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Nrf2 plays a key role in the antioxidant system, and many antioxidants can activate the Nrf2/ARE signaling pathway and alleviate
oxidative stress. However, the underlying mechanisms of antioxidants, such as proanthocyanidin- (PC-) induced Nrf2 activation,
remain poorly understood. In this study, PC was used on MODE-K cells at different concentrations (0, 1, 2.5, and 5 μg/mL) and
different times (0, 3, 6, 12, and 24 h); then, immunoprecipitation, immunofluorescence, and Western blotting were performed to
test Nrf2, Bach1, Keap1, HO-1, and NQO1 protein expressions in MODE-K cells. Results showed that PC increased Nrf2, HO-1,
and NQO1 protein expressions, decreased Keap1 and Bach1 protein expressions, and enhanced ARE gene activity. PC also
decreased the ubiquitinated degradation of the Nrf2 protein, increased Nrf2 protein stability, and increased Nrf2 protein
expression by inhibiting Keap1-dependent Nrf2 protein degradation, promoted Nrf2 entry into the nucleus, competed with
Bach1, and activated ARE elements, which in turn initiated the Nrf2/ARE signaling pathway. Thus, we conclude that PC
activates the Nrf2/ARE signaling pathway in intestinal epithelial cells by inhibiting the ubiquitinated degradation of Nrf2,
increasing Nrf2 protein stability and expression, and then regulating key antioxidant enzymes such as HO-1 and NQO1 to
initiate cytoprotective effects.

1. Introduction

Animals always experience a variety of exogenous and
endogenous harmful substances, such as mycotoxin, heavy
metals, and free radicals, which lead to oxidative stress and
affect the normal physiological function. Oxidative stress is
known to be closely associated with decreased disease resis-
tance and reduced production performance of livestock and
poultry. Nuclear factor erythroid-2-related factor 2 (Nrf2)/
Kelch-like ECH-associated protein 1- (Keap1-) antioxidant
response element (ARE) signaling pathway is one of the
most important defense mechanisms against oxidative stress
[1]. Under normal physiological conditions, Nrf2 binds to its
negative regulatory protein Keap1 and is ubiquitinated and
degraded by the ubiquitin-proteasome system [2, 3]. Oxida-
tive stress results in dissociation of Nrf2 from Keap1, and
Nrf2 is translocated into the nucleus and recognizes ARE
sequence to initiate transcription of downstream target

genes, such as SOD (superoxide dismutase) and HO-1
(enzyme heme oxygenase 1) [4–6].

As we known, PC is a natural antioxidant which is
mainly rich in tea, blueberry, apples, pears, and grapes
[7–9] and has numerous biological activities [8, 10–12].
The gastrointestinal (GI) tract is a complex system that ful-
fills essential functions in the animal or human body. Many
researches showed PC can reduce oxidative stress, increase
epithelial barrier integrity, and decrease intestinal inflamma-
tion [13, 14]. PC raises antioxidant SOD and GPX via the
increase of the Nrf2/Keap1 ratio, displaying the potential
to counterbalance oxidative stress and inflammation in
intestinal cells, which improves the insulin sensitivity, and
then ameliorates lipid and glucose homeostasis [15]. PC
can antagonize oxidative damage by activating the Nrf2 sig-
naling pathway and then protect rat myoblast H9C2 cells
against hypoxia/reoxygenation-induced oxidative stress
[16]. PC activated Nrf2 translocation and prevented
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oxidative stress-related intestinal injury and gut pathologies
to protect the human colonic cells. Our previous studies also
showed that PC-activated Nrf2 then protects epithelial cells
from zearalenone-induced oxidative stress and apoptosis
[17, 18]. However, the mechanism of how PC activates the
Nrf2/ARE signaling pathway is still unknown. This study is
aimed at investigating how PC activates the Nrf2 signaling
pathway to reduce oxidative stress injury in MODE-K cells.

2. Materials and Methods

2.1. Chemicals and Drugs. PC, DMSO (Beijing, Solarbio),
RPMI 1640, FBS (Israel BI), CCK-8 kit (Beijing, TransGen
Biotech), cycloheximide (CHX) (American Sigma), MG132
(Selleck), and MODE-K cells were purchased from Shanghai
Guandao Biotechnology Company. Primary and secondary
antibodies used in experiments, specifically anti-Nrf2, anti-
Ub, anti-β-actin, anti-HO-1, anti-Keap1, anti-BACH1,
anti-NQO1 (US CST), anti-GAPDH (Suzhou Ruiying), goat
anti-rabbit, and goat anti-mouse secondary antibodies, were
all from Abcam, USA.

2.2. Cell Culture. MODE-K cells were cultured using
RPMI1640+10% FBS, take logarithmic growth phase cells
and the cell, and the suspension was evenly mixed and then
uniformly seeded into a 96-well plate at a cell concentration
of 1 × 104 cells/mL and cultured at 37°C, 5% CO2. Cell pro-
liferation assays were performed with CCK-8 according to
the manufacturer’s instructions. The concentration of PC
was 0, 10, 20, 30, 40, 60, 80, and 100μg/mL, and each group
had four replicates. After the addition of PC, 10μL CCK-8
solution was added to each well at 6, 12, 24, and 48 h. The
cells were incubated for 1-4 h, and the OD value was mea-
sured at 450nm with a microplate reader. By calculating
the relative cell viability of MODE-K cells, the safe concen-
tration of PC for MODE-K cells was determined.

2.3. Western Blotting. Cells were first treated with 0, 1, 2.5,
and 5μg/mL PC for 24h. The effects of different PC concen-

trations on the expression of HO-1, NQO1, Nrf2, Keap1,
and Bach1 proteins were examined. And then, we used
5μg/mL PC treat cells for 0, 3, 6, 12, and 24 h, respectively,
to detect the effects of different times on HO-1, NQO1,
Nrf2, Keap1, and Bach1 protein expressions. Three repli-
cates in each group were used.

According to the experimental grouping (experimental
group: after 24 hours of intervention with 5μg/mL PC,
100μg/mL CHX was applied for 1 h; control group: after
24 hours of culture in serum-free medium, 100μg/mL
CHX was used for 1 h), the intervention was used for the
indicated amount of time, and total cell proteins were
extracted from the cells at 0, 15, 30, 45, and 60 minutes
(according to the literature review, CHX concentration is
100μg/mL) [2, 19]. After modeling was complete, the total
cell protein was extracted. The CHX master solvent is
DMSO, and the working solution solvent is RPMI1640.

Cell proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Nrf2,
Keap1, Bach1 (7.5%), and HO-1, NQO1 (12.5%)) and trans-
ferred to PVDF membranes, closed with 5% skim milk. The
antibody was diluted with 5% BSA. The PVDF membranes
were incubated with anti-Nrf2 (1 : 1000), anti-β-actin
(1 : 1000), anti-HO-1 (1 : 1000), anti-Keap1 (1 : 1000), and
anti-Bach1 antibodies (1 : 1000), overnight incubation of pri-
mary antibody. Then, HRP-conjugated secondary antibodies
against rabbit IgG (Nrf2, HO-1, Keap1, β-actin), and mouse
IgG (Bach1, NQO1) were used for detection. Grayscale
values of protein bands were analyzed using ImageJ soft-
ware, protein expression = ðtarget protein gray value − target
background gray valueÞ/ðinternal reference protein gray
value − internal reference background gray valueÞ.

2.4. Immunoprecipitation. The control group, 5μg/mL PC
group, 10μM MG132 group, and 5μg/mL PC+10μM
MG132 group were applied for 4 hours, and each group
had three repetitions [20–25]. Cell lysates were immunopre-
cipitated with an anti-Nrf2 antibody, followed by immuno-
blotting the precipitated proteins with an anti-Ub antibody.

2.5. Immunofluorescence. Time gradient and concentration
gradient models of PC were established, with three replicates
in each group. Then, 4% paraformaldehyde fixative solution
was added, and cells were fixed at 25°C for 30 minutes, and
then, the fixative was removed. The cell membranes were
permeabilized with cold formaldehyde at 25°C for 10min
and then blocked with 5% BSA at 25°C for 2 h at room tem-
perature. After the blocking solution was removed, the Nrf2
antibody (1 : 100) was added to the wells and incubated over-
night at 4°C. Then, a secondary antibody, which was fluores-
cently labeled with FITC (1 : 100) was added and incubated
for 60min in the dark; after the secondary antibody was
removed, cells were washed 3 times with PBS, 800μL of
DAPI was added to each well for 5min, and photos were
captured by a fluorescence microscope.

2.6. Dual-Luciferase Detection of ARE Gene Activity. Gene
synthesis and vector construction were as follows: the
NQO1 promoter (1113 bp) was identified, synthesized, and
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Figure 1: Effects of PC on the viability of MODE-K cells. All tests
were repeated at least three times. “∗” represents P < 0:05
compared with the control group, and “∗∗” represents P < 0:01
compared with the control group.
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inserted into the pGL3-basic vector. Cell transfection was
performed according for GenXPIII Gene Transfection
Reagent (ProbeGene CB043). The activity of firefly and
Renilla luciferase was detected according to the operation
steps of the Dual-Luciferase® Reporter Assay System.

2.7. Analysis. SPSS 21.0 (IBM, Almon, NY, USA) software was
used for data analysis, and the LSD method was used for mul-
tiple comparisons. The test results are expressed as the mean
± standard deviation of three independent tests. P < 0:05
and P < 0:01 indicate the differences between the test groups.

3. Results

3.1. Effect of PC on the Relative Survival Rate of MODE-K
Cells. After PC treatment, the relative survival rate of

MODE-K cells gradually increased as the concentration of
PC increased to 20μg/mL; when PC concentration was
greater than 20μg/mL, cell growth was inhibited. Those
results indicate that PC is protective against cells within a
certain concentration range. When the PC concentration
exceeded this range, it had a specific toxic effect on cells
and inhibited cell growth. The half-inhibitory concentration
of PC on MODE-K cells was IC50 = 80μg/mL, and the safe
concentration for MODE-K cells was less than 20μg/mL
(Figure 1). The concentrations of PC we choose for our
research were 1μg/mL, 2.5μg/mL, and 5μg/mL, and treat
time was 24h.

3.2. PC Affects the Localization of Nrf2 and ARE Gene
Activity in MODE-K Cells. Results indicated that the
increased fluorescence intensity of the Nrf2 protein was
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Figure 2: Localization of the Nrf2 protein and ARE gene activity in MODE-K cells with PC-induced concentrations and time gradients. (a)
Cells were treated with 0, 1, 2.5, and 5 μg/mL PC for 24 h (40x). (b) Cells were treated with 5 μg/mL PC for 0, 3, 6, 12, and 24 h (40x). (c)
Effects of PC on ARE gene activity in MODE-K cells. All tests were repeated at least three times. “∗” represents P < 0:05 compared with the
control group, and “∗∗” represents P < 0:01 compared with the control group.

3BioMed Research International



observed with increasing PC concentration, and the Nrf2
protein was mainly present in the intranuclear region of
the cells. A time gradient could be observed with a signifi-
cant increase in fluorescence intensity compared to the con-
trol group, and the Nrf2 protein was mainly present in the
nucleus. PC-induced expression of the Nrf2 protein in
MODE-K cells could be observed with green fluorescence
throughout the cells but with highlighted sites in the nucleus
(Figures 2(a) and 2(b)).

As shown in Figure 2(c), compared to the control group,
1μg/mL PC significantly increased the fluorescence intensity
of the ARE element of MODE-K cells (P < 0:01); compared
with 1μg/mL PC, 5μg/mL PC significantly increased the
fluorescence intensity of ARE elements in MODE-K cells
(P < 0:01). PC significantly increased the activity of ARE
gene in MODE-K cells.

3.3. Effect of PC on Nrf2 and Bach1 Protein Expression in
MODE-K Cells. When treated the cells with 5μg/mL PC,

the protein expression of Nrf2 increased with the time
increased. Compared with the 0 h group, the Nrf2 protein
expression level of PC at 3, 6, 12, and 24 h increased signifi-
cantly (P < 0:01) (Figure 3(a)). As shown in Figure 3(b),
compared with the 0μg/mL PC group, the expression of
the Nrf2 protein in MODE-K cells increased significantly
in 1, 2.5, and 5μg/mL PC groups (P < 0:01). As shown in
Figure 3(c), compared with the 0 h group, 5μg/mL PC sig-
nificantly reduced the protein expression of Bach1 with the
time increased (P < 0:05), and the reduction in Bach1 pro-
tein expression was time-dependent. As shown in
Figure 3(d), in the case of 1, 2.5, and 5μg/mL PC induction,
the expression of Bach1 protein in MODE-K cells decreased
with increasing concentration in a concentration-dependent
manner.

3.4. Effect of PC on NQO1 and HO-1 Protein Expression in
MODE-K Cells. As shown in Figures 4(a) and 4(c), NQO1
and HO-1 protein expressions increased with time when
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Figure 3: Concentration gradient PC-induced relative protein levels of Nrf2 and Bach1 in MODE-K cells. (a and c) Cells were treated with
5μg/mL PC for 0, 3, 6, 12, and 24 h. (b and d) Cells were treated with 0, 1, 2.5, and 5μg/mL PC for 24 h. All tests were repeated at least three
times. “∗” represents P < 0:05 compared with the control group, and “∗∗” represents P < 0:01 compared with the control group.
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treated the cells with 5μg/mL PC. Both HO-1 and NQO1
protein expression trends were consistent and time-
dependent. As shown in Figures 4(b) and 4(d), NQO1 and
HO-1 protein expressions in MODE-K cells were increased
with increasing PC concentration. Both HO-1 and NQO1
protein expression trends were consistent, and both were
concentration-dependent.

3.5. Effect of PC on Keap1 Protein Expression in MODE-K
Cells. The results are shown in Figure 5(a); with the concen-
tration of PC increased, Keap1 protein expression decreased
significantly compared with the 0μg/mL PC group. As
shown in Figure 5(b), 5μg/mL PC significantly decreased
Keap1 protein expression in MODE-K cells after being
treated 3 h to 24h, compared to the control group.

3.6. Stability and Ubiquitination of the Nrf2 Protein in
MODE-K Cells. As shown in Figure 6(a), the protein synthe-

sis inhibitor (CHX) blocked Nrf2 protein expression, and
the total amount of protein decreased with treated time
too. Compared with the CHX group alone, the Nrf2 protein
expression in the CHX+PC group was higher and degraded
at a lower rate. These results show that PC can increase the
stability of the Nrf2 protein, slow the degradation of Nrf2
protein, and extend the half-life of Nrf2 protein. As shown
in Figures 6(b) and 6(c), both 5μg/mL PC and 10μM
MG132 (proteasome inhibitor) can increase Nrf2 protein
expression compared with the control group, and there
was no significant difference between PC+MG-132 group
and MG132 group. As shown in Figure 6(d), cells treated
with PC decreased the ubiquitination level, and treatment
with MG132 also decreased the ubiquitination level of the
Nrf2 protein compared with the control group. The experi-
mental results suggest that PC increases Nrf2 protein levels
and activates the Nrf2/ARE signaling pathway by inhibiting
Nrf2 protein ubiquitination and degradation.
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Figure 4: PC-induced relative protein levels of NQO1 and HO-1 in MODE-K cells. (a and c) Cells were treated with 5 μg/mL PC for 0, 3, 6,
12, and 24 h. (b and d) Cells were treated with 0, 1, 2.5, and 5μg/mL PC for 24 h. All tests were repeated at least three times. “∗” represents
P < 0:05 compared with control group, and “∗∗” represents P < 0:01 compared with control group.
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4. Discussion

Many reports suggest that the activation of Nrf2/ARE signal-
ing pathway is mainly due to the increased stability of the
Nrf2 protein, leading to a large number of Nrf2 entering into
nucleus and binding to ARE elements, which in turn acti-
vates a series of downstream antioxidants and phase detoxi-
fication enzymes that exert antioxidant and cell-protective
effects [26–29]. Since natural antioxidants are widely found
in food, most toxic substances in the environment damage
the body through the digestive system, and the first site
which absorbs the toxic substances is the duodenum. The
MODE-K cell line is reliable in vitro model similar to the
human/mouse duodenum that can well mimic the cytopro-
tective defense against Nrf2-mediated oxidative stress, and
MODE-K cells were chosen for study [30, 31].

First, we tested the distribution of the Nrf2 protein in
MODE-K cells in the presence of PC. Our results show that
Nrf2 protein in the nucleus increased with increasing PC
concentration. Under normal physiological conditions, the
Bach1 protein forms dimers with small Maf proteins and
binds to ARE elements, thereby inhibiting the activation of
the Nrf2/ARE signaling pathway and the expression of
downstream genes [32]. We used PC-induced activation of
the Nrf2/ARE signaling pathway after Bach1 and Nrf2 pro-
tein expression to verify the relationship between Bach1 pro-
tein and Nrf2 protein competitive inhibition. The results
showed that the expression of the Nrf2 protein increased
with increasing PC concentration, while the expression of
Bach1 protein showed the opposite trend which decreased
with increasing PC concentration. These results suggest that
Nrf2 and Bach1 are competitively inhibited in PC-induced
MODE-K cells. PC can increase Nrf2 protein expression
and decrease Bach1 protein expression. Competitive inhibi-
tion of the Bach1 protein and Nrf2 protein is also an inter-
esting area in studying the activation mechanism of the
Nrf2 protein signaling pathway [28]. The main reason which

increased HO-1 and NQO1 expression might be the activa-
tion of the Nrf2/ARE signaling pathway [14, 33]. To deter-
mine whether PC can activate the Nrf2/ARE signaling
pathway in MODE-K cells, we examined the expression of
HO-1 and NQO1 proteins. The Bach1 protein expression
was opposite to the expression trend of HO-1 and NQO1
proteins. As an inhibitor of the Nrf2/ARE signaling pathway,
the expression of Bach1 protein decreased leading to the
expression of HO-1 and NQO1 protein increased. Activa-
tion of the Nrf2/ARE signaling pathway could regulate the
expression of phase II detoxification enzymes, and antioxi-
dant enzymes, such as HO-1 and NQO1, are key indicators
involved in antioxidant stress [34]. Related studies have
shown that grape seed PC can increase HO-1 expression in
human embryonic kidney cells through the Nrf2 signaling
pathway [8]. PC can increase the expression of NQO1 pro-
tein in A549 cells by activating the Nrf2 signaling pathway
[14]. The ARE element is located in the promoter region
of genes downstream of the Nrf2 signaling pathway, and
both Bach1 and Nrf2 can bind the ARE element to regulate
the expression of HO-1 and other antioxidant proteins [32].
We tested the ARE gene activity in PC-induced MODE-K
cells. The results showed that PC increased the gene activity
of ARE elements in a concentration-dependent manner; the
result is consistent with our previous results on HO-1 and
NQO1 protein expression and confirms that PC can activate
the Nrf2/ARE signaling pathway in MODE-K cells, thereby
allowing the Nrf2 protein entered the nucleus and bind to
the ARE element to activate the Nrf2 signaling pathway
and regulate the downstream expression of the HO-1 and
NQO1 proteins. It has been shown that the Nrf2 protein
entering the nucleus can form a dimer with a small Maf
and bind to the ARE to activate downstream gene expression
[15]. Bach1 forms a Bach1-Maf heterodimer with Maf in the
nucleus and binding to ARE. Bach1 can competitively
inhibits with Nrf2 which bind to ARE elements, so the cell
is unable to initiate the Nrf2 signaling pathway and may
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Figure 5: PC-induced relative protein levels of Keap1 in MODE-K cells. (a) Cells were treated with 0, 1, 2.5, and 5 μg/mL PC for 24 h. All
tests were repeated at least three times. (b) Cells were treated with 5μg/mL PC for 0, 3, 6, 12, and 24 h. All tests were repeated at least three
times. “∗” represents P < 0:05 compared with the control group, and “∗∗” represents P < 0:01 compared with the control group.
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inhibit the transcription of many oxidative stress response
genes, such as HO-1 and NQO1 [33]. A large number of
Nrf2 enter into the nucleus and bind to the antioxidant ele-
ment ARE and then activate subsequent antioxidant
enzymes and phase II detoxification enzymes [35]. On the
other hand, Bach1 acts as an inhibitor of the Nrf2/ARE
pathway, and Bach1 can negatively regulate antioxidant
genes such as HO-1 and NQO1, which is consistent with
our experimental results. Our results also confirm that PC
is an activator of the Nrf2/ARE signaling pathway.

Keap1 mediates Keap1-dependent Nrf2 protein ubiquiti-
nation degradation and negatively regulates Nrf2 activity
[36]. Under normal physiological conditions, Nrf2 protein

is located in the cytoplasm and binds to Keap1, and the
Nrf2 protein can be degraded via the ubiquitin-proteasome
pathway and decreased Nrf2 protein levels. When cells are
stimulated by free radical, Nrf2 is released from Keap1 and
entered the nucleus, which bind to ARE and then activates
the Nrf2/ARE signaling pathway [37]. To verify the role of
PC on Keap1 and Nrf2 protein expression, our results
showed that Keap1 protein expression decreased with
increasing concentration and time. Keap1 has been shown
to regulate the stability of the Nrf2 protein [29], and we have
demonstrated that PC induction increases Nrf2 protein
expression. To further determine the reason for the
increased Nrf2 protein expression, we determined the Nrf2
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protein half-life using cycloheximide (CHX). In the CHX
group, the degradation rate of the Nrf2 protein decreased
to approximately 50% in 30min, and it degraded approxi-
mately 50% in 45min in the PC+CHX group. It was demon-
strated that PC could prolong the half-life of the Nrf2
protein and slow its degradation, and PC increased the sta-
bility of the Nrf2 protein in MODE-K cells. The Nrf2 protein
can be degraded through the ubiquitin-proteasome pathway
[24]. To further verify the possible effect of PC on the
ubiquitin-proteasome pathway of the Nrf2 protein and
determine whether PC inhibits the ubiquitination of the
Nrf2 protein, the interaction between the Nrf2 protein and
ubiquitin protein was investigated. Both PC and MG132
alone increased the expression of the Nrf2 protein. There
was no significant difference between PC+MG132 and
MG132 group on Nrf2 protein expression. The test results
showed that PC could inhibit the ubiquitin-proteasome deg-
radation of the Nrf2 protein, thus reducing the degradation
rate of the Nrf2 protein and improving the stability of the
Nrf2 protein. The binding of the Nrf2 protein to ubiquitin
was reduced by PC and increased by MG132. The inhibitory
effect of MG132 on the ubiquitin-proteasome mainly
blocked the proteasomal pathway, which had no effect on
the binding of the Nrf2 protein to ubiquitin molecules.
And the mechanism of PC was different from that of
MG132, in which PC mainly inhibited the binding of Nrf2
and ubiquitin molecules and then reduced the ubiquitin-

proteasome degradation of the Nrf2 protein. PC increases
the accumulation of the Nrf2 protein by decreasing the ubiq-
uitination and degradation of the Nrf2 protein, which fur-
ther activates the Nrf2/ARE signaling pathway. It was
shown that some antioxidants, such as PC, might activate
the Nrf2/ARE signaling pathway mainly due to the increased
stability of the Nrf2 protein, which allows the Nrf2 protein
to accumulate in cells [28]. Our results also showed the effect
of PC on the Nrf2 protein is the same as that of Nrf2
inducers such as tBHQ and oridonin, indicating that PC is
a potent Nrf2 activator [21].

The mechanism of activation of the Nrf2/ARE signaling
pathway is mainly an increase in the total amount of the
Nrf2 protein [21, 38, 39]. PC reduces the total amount of
the Keap1 protein, decreases Nrf2 ubiquitination, and
inhibits degradation of the ubiquitin-proteasome pathway
of the Nrf2 protein, thus increasing the accumulation of
the Nrf2 protein in the cell and activating the Nrf2/ARE sig-
naling pathway. Keap1 protein can negatively regulate Nrf2
protein activity, and Bach1 protein competitively inhibits
Nrf2 protein binding to ARE. PC decreased Keap1 protein
expression and Nrf2 ubiquitination levels, increased Nrf2
protein stability, and increased downstream HO-1 and
NQO1 protein expressions in MODE-K cells, thus indicat-
ing that inhibition of Keap1-dependent Nrf2 ubiquitination
levels can increase the expression of antioxidant genes whose
stability is dependent on Nrf2 activation, in line with
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previous findings [21]. We demonstrated that ubiquitination
of the Nrf2 protein in MODE-K cells was reduced due to
PC-mediated inhibition of the Keap1 protein-dependent
degradation of the ubiquitin-proteasome pathway of the
Nrf2 protein, inhibition of the ubiquitin-proteasome path-
way of the Nrf2 protein degradation, and increased half-
life of the Nrf2 protein. Then, it leads to the accumulation
of Nrf2 in cells and induces the activation of the Nrf2/ARE
signaling pathway. However, our study did not demonstrate
non-Keap1-dependent Nrf2 ubiquitination degradation
without PC inhibition, and whether PC can activate the
Nrf2 signaling pathway by inhibiting Keap1-independent
Nrf2 ubiquitination degradation remains to be further
investigated.

We investigated the mechanism of PC-induced activa-
tion of the Nrf2 signaling pathway in MODE-K cells. The
PC-mediated activation of the Nrf2 pathway, which induces
the expression of its downstream genes and thus activates
cytoprotective effects, likely explains the potent antioxidant,
anti-inflammatory, and anticancer properties of these food-
derived antioxidants [40, 41]. The use of plant-derived natu-
ral substances to trigger the expression of downstream pro-
tective genes and other intracellular defense systems
through Nrf2 activation provides greater advantages for the
treatment and prevention of proposed diseases [42, 43].

5. Conclusion

We demonstrated that PC could activate the Nrf2/ARE sig-
naling pathway in intestinal epithelial cells by inhibiting
Keap1-dependent ubiquitination and Nrf2 protein degrada-
tion. PC decreases the expression of the Keap1 protein,
decreases the ubiquitination of the Nrf2 protein, inhibits
the ubiquitination degradation of the Nrf2, and increases
the stability of the Nrf2 protein, increasing Nrf2 entering
into the nucleus, competes with Bach1 to bind with ARE,
which in turn initiates the Nrf2/ARE signaling pathway, reg-
ulates downstream antioxidant enzymes and phase II detox-
ification enzymes and other related genes, and initiates
cytoprotection (Figure 7).

Data Availability

All the data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

Li Peng conceptualized the study. Yang Shuhua, Meng
Lingqi, Dang Yunlong, Tang He, and Shi Yao carried out
methodology. All authors have read and agreed to the pub-
lished version of the manuscript. Yang Shuhua and Meng
Lingqi contributed equally to this work.

Acknowledgments

This study was supported by the program from the National
Natural Science Foundation of China (Grant No. 31872538)
and the Scientific Research Fund of Liaoning Province
(Grant No. LSNJC202012).

References

[1] B. J. Jung, H. S. Yoo, S. Shin, Y. J. Park, and S. M. Jeon, “Dys-
regulation of NRF2 in cancer: from molecular mechanisms to
therapeutic opportunities,” Biomolecules & Therapeutics,
vol. 26, no. 1, pp. 57–68, 2018.

[2] L. D. Goldstein, J. Lee, F. Gnad et al., “Recurrent loss of
NFE2L2 exon 2 is a mechanism for Nrf2 pathway activation
in human cancers,” Cell Reports, vol. 16, no. 10, pp. 2605–
2617, 2016.

[3] N. K. Zenkov, P. M. Kozhin, A. V. Chechushkov, G. G. Marti-
novich, N. V. Kandalintseva, and E. B. Menshchikova, “Mazes
of Nrf2 regulation,” Biochemistry (Mosc), vol. 82, no. 5,
pp. 556–564, 2017.

[4] F. U. Hassan, M. S. Rehman, M. S. Khan et al., “Curcumin as
an alternative epigenetic modulator: mechanism of action
and potential effects,” Frontiers in Genetics, vol. 10, article
514, 2019.

[5] T. Yamadori, Y. Ishii, S. Homma et al., “Molecular mecha-
nisms for the regulation of Nrf2-mediated cell proliferation
in non-small-cell lung cancers,” Oncogene, vol. 31, no. 45,
pp. 4768–4777, 2012.

[6] A. Paunkov, D. V. Chartoumpekis, P. G. Ziros, and G. P.
Sykiotis, “A bibliometric review of the Keap1/Nrf2 pathway
and its related antioxidant compounds,” Antioxidants (Basel),
vol. 8, no. 9, article 353, 2019.

[7] A. Enayati, N. Yassa, Z. Mazaheri et al., “Cardioprotective and
anti-apoptotic effects of Potentilla reptans L.root via Nrf2
pathway in an isolated rat heart ischemia/reperfusion model,”
Life Sciences, vol. 215, pp. 216–226, 2018.

[8] H. Han, H. Wang, Y. Du, and L. Gao, “Grape seed procyani-
dins attenuates cisplatin-induced human embryonic renal cell
cytotoxicity by modulating heme oxygenase-1 in vitro,” Cell
Biochemistry and Biophysics, vol. 77, no. 4, pp. 367–377, 2019.

[9] T. Ohnuma, K. Sakamoto, A. Shinoda et al., “Procyanidins
from Cinnamomi cortex promote proteasome-independent
degradation of nuclear Nrf2 through phosphorylation of
insulin-like growth factor-1 receptor in A549 cells,” Archives
of Biochemistry and Biophysics, vol. 635, pp. 66–73, 2017.

[10] G. Sita, P. Hrelia, A. Graziosi, and F. Morroni, “Sulforaphane
from cruciferous vegetables: recent advances to improve glio-
blastoma treatment,” Nutrients, vol. 10, no. 11, p. 1755, 2018.

[11] K. Gil‐Cardoso, I. Ginés, M. Pinent et al., “Chronic supple-
mentation with dietary proanthocyanidins protects from
diet-induced intestinal alterations in obese rats,” Molecular
Nutrition & Food Research, vol. 61, no. 8, 2017.

[12] C. Sampath, Y. Zhu, S. Sang, and M. Ahmedna, “Bioactive
compounds isolated from apple, tea, and ginger protect against
dicarbonyl induced stress in cultured human retinal epithelial
cells,” Phytomedicine, vol. 23, no. 2, pp. 200–213, 2016.

[13] Y.-X. Zeng, L. Sen Wang, Y.-Y. C. Wei, and Y.-H. Chen,
“Proanthocyanidins: components, pharmacokinetics and bio-
medical properties,” The American Journal of Chinese Medi-
cine, vol. 48, no. 4, pp. 813–869, 2020.

9BioMed Research International



[14] R. Nallathambi, A. Poulev, J. B. Zuk, and I. Raskin, “Proantho-
cyanidin-rich grape seed extract reduces inflammation and
oxidative stress and restores tight junction barrier function in
Caco-2 colon cells,” Nutrients, vol. 12, no. 6, p. 1623, 2020.

[15] M. Koudoufio, F. Feldman, L. Ahmarani et al., “Intestinal pro-
tection by proanthocyanidins involves anti-oxidative and anti-
infammatory actions in association with an improvement of
insulin sensitivity, lipid and glucose homeostasis,” Scientifc
Reports, vol. 11, pp. 1–11, 2021.

[16] H. J. Choi, H. J. Choi, M. J. Park et al., “N-butyl-α-D-fructofur-
anoside isolated from Ulmus davidiana enhances Nrf2 activity
through activation of JNK,” Current Pharmaceutical Biotech-
nology, vol. 17, no. 13, pp. 1181–1188, 2016.

[17] M. Long, S.-H. Yang, W. Shi et al., “Protective effect of
proanthocyanidin on mice Sertoli cell apoptosis induced by
zearalenone via the Nrf2/ARE signalling pathway,” Environ-
mental Science and Pollution Research, vol. 24, no. 34,
pp. 26724–26733, 2017.

[18] M. Long, X. Chen, N. Wang et al., “Proanthocyanidins protect
epithelial cells from zearalenone-induced apoptosis via inhibi-
tion of endoplasmic reticulum stress-induced apoptosis path-
ways in mouse small intestines,” Molecules, vol. 23, no. 7,
p. 1508, 2018.

[19] J. W. Shin, K. S. Chun, D. H. Kim et al., “Curcumin induces
stabilization of Nrf2 protein through Keap1 cysteine modifica-
tion,” Biochemical Pharmacology, vol. 173, article 113820,
2020.

[20] N. F. Villeneuve, W. Tian, T. Wu et al., “USP15 negatively reg-
ulates Nrf2 through deubiquitination of Keap1,” Molecular
Cell, vol. 51, no. 1, pp. 68–79, 2013.

[21] C. Su, Q. Shi, X. Song et al., “Tetrachlorobenzoquinone
induces Nrf2 activation via rapid Bach1 nuclear export/ubiqui-
tination and JNK-P62 signaling,” Toxicology, vol. 363-364,
pp. 48–57, 2016.

[22] C. Wiel, K. Le Gal, M. X. Ibrahim et al., “BACH1 stabilization
by antioxidants stimulates lung cancer metastasis,” Cell,
vol. 178, no. 2, article e22, pp. 330–345.e22, 2019.

[23] S. Tao, P. Liu, G. Luo et al., “p97 negatively regulates NRF2 by
extracting ubiquitylated NRF2 from the KEAP1-CUL3 E3
complex,”Molecular and Cellular Biology, vol. 37, no. 8, 2017.

[24] M. Jez, M. Ciesla, J. Stepniewski et al., “Valproic acid downre-
gulates heme oxygenase-1 independently of Nrf2 by increasing
ubiquitination and proteasomal degradation,” Biochemical
and Biophysical Research Communications, vol. 485, no. 1,
pp. 160–166, 2017.

[25] K. H. Kim, R. T. Sadikot, J. Y. Lee et al., “Suppressed ubiquiti-
nation of Nrf2 by p47phox contributes to Nrf2 activation,” Free
Radical Biology & Medicine, vol. 113, pp. 48–58, 2017.

[26] S. M. Ahmed, L. Luo, A. Namani, X. J. Wang, and X. Tang,
“Nrf2 signaling pathway: pivotal roles in inflammation,” Bio-
chimica et Biophysica Acta - Molecular Basis of Disease,
vol. 1863, no. 2, pp. 585–597, 2017.

[27] M. Ashrafizadeh, Z. Ahmadi, R. Mohammadinejad,
T. Farkhondeh, and S. Samarghandian, “Curcumin activates
the Nrf2 pathway and induces cellular protection against oxi-
dative injury,” Current Molecular Medicine, vol. 20, no. 2,
pp. 116–133, 2020.

[28] S. K. Niture, R. Khatri, and A. K. Jaiswal, “Regulation of Nrf2–
an update,” Free Radical Biology & Medicine, vol. 66, pp. 36–
44, 2014.

[29] M. Furukawa and Y. Xiong, “BTB protein Keap1 targets anti-
oxidant transcription factor Nrf2 for ubiquitination by the
Cullin 3-Roc1 ligase,” Molecular and Cellular Biology, vol. 25,
no. 1, pp. 162–171, 2005.

[30] S. Magnus, F. Gazdik, N. A. Anjum et al., “Assessment of Anti-
oxidants in Selected Plant Rootstocks,” Antioxidants (Basel),
vol. 9, no. 3, article 209, 2020.

[31] M. J. Kesic, S. O. Simmons, R. Bauer, and I. Jaspers, “Nrf2
expression modifies influenza A entry and replication in nasal
epithelial cells,” Free Radical Biology &Medicine, vol. 51, no. 2,
pp. 444–453, 2011.

[32] S. J. Chapple, T. P. Keeley, D. Mastronicola et al., “Bach1 dif-
ferentially regulates distinct Nrf2-dependent genes in human
venous and coronary artery endothelial cells adapted to phys-
iological oxygen levels,” Free Radical Biology & Medicine,
vol. 92, pp. 152–162, 2016.

[33] H. Hosseini, M. Teimouri, M. Shabani et al., “Resveratrol alle-
viates non-alcoholic fatty liver disease through epigenetic
modification of the Nrf2 signaling pathway,” The International
Journal of Biochemistry & Cell Biology, vol. 119, article 105667,
2020.

[34] X. Zhang, J. Guo, X. Wei et al., “Bach1: function, regulation,
and involvement in disease,” Oxidative Medicine and Cellular
Longevity, vol. 2018, 8 pages, 2018.

[35] T. Suzuki and M. Yamamoto, “Molecular basis of the Keap1-
Nrf2 system,” Free Radical Biology & Medicine, vol. 88,
pp. 93–100, 2015.

[36] J. Adam, E. Hatipoglu, L. O'Flaherty et al., “Renal cyst forma-
tion in Fh1-deficient mice is independent of the Hif/Phd path-
way: roles for fumarate in KEAP1 succination and Nrf2
signaling,” Cancer Cell, vol. 20, no. 4, pp. 524–537, 2011.

[37] S. Habtemariam, “The Nrf2/HO-1 Axis as targets for flava-
nones: neuroprotection by pinocembrin, naringenin, and erio-
dictyol,” Oxidative Medicine and Cellular Longevity, vol. 2019,
Article ID 4724920, 15 pages, 2019.

[38] D. A. Johnson and J. A. Johnson, “Nrf2–a therapeutic target
for the treatment of neurodegenerative disease,” Free Radical
Biology & Medicine, vol. 88, pp. 253–267, 2015.

[39] D. V. Chartoumpekis, N. Wakabayashi, and T. W. Kensler,
“Keap1/Nrf2 pathway in the frontiers of cancer and non-
cancer cell metabolism,” Biochemical Society Transactions,
vol. 43, no. 4, pp. 639–644, 2015.

[40] L. Diomira, T. Lucia, M. Francesco, R. Mauro, and B. Paolo,
“The murine enterocyte cell line Mode-K is a novel and reli-
able in vitro model for studies on gluten toxicity,” Food and
Chemical Toxicology, vol. 140, article 111331, 2020.

[41] M. Vabeiryureilai, K. Lalrinzuali, and G. C. Jagetia, “Chemo-
preventive effect of hesperidin, a citrus bioflavonoid in two
stage skin carcinogenesis in Swiss albino mice,” Heliyon,
vol. 5, no. 10, article e02521, 2019.

[42] Y. Marunaka, R. Marunaka, H. Sun et al., “Actions of querce-
tin, a polyphenol, on blood pressure,”Molecules, vol. 22, no. 2,
article 209, 2017.

[43] N. Xia, A. Daiber, U. Förstermann, and H. Li, “Antioxidant
effects of resveratrol in the cardiovascular system,” British
Journal of Pharmacology, vol. 174, no. 12, pp. 1633–1646,
2017.

10 BioMed Research International


	Proanthocyanidins Activate Nrf2/ARE Signaling Pathway in Intestinal Epithelial Cells by Inhibiting the Ubiquitinated Degradation of Nrf2
	1. Introduction
	2. Materials and Methods
	2.1. Chemicals and Drugs
	2.2. Cell Culture
	2.3. Western Blotting
	2.4. Immunoprecipitation
	2.5. Immunofluorescence
	2.6. Dual-Luciferase Detection of ARE Gene Activity
	2.7. Analysis

	3. Results
	3.1. Effect of PC on the Relative Survival Rate of MODE-K Cells
	3.2. PC Affects the Localization of Nrf2 and ARE Gene Activity in MODE-K Cells
	3.3. Effect of PC on Nrf2 and Bach1 Protein Expression in MODE-K Cells
	3.4. Effect of PC on NQO1 and HO-1 Protein Expression in MODE-K Cells
	3.5. Effect of PC on Keap1 Protein Expression in MODE-K Cells
	3.6. Stability and Ubiquitination of the Nrf2 Protein in MODE-K Cells

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

