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Kaempferol protects rats with severe acute pancreatitis through regulating NF-xB and Keap1-Nrf2

signaling pathway
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Abstract

Kaempferol (KF) is an important natural anti-inflammatory flavonol. Acute pancreatitis (AP) is an inflammatory
disorder, which in about 20% cases may develop into severe acute pancreatitis (SAP) with a high mortality rate.
This research was to study the effects and mechanism of kaempferol on SAP. SAP was induced by sodium tauro-
cholate. The level of cytokines was analyzed by enzyme-linked-immunosorbent serologic assay. The expression
of nuclear factor kappa B (NF-kB) and Kelch-like ECH-associated protein 1-nuclear factor erythroid 2-related
factor 2 (Keapl-Nrf2) proteins was analyzed by Western blot assay. Pathological changes in the pancreas were
evaluated by hematoxylin and eosin staining. Kaempferol attenuated pancreatic injury in SAP rats, including
reduction in inflammatory infiltration and necrosis. The level of serum amylase and lipase was also decreased in
kaempferol-treated SAP rats. Kaempferol inhibited the expression of inflammatory mediators (nuclear factor-a,
Interlukin-1B, and Interlukin-6), and alleviated the oxidative stress characterized by the decreased malondialde-
hyde (MDA) and increased superoxide dismutase (SOD) levels. Kaempferol decreased the expression of cleaved
caspase 3 and anti-apoptotic protein Bcl-2, which indicated that kaempferol could inhibit apoptosis of pancre-
atic cells in SAP rats. Kaempferol treatment could decrease the expression of p-p65 and the amount of nuclear
Nrf2 (Nu-Nrf2), which demonstrated that kaempferol inhibited the NF-kB activation and enhanced the Keapl-
Nrf2 pathway. Our research indicated that kaempferol could attenuate the pancreatic injury of SAP by regulating
NF-kB and Keap1—-Nrf2 signaling pathway. Kaempferol could serve as a natural candidate for treating SAP.
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Introduction et al., 2015). According to global estimates, about 20% of

AP patients develop moderate to severe acute pancreatitis

Acute pancreatitis (AP) is an inflammatory disorder usually
initiated by the abnormal activation of digestive enzymes
in the pancreas. AP can be classified as mild, moderate,
or severe, depending upon the extent of local injury of the
pancreas or to systematic and remote organs (Lankisch

(SAP), with a higher mortality rate (Lee and Papachristou,
2019). Acinar cell death and local and systemic inflam-
mation are the characteristics of AP (Habtezion et al,
2019). Activation of nuclear factor kappa B (NF-kB) was
considered as a fundamental effect during inflammatory
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responses in AP (Lawrence, 2009; Montero Vega and de
Andrés Martin, 2008). NF-kB activation induces the pro-
duction of numerous cytokines and chemokines, which
then leads to systemic inflammatory responses and
multi-system organ failure (Jakkampudi, et al, 2016).
Oxidative stress also plays an important role in the patho-
physiology of AP and relates with inflammatory responses.
The increased free radical activity was found in AP patients
(Marek et al., 2018). Oxidative stress in acinar cells triggers
inflammatory signaling activation (including NF-«xB) and
production of various cytokines and chemokines (Hussain,
et al., 2016). The nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) combined with its inhibitory protein Kelch-
like ECH-associated protein 1 (Keapl) is a main pathway
involved in antioxidant response and participates in pre-
venting cell damage induced by oxidative stress (Baird and
Dinkova-Kostova, 2011). Studies have shown that Keapl—
Nrf2 pathway plays an important role in the development
of AP. Activating Nrf2 into nucleus could ameliorate injury
to the pancreas in AP mice (Liang et al., 2020).

Kaempferol (KF), widely distributed in plant-derived
foods or botanical products, is used in traditional med-
icine isaflavonol, which is known to be an important nat-
ural anti-inflammatory compound (Wang et al., 2019).
Preclinical and experimental studies showed that kae-
mpferol and its glycosides have various pharmacological
activities, including antioxidant, anti-inflammatory, anti-
cancer, cardio-protective, and neuro-protective effects
(Calderé6n-Montano et al., 2011). Fouzder et al. (2021)
found that Kaempferol could induce apoptosis of non-
small cell lung cancer cells via down-regulation of Nrf2
signaling pathway. In a murine acute liver failure model,
kaempferol prolonged the survival time and attenuated
liver injury by inhibiting hepatocyte apoptosis via regu-
lating the endoplasmic-reticulum (ER) stress signaling
pathway (Wang et al., 2019). In addition, kaempferol was
shown to attenuate inflammatory lesions in lipopolyas-
ccharide (LPS)/caerulein-induced AP (Kim et al., 2015).
However, a detailed molecular mechanism of kaempferol
on SAP needs further investigation. This research studied
the mechanism and effects of kaempferol on SAP.

Materials and Methods
Animals and treatment

Male Sprague—Dawley (SD) rats (SPF grade, 280+20g)
were provided by Beijing Vital River Laboratory Animal
Technology (Beijing, China), and were housed to accli-
mate for 1 week. All procedures were in accordance
with Guide for the Care and Use of Laboratory Animals
(Ref) and approved by the Medical Ethics Committee
of Fukuang General Hospital (Approval No. 20180801).
These 24 male SD rats were divided into four groups

(n = 6): control group (Sham), SAP group, KF low-dos-
age group (25 mg/kg), and KF high-dosage group (100
mg/kg). SAP was induced by retrograde infusion of 5%
sodium taurocholate (Sigma-Aldrich, St. Louis, MO,
USA) into the biliopancreatic duct (Fang et al., 2020; Shi
et al., 2018). Briefly, rats were anesthetized by pentobar-
bital sodium, and subjected to sterile laparotomy. AP was
inducted into the bile—pancreatic duct by a retrograde
infusion of sodium taurocholate. The same procedure
was performed for the sham group with no sodium tau-
rocholate injection. Rats in the KF treatment group were
given intragastrically 25 mg/kg or 100 mg/kg of kaemp-
ferol after surgery. Serum and pancreatic tissues were
collected for further experiments.

Biochemical analysis of serum

The activity of serum amylase and lipase was analyzed
using automated biochemistry analysis equipment
(Hitachi Co., Tokyo, Japan).

Hematoxylin and eosin (H&E) staining

Histopathological changes were evaluated by H&E stain-
ing. Pancreatic tissues were fixed in 10% paraformalde-
hyde for 24 h, dehydrated in graded ethanol series, and
embedded in paraffin. Tissues were cut into 4-pm slices
and stained with H&E. The histopathological changes in
pancreatic tissues were evaluated under light microscope.

Cytokines analysis

Levels of tumor necrosis factor-a (TNF-«a), Interlukin
(IL)-1B, IL-6, and D-lactic acid were determined by
enzyme-linked-immunosorbent serologic assay (ELISA)
according the manufacturer’s instructions. Absorbance
was detected at 450 nm by a microplate reader.

Detection of oxidative stress injury

Detection of malondialdehyde (MDA) and superoxide
dismutase (SOD) was performed using oxidative stress
test kits purchased from Nanjing KeyGen (Nanjing,
China) according to manufacturer’s instructions.

Western blot assay

Pancreatic tissues were lysed in radioimmunoprecipita-
tion assay (RIPA) lysis buffer containing protease inhib-
itor. The nucleoprotein was extracted using commercial
reagents according to the instructions. The concentration
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was quantified by BCA method. Equal amount of protein
was separated on sodium dodecyl sulphate—polyacryl-
amide gel electrophoresis (SDS-PAGE), and transferred
to a polyvinylidene difluoride (PVDF) membrane. After
blocking with skimmed milk, the membrane was incu-
bated with primary antibodies against Nrf2 (CST #12721,
1:1,000 dilution), HO-1 (CST #43966, 1:1,000 dilution),
Lamin Bl (CST #17416, 1:1,500 dilution), Caspase 3
(CST #14220, 1: 1,000 dilution), cleaved caspase 3 (CST
#9664, 1: 1,000 dilution), Bcl-2 (CST #3498, 1: 1,000 dilu-
tion), GADPH (CST#5174,1:2,000 dilution), and sec-
ondary goat anti-mouse or anti-rabbit IgGHRP antibody
(1:10,000 dilution). Protein expression was visualized
through the enhanced chemiluminescence (ECL) system
and analyzed using Image] software.

Statistical analysis

All data were presented as mean + SD. Statistical analysis
was performed by SPSS. Statistical differences were ana-
lyzed by one-way ANOVA and Student—Newman—Keuls
test, and p < 0.05 was considered statistically significant.
Results

Kaempferol attenuated pancreatic injury in SAP rats

In order to evaluate pancreatic injury in SAP rats, serum
amylase level, lipase level, and histopathological changes

(A) P <0.001
80007 P <0.001
P <0.001
Q 6000+
2
g 4000 -
K
g 2000+ l
0 | ' | _ :
SAP  — + + +
KF (mg/kg) - - 25 100
(B)

Sham SAP

Figure 1.
hematoxylin and eosin (H&E) staining of the pancreas. N = 6, **p < 0.001.
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in the pancreas were examined. The enzyme activities
of both amylase and lipase were significantly increased
in SAP rats than sham control (p < 0.001). This increase
in the enzyme activity of SAP group decreased after KF
treatment (p < 0.001 vs. sham) on a dose-dependent
manner (Figure 1A). H&E staining (Figure 1B) showed
that sham group had normal acinar architecture. The
pancreatic tissue showed massive edema, sublobular
hemorrhages, and necrosis, accompanied with inflamma-
tory infiltration. Treatment with kaempferol significantly
ameliorated pancreatic injury characterized by reduction
of inflammatory infiltration and necrosis. The effects of
100 mg/kg kaempferol were remarkable on pancreatic
injury, and tissue necrosis almost disappeared. These
results indicated that kaempferol attenuated pancreatic
injury in SAP rats.

Kaempferol inhibited inflammatory response and oxida-
tive stress in SAP rats

As inflammatory response and oxidative stress were
important pathological processes during SAP, we eval-
uated some inflammatory mediators and oxidative
stress-related enzymes after KF treatment. As shown
in Figure 2A, the pro-inflammatory cytokines (TNF-a,
IL-1B, and IL-6) were increased in SAP rats (p < 0.001
vs. sham), which were obviously inhibited by kaempferol
on a dose-dependent manner. Additionally, the MDA
level increased and SOD level decreased in SAP rats,
which were reversed by kaempferol in a dose-dependent
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Kaempferol (KF) attenuated pancreatic injury in SAP rats. (A) Serum levels of amylase and lipase. (B) Representative
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Figure 2. Kaempferol (KF) inhibited inflammatory response and oxidative stress in SAP rats. (A) Levels of pro-inflammatory
mediators (TNF-a, IL-1$3, and IL-6) of the pancreas analyzed by ELISA. (B) Levels of oxidative stress products (MDA and SOD) of
the pancreas. N = 6, 'p<0.05, “p<0.01, “p<0.001. NS: Not significant.

manner (Figure 2B). All the above inflammatory media-
tors and oxidative stress enzyme changes were consistent
with the H&E results.

Kaempferol inhibited the apoptosis of pancreatic cells
in SAP rats

Furthermore, we found the effects of kaempferol on cell
apoptosis in pancreatic tissues during SAP. The results
(Figure 3) showed that the expression of pro-apoptotic
protein Bax and the cleavage of caspase-3 were increased
in SAP group. In contrast, the level of anti-apoptotic pro-
tein Bcl-2 was decreased in SAP group. All these effects
were reversed by KF treatment. These results indicated
that kaempferol inhibited the apoptosis of pancreatic cells.

Kaempferol regulated the NF-kB/Keap1-Nrf2 pathway

In order to study the vital roles of NF-«B in inflammatory
response and Keap1-Nrf2 pathway in oxidative stress, we
further examined the expression of phosphorylated p65
(p-p65), total p65, Keapl (Nrf2 inhibitory protein), and
nuclear Nrf2 (Nu-Nrf2) by Western blot assay (Figure 4).
The levels of p-p65 and total p65 increased in SAP group,
which indicated the activation of NF-«B signaling path-
way, but KF treatment decreased the expression of p-p65.

Besides, the level of Nu-Nrf2 increased, and the expres-
sion of Keapl decreased in SAP rats, which demon-
strated that the oxidative stress occurred during SAP. The
effects were also inhibited by kaempferol. These results
indicated that kaempferol had anti-oxidative stress and
anti-inflammatory effect via regulating the NF-xB/
Keapl-Nrf2 pathway.

Discussion

Kaempferol, a dietary flavonoid which is abundantly
present in tea, fruits, vegetables, and beans, has been
shown to have anticancer, anti-inflammatory, antidi-
abetic, antioxidant, cardioprotective, neuroprotective
properties (Calder6n-Montafio et al., 2011). In various
inflammatory injury conditions, kaempferol has a pro-
tective effect through regulating of a variety of signaling
pathways, including NF-«B, Akt, and Nrf2. For example,
Yao et al. (2020) found that kaempferol could protect
the vascular endothelium by inhibiting oxidative stress
inflammatory markers through NF-kB and Nrf2/HO-1
signaling pathway in vitro and in vivo. In particular, Kim
et al. (2015) reported that Kaempferol is capable of sup-
pressing in vivo inflammatory lesions in gastritis, pan-
creatitis, and acetic acid-induced writhing. This effect of
kaempferol on AP was confirmed in the present results.
Kaempferol obviously alleviated pancreatic injury in SAP
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Figure 3. Kaempferol (KF) inhibited the apoptosis of pancreatic cells. Pancreatic Bax, Bcl-2, and cleaved-caspase-3 protein
expression analyzed by Western blot assay, and the quantitative results of the blot data. **p<0.01, **p<0.001.

mice according to the level of serum amylase, lipase, and
histological changes in the pancreas.

The main features of AP include vacuolation of pancreatic
acinar cells, activation of trypsinogen, apoptosis, necro-
sis, and infiltration of inflammatory cells (Habtezion et
al., 2019). Inflammatory response and oxidative stress
have been recognized as two major factors in the patho-
genesis of AP (Armstrong et al., 2013). Inflammation is
an important causative factor for multiple organ failure.
Pancreatic acinar cells in AP patients produced cyto-
kines such as TNFq, IL-6, IL-10, and MCP-1 (Habtezion,
2015). In addition, MCP-1 expressed the initial inflam-
matory response of leukocytes recruitment to the injured
area (Gu et al., 2013). Once immune cells infiltrated the
pancreas, the cellular contents released from injured cells
activated monocytes and neutrophils and further propa-
gated the inflammation (Habtezion et al., 2019). NF-«B,
an ubiquitous transcription factor in cytoplasm, has been
confirmed to be a vital factor in inflammatory response.
Studies have indicated that activation of NF-kB was an
early and central event in inflammatory response in AP
(Jakkampudi, et al., 2016). NF-kB contains five subunits,
namely p65 (RelA), RelB, c-Rel, NF-kB1, and NF-«B2.
Phosphorylation of p65 is one of the main characteris-
tics of NF-«B activation (Oeckinghaus et al., 2011). The
present research showed that the levels of TNFa, IL-1f3,

and IL-6 increased significantly in SAP rats, as well as
the phosphorylation of p65, which indicated excessive
inflammatory response in SAP rats. Kaempferol could
inhibit the production of inflammatory mediators and
the activation of NF-«B.

Besides, it is widely reported that oxidative stress
response and the generation of reactive oxygen spe-
cies (ROS) occur in the early phase of AP (Hackert and
Werner, 2011). Clinical studies have shown that the
level of plasma SOD decreased significantly in SAP
patients. Animal experiments have also indicated that
plasma MDA could be an early marker for the severity
of AP (Ren et al.,, 2012). In AP models, acinar cell injury
induces oxidative stress and changes in MDA and SOD
levels (Liu et al., 2018). In this study, the results showed
that in sodium taurocholate-induced SAP rats, the activ-
ity of SOD decreased and that of MDA increased, which
was consistent with the results of previous studies. In
addition, the Keapl—Nrf2 signaling pathway was signifi-
cantly down-regulated in SAP rats. Keapl-Nrf2 is an
important signaling antioxidant that exerts protective
functioning during SAP (Liang et al., 2020). When cells
underwent oxidative stress, Keapl released Nrf2 into
the nucleus and activated downstream genes and anti-
oxidant enzymes (Baird and Dinkova-Kostova, 2011).
Previous research has indicated that the activation of
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Figure 4. Kaempferol (KF) regulated the NF-kB/Keap1-Nrf2 pathway. Pancreatic p-p65, p-65, Keap-1, and Nrf2 protein expres-
sion analyzed by Western blot assay, and the quantitative results of the blot data. *p < 0.05, **p < 0.01, **p < 0.001.

Nrf2 pathway alleviated severity in AP mice. Our results
showed that the expression of Keapl increased remark-
ably and that of Nu-Nrf2 decreased in SAP rats, which
was reversed by kaempferol. Similar antioxidant effects of
kaempferol were also found in other pathological condi-
tions. For example, in the case of heart failure in diabetic
rats, KF treatment alleviated cardiac injury and apoptosis
by regulating Nrf2 and NF-«B signaling pathway (Zhang
et al., 2019).

There is a close crosstalk between inflammation and oxi-
dative stress. Pathological calcium signaling, protein
kinase C activation, and excessive production of ROS are
vital molecular mechanisms that initiate NF-kB-mediated
inflammatory response in acinar cells (Reuter et al., 2010).
Researchers demonstrated that multiple triggers acti-
vate NF-kB, of which ROS contributes the most, causing
nuclear translocation (Morgan and Liu, 2011). Besides, the
Nrf2 inhibits NF-«B activation by preventing degradation

of nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, alpha (IkBa) (Wardyn et al., 2015). The
present study had a limitation that the effect of kaempferol
on the crosstalk of NF-kB and Nrf2 was not studied. This
could be one of the focuses of the future studies.

Conclusion
To sum up, our research indicated that kaempferol could
attenuate the pancreatic injury of SAP by regulating

NF-kB and Keapl-Nrf2 signaling pathway. Kaempferol
could serve as a natural candidate for treating SAP.
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