3 and 6 h after modeling under anesthesia 
with phenobarbital sodium (50 mg/kg) intraperitoneally, and 
the pancreas head and tail were fixed in 4% paraformalde-
hyde and embedded in paraffin for pathological analysis; the 
remaining tissue was stored in liquid nitrogen. 

In order to assess the potential effects of luteolin on 
SAP via the induction of HO expression, another 40  ICR 
mice  (weighing 20-23 g) were divided into 5 groups  (n=8 
per group) as follows: the NC group, SAP model with vehicle 
treatment  (SAP control) group, SAP model with ZnPP 
(Sigma‑Aldrich) only treatment (ZnPP) group, SAP model 
with luteolin treatment  (Lut) group and SAP  model with 
luteolin plus ZnPP treatment (Lut + ZnPP) group. The SAP 
model was established as described above. Lut + ZnPP group 
mice were intraperitoneally injected with ZnPP and luteolin 
at 5 and 100 mg/kg, 2 h before SAP modeling. Lut group 
and ZnPP group mice were intraperitoneally injected with 
100 or 5 mg/kg ZnPP 2 h before SAP modeling, respectively. 
SAP control groups were only treated with the vehicle. 

Analysis of pancreas wet/dry weight ratio. The pancreatic 
tissue was removed from liquid nitrogen and weighed to obtain 
the wet weight. Subsequently, the pancreatic tissue was dried 
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at 60˚C for 48 h and weighed to obtain the dry weight. Finally, 
the wet/dry weight ratios of the pancreas were calculated.

Analysis of biochemical indexes in serum and pancreas. The 
amylase and lipase activities were determined on an automatic 
biochemical analyzer Hitachi 7600-110 (Hitachi, Tokyo, Japan). 
Tumor necrosis factor α (TNFα), interleukin (IL)-6, HO-1 and 
IL-10 levels in serum were assessed using ELISA kits (eBiosci-
ence, Inc., San Diego, CA, USA). Malondialdehyde (MDA), 
superoxide dismutase  (SOD) and myeloperoxidase  (MPO) 
levels in the pancreas were also evaluated using specific kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
according to the manufacturer's instructions.

Detection of HO-1 activity and CO content in pancreatic tissue. 
HO-1 activity was assessed in pancreas samples as previously 
reported (27,28). Briefly, tissue samples were homogenized in 
cool phosphate-buffered saline (PBS; pH 7.4) and centrifuged 
at 18,000 x g for 15 min at 4˚C. The reaction system (1 ml) was 
composed of tissue homogenate (600 µl), 0.8 mmol/l nicotin-
amide adenine dinucleotide phosphate (NADPH), 1 mmol/l 
glucose-6-phosphate, 0.2 U glucose 6-phosphate dehydrogenase 
and 2.5 mmol/l protohemin. After thorough mixing, the reaction 
was incubated for 1 h at 37˚C in a water bath with shaking in 
the dark; chloroform was added to terminate the reaction. The 
amounts of generated bilirubin were determined by absorbance 
at 464 and 530 nm. HO-1 activity was expressed as the amount 
of bilirubin in nmol/h/mg protein. The CO content in the homog-

enates was determined using a CO assay kit (Nanjing Jiancheng 
Bioengineering Institute) according to the manufacturer's 
instructions. The results were expressed as µmol CO/g tissue.

Histological analysis of pancreas tissue. The embedded 
pancreatic tissues were sectioned at 5 µm, and stained with 
hematoxylin and eosin  (H&E) for histological analysis, 
including the determination of pancreatic edema, inflamma-
tory cell infiltration, bleeding and necrotic cell number. The 
double blind method was carried out by two pathologists at 
Shanghai No. 9 People's Hospital (Shanghai, China). Pancreatic 
tissue damage was evaluated as previously described by 
Rongione et al  (29) and as shown in Table  I: pathological 
score = edema score + necrosis score + inflammatory cellular 
infiltration score + bleeding score. The higher the pathological 
score, the more severe the tissue damage. Five slices were 
assessed in each group.

Reverse transcription-quantitative PCR (RT-qPCR). RNA was 
extracted using TRIzol reagent (Invitrogen Life Technologies, 
Carlsbad, CA, USA). cDNA was obtained using a reverse 
transcription kit  (Invitrogen Life Technologies), and qPCR 
performed using SYBR-Green (Takara Bio, Inc., Tokyo, Japan) 
on an ABI 7900 instrument (Applied Biosystems Foster City, 
CA, USA). The TNFα, IL-6, IL-10 and HO-1 mRNA levels 
were detected and the relative mRNA levels were normalized 
to β-actin using the ΔΔCt method. The primers used are listed 
in Table II.

Figure 1. High-performance liquid chromatography (HPLC) pattern of luteolin (Lut).
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Western blot analysis. The pancreatic tissue  (50  mg) was 
pulverized after being snap-frozen in liquid nitrogen. RIPA lysis 
buffer (Beyotime Institute of Biotechnology, Suzhou, China) 
was then added for total protein extraction. Pancreatic nucleo-
proteins were obtained using a specific kit (Nanjing KeyGen 
Biotech., Co., Ltd., Nanjing, China). Total protein concentra-
tions were quantified using the BCA kit  (Nanjing KeyGen 
Biotech., Co., Ltd.). Primary antibodies against HO-1 (sc‑1796), 
inhibitor α of NF-κB (IκBα; sc‑1643) (both from Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA), NF-κB p65 (ab16502; 
Abcam, Cambridge, ΜΑ, USA), β-actin (sc‑47778) and 
lamin B (sc‑6216) (both from Santa Cruz Biotechnology, Inc.) 
were used. Donkey anti‑goat  IgG (Code no. 705-625-147), 
donkey anti-mouse IgG (Code no. 715-625-150) and donkey 
anti-rabbit IgG (Code no. 711-625-152) secondary antibodies 
were from Jackson Laboratory (Bar Harbor, ME, USA). Images 
were acquired on an Odyssey infrared fluorescent scanning 
imaging system  (LI-COR Biosciences,  Inc., Lincoln, NE, 
USA). Grey values of bands were quantitatively analyzed using 
Quantity One software, and relative protein levels expressed as 
the target band value/internal reference band value.

Immunohistochemical staining. Immunohistochemistry 
was employed to assess NF-κB expression in the pancreatic 

tissue specimens as previously described (30). The paraffin 
-embedded tissue sections were deparaffinized and incubated 
with 3% hydrogen peroxide for 10 min to block endogenous 
peroxidase. Antigen retrieval was then carried out with citrate 
buffer (0.01 M, pH 6.0) followed by blocking in goat serum. 
Following incubation for 15 min at room temperature, anti-
NF-κB p65 (ab16502; 250x dilution) antibodies were added 
followed by overnight incubation at 4˚C. The following day, biotin-
labeled goat anti-rabbit IgG was added followed by incubation 
at 37˚C for 15 min. The slides were then incubated at 37˚C for 
15 min in the presence of peroxidase-conjugated streptavidin. 
The sections were stained with 3,3'-diaminobenzidine (DAB) 
and counterstained with hematoxylin. Color separation was 
carried out with 1% hydrochloride and alcohol, followed by 
a 20‑min wash. Five high power fields (x400 magnification) 
were randomly selected in each sample for analysis. Positive 
NF-κB signals appeared brown. The positive rate was expressed 
as number of positive cells/number of total cells using the 
Image-Pro Plus software version  6.0  (Media  Cybernetics, 
Rockville, MD, USA).

Statistical analyses. Data are presented as the means ± stan-
dard error of the mean (SEM) and analyzed using the Statistical 
Package for the Social Sciences  (SPSS) 18.0  software 
(SPSS,  Inc., Chicago, IL, USA). An appropriate statistical 
test, either the Student's t-test or one-way analysis of vari-
ance (ANOVA) with post-hoc Tukey's test, was used to assess 
differences between groups. A value of P<0.05 was considered 
to indicate a statistically significant difference.

Results

Luteolin markedly improves inflammatory cell infiltration and 
necrosis in the pancreas. In order to assess the effects of luteolin 
on SAP and determine an optimal dose with no observed adverse 
effect (NOAE) in mice, we first evaluated its pharmacological 
toxicity and LD50 value, which was 460 mg/kg (data not shown). 
Subsequently, routine biochemical parameters of the liver and 
kidneys were assessed following treatment with luteolin. No 
obvious liver or kidney toxicity was observed in the mice treated 
with luteolin at 100 mg/kg. However, treatment with 200 mg/
kg of luteolin induced toxicity in mice. We also observed that 
luteolin protected the mice from cerulein plus LPS-induced 
SAP in a dose-dependent manner (25, 50 and 100 mg/kg) (data 

Table II. Primers used in this study.

Genes	 Primers

TNFα	 F:	5'-TCTCTTCAAGGGACAAGGCTG-3'
	 R:	5'-ATA GCAAATCGGCTGACGGT-3'
IL-6	 F:	5'-CTGGTCTTCTGGAGTTCCGTTTC-3'
	 R:	5'-CATAGCACACTAGGTTTGCCGAG-3'
HO-1	 F:	5'-GATAGAGCGCAACAAGCAGAA-3'
	 R:	5'-CAGTGAGGCCCATACC AGAAG-3'
IL-10	 F:	5'-CTTACTGACTGGCATGA GGATCA-3'
	 R:	5'-GCAGCTCTAGGAGCATGTGG-3'
β-actin	 F:	5'-GTCC CTCACCCTCCCAAAAG-3'
	 R:	5'-GCTCCCTCAAC-ACCTCAACCC-3'

F, forward; R, reverse; TNFα, tumor necrosis factor α; IL-6,  inter-
leukin-6; HO-1, heme oxygenase-1.

Table I. Histological scoring for acute pancreatitis, as described by Rongione et al (25).

		  Inflammatory
Edema	 Necrosis	 cell infiltration	 Bleeding

1 = Focally increased	 1 = Periductal necrosis (<5%)	 1 = In ducts	 1 = In the parenchyma
between lobules		  (around ductal margins)	 bleeding (0-25%)
2 = Diffusely increased	 2 = Focal necrosis (5-20%)	 2 = In the parenchyma	 2 = In the parenchyma
between lobules		  (in <50% of the lobules)	 bleeding (25-50%)
3 = Acini disrupted	 3 = Diffuse parenchymal	 3 = In the parenchyma	 3 = In the parenchyma
and separated	 necrosis (20-50%)	 (in 50-75% of the lobules)	 bleeding (50-75%)
4 = Obvious lobules	 4 = Diffuse parenchymal	 4 = In the parenchyma	 4 = In the parenchyma
separated	 necrosis >50%	 (>75% of the lobules)	 bleeding >75
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not shown). Therefore, the optimal dose of luteolin was 100 mg/
kg, and this used in the subsequent experiments.

To investigate the potential protective role of luteolin in SAP, 
the wet/dry weight ratios of the pancreas and histological data of 
the pancreatic tissues and SAP-associated pathological markers 
were analyzed. The histological data revealed inflammatory 
acinar cell infiltration and degenerative necrosis of local acinar 
cells in the vehicle group at 1 h. Patchy necrosis of acinar cells 

with processing lesions was observed at 3 h. Disappearance 
of acinar cell structure with large necrotic areas and bleeding 
around the pancreas was further noted at 6 h. However, in the 
Lut group, pancreatic edema and inflammatory cell infiltration 
were present at 3 and 6 h, but pancreatic acinar cell necrosis 
was less severe  (local acinar cell necrosis and unobvious 
bleeding around the pancreas) compared with the SAP control 
group (Fig. 2A). In addition, compared with the SAP control 

Figure 2. Luteolin (Lut) markedly improves pathological inflammatory cell infiltration in the pancreas. Mice were divided into 3 groups (n=18 per group): 
normal control (NC) group, severe acute pancreatitis (SAP) model group treated with the vehicle (vehicle represents SAP control group) and SAP model group 
treated with luteolin (Lut). Serum samples and pancreatic tissues were obtained for histological and biochemical analyses at 1, 3 and 6 h after modeling (n=6). 
(A) Hematoxylin and eosin (H&E) staining, (B) pancreas wet/dry ratios, (C) pathological scores of pancreas tissues, (D) serum amylase levels, (E) serum lipase 
levels, (F) myeloperoxidase (MPO) levels in pancreas, and (G) malondialdehyde (MDA) levels in pancreas. The results were similar in 3 independent experi-
ments. Data are presented as the means ± SEM. aP<0.05 and aaP<0.01 vs. NC group; bP<0.05 and bbP<0.01 vs. vehicle (SAP control group).
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group, treatment with luteolin significantly reduced the wet/dry 
weight ratios of the pancreas at 3 and 6 h (Fig. 2B). Accordingly, 
the pathological scores of the pancreas in the Lut group were 
significantly decreased compared with those obtained in the 
SAP control group at 1, 3 and 6 h (Fig. 2C). In agreement with 
the changes observed in the pancreas, the serum amylase and 
lipase amounts, and the MPO and MDA levels in the pancreas 
were significantly suppressed in the Lut group compared with 
the SAP control group values (Fig. 2D-G).

Treatment with luteolin significantly decreases pro-inflammatory 
cytokine levels and increases the amounts of HO-1 and IL-10 

in serum and pancreas. Based on the above-mentioned results, 
the effects of luteolin on the systemic inflammatory response 
were further investigated. Considering that HO-1 is a potential 
target for the treatment of SAP (18,19), the effects of luteolin on 
HO-1 expression were analyzed. The levels of pro-inflammatory 
cytokines, including TNFα and IL-6 in serum and pancreatic 
tissue were significantly increased in the mice with SAP treated 
with the vehicle (SAP control group) compared with those of the 
normal mice (NC group), and were significantly inhibited in the 
mice with SAP by treatment with luteolin (Lut group, Fig. 3A-D). 
Furthermore, the HO-1 and IL-10 mRNA levels were signifi-
cantly increased in the Lut group compared with the SAP control 

Figure 3. Luteolin (Lut) significantly decreases the levels of pro-inflammatory factors and increases heme oxygenase-1 (HO-1) and interleukin-10 (IL-10) levels 
in serum and pancreas specimens. (A) Tumor necrosis factor α (TNFα) mRNA in pancreas, (B) IL-6 mRNA in pancreas, (C) serum l TNFα levels, (D) serum 
IL-6 levels, (E) IL-10 mRNA levels in pancreas, (F) HO-1 mRNA levels in pancreas, (G) serum IL-10 levels, and (H) serum HO-1 levels. The results were 
similar in 3 independent experiments. Data are presented as the means ± SEM. aP<0.05 and aaP<0.01 vs. NC group; bP< 0.05 and bbP<0.01 vs. vehicle [severe 
acute pancreatitis (SAP) control group].
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group (Fig. 3E and F). Consistently, the levels of HO-1 and IL-10 
in serum were significantly elevated in the Lut group compared 
with the SAP control group (Fig. 3G and H).

ZnPP effectively suppresses the enzymatic activity, but not the 
expression of HO-1 in the pancreas. To determine whether the 
protective effects of luteolin are dependent on HO-1, ZnPP, a 
selective HO-1 activity competitive inhibitor (31,32), was used 
in this study. Firstly, the inhibitory effect of ZnPP was deter-
mined. The results revealed that HO-1 activity and the level of 
another catalyst, CO, were significantly inhibited in the pancre-
atic tissues of mice in both the ZnPP group and the Lut + ZnPP 
group (Fig. 4A and B). However, the mRNA and protein levels 
of HO-1 in the pancreas, as well as the HO-1 level in serum, 
were not significantly affected by ZnPP treatment (Fig. 4C-F).

Inhibition of HO-1 abolishes the protective effects of luteolin 
on cerulein plus LPS-induced SAP in mice. Based on effec-
tive inhibition of HO-1 activity by ZnPP, the protective effects 
of luteolin against SAP were further investigated. As shown 
in Fig. 5A, tissue necrosis and inflammatory infiltration were 
more severe in the mice in the Lut + ZnPP group than those 

in the Lut group. The wet/dry ratios and pathological scores of 
the pancreas were also significantly higher in the mice in the 
Lut + ZnPP group than those in the Lut group (Fig. 5B and C). 
In addition, the serum amylase and lipase levels, and pancreatic 
MPO amounts were almost totally reversed in the mice in the 
Lut + ZnPP compared with those in the Lut group (Fig. 5D-F). 
Although ZnPP inhibited HO-1 activity to a certain degree, 
which was similar to the level of HO-1 activity in the vehicle 
group (Fig. 4A), ZnPP almost totally abolished the effect of 
luteolin in terms of histological phenotype, pathological scores 
and biochemical indexes (Fig. 5). In addition, treatment with 
ZnPP only did not alter the phenotype of mice with SAP (Fig. 5).

Luteolin improves the antioxidant activity via HO-1 in 
the pancreas. Given that luteolin plays a key role in the 
regulation of oxidative stress (18), the effects of luteolin and 
luteolin plus ZnPP on the MDA level and SOD activity were 
determined in order to explore the mechanisms through which 
luteolin improves SAP through its antioxidant activity via the 
induction of HO-1 expression. The MDA levels in the pancreas 
were significantly increased in the mice with SAP treated 
with the vehicle (SAP control group), and were significantly 

Figure 4. Zinc protoporphyrin (ZnPP) inhibits heme oxygenase-1 (HO-1) enzymatic activity, but not its expression in the pancreas. Mice were divided into 
5 groups (n=8 per group): normal control (NC), severe acute pancreatitis (SAP) model treated with vehicle (vehicle represents SAP control group), SAP model 
treated with luteolin (Lut), SAP model treated with ZnPP (ZnPP) and SAP model treated with luteolin plus ZnPP (Lut + ZnPP). Serum samples and pancreas 
were obtained for analysis at 6 h after modeling. (A) HO-1 activity in the pancreas (showed by concentration of its main catalysate bilirubin), (B) carbon 
monoxide (CO) contents in the pancreas (another catalyst of HO-1), (C) HO-1 mRNA levels, (D) serum HO-1 levels, (E) HO-1 protein levels, and (F) quantity 
of HO-1 protein normalized to β-actin. The results were similar in 3 independent experiments. Data are presented as the means ± SEM. aP<0.05 vs. NC group; 
bP<0.05 and bbP<0.01 vs. vehicle (SAP control group); ccP<0.01 vs. Lut group.
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reduced by treatment with luteolin (Lut group); the inhibitory 
effects of luteolin on the MDA levels were abolished by 
treatment of the mice with ZnPP (Lut + ZnPP group) (Fig. 6A). 
Conversely, SOD activity in the pancreas was significantly 
decreased in the mice in the SAP control group, and was 

significantly stimulated by treatment with luteolin (Lut group); 
however, this effect was also abolished by treatment with 
ZnPP (Lut + ZnPP group) (Fig. 6B). In addition, treatment with 
ZnPP only (ZnPP group) did not affect the serum MDA levels 
or pancreatic SOD activity (Fig. 6A and B).

Figure 5. Heme oxygenase-1 (HO-1) inhibition by zinc protoporphyrin (ZnPP) reverses the protective effect of Luteolin (Lut). (A) Hematoxylin and eosin (H&E) 
staining, (B) pancreas wet/dry ratios, (C) pathological scores of pancreatic tissue, (D) serum amylase levels, (E) serum lipase levels, and (F) pancreatic myelo-
peroxidase (MPO) levels. The results were similar in 3 independent experiments. Data are presented as the means ± SEM. aaP<0.01 and aaaP<0.001 vs. normal 
control (NC) group; bbP<0.01 vs. vehicle [severe acute pancreatitis (SAP) control group]; cP< 0.05 and ccP< 0.01 vs. Lut group.

Figure 6. Luteolin (Lut) improves the antioxidant activity via heme oxygenase-1 (HO-1) in the pancreas. (A) Malondialdehyde (MDA) levels in the pancreas, 
and (B) superoxide dismutase (SOD) activity in the pancreas. The results were similar in 3 independent experiments. Data are presented as the means ± SEM. 
aaP<0.01 vs. normal control (NC) group, bbP<0.01 vs. vehicle [severe acute pancreatitis (SAP) control group), cP<0.05 and ccP<0.01 vs. Lut group.
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Luteolin improves the anti-inflammatory activity via HO-1 
in the pancreas. To further investigate the involvement of 
HO-1 in the effects of luteolin on SAP, inflammatory markers 
were determined in the pancreatic tissues of mice in the Lut 
and Lut + ZnPP groups. The Pncreatic IL-10 mRNA levels 
and the serum IL-10 levels were significantly increased 
in the Lut  group, and were significantly decreased in the 
Lut + ZnPP group (Fig. 7A and B). Given that HO-1 plays a 

role in regulating NF-κB signaling, the expression levels of 
two key proteins of the NF-κB signaling pathway, including 
IκBα and NF-κB p65 were analyzed. NF-κB p65 expression 
was significantly increased in the pancreatic tissues of mice 
with SAP, and was significantly suppressed by treatment with 
luteolin. Conversely, the expression of IκBα, an inhibitory 
protein of NF-κB  p65, was significantly inhibited in the 
pancreatic tissues of mice with SAP, and was significantly 

Figure 7. Luteolin (Lut) improves the anti-inflammatory activity by suppressing heme oxygenase-1 (HO-1)-mediated nuclear factor-κB (NF-κB) signaling in the 
pancreas. (A) Interleukin-10 (IL-10) mRNA levels in the pancreas, (B) serum IL-10 levels, (C and D) expression of NF-κB p65 and its inhibiting protein IκBα 
in the pancreas, with β-actin and lamin B as internal references (left panel, western blot membranes; right panel, quantitative analysis of NF-κB p65 and IκBα 
normalized to β-actin and lamin B, respectively), (E) immunohistochemical analysis of NF-κB in the pancreas, and (F) quantification of NF-κB-positive cells 
in 5 independent immunohistochemical images. Data are presented as the means ± SEM. aP< 0.05, aaP<0.01 and aaaP<0.001 vs. NC group; bP<0.05 and bbP<0.01 
vs. vehicle [severe acute pancreatitis (SAP) control group]; cP<0.05 and ccP<0.01 vs. Lut group.
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stimulated by treatment with luteolin (Fig. 7C and D). The 
activation of NF-κB is associated with its translocation from 
the cytoplasm to the nucleus. Immunohistochemical analysis 
indicated that the NF-κB  p65 levels in the nucleus were 
markedly increased in the pancreatic tissues of mice with SAP, 
and was significantly decreased in the Lut group (Fig. 7E), which 
suggested that luteolin effectively suppressed the activation of 
NF-κB in the pancreas of mice with SAP. In addition, treatment 
with ZnPP only did not affect the pancreatic IL-10 mRNA level 
and serum IL-10 amounts, as well as the expression of IκBα 
and NF-κB p65 (Fig. 7).

Discussion

During the SAP inflammatory response, common signal trans-
duction pathways are induced by pro-inflammatory cytokines 
and oxidative stress, and are activated by the mitogen-activated 
protein kinase (MAPK) and NF-κB signaling pathways, resulting 
in inflammatory cascade amplification (33). The improvement 
of oxidative stress and the inflammatory response is the main 
mechanism of alleviating SAP. In this study, luteolin protected 
mice from cerulein plus LPS-induced SAP, via the HO-1 regula-
tion of oxidative stress and the inflammatory process.

In this study, the continuous administration of cerulein 
combined with LPS was used to induce SAP, which shares the 
pathological changes observed clinically in SAP; the model 
is therefore widely used in mouse studies of SAP (25,34). In 
the present study, cerulein combined with LPS effectively 
induced SAP in mice, which displayed higher pathological 
scores in the pancreas, increased levels of TNFα and IL-6, 
and enhanced NF-κB activity in the pancreas, suggesting that 
the cerulein plus LPS-induced SAP model is an effective tool 
for studying the mechanisms of action and treatment effects in 
SAP.

Luteolin has been wildly used as a traditional Asian medi-
cine for the treatment of diseases associated with oxidative 

injury and acute inflammation, such as endotoxemia, acute 
lung injury, acute myocardial infarction and hepatitis (4-6). 
However, the pharmacological toxicity of luteolin has not been 
studied in detail. In this study, we firstly assessed the phar-
macological toxicity of luteolin. The results revealed that the 
LD50 for luteolin was 460 mg/kg. Of note, 100 mg/kg luteolin 
displayed no liver or kidney toxicity, suggesting a good safety 
profile for luteolin (data not shown).

Luteolin has many known properties: anti-inflammatory, 
antioxidant and anti-fibrotic effects  (4,6,35). The oral 
administration of luteolin  (10  mg/kg) has been shown to 
effectively suppress neutrophil infiltration, as well as the 
increase in TNFα and IL-6 levels in bronchoalveolar lavage 
fluid from bleomycin-instilled C57BL/6J mice (36). Luteolin 
injected intraperitoneally at different doses of 10 or 25 mg/kg 
has also beehn shown to significantly increase SOD1 activity and 
decrease MDA levels in mice with permanent middle cerebral 
artery occlusion, which results in alleviated neurological 
deficits, infarct volume and brain water content (37). In the 
present study, luteolin significantly alleviated SAP in mice 
at 100 mg/kg. With regards to its anti-inflammatory activity, 
luteolin significantly suppressed the cerulein plus LPS-induced 
increase in TNFα and IL-6 levels in the pancreas and serum, 
and the IL-10 levels were significantly increased by treatment 
with luteolin. Furthermore, luteolin significantly suppressed 
the cerulein plus LPS-induced increase in MDA levels, and 
stimulated SOD1 activity in the pancreas. Taken together, these 
results suggest that luteolin is a protective agent for SAP, and 
HO-1 is a potential drug target for the treatment of SAP. Given 
that a higher dose (100 mg/kg) of luteolin was used in this 
study compared with previous studies (10 or 25 mg/kg) (38), 
lower doses of luteolin and their effects on SAP warrant further 
investigation.

During the occurrence of SAP, high oxygen free radi-
cals (OFRs) cause biomembrane lipid peroxidation, generating 
MDA; proteins are further peroxidized, causing DNA damage 

Figure 8. Schematic model of possible underlying mechanism of luteolin (Lut) improving cerulein plus lipopolysaccharide (LPS)-induced severe acute pancre-
atitis (SAP) in mice via induction of heme oxygenase-1 (HO-1)-mediated anti-inflammatory and antioxidant activities, associated with nuclear factor-κB (NF-κB) 
pathway suppression.
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and resulting in apoptosis  (39-41). OFR can also activate 
NF-κB, enhancing TNFα and IL-6 levels. Furthermore, pro-
inflammatory cytokines combined with OFR trigger common 
signaling pathways mainly by NF-κB activation, further 
causing inflammatory cascade reactions (42-44). In this study, 
the MDA levels in the model group increased at 6 h compared 
with the NC group, suggesting an overt oxidative stress in SAP. 
Luteolin significantly decreased the MDA levels; however, 
this effect was suppressed when luteolin was administered in 
combination with ZnPP. This indicated that the antioxidant 
properties of luteolin depended, at least in part, on HO-1. On 
the other hand, SOD is an important OFR scavenger (45). Not 
only has HO-1 been described as an antioxidant, it also induces 
the expression of other antioxidants, such as SOD and catalase 
to fight oxidative stress (46,47). In this study, SOD activity in 
the pancreatic tissue at 6 h in the model group was signifi-
cantly reduced compared with the NC group value. Luteolin 
overtly increased SOD activity, which was reduced following 
combined treatment with ZnPP, a HO-1 activity inhibitor. This 
suggested that luteolin induces SOD expression by upregulating 
HO-1 expression, playing an antioxidant role. Previous studies 
have indicated that panhematin leads to the rapid induction and 
activation of pancreatic HO-1, and hemin-like compounds or 
hemin-activated macrophages upregulate HO-1 expression in 
the pancreas to prevent AP via the upregulation of HO-1 (16,17). 
These findings indicated that HO-1 is a potential target for the 
treatment of SAP.

It is widely known that over-activated inflammatory cells 
and factors are closely related to the damage caused by SAP, 
and inflammatory factors are regulated by NF-κB at the gene 
level (48). NF-κB is widely distributed in multiple cell types, 
and is mainly composed of p50 and p65 subunits in the form of 
homo- or hetero-dimers. In SAP, a high expression of NF-κB 
enhances pro-inflammatory cytokines, such as TNFα and IL-6 
to release. Moreover, TNFα and IL-6 increase NF-κB activity 
by positive feedback, further enhancing the transcription of 
related cytokines, which enhances the severity of the condition. 
It has been demonstrated that limiting NF-κB activation signifi-
cantly reduces the severity of SAP (49). Antioxidants can inhibit 
NF-κB activation effectively, including n-acetyl‑cysteine, 
pyrrolidine dithiocarbamate  (PDTC) and ethyl acetonate, 
which have certain therapeutic effects. However, NF-κB inhibi-
tors with non-specific effects will suppress other signaling 
pathways and have potential toxicity, which limit their applica-
tions (50). As shown in this study, luteolin significantly inhibited 
NF-κB p65 expression and stimulated IκBα expression. The 
suppression of HO-1 activity using ZnPP abolished the effects 
of luteolin NF-κB p65 and IκBα expression. Therefore, luteolin 
inhibits NF-κB activity to exert anti-inflammatory effects in a 
HO-1‑dependent manner.

HO-1 and its catalysts involved in maintaining cellular 
homeostasis play important protective roles by counteracting 
oxidative damage, the inflammatory response and cell apop-
tosis, and also regulate cell proliferation. It was recently 
demonstrated that CO is also an endothelium-derived relaxing 
factor involved in the regulation of several physiological and 
pathological processes, with many effects, such as relaxing the 
vascular smooth muscle, inhibiting platelet aggregation and 
neutrophil adhesion, and regulating nerve, body fluid and endo-
crine functions (51,52). CO at low concentrations selectively 

inhibits the expression of pro inflammatory cytokines and 
increases IL-10 levels through MAPK, which is activated by 
mitogen (53,54). IL-10 is an important anti-inflammatory cyto-
kine generated by Th2-lymphocytes; it can inhibit TNFα and 
IL-6 synthesis, and can protect against multiple organ damage 
caused by SAP. In the early stages of SAP, IL-10 levels are 
slightly increased. However, this increase is much less than that 
of pro-inflammatory cytokines, which enhances the severity of 
the patient's condition. Therefore, finding an adequate balance 
between pro- and anti-inflammatory cytokines in the treatment 
of SAP may be a useful solution. In this study, IL-10 expression 
in the SAP group was slightly higher than that in the NC group 
as detected by ELISA, in line with previous studies (55,56). Of 
note, luteolin significantly increased the level of IL-10, which 
depends on HO-1 activity. These results suggested that luteolin 
plays its protective role in SAP by inducing IL-10 in a HO-1-
dependent manner.

Accumulating evidence indicates that nuclear factor 
(erythroid-derived 2)-like 2 (Nrf2) signaling is involved in the 
protective effects of luteolin against oxidative stress (32,57‑60). 
Furthermore, Nrf2, as the guardian of redox homeostasis, 
activates a battery of antioxidant and cytoprotective genes that 
share in common a cis-acting enhancer sequence termed anti-
oxidant response element (ARE) that include HO-1 in response 
to oxidative stress (61). Thus, we hypothesized that luteolin 
induces HO-1 expression in an Nrf2‑dependent manner, and 
we aim to investigate this hypothesis in future studies.

In conclusion, our data demonstrated that luteolin signifi-
cantly improved cerulein plus LPS-induced SAP in mice. These 
effects depended on HO-1 induction by luteolin: increased 
HO-1 levels decreased NF-κB activity, increased anti-inflam-
matory and antioxidant activities, reduced lipid peroxidation, 
and increased IL-10 levels (Fig. 8). These findings suggest that 
luteolin is a potential protective agent for SAP.
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