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NF-jB and Nrf2 signaling pathways
contribute to wogonin-mediated inhibition of
inflammation-associated colorectal carcinogenesis

J Yao1,3, L Zhao1,3, Q Zhao1, Y Zhao1, Y Sun1, Y Zhang1, H Miao1, Q-D You*,2, R Hu*,1 and Q-L Guo*,1

The transcriptional factors nuclear factor-jB (NF-jB) and NF-E2-related factor 2 (Nrf2) have been recently reported to have
critical roles in protecting various tissues against inflammation and colitis-associated colorectal cancer (aberrant crypt foci). Our
previous studies showed that wogonin (5,7-dihydroxy-8-methoxyflavone) possessed anti-neoplastic and anti-inflammatory
activities. The present study extended these important earlier findings by exploring the effect of wogonin on the initiation and
development of colitis-associated cancer. Wogonin lowered tumor incidence and inhibited the development of colorectal
adenomas in azoxymethane- or dextran sulfate sodium-induced mice. We found that wogonin significantly decreased the
secretion and expression of IL-6 and IL-1b, reduced cell proliferation and nuclear expression of NF-jB in adenomas and
surrounding tissues and promoted Nrf2 nuclear translocation in surrounding tissues, although overexpressed Nrf2 in tumor
tissues was independent of wogonin administration. Furthermore, wogonin inhibited the interaction between human monocytic
THP-1 cells and human colon cancer HCT116 cells, and significantly downregulated lipopolysaccharide-induced secretion of
prototypical pro-inflammatory cytokines IL-6 and IL-1b in THP-1 cells. Further mechanism research revealed that wogonin
inhibited the nuclear translocation of NF-jB and phosphorylation of IjB and IKKa/b, and promoted Nrf2 signaling pathway
in HCT116 cells and THP-1 cells. Taken together, the present results indicated that wogonin effectively suppressed
inflammation-associated colon carcinogenesis and cancer development, suggesting its potential as a chemopreventive agent
against colitis-associated colon cancer.
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Colorectal cancer (CRC) is the third most commonly
diagnosed cancer and accounts for B10% of all cancer-
related deaths.1 Patients with inflammatory bowel disease
(IBD) are at a significantly increased risk of developing CRC.
Therefore, new strategies are still required for achieving
effective treatment, which might ultimately aid the clinical
therapy for IBD patients. Administration of a single injection of
the classic colon carcinogen azoxymethane (AOM) to mice
before pro-inflammatory reagent dextran sulfate sodium
(DSS) has been used to induce colitis-associated cancer
(CAC), which has extensively been used for investigating new
chemopreventive agents against colitis-associated colon
cancer.2 In addition, DSS dissolved in drinking water is
directly toxic to gut epithelial cells of the basal crypts and
affects the integrity of the mucosal barrier, resulting in severe
colitis characterized by bloody diarrhea,2 and the powerful

tumor-promoting effect of DSS is related to its induction of
inflammatory oxidative/nitrosative stress.3

Inflammatory cytokines have critical roles in IBD-related
intestinal cancer.4 IL-6 and IL-1b are pleiotropic pro-inflam-
matory cytokines that have profound effects on several
diseases including cancers.5,6 Accordingly, their upstream
nuclear factor-kB (NF-kB) signaling pathway is crucial both in
tumor cells and inflammatory cells.7 Owing to the target genes
that include those encoding pro-inflammatory cytokines and
chemokines, it has been proposed that NF-kB activation
might link inflammation to tumor initial and promotion.7,8

The Kelch-like ECH-associated protein 1 (Keap1)–NF-E2-
related factor 2 (Nrf2) system regulates the expression of a
battery of cytoprotective genes in response to electrophilic
and oxidative stresses.9 Nrf2, a key transcription factor,
regulates the basal and inducible expression of numerous
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detoxifying and antioxidant genes (for example, glutathione
S-transferases and NAD(P)H: quinone oxidoreductase
(NQO1)), thiol molecules and their regenerating enzymes
(for example, thioredoxin and glutamate cysteine ligase),
stress-response proteins (for example, heme oxygenase-1
(HO-1)), and direct reactive oxygen species (ROS)-removing
enzymes (for example, glutathione peroxidase), through
consensus cis-elements called antioxidant-response ele-
ments (AREs).10 Keap1 is a member of the large BTB-Kelch
protein family that functions as a substrate adaptor protein for
a Cul3-Rbx1 E31 ubiquitin ligase complex. Under conditions of
homeostatic cell growth, the cytoplasmic protein Keap1
interacts with Nrf2, and represses its function.11 However,
following exposure to a wide variety of chemical inducers of
Nrf2-dependent transcription, ubiquitination of Keap1 is
markedly increased and Keap1-dependent ubiquitination of
Nrf2 is blocked, occurs in parallel with inhibition of Keap1-
dependent ubiquitination of Nrf2, and results in decreased
nuclear translocation of Nrf2 and activated Nrf2-dependent
genes.12 Furthermore, extensive studies have suggested that
the Nrf2–Keap1 system contributes to protection against
various pathologies, including carcinogenesis, liver toxicity,
respiratory distress and inflammation.13,14

Wogonin (5,7-dihydroxy-8-methoxyflavone), a flavonoid
derived from the root of Scutellaria baicalensis Georgi, is
traditionally used in the treatment of inflammatory diseases.
Its anti-inflammatory effect has been attributed to the
suppression of NO production via downregulation of several
inflammation-associated mediators such as inducible NO
synthase and cyclooxygenases15,16 and inhibited the expres-
sion and activation of NF-kB in vivo and in vitro.17 Moreover,
there is a staggering amount of literature that Nrf2 contributes
to the protective effects of flavonoids against cellular and
tissue injury, such as luteolin,18 fisetin19 and genistein.20 But
whether wogonin inhibits NF-kB activation and induces the
activation of Nrf2 expression during themalignant transforma-
tion of inflammation is needed to be investigated. Therefore,
the present study was undertaken to examine the effect of
wogonin on colitis-associated colorectal carcinogenesis in
AOM/DSS model and investigate its mechanisms.

Results

In vivo effects of wogonin on inflammation-associated
CRC. To investigate the effects of wogonin on CAC
development, we established the AOM/DSS model in
C57BL/6 mice (Figure 1a). Kaplan–Meier survival curves
showed that wogonin treatment significantly increased the
survival of AOM/DSS-treated mice during the experiment
(Figure 1b). The body weights of mice were monitored
throughout the study, and the results showed that animals
lost weight after each exposure to DSS and wogonin
regained the body weight of AOM/DSS mice (Figure 1c).
Neither changes in indexes of hematology nor noticeable
signs of toxicity in mice were observed in all groups up to 105
days (Tables 1 and 2).
Assessment of tumor number, tumor size and tumor load

(the sum of tumor diameters per colon) at the end of the
animal experiment showed that wogonin reduced tumor
number, tumor size and average tumor load in AOM/DSS

model (Figures 1d–f). In addition, a lower frequency of large-
sized adenomas was observed in wogonin-treated group than
in AOM/DSS group (Figure 1g). As shown in Figure 1h, colons
were shorter in AOM/DSS group than in the wogonin-
treatment groups at day 105, but we found no significant
difference between these two groups.
Histological examination of colonic sections was performed

to assess intestinal inflammatory status. As shown in
Figure 1i, the results of hematoxylin and eosin (H&E) staining
showed that samples at day 29 had slight necrosis of the
mucosa epithelium tissues, andmild hyperemia and edema of
the lamina propria; samples at day 48 had mucosa lamina
propria with edema, accompanied by degeneration and
necrosis of crypt cells and an amount of infiltrative inflamma-
tory cells; samples at day 68 presented severe mucosal
necrosis and a large number of inflammatory cell infiltration;
samples at day 105 had a large adenocarcinoma inside lumen
and it exhibited that several abnormal cells exhibited
cylindrical shape, large nuclei, increasing nuclear/cytoplasmic
(N/C) ratio and cellular cleavage, and the glands have
abnormal sizes and shapes. Conversely, wogonin relieved
these symptoms significantly in different periods. The
abnormal presentation that tumor tissues were not adherent
to intestinal mucosa resulted from operational problems.
Taken together, these results indicated that wogonin

inhibited inflammation-related carcinogenesis and tumor
development in AOM/DSS mouse model.

Wogonin inhibits cell proliferation and production of
pro-inflammatory mediators and regulates expression of
NF-jB and Nrf2 in vivo. Uncontrolled colonocyte prolifera-
tion is the common event that occurs at the cellular level
during colon carcinogenesis. Accordingly, cellular prolifera-
tion in surrounding and tumor tissues was evaluated using
BrdU and proliferating cell nuclear antigen (PCNA) staining
(Figure 2a). Moreover, Image pro plus software (Media
Cybernetics, Silver Spring, MD, USA) was used to analyze
the positive cells and we added the integrated optical density
(IOD) of BrdU- and PCNA-positive cells as shown in
Figure 2b. These results showed a significantly lower number
of BrdU- and PCNA-labeled cells in wogonin-treated mice
than in those of AOM/DSS-treated mice. These results
indicated that wogonin suppressed cellular proliferation in
surrounding and tumor tissues.
As the important role of cytokines in the development of CAC,

we next detected the expression of IL-6 and IL-1b in CAC mice
using immunohistochemical staining. IL-6 and IL-1b
were expressed at relatively high levels in mouse model;
however, wogonin effectively suppressed the expression of IL-6
and IL-1b (Figures 2c and d). In addition, we tested the effect of
wogonin on the mRNA levels of IL-6 and IL-1b in surrouding
tissues of AOM/DSS-treated mice. As shown in Figure 2e,
wogonin significantly decreased the mRNA levels of IL-6
and IL-1b.
In addition, results of immunohistochemical staining and

western blots showed that wogonin reduced nuclear NF-kB p65
protein expression in surrounding and tissues of AOM/DSS-
treated mice (Figures 2f–i). Overexpressed Nrf2 translocated
into nuclei in tumor tissues of AOM/DSS-treated mice at day
105, and it was not obvious change administrated with wogonin.
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However, a significantly increased Nrf2 translocation into the
nucleus in surrounding tissues was observed in the wogonin-
treated group at days 29, 48 and 68. The above phenomenon

indicated that wogonin inhibited NF-kB and promoted Nrf2
activation to decrease the inflammation-induced injury, and
prevented the incidence and the development of CAC.

Figure 1 Wogonin reduced the incidence and development of CAC. C57BL/6 mice were subjected to an AOM-based CAC induction protocol using three cycles of 2.5%
DSS in drinking water. (a) Diagram shows the experimental course of AOM/DSS mouse model. (b) Kaplan–Meier survival curves show the effect of wogonin on the survival of
AOM/DSS-treated mice. (c) Body weights of the AOM/DSS group and AOM/DSSþwogonin group were measured. (d) Tumor numbers were counted on day 106. Data
represent average tumor numbers±S.D. (n¼ 6). **Po0.01 compared with AOM/DSS group. (e) Tumor sizes were determined using Spot software for microscopic tumors or
a caliper for macroscopic tumors. Average tumor size±S.D. is shown; *Po0.05, **Po0.01 compared with AOM/DSS group. (f) Average tumor load was determined. Results
are averages±S.D. (n¼ 6). **Po0.01 compared with AOM/DSS group. (g) Histogram showing the size distribution of tumors. (h) Representative images of colons removed
frommice in AOM/DSS group and AOM/DSSþwogonin group at day 105 and data statistics of the colon length. (i) H&E stains of serial sections of colons. The arrows showed
the possible presence of adenocarcinoma tissues
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Wogonin inhibits the growth of HCT116 cells exposed to
the supernatant of lipopolysaccharide-stimulated THP-1
cells. On the basis of the results in Figure 2a, we proposed
that wogonin inhibited inflammation-induced proliferation
of cancer cells. Then, we used a culture system, which
exposed HCT116 cells with the conditional media from
lipopolysaccharide (LPS)-stimulated THP-1 cells, to detect
the interaction between inflammation and tumor progression
and verify this hypothesis.
Recent studies indicated that aberrant bacterial LPS-

mediated inflammatory mediators and signaling pathways in
gut mucosa may be involved in the pathogenesis of
inflammation-related cancer.21–23 Therefore, we used LPS
as a stimulator to mimic the inflammatory environment for the
later experiments.
We found that the conditional media from LPS-induced

THP-1 cells promoted the growth of HCT116 cells com-
pared with HCT116 monolayer alone. However, wogonin
markedly inhibited the proliferation of HCT116 cells sup-
ported by the conditional medium as shown in Figure 3a.
Western blot analysis showed that PCNA expression was
upregulated in HCT116 cells supported by LPS-stimulated
THP-1 cells and this upregulation was reversed by wogonin

(Figure 3b). Ki67 assay also showed that wogonin inhibited
the proliferation of HCT116 cells in the conditional culture
system (the ratio of HCT116 cells to THP-1 cells was
1 : 10) (Figure 3c). These findings suggested that wogonin
suppressed the induction of THP-1 cells on the proliferation
of HCT116 cells.

Wogonin inhibits LPS-induced production of pro-inflam-
matory cytokines in THP-1 cells. Among the molecules
involved in inflammation-related cancer, IL-1b and IL-6 were
identified as the key endogenous (intrinsic) factors.6,24 In the
above results, we found that wogonin inhibited the secretion
and expression of IL-6 and IL-1b in vivo. Next, we detected the
effect of wogonin on the production of these two cytokines
in vitro. As shown in Figures 3d and e, LPS treatment
significantly increased IL-6 and IL-1b secretion in THP-1 cells,
and the secretion was inhibited by wogonin in a concentration-
dependent manner. Furthermore, IL-6 and IL-1b levels were
undetectable in the culture media of LPS-stimulated HCT116
cells (data not shown). The inhibition of wogonin on the
production of IL-6 and IL-1b in THP-1 cells was confirmed by
quantifying mRNA expression (Figure 3f). These results
indicated that wogonin inhibited the expression of IL-6 and
IL-1b at the transcriptional level in LPS-stimulated THP-1 cells.

Wogonin downregulates LPS-induced NF-jB pathway in
THP-1 cells. It is reported that NF-kB, partially induced by
LPS, supervises the transformation of non-resolving inflam-
mation.25 Therefore, the effect of wogonin on the activation of
NF-kB pathway in THP-1 cells was detected in the next
experiments. Moreover, we found that wogonin significantly
inhibited LPS-induced NF-kB nuclear expression in THP-1
cells (Figure 3g). Stimulation with LPS in THP-1 cells for
60min induced IkB phosphorylation, and this induction was
significantly inhibited by wogonin; however, wogonin had no
effects on IkB protein levels (Figure 3h). In addition, wogonin
significantly suppressed LPS-induced phosphorylation of
IKKa/b (Figure 3i). These findings suggested that wogonin
suppressed NF-kB activation by inhibiting phosphorylation of
IKK and IkB.
On the basis of the results above, we proposed that

wogonin exerted its anti-inflammatory effect by decreasing
the expression and activity of NF-kB in vitro. NF-kB plasmid
was applied as a tool to examine this hypothesis. A decrease
in the LPS-induced secretion of IL-6 and IL-1b in THP-1 cells
after administrated with wogonin was found, whereas the
inhibition was reversed in the presence of NF-kB plasmid
transfection (Figure 3j).

Table 1 Effect of wogonin on indexes of hemotology in different groups at
day 106

Treatments Parameters

WBC Neutrophil
ratio (%)

Lymphocyte
ratio (%)

Saline 5.02±0.36 12.05±1.01 83.25±3.41
AOM/DSS 4.94±0.77 12.84±1.89 81.75±2.47
AOM/DSSþwogonin 5.48±1.41 12.21±1.34 88.25±2.32

Abbreviation: WBC, white blood cells
Each data point represents the mean ±S.D. of five animals for each group

Table 2 Effect of wogonin on weights of main organs in different groups at day
106

Treatments Weights (g)

Liver Spleen Lung

Saline 1.094±0.098 0.092±0.012 0.133±0.009
AOM/DSS 1.132±0.111 0.090±0.012 0.177±0.011
AOM/DSSþwogonin 1.116±0.231 0.105±0.002 0.151±0.052

Each data point represents the mean ±S.D. of five animals for each group

Figure 2 Wogonin inhibited cellular proliferation, changed the inflammatory microenvironment and regulated the expression of NF-kB and Nrf2 in vivo. (a) The expression
of BrdU and PCNA in surrounding and tumor tissues of AOM/DSS-treated mice was examined by immunohistochemistry. (b) Image pro plus software was used to quantify the
IHC images. IOD of BrdU- and PCNA-positive cells was shown. All data are expressed as the mean±S.D., *Po0.05, **Po0.01 compared with saline group; #Po0.05,
##Po0.01 compared with AOM/DSS group. (c) The expression of IL-6 and IL-1b in surrounding tissues of AOM/DSS-treated mice was performed by immunohistochemistry.
(d) IOD of IL-6- and IL-1b-positive cells was shown. All data are expressed as the mean±S.D., *Po0.05, **Po0.01 compared with saline group; #Po0.05, ##Po0.01
compared with AOM/DSS group. (e) The mRNA levels of IL-6 and IL-1b were measured by real-time RT-PCR, with the use of gene-specific TaqMan primers and a universal
PCR master mixture. All data are expressed as the mean±S.D., *Po0.05, **Po0.01 compared with AOM/DSS group. (f) Immunohistochemistry of NF-kB p65 and Nrf2 in
surrounding and tumor tissues. (g) IOD of NF-kB p65- and Nrf2-positive cells was shown. All data are expressed as the mean±S.D., *Po0.05, **Po0.01 compared with
saline group; #Po0.05, ##Po0.01 compared with AOM/DSS group. (h) NF-kB p65 and Nrf2 nuclear translocations were measured at different time points by western blotting.
(i) The relative expression of NF-kB p65 and Nrf2 in nuclear and cytosol fraction was represented by densitometric analysis. The results are representative of three
independent experiments and expressed as means±S.D., *Po0.05, **Po0.01 compared with saline group; #Po0.05, ##Po0.01 compared with AOM/DSS group
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Wogonin inhibits LPS-induced NF-jB pathway and
upstream MAPK-PI3K-Akt signaling pathway in HCT116
cells. NF-kB regulates the expression of multiple inflamma-
tion-associated proliferational genes and dysregulation of
NF-kB pathway is crucial in cancer development.26 There-
fore, we next detected the effect of wogonin on LPS-induced
NF-kB activation in HCT116 cells. Wogonin inhibited nuclear
translocation of NF-kB at 60min showed by immunofluores-
cence confocal microscopy, whereas there was no obvious
change at 30min (Figure 4a). The percent of NF-kB-positive
cells was shown as a histograph in Figure 4b. Western blot
analysis further confirmed that the LPS-induced NF-kB
nuclear translocation was suppressed by wogonin at 60min
(Figure 4c). Wogonin significantly inhibited phosphorylation
of IkB and IKKa/b (Figures 4d and e). Furthermore,
electrophoretic mobility shift assays (EMSAs) showed that
wogonin suppressed LPS-induced NF-kB DNA-binding
activity in a concentration-dependent manner in HCT116
cells (Figure 4f). The results showed that p38 and ERK were
activated after LPS administration for 120 and 240min, and
wogonin inhibited the phosphorylation of p38 and ERK
(Figure 4g). But JNK and phosphatidylinositol 3-kinase
(PI3K)/AKT signaling pathway were only activated at
240min, but not at 120min, and wogonin inhibited LPS-
induced activation of JNK, AKT and PI3K (Figure 4g). These
results indicated that wogonin inhibited the activation of
NF-kB in LPS-activated HCT116 cells possibly by regulating
the MAPK and PI3K/Akt signaling pathways.

Wogonin promotes the activation of Nrf2 pathway in
THP-1 cells. As shown in Figures 2e and f, wogonin
increased the expression of Nrf2 in tumor tissues and
surrounding tissues. To further understand the role of Nrf2
signaling on wogonin-induced anti-inflammation in vitro, we
next detected the effect of wogonin on the activation of Nrf2
in THP-1 cells. Western blot analysis showed that the Nrf2
nuclear translocation was increased by wogonin (Figures 5a
and b). Immunoprecipitation assay showed that wogonin
decreased the Keap1 binding to Nrf2 in THP-1 cells treated
with MG132 – a protease inhibitor, and a more extensively
ubiquitinated-Keap1 protein was observed in the wogonin-
treated cells (Figures 5c and d). As MG132 inhibited the
degradation of Keap1, the binding of Keap1 and Nrf2 or
ubiquitin was observed at the same level of Keap1, excluding
other influencing factors. These findings suggested that
wogonin might increase Nrf2 protein stability by down-
regulating Keap1 expression and the interaction between
Keap1 and Nrf2.
Furthermore, EMSAs showed that wogonin promoted

LPS-stimulated Nrf2 DNA-binding activity in THP-1 cells
(Figure 5e). Consistent with these results, the expression of

downstream protein HO-1 was significantly increased by
administration of wogonin (Figure 5f).
Subsequently, Nrf2 siRNA was used to detect whether the

anti-inflammatory effect of wogoninwas related toNrf2 signaling
pathway in vitro. In addition, Figure 5g showed that Nrf2 siRNA
pretreatment reversed, at least partially, the inhibitory effect of
wogonin on the LPS-induced secretion of IL-6 and IL-1b in THP-
1 cells. This suggested that Nrf2 was involved in the wogonin-
induced inhibition of cytokine secretion.

Wogonin increases the activation of Nrf2 signaling
pathway in HCT116 cells. The activation of Nrf2 and
consequent upregulation of its target genes not only counter-
act oxidative and electrophilic assault but also limit the
severity of inflammatory tissue damage, which represent a
potential mechanism of cancer chemoprevention.27,28 For
the role of Nrf2 in the prevention of malignant transformation,
we next detected the effect of wogonin on the activation of
Nrf2 signaling pathway in HCT116 cells. As shown in Figures
6a and b, LPS-stimulated Nrf2 nuclear translocation was
increased by wogonin. The results further confirmed that
wogonin promoted the nuclear translocation of Nrf2 as
shown by immunofluorescence confocal microscopy
(Figure 6c). Immunoprecipitation assay showed that wogonin
decreased the Keap1 binding to Nrf2 and ubiquitinated Nrf2
protein in HCT116 cells treated with MG132 (Figures 6d and e).
Furthermore, EMSAs showed that wogonin promoted the
Nrf2 DNA-binding activity in HCT116 cells (Figure 6f).
HCT116 cells were co-transfected with GFP and the pARE-
Luc plasmid. LPS treatment resulted in an increase in
luciferase activity, and the increase was enhanced by the
addition of wogonin (Figure 6g). Then, ChIP assay was
carried out to assess whether wogonin impeded binding of
Nrf2 to endogenous antioxidant response element. Indeed,
the binding activity was significantly increased in HCT116
cells treated with wogonin by detecting mRNA expression of
Nrf2 downstream protein HO-1 using CHIP assay
(Figure 6h). Consistent with these results, NQO-1 expression
had a significant increase after being treated with wogonin for
1 and 2 h. For the result of HO-1 expression, we considered
that the increase was presented at 8 h (Figures 6i and j).

Discussion

The six hallmarks of cancer described by Hanahan and
Weinberg in 2000 included sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling
replicative immortality, inducing angiogenesis, and activating
invasion and metastasis. Increasing evidence suggested that
a seventh feature should make this list: inflammation.29

The major tumor-promoting mechanism of inflammation is

Figure 3 Effect of wogonin on the growth of HCT116 cells cocultured with LPS-induced THP-1 cells, the expression of inflammatory cytokines and NF-kB in human THP-1
monocytes. (a) MTT assay was performed to detect the anti-proliferation effect of wogonin. HCT-116 cells were seeded at a density of 4� 104 cells/well and cultured with or
without the supernatant of THP-1 cells at ratios of 1 : 5, 1 : 10 and 1 : 20. LPS (10mg/ml) and wogonin (50 mM) were used in this culture system. *Po0.05, **Po0.01 and
n¼ 5. (b) PCNA expression was analyzed by western blots. (c) Ki67 immunohistochemistry of HCT116 cells in conditional culture system. The production of IL-6 (d) and IL-1b
(e) was measured in the culture medium using ELISA kits. (f) The mRNA levels of IL-6 and IL-1b were measured by real-time RT-PCR. All data are expressed as the
mean±S.D., *Po0.05, **Po0.01 compared with control group; #Po0.05, ##Po0.01 versus LPS group. After the isolation of nuclear and cytoplasm extracts, NF-kB p65
nuclear expression (g), IkB phosphorylation (h) and IKK phosphorylation (i) were measured by western blotting. (j) The production of IL-6 and IL-1b in THP-1 cells transfected
with NF-kB p65 plasmid was measured in the culture medium using ELISA kits. **Po0.01 compared with LPS alone; #Po0.05, ##Po0.01 versus LPSþwogonin group

Wogonin prevents colitis-related colon cancer
J Yao et al

7

Cell Death and Disease



that cytokines produced by immune/inflammatory cells result
in the activation of transcription factors, such as NF-kB,
STAT3 and AP-1 in premalignant cells, which induce genes
expression that stimulates cell proliferation and survival. In

other words, the inflammatory microenvironment becomes an
integral and essential part of the cancer, and it is considered
as a target for cancer therapy.30 In our study, AOM-DSS
treatment caused extensive high-grade dysplasia and formed

Figure 4 Effect of wogonin on LPS-induced activation of NF-kB signaling pathway in HCT116 cells. (a) Immunofluorescence was performed to analyze NF-kB p65
nuclear translocation. (b) The percentage of cells with NF-kB translocation to the nucleus was shown. (c) Western blotting was performed to analyze NF-kB p65 nuclear
translocation. Lamin A and b-actin were used as nuclear and cytoplasmic markers, respectively. Whole-cell lysates were analyzed by western blotting using various antibodies
against p-IkBa (d) and p-IKK (e). Experiments were repeated three times with similar observations in each experiment. Densitometric analysis was performed to determine the
relative ratios of each protein. All data are expressed as the mean±S.D., *Po0.05, **Po0.01 versus LPS group. (f) Nuclear extracts were prepared and subjected to EMSA
to detect NF-kB activation. Arrowhead indicates the DNA-binding activity of NF-kB. Binding is competed by unlabeled NF-kB oligonucleotides (cold) and shifted by the
addition of a p65 antibody. (g) Effects of wogonin on the LPS-induced PI3K and MAPK signaling pathway components. HCT116 cells were treated with 50 mMwogonin for 120
and 240min before the addition of 10 mg/ml LPS
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Figure 5 Effect of wogonin on the expression and activation of Nrf2 in LPS-treated THP-1 cells. THP-1 cells were treated with wogonin in the presence of LPS for 30 and
60min. (a) Nrf2 nuclear translocation was measured by western blotting. (b) Densitometric analysis was performed to determine the relative ratios of each protein. All data are
expressed as the mean±S.D., *Po0.05, **Po0.01 compared with control group; #Po0.05, ##Po0.01 versus LPS alone. (c) Immunoprecipitation assay was used to detect
the ubiquitination of Keap1 and the binding of Keap1 and Nrf2. (d) Densitometric analysis was performed to determine the relative ratios of each protein. All data are expressed
as the mean±S.D., #Po0.05, ##Po0.01 versus LPS alone. (e) Nuclear extracts were prepared and subjected to EMSA to examine Nrf2 activation. Arrowhead indicates the
DNA-binding activity of Nrf2. (f) HO-1 expression in whole-cell lysate was measured by western blotting. Densitometric analysis was performed to determine the relative ratios
of HO-1 protein. All data are expressed as the mean±S.D., #Po0.05, ##Po0.01 versus LPS group. (g) The production of IL-6 and IL-1b in the culture medium of THP-1 cells
transfected with Nrf2 siRNA was measured using ELISA kits. **Po0.01 compared with LPS alone; #Po0.05, ##Po0.01 versus LPSþwogonin group
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Figure 6 Effect of wogonin on the expression and activation of Nrf2 in LPS-treated HCT116 cells. (a) Nrf2 nuclear translocation was detected by western blotting. PARP and
elf2a were used as nuclear and cytoplasmic markers, respectively. (b) Densitometric analysis was performed to determine the relative ratio of each protein. All data are
expressed as the mean±S.D., *Po0.05, **Po0.01 compared with control; #Po0.05, ##Po0.01 versus LPS alone. (c) Nrf2 nuclear translocation was detected by
immunofluorescence, and the counting of the percentage of the NF-kB or Nrf2 translocation to the nucleus was shown. (d) Immunoprecipitation assay was used to examine the
ubiquitination of Nrf2. Densitometric analysis was performed to determine the relative ratio of each protein. All data are expressed as the mean±S.D., *Po0.05, **Po0.01
compared with control group; #Po0.05, ##Po0.01 versus LPS alone. (e) Effect of wogonin on the binding of Keap1 and Nrf2. Densitometric analysis was performed to
determine the relative ratios of each protein. All data are expressed as the mean±S.D., *Po0.05, **Po0.01 compared with control group; #Po0.05, ##Po0.01 versus LPS
alone. (f) EMSA to detect the Nrf2 DNA-binding activity. Arrowhead indicates the DNA-binding activity of Nrf2. (g) HCT116 cells were transiently transfected with an Nrf2 reporter
gene plasmid for 4 h. The luciferase activities were detected. All data are expressed as the mean±S.D., #Po0.05, ##Po0.01 versus LPS alone. (h) ChIP assay indicated that
the binding of Nrf2 and ARE by detect HO-1 mRNA expression using real-time PCR. All data are expressed as the mean±S.D., #Po0.05, ##Po0.01 versus LPS alone.
(i) NQO-1 and HO-1 expressions in whole-cell lysate were measured by western blotting. (j) Densitometric analysis was performed to determine the relative ratios of each
protein. All data are expressed as the mean±S.D., *Po0.05, **Po0.01 compared with control; #Po0.05, ##Po0.01 versus LPS alone
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adenomas in colorectal tissue, and wogonin exhibited a
remarkable ability to reduce intestinal inflammation and
prevent carcinogenesis induced by AOM/DSS with no side
effect for long-term administration (Figures 1 and 2; Tables 1
and 2). It is extremely important for cancer prevention
because it needs long-term administration. However, the
target for wogonin remains to be further investigated. In this
study, we demonstrated the effect of wogonin on NF-kB and
Nrf2 signaling pathways at different stages of inflammation
induced by AOM/DSS in vivo and the effect on the expression
and nuclear localization of NF-kB and Nrf2 in vitro. The in vivo
and in vitro studies were used as the previous study.21,31–33

Our results indicated that downregulated NF-kB and upregu-
lated Nrf2 may provide mechanistic links between inflamma-
tion and cancer.
Nrf2 induces the gene expression of antioxidant and

detoxification enzymes and has been reported to exert anti-
inflammatory effect by regulating several pro-inflammatory
genes, including TNF-a, IL-1b and IL-6 in inflammatory
cells.34–36 Therefore, we could believe that boosting the
Nrf2-dependent response to counteract environmental stress
is a promising strategy for inflammation-related cancer
prevention. In our study, we found that wogonin increased
the expression of Nrf2 in surrounding tissues of AOM/DSS-
treated mice. In in vitro study, wogonin promoted the nuclear
expression of Nrf2 in THP-1 cells and HCT116 cells (Figures 5
and 6). We can conclude that Nrf2 might inhibit the production
of cytokines in THP-1 cells, and exert the effect of chemopre-
vention in HCT116 cells. However, we found that high
expression of Nrf2 is detected in tumor tissues, and wogonin
did not inducemoreNrf2 expression (Figures 2f–i). This finding
could be attributed to the ‘dark side’ of Nrf2. As we know, Nrf2
has also been demonstrated to be beneficial for tumor survival,
which could decrease the accumulation of ROS, maintain a
favorable redox balance and upregulate ARE-dependent
genes to generate antioxidants in cancer cells to promote
their survival and development.37–41 Moreover, several onco-
genes, such as K-Ras, B-Raf and Myc, have been shown to
actively induce transcription of Nrf2, promoting a ROS
detoxification program that creates a permissive environment
for tumor formation.10 It seems that Nrf2 is an advantage for
cancer development and should be inhibited rather than
induction during cancer therapy. However, it is believed that
compounds able to induce Nrf2-dependent response to
counteract environmental stress is a promising strategy in a
number of diseases,42,43 and it is optimistic to discover new
Nrf2 activators for chemoprevention.
The coordinated regulation of Nrf2 and NF-kB has been

shown to have a crucial role in translating cellular stress signal
into an anti-inflammatory response. Multiple lines of evidence
suggest that genetic disruption or pharmacologic inhibition of
Nrf2 signaling augments the expression and/or activity of pro-
inflammatory mediators and sustains inflammation.28 As NF-
kB has been recognized as an important molecular link
between inflammation and cancer, it is possible that the anti-
inflammatory and chemopreventive effects of Nrf2 inducers or
Nrf2-regulated gene products may be mediated through
downregulation of NF-kB. It is reported that levels of NF-kB
and cytokines in Nrf2-null mice were significantly higher than
those in Nrf2 wild-type mice.44,45 Many chemopreventive

phytochemicals exhibited simultaneous induction of Nrf2-
regulated cytoprotective protein expression and inhibition of
NF-kB-regulated pro-inflammatory signaling.27 Our study also
demonstrated that wogonin inhibited the activation of NF-kB
signaling pathway and induced Nrf2 signaling pathway in vivo
and in vitro. However, direct evidence linking Nrf2 activation to
NF-kB downregulation is yet to be established. We intend to
explore the molecular link between the two pathways using
Nrf2-knockout mice in the future study.
IL-6 and IL-1b contribute to cellular transformation and

growth in a paracrine or autocrine manner.46 We observed
that wogonin suppressed the transcription of IL-6 and IL-1b in
surrounding tissues of AOM/DSS-treated mice (Figures 2c
and d). In addition, our results showed that wogonin treatment
significantly suppressed the secretion of IL-6 and IL-1b and
downregulated the mRNA levels of IL-6 and IL-1b in THP-1
cells (Figures 3d–f). All above results indicated that wogonin
suppressed the production of IL-6 and IL-1b by modulating
NF-kB and Nrf2 signaling pathways.
Taken together, our results showed that wogonin prevented

the initiation and development of CACand regulatedNF-kBand
Nrf2 signaling pathways in vivo and in vitro. NF-kB and Nrf2
signaling pathways could be critical for wogonin’s prevention of
CAC. Therefore, wogonin might be a new and attractive
chemoprevention agent for inflammation-related cancer.

Materials and Methods
Reagents and cell culture. Wogonin (purity499%) was provided by
Dr. Zhiyu Li from the College of Pharmacy, China Pharmaceutical University. In
in vitro study, wogonin was dissolved in dimethyl sulfoxide (DMSO) as a stock
solution (100mM), and stored at � 20 1C, freshly diluted with Dulbecco’s Modified
Eagle Medium (Gibco, Invitrogen, Carlsbad, CA, USA) to the final concentration
(50mM). In in vivo study, wogonin (25mg/bottle) was made into freeze-dried
powder formulation by Dr. Xue Ke from college of pharmacy, China
pharmaceutical university, and we administrated wogonin (60mg/kg, i.g.) in mice.

LPS was purchased from Sigma (St. Louis, MN, USA). Primary antibodies
against p38, p-p38, ERK, p-ERK, JNK, p-JNK, PI3K, Akt, p-Akt (Ser 473), Lamin A,
IL-1b, IL-6, IkB, NF-kB, Keap1, HO-1, NQO-1 and Nrf2 were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); antibodies against bcl-2, PARP, p-IkB,
IKK, p-IKKa/b and PCNA were from Cell Signaling Technology (Danvers, MA,
USA); and antibodies against b-actin were from Boster (Wuhan, China).
IRDyeTM800 conjugated secondary antibodies were obtained from Rockland Inc.
(Philadelphia, PA, USA). Human colon carcinoma HCT116 cells and human acute
monocytic leukemia THP-1 cells were obtained from CBCAS (Cell Bank of the
Chinese Academic of Sciences, Shanghai, China). HCT116 cells and THP-1 cells
were cultured in McCoy’s 5A medium (Sigma) and RPMI-1640 medium (Gibco,
Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (Sijiqing,
Hangzhou, China), 100 U/ml benzyl penicillin and 100mg/ml streptomycin. Cells
were cultured in a humidified environment with 5% CO2 at 37

1C.

Animal models. C57BL/6 mice, 6–8 weeks old, weighing 18� 22 g, were
supplied by Shanghai Laboratory Animal Center, China Academy of Sciences
(Certificate No. 122). The mice were raised in air-conditioned rooms under
controlled lighting (12 h light/day) and provided with food and water at discretion.
Animal care and surgery protocols were approved by the Animal Care Committee
of China Pharmaceutical University. All animals were treated and used in a
scientifically valid and ethical manner. A total of 84 mice were randomly divided
into the following 12 groups: saline 29 days’ group (negative control group), n¼ 6;
AOM/DSS 29 days’ group, n¼ 6; AOM/DSSþwogonin 29 days’ group, n¼ 6;
saline 48 days’ group (negative control group), n¼ 6; AOM/DSS 48 days’ group,
n¼ 6; AOM/DSSþwogonin 48 days’ group, n¼ 6; saline 68 days’ group
(negative control group), n¼ 6; AOM/DSS 68 days’ group, AOM/DSSþwogonin
68 days’ group, n¼ 6; saline 105 days’ group (negative control group),
n¼ 10; AOM/DSS 105 days’ group, n¼ 10; and AOM/DSSþwogonin 105 days’
group, n¼ 10.
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CAC was induced as described previously.2 Briefly, on day 1, mice were injected
intraperitoneally (i.p.) with 12.5 mg/kg AOM (Sigma) and maintained on a regular
diet and water for 5 days. After 5 days, mice received 2.5% DSS (molecular weight
35 000–50 000 kDa, MP Biomedicals Inc., Irvine, CA, USA) in drinking water for 5
days. After this, mice were maintained on regular water for 14 days and subjected to
two more DSS treatment cycles. The mice were given wogonin 60mg/kg every day
via gastric intubation starting 5 days before the AOM injection, until the termination
of the experiment. Body weight was measured every week. On day 106, mice were
killed. Macroscopic tumors were counted and measured with a caliper. The clinical
course of the disease was followed daily by measuring body weight and monitoring
for signs of rectal bleeding or diarrhea.

Histological analysis and immunohistochemistry. Four-micron-
thick sections were prepared from formalin-fixed, paraffin-embedded colon tissue
from AOM/DSS-treated mice and stained with H&E. Immunohistochemical staining
against BrdU, PCNA, IL-1b, IL-6, NF-kB and Nrf2 was performed with standard
techniques. Image pro plus software was used to analyze the number of positive
cells by detecting IOD.

Immunofluorescence confocal microscopy. HCT116 cells were
seeded onto glass coverslips in six-well plates, and after 24 h, treated with
wogonin as indicated, and subjected to immunofluorescence staining as described
in previous study.47

Preparation of cytosolic and nuclear extracts and whole-cell
lysates. Nuclear and cytosolic protein extracts were prepared according to the
modified method as described.48 One part of the cytosolic and nuclear fractions
was subjected to immunoblot analysis. The rest of the nuclear extract was used for
EMSA. The whole-cell lysates were prepared as mentioned.48

Electrophoretic mobility shift assay. Nuclear extracts (8 mg/sample)
were prepared as previously described and incubated with biotin-labeled NF-kB
and ARE consensus oligonucleotides in reaction buffer for 20min at room
temperature. A double-stranded mutated oligonucleotide was used to evaluate the
specificity of NF-kB and Nrf2 binding to DNA. The specificity was also determined
through competition with the unlabeled oligonucleotide. This assay was carried out
as previously described.

Western blotting analysis. HCT116 and THP-1 cells were treated with
various concentrations of wogonin for the indicated times with or without LPS
(10mg/ml). Cell and tissue lysates were analyzed by western blotting as described
previously.49

Culture of HCT116 cells with conditioned media from LPS-
induced THP-1. THP-1 cells were cultured in 24-well tissue culture plates at
THP-1 : HCT116 ratios of 20 : 1, 10 : 1 and 5 : 1. THP-1 cells were left untreated or
activated with LPS. HCT116 cells were seeded in another 24-well tissue culture
plate (Costar, Cambridge, MA, USA) at 1.6� 104 cells per well, grown to 80%
confluence one day before treatment. Cells were (1) left untreated or treated with
(2) 10mg/ml LPS, (3) 10mg/ml LPSþ 50mM wogonin, (4) conditioned media from
LPS-activated THP-1 cells or (5) conditioned media from LPS-activated THP-1
cells and wogonin together. Then, we used 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay to detect the anti-proliferation effect of
wogonin. HCT116 cells were left to adhere overnight, then exposed to five groups
of medium for 24 h. Subsequently, 20ml of MTT solution (5 mg/ml) was transferred
to each well. Plates were incubated for 4 h at 37 1C and 5% CO2. After Incubation,
supernatants were removed, and 100ml DMSO was added to ensure total
solubility of formazan crystals. Plates were placed on an orbital shaker for 2 min,
and the absorbance was recorded at 570 nm using a Universal Microplate Reader
(EL800, BIO-TEK Instruments Inc., Winooski, VT, USA).

Ki67 proliferation assay. THP-1 cells were cultured in six-well tissue
culture plates at THP-1 : HCT116 ratio of 10 : 1. THP-1 cells were left untreated or
activated with LPS. HCT116 cells were seeded in another six-well tissue culture
plate (Costar) at 1.6� 104 cells per well, grown to 80% confluence one day before
treatment. Cells were (1) left untreated or treated with (2) 10mg/ml LPS, (3) 10mg/ml
LPSþ 50mM wogonin, (4) conditioned media from LPS-activated THP-1 cells or
(5) conditioned media from LPS-activated THP-1 cells and wogonin together.
Then, immunohistochemical staining against Ki67 was performed with standard
techniques.

Cytokine quantification by enzyme-linked immunosorbent
assay. IL-6 and IL-1b secretions in cell supernatants were collected at various
time points after LPS induction and in the homogenate of surrounding tissues were
measured by the Mouse and Human IL-6 and IL-1b ELISA kits (KeyGEN, Nanjing,
China) according to the manufacturer’s instructions. The experiments were
repeated three times. Levels of cytokines were expressed in pg/ml.

Quantitative real-time PCR. The RNA extracts of cells and tissues were
prepared according to the modified method as described.48 The relative amount of
target mRNA was determined using the comparative threshold (Ct) method by
normalizing target mRNA Ct values to those for b-Actin (DCt). The sample of
surrounding tissues was also operated as described. The primer sequences were
as follows:

� Human IL-6-sense (50-TGTAGTGAGGAACAAGCCAGAG-30);
� Human IL-6-antisense (50-TACATTTGCCGAAGAGCC-30);
� Human IL-1b-sense (50-AGGCTGCTCTGGGATTC-30);
� Human IL-1b-antisense (50-GCCACAACAACTGACGC-30);
� Human b-Actin-sense (50-CTGTCCCTGTATGCCTCT-30);
� Human b-Actin-antisense (50-ATGTCACGCACGATTTCC-30)
� Mouse IL-6-sense (50-ACAACCACGGCCTTCCCTAC-30);
� Mouse IL-6-antisense (50-TCTCATTTCCACGATTTCCCAG-30);
� Mouse IL-1b-sense (50-CCAAGCTTCCTTGTGCAAGTA-30);
� Mouse IL-1b-antisense (50-AAGCCCAAAGTCCATCAGTGG-30);
� Mouse b-actin-sense (50-TGCTGTCCCTGTATGCCTCT-30);
� Mouse b-actin-antisense (50-TTTGATGTCACGCACGCACGATTT-30).

Transfection of NF-jB plasmid and Nrf2 siRNA. THP-1 cells were
plated in six-well plates with fresh medium. NF-kB plasmid and Nrf2 siRNA
transfections were performed according to the manufacturer’s instructions of
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). After that, THP-1 cells
were incubated with 10mg/ml LPS combined with 50mM wogonin for 12 h at 37 1C,
and the concentration of cytokines in the supernatant of THP-1 cells were detected.

Statistical analysis. All results in the text are expressed as means±S.D.
from triplicate experiments performed in a parallel manner unless otherwise
indicated. Statistically significant differences (analysis of variance and post hoc
tests) were analyzed using the GraphPad Prism software (GraphPad Software
Inc., Avenida, CA, USA). Details of each statistical analysis used are provided in
the figure legends.
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