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Abstract

Scope—Naobiletin (NBT) is a major citrus flavonoid with various health benefits. Herein, we
investigated the colon cancer chemopreventive effects of NBT and its colonic metabolites in a
colitis-associated colon carcinogenesis mouse model as well as in human colon cancer cell
models.

Methods and results—In azoxymethane (AOM)/dextran sulfate sodium (DSS)-treated mice,
oral administration of NBT effectively decreased both incidence and multiplicity of colonic
tumors. NBT showed significant anti-proliferative, pro-apoptotic and anti-inflammatory effects in
the mouse colon. HPLC analysis revealed that oral administration of NBT resulted in high levels
of metabolites, i.e. 3’-demethylnobiletin (M1), 4-demethylnobiletin (M2), and 3/, 4’-
didemethylnobiletin (M3) in the colonic mucosa. In contrast, the colonic level of NBT was about
20-fold lower than the total colonic level of three metabolites. Cell culture studies demonstrated
that the colonic metabolites of NBT significantly inhibited the growth of human colon cancer
cells, caused cell cycle arrest, induced apoptosis, and profoundly modulated signaling proteins
related with cell proliferation and cell death. All of these effects were much stronger than those
produced by NBT alone.

Conclusions—Our results demonstrated that oral administration of NBT significantly inhibited
colitis-associated colon carcinogenesis in mice, and this chemopreventive effect was strongly
associated with its colonic metabolites.
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1. Introduction

Colon cancer is one of the major causes of cancer death and poses a serious threat to human
health. It is well known that there is a strong association between inflammation and multiple
types of cancers including colon cancer [1]. Both referral center studies and population-
based studies have demonstrated that patients with inflammatory bowel diseases such as
ulcerative colitis and Crohn’s disease are at an significantly increased risk of colon cancer as
compared to the general population [2]. Inflammation promotes carcinogenesis by various
mechanisms including enhancing proliferation of malignant cells, promoting angiogenesis,
boosting tumor metastasis, and altering tumor response to chemotherapeutic drugs [1].
Accumulating evidence showed that certain dietary compounds have anti-inflammatory and
anti-carcinogenic effects, and they can be potentially utilized as chemopreventive agents
against inflammation-associated colon carcinogenesis [3].

Polymethoxyflavones (PMFs) is a unique class of flavonoids mainly found in citrus fruits
[4]. Nobiletin (5,6,7,8,3’,4’-hexamethoxyflavone, NBT) is a major citrus PMF. Previous
studies have demonstrated a wide range of beneficial activities of NBT, including anti-
inflammation [5-7], anti-cancer [8-12], and anti-atherosclerosis [13]. NBT has shown
various protective effects against different cancers in animal models, such as gastric [8],
colon [10-12], and prostate [12] cancers. In particular, dietary administration of NBT was
shown to suppress colon carcinogenesis in different rodent models [10-12]. Suzuki et al.
reported that NBT inhibited AOM-induced colon carcinogenesis in rats [10]. Miyamoto et
al. demonstrated that NBT inhibited AOM/DSS-induced colon carcinogenesis in mice, and
this protective effect was associated with down-regulation of leptin [11]. Tang et al. showed
that NBT suppressed PhIP-induced formation of aberrant crypt foci in the rat colon [12].
Together, these studies suggested that dietary administration of NBT generally inhibited
chemically induced colon carcinogenesis in rodents.

A growing body of evidence suggested that biotransformation played critical roles in the
biological activities of orally administered compounds [14, 15]. The metabolites generated
in the body by the biotransformation may have more potent bioactivities in comparison with
the parent compound [16, 17]. Moreover, oral administration of a parent compound may
result in higher levels of metabolites than the parent compound in certain tissues. Therefore,
under the aforementioned circumstance, the metabolites, rather than the ingested parent
compound, may exhibit dominant biological effects in those tissues [17]. Previously, the
colon cancer chemopreventive effects of NBT observed in rodent models were ascribed to
NBT itself [10-12]. There is no detailed information available about the role of
biotransformation in the chemopreventive effects of NBT in the colon. To better understand
the biological activities of NBT, we systematically investigated the inhibitory effects of
dietary NBT on colitis-associated colon carcinogenesis in AOM/DSS-treated CD-1 mice;
identified and quantified major colonic metabolites of NBT in the mice, and elucidated the
inhibitory effects of these metabolites on human colon cancer cells.
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2. Materials and methods

2.1 Animals, diets and experimental procedure

The protocol for the animal experiment was approved by Institutional Animal Care and Use
Committee of the University of Massachusetts Amherst (# 2014-0079). The male CD-1 mice
(5 week old) were obtained from Charles River Laboratories (Wilmington, MA, USA).
Upon arrival, the mice were kept in a temperature-controlled animal room (23°C) with
humidity of 65—-70%, fixed day/night cycle (12 h light), and free access to water and
AIN93G diet for 2 week for acclimation [18]. Mice were then randomly divided into three
groups (negative control group, positive control group and NBT group, 20 mice each) and
were given one intraperitoneal injection of AOM (12 mg-kg~! body weight) in saline
(negative control group received same volume of saline. After 1 week, 1.5% DSS
(molecular weight: 36,000-50,000, International Lab, Chicago, IL, USA) was administered
in the drinking water for 4 days followed by 1 week of pure water for recovery, and this
cycle was repeated four times (negative control group receive regular drinking water without
DSS). Negative and positive control groups were fed with AIN93G diet, while NBT group
was fed with AIN93G diet containing NBT (0.05 wt% in diet) starting at one week after the
AOM injection until the end of study. All mice were sacrificed by CO, asphyxiation at 20
week after AOM injection. The liver and spleen were removed and weighed. After
measurement of the length, the entire colons were opened longitudinally, rinsed with
phosphate-buffered saline (pH 7.4). The whole colon weight was measured and the colons
were inspected under a dissection microscope. Number and size of tumors were measured
using an ocular micrometer. The sizes of tumors were determined by the following formula:
tumor volume (mm?3) = L x W2/2, where L is the length and W is the width of the tumor [19].
Then the colons were cut into two pieces longitudinally. Half of the colon was fixed in 10%
buffered formalin (pH 7.4) for 24 h for further histopathological and immunohistochemical
analysis. The other half of the colon was stored at -80°C for ELISA, gRT-PCR, and HPLC
analysis.

2.2 Histopathological and immunohistochemical analysis

Formalin fixed colon tissues were processed for paraffin-embedding, sectioning, and
haematoxylin and eosin (H&E) staining as we previously described [20]. Based on H&E
staining, histological alterations such as mucosal ulceration, dysplasia and carcinoma were
evaluated under a microscope (100x) according to the criteria previously reported [21].
Carcinoma was defined as a high-grade dysplasia of colonic mucosa that had invaded
beyond the muscularis mucosa and into the submucosa. Immunohistochemical analysis was
conducted on the colon tissue sections as we previously described [20, 22]. Cell proliferation
in the colonic tissue was measured by staining with the antibodies against proliferating cell
nuclear antigen (PCNA). Apoptotic cells were determined by staining with antibodies
against cleaved caspase-3. Antibodies were obtained from Cell Signaling Technology, Inc.
(Beverly, MA, USA).

2.3 Enzyme-linked immunosorbent assay (ELISA) and real-time gRT-PCR Analysis

Colonic mucosa were scraped and homogenized in a phosphate buffer solution containing
0.4 M NacCl, 0.05% Tween-20, 0.5% BSA, 0.1 mM benzethonium, and 1% protease
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inhibitor cocktail (Boston Bioproducts, Ashland, MA, USA). The homogenates were
centrifuged at 10,000g for 30 min at 0°C. The supernatant was used for quantification of
cytokines, i.e. interleukin 1B (IL-1p), interleukin 6 (IL-6) and tumor necrosis factor-a (TNF-
a) by ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions. Real-Time gRT-PCR analysis was conducted as previously described [23]. The
primer pairs were synthesized by Integrated DNA Technologies, Inc. (Coralville, 1A, USA)
with the following primers: IL-1 F: 5-ACCTGCTGGTGTGTGACGTT-3/, R: 5'-
TCGTTGCTTGGTTCTCCTTG-3; IL-6 F: ¥-GAGGATACCACTCCCAACAGACC-Z,
R: 5-AAGTGCATCATCGTTGTTCATACA-3’A; TNF-a F: 5'-
AGCACAGAAAGCATGATCCG-3, R: 5-CTGATGAGAGGGAGGCCATT-3’; p-actin F:
5-AAGAGAGGCATCCTCACCCT-3, R: 5-TACATGGCTGGGGTGTTGAA-3 [24].
The copy number of each transcript was calculated with respect to the B-actin copy number,
using the 272ACt method [25].

2.4 Determination of colonic levels of NBT and its metabolites by HPLC

Colonic mucosa samples were homogenized in PBS and extracted with equal volume of
ethyl acetate for three times. Pooled ethyl acetate fractions were dried under vacuum and
dissolved in 50% methanol. Identification and quantification of NBT and its metabolites
were carried out by an HPLC with an electrochemical detector using our previously
published method [26, 27]. NBT, M1, M2, and M3, with purity greater than 98%, were used
as external standards to identify and quantify NBT, M1, M2, and M3. Tangeretin was used
as an internal standard. NBT and tangeretin were from Sigma-Aldrich (St. Louis, MO,
USA). M1, M2, and M3 were synthesized as described previously [26-29].

2.5 Analysis of cell viability, cell cycle and apoptosis

Assays for cell viability, cell cycle and apoptosis were conducted as we previously described
[30-32]. In brief, human colorectal cancer cells, HCT116 and HT29 (ATCC, Manassas, VA,
USA) were seeded in 96-well plates. After 24 h, cells were treated with serial concentrations
of NBT and its metabolites, and the cell viability was quantified by MTT method [30-32].
HCT116 and HT29 cells were seeded in 6-well plates for cell cycle and apoptosis analysis.
After 24 h of incubation for cell attachment, cells were treated with serial concentrations of
NBT and its metabolites in serum complete media. After the treatment, media containing
any floating cells were harvested and combined with adherent cells that were detached by
brief trypsinization. Cell pellets were washed with 1 mL of ice-cold PBS then subject to cell
cycle and apoptosis analysis by flow cytometry as we described previously [30-32]. DMSO
was used as vehicle to deliver NBT and its metabolites to the cells. The final concentration
of DMSO in all experiments was 0.1% v/v in cell culture media.

2.6 Immunoblotting

Cells were seeded in 150 mm culture dishes. After 24 h of incubation for cell attachment,
cells were treated with NBT (40 uM), M1 (40 uM), M2 (40 uM) or M3 (20 uM). After
another 24 or 48 h of incubation, cells were washed with ice-cold PBS, and collected with
cell scrapers. Whole cell lysates were prepared and then subjected to Western blotting
analysis as we previously reported [23, 30—32]. Antibodies for p21CiPL/Wafl cyelin D1,
cleaved caspase-3, cleaved caspase-9, and cleaved poly ADP ribose polymerase (PARP)
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were purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-B-actin
antibody was from Sigma-Aldrich (St. Louis, MO, USA).

2.7 Statistical analysis

All data were presented as mean = SD. Student’s t-test was used to test the mean difference
between two groups. Analysis of variance (ANOVA) model was used for the comparison of
differences among three or more groups. A p value <0.05 was considered to be statistically

significant.

3. Results and discussion

3.1 Oral administration of NBT decreased the incidence and multiplicity of colonic tumors
in AOM/DSS-treated mice

AOM/DSS-treated mice were used to determine chemopreventive effects of dietary NBT
(0.05 wt% in AIN93G diet) on colitis-associated colon carcinogenesis. Injection of a colon
carcinogen AOM in combination with cyclic administration of DSS in drinking water
resulted in the development of colitis, colorectal dysplasia, and cancer [33]. Body weight
was monitored twice a week as an indicator of potential toxicity of NBT (significant
decrease in body weight may be caused by general toxicity from dietary treatment with
NBT). The results showed that no difference was found between NBT-treated group and two
control groups during the whole experimental period (final body weights were shown in the
Table 1). There was no difference in the weight of liver and spleen between the NBT-treated
group and two control groups (Table 1), and no apparent behavioral or appearance
difference was observed either, suggesting no noticeable toxic effects caused by dietary
feeding of NBT to the mice. Colon weight/length ratio is correlated with the severity of
colitis and therefore is an indicator of levels of inflammation in the colon [34]. As shown in
Table 1, compared to the positive control group, dietary treatment with NBT significant
prevented the shortening of colon length and reduced the elevated colon weight/length ratio
caused by AOM/DSS. The colon length and colon weight/length ratio of NBT-treated group
were similar to the negative control group. The AOM/DSS treatment in the positive control
group resulted in 100% incidence of colon tumors and 4.97 + 1.01 colonic tumors per mouse
(negative control group showed no tumor). Dietary administration of NBT significantly
decreased the tumor incidence by 40% and tumor multiplicity by 71% (4.97 £ 1.01 vs. 1.45
+ 0.60). H&E staining showed that the colonic mucosa of the control group presented
typical inflammatory and cancerous characteristics such as formation of dysplasia, distortion
of crypts structure and infiltration of inflammatory cells (Figure 1A). In contrast, the colonic
mucosa of NBT-treated group appeared to largely maintain the histological characteristics of
normal mucosa (Figure 1B). These results demonstrated that NBT effectively inhibited
AOM/DSS-induced colon carcinogenesis in mice.

3.2 Oral administration of NBT reduced cell proliferation, induced apoptosis, and
decreased the levels of pro-inflammatory cytokines in the colon of AOM/DSS-treated mice

Uncontrollable cell proliferation is an important feature of colon carcinogenesis.
Proliferating cell nuclear antigen (PCNA) is a cofactor of DNA polymerase 8. The
expression of PCNA is increased during G1 phase through S phase of the cell cycle; and it
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plays a critical role in regulating DNA replication [35]. PCNA therefore is often used as a
key marker for cell proliferation [36]. Immunohistochemical analysis showed high number
of PCNA positive colonocytes within the colonic mucosal crypts of AOM/DSS-treated
control mice (Figure 1C), indicating a high cell proliferation rate. However, dietary
treatment with NBT decreased the number of PCNA positive colonocytes by 69% (Figure
1D and 1G). Apoptosis is a major type of programed cell death, and it plays an essential role
in balance of death of cancerous cells and survival of normal cells in prevention and
treatment of cancer [37]. Induction of apoptosis in cancerous cells is considered an effective
strategy for cancer chemoprevention. Caspase-3 is a major regulator of apoptosis, and it can
be activated (cleaved) by other initiator caspases such as caspase-9. Cleaved caspase-3 can
then further cleave Poly ADP-ribose polymerase (PARP), leading to the loss of DNA repair
functions of cancerous cells, and then cell death [38]. As shown in Figure 1E and 1F,
colonic tumors from the control group showed low number of cleaved capase-3 positive
cells, while higher number of cleaved caspase-3 positive cells (2.3-fold increase, Figure 1G)
were observed in the colonic tumors of NBT-treated group. These results demonstrated that
dietary treatment with NBT significantly decreased abnormal cell proliferation and induced
apoptosis in the colonocytes of AOM/DSS-treated mice, which is believed to contribute to
the cancer preventive effects of NBT against colon carcinogenesis.

Accumulating studies have demonstrated that improper up-regulation of pro-inflammatory
cytokines such as interleukin 1p (IL-1p), interleukin 6 (IL-6), and tumor necrosis factor-a
(TNF-a) can accelerate the process of colon carcinogenesis [39, 40]. Using ELISA, we
determined the effects of dietary treatment with NBT on the AOM/DSS-induced production
of pro-inflammatory cytokines in colonic mucosa. As shown in Figure 2A, NBT treatment
resulted in significant decreases in the levels of IL-1p, IL-6 and TNF-a by 92%, 69% and
51%, respectively, compared to those of the control group. Next, we determined the effects
of NBT on the mRNA expression levels of pro-inflammatory cytokines by real-time qRT-
PCR analysis. As shown in Figure 2B, the mRNA expression levels of IL-10, IL-6, and
TNF-a were significantly reduced by NBT treatment by 69%, 45%, and 65%, respectively,
in comparison with those found in the control mice. Together, our results showed that oral
administration of NBT inhibited the colon carcinogenesis at least partially by reducing cell
proliferation, inducing apoptosis, and suppressing the expression levels of pro-inflammatory
cytokines in the colon of AOM/DSS-treated mice.

3.3 Identification and quantification of colonic metabolites of NBT in mice

It is well recognized that the in vivo metabolic fate of dietary flavonoids is critical for their
biological activities. We and others have reported that orally administered PMFs, such as
NBT, tangeretin and 5-demethylnobiletin, undergo extensive biotransformation to produce
various metabolites [26-29, 41]. Particularly, three major metabolites were identified in the
urine of CD-1 mice after oral administration of NBT [28, 29]. The structure of the three
metabolites were shown in Figure 3A, and they are 3’-demethylnobiletin (M1), 4’
demethylnobiletin (M2), and 3/, 4’-didemethylnobiletin (M3), Interestingly, studies have
demonstrated that these metabolites of NBT had potent biological activities, including anti-
inflammation [29] and anti-atherogenesis [42]. For example, in RAW264.7 macrophages,
three metabolites of NBT, especially M2 and M3, showed strong anti-inflammatory effects
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such as suppressing LPS-induced production of nitric oxide and gene expression of iNOS
and COX-2 [29]. Moreover, in THP-1-derived macrophages, M3 showed a strong protective
effect against atherogenesis due to its antioxidant activity against LDL oxidation and
inhibition on monocyte-to-macrophage differentiation and foam cell formation [42]. Most
importantly, the aforementioned beneficial bioactivities of three metabolites were shown to
be even stronger than those produced by their parent compound, NBT.

An important goal of this study was to establish the role of biotransformation in the
chemopreventive effects of NBT against colitis-associated colon carcinogenesis. In order to
do so, the identity and abundance of metabolites of NBT in the colonic mucosa needed to be
determined. This is because that metabolites found in the colonic mucosa are likely
responsible for the biological activities observed in the colonic mucosa. We hypothesized
that the urinary metabolites (M1, M2, and M3) of NBT can also be formed in the colonic
mucosa of mice after oral administration of NBT. To confirm this hypothesis, we conducted
HPLC analysis on colonic mucosa samples harvested from NBT-fed mice and the control
mice [26, 27]. The results showed that the three metabolites M1, M2, and M3 were indeed
present in the colonic mucosa of NBT-fed mice (Figure 3B). We chemically synthesized
M1, M2, and M3 (purity greater than 98%) and used them as chemical standards for HPLC
and mass spectroscopy analysis [26, 27]. It was observed that the colonic metabolites of
NBT showed identical retention times and electrochemical responses as M1, M2 and M3
standards. Mass spectroscopy results also confirmed that three colonic metabolites of NBT
showed identical molecular weights as M1, M2, and M3, respectively. These results
demonstrated that M1, M2, and M3 were the metabolites of NBT in the colonic mucosa of
the mice fed with NBT. The exact mechanism for the formation of these colonic metabolites
are not known, and it is likely that their formation is the result of phase | & Il metabolism as
well as biotransformation by gut microbiome.

We further quantified the levels of NBT and its metabolites in the colonic mucosa of NBT-
fed mice by HPLC [26, 27]. As shown in Figure 3C, the colonic levels of NBT, M1, M2 and
M3 were 2.03, 3.28, 24.13, and 12.03 nmol/g of tissue, respectively. It is noteworthy that the
levels of three metabolites M1, M2, and M2 were 1.6-, 11.9- and 5.9-fold higher than that of
NBT in the colonic mucosa, respectively, and the level of NBT only accounted for less than
5% of total levels of NBT and three metabolites. This is very useful information because it
indicated that colonic metabolites of NBT might play more important roles than NBT itself
in the inhibition of colon carcinogenesis after oral administration of NBT, due to their much
greater abundance than NBT in the colonic mucosa. Overall, for the first time, we identified
M1, M2 and M3 as three major metabolites of NBT found in the colonic mucosa of the mice
after long-term oral administration of NBT. Most importantly, we found that the major
forms of NBT in the colonic mucosa were its metabolites rather than NBT itself, suggesting
the importance of biotransformation in the biological effects of orally administered NBT.

3.4 Colonic metabolites of NBT had stronger inhibitory effects than NBT on the growth of
human colon cancer cells

To compare anti-cancer potential of NBT and its colonic metabolites, we determined the
inhibitory effects of NBT, M1, M2, and M3 (at a series of concentrations) on the growth of
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two human colon cancer cell lines, HCT116 and HT29. As shown in Figure 4A, all four
compounds showed dose-dependent inhibitory effects on both cell lines after 72 hours of
treatment. Overall, M2 and M3 showed stronger inhibitory effects than NBT, especially M3,
while M1 showed similar or weaker inhibitory effects than NBT.

Previously, we studied the inhibitory effects of 5-demethylnobiletin (another important
PMF) and its urinary metabolites in human colon cancer cells SW620 and SW480. Our
results demonstrated that demethylation at 3’-, 4’-, or both 3’-and 4’-positions of PMF might
significantly alter its biological activities [26]. In this study, we found that M3 showed
strongest inhibitory effects on human colon cancer cells, indicating that demethylation at
both 3’-and 4’-positions enhanced the inhibitory effects of NBT on colon cancer cells.
Additionally, M3 has been reported to have stronger inhibitory effects against inflammation
and atherogenesis than NBT [29, 42]. It was observed that colonic metabolites M2 and M3
showed stronger inhibitory effects on human colon cancer cells than their parent compound
NBT, and the levels of M2 and M3 in the colonic mucosa of NBT-fed mice were about 12-
and 6-fold higher than that of NBT. These results suggested that M2 and M3 might have
played critical roles in the anti-carcinogenic activities of NBT observed in the NBT-fed
mice.

In order to establish the anti-colon cancer effects of NBT and its metabolites in a
physiologically relevant manner, we determine their inhibitory effects on colon cancer cells
at the concentrations found in the mouse colonic mucosa after oral consumption of NBT
(Figure 4B). If we assumed that 1-gram of colonic tissue gave 1 mL of volume, the
concentrations of NBT, M1, M2, and M3 in the colonic mucosa were 2.03, 3.28, 24.13, and
12.03 pM, respectively. As shown in Figure 4B, after 96 hours of treatments with the
compounds at these concentrations, NBT or M1 did not show any significant inhibition on
the HCT116 or HT29 cells. In contrast, M2 caused 45% and 33% inhibition, while M3
caused 30% and 9% inhibition on HCT116 and HT29 cells, respectively. Moreover, the
combination of M1, M2, and M3 resulted in 64% and 62% inhibition on HCT116 and HT29
cells, respectively. Most interestingly, the combination of all four compounds (NBT, M1,
M2, and M3) did not produce stronger inhibitory effects in comparison with the combination
of M1, M2, and M3. Overall, our results demonstrated that colonic metabolites of NBT
played more important roles than NBT itself in inhibiting cancer cell growth in the colonic
mucosa.

3.5 Colonic metabolites of NBT had stronger effects in inducing cell cycle arrest and
apoptosis than NBT

To further characterize the mode of action of NBT and its metabolites in inhibiting the
growth of colon cancer cells, we determined their effects on cell cycle and apoptosis by
flow-cytometry. As shown in Figure 5A, treatments with NBT (40 uM) or M2 (40 uM) for
24 hours caused cell cycle arrest at GO/G1 phase in both HCT116 and HT29 cells, and the
effects of M2 were stronger than those of NBT. In contrast, M1 (40 uM) and M3 (20 pM)
led to cell cycle arrest at G2/M and S phases in HCT116 cells, and G2/M and G0/G1 phases
in HT29 cells, respectively. Our results showed that different colonic metabolites of NBT
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had distinct effects on cell cycle progression of human colon cancer cells; suggesting
different molecular mechanisms were involved in their actions.

To determine if apoptosis contributed to the growth inhibitory effects of NBT and its
metabolites, we performed Annexin-V/Propidium iodine double staining assay to evaluate
the cellular apoptosis of HCT116 and HT29 cells. As shown in Figure 5B, after 48 hours of
treatment, in comparison to the control cells, both early and late apoptotic cells were
significantly increased by all four compounds in HCT116 cells. Treatments with NBT (40
M), M1 (40 pM) and M2 (40 pM), and M3 (20 uM) increased early apoptotic cell
population by 3.3-, 5.0-, 4.9-, and 7.6-fold compared to the control, respectively; while they
increased late apoptotic cell population by 4.2-, 3.5-, 7.1-, and 4.5-fold, respectively.
Overall, all metabolites showed stronger effects in inducing apoptosis (early plus late) than
NBT in HCT116 cells. In HT29 cells, treatments with NBT (40 uM) and M3 (20 uM)
induced significant apoptosis with the effects of M3 being stronger than those of NBT. M1
(40 uM) and M2 (40 uM) did not cause significant apoptosis in HT29 cells. These results
demonstrated that NBT and its metabolites, especially M3 induced significant apoptosis in
human colon cancer cells. It is noteworthy that the structure differences among NBT and its
colonic metabolites are the number and position of demethylation, and these differences
produced significant distinction in their mode of actions in terms of their effects on cell
cycle progression and apoptosis.

3.6 Colonic metabolites of NBT modulated expression of key signaling proteins related
with cell cycle and apoptosis regulation

To better understand the molecular mechanisms underlying the anticancer activities of NBT
and its colonic metabolites, we analyzed the effects of NBT and its colonic metabolites on
key signaling proteins related to cell cycle and apoptosis pathways in HCT116 cells by
immunoblotting analysis. Cell cycle-related proteins p21¢iP1/Wafl and cyclin D1 were
analyzed after 24 hours of treatment, and apoptosis-related proteins cleaved caspase-3,
cleaved caspase-9, and cleaved PARP were analyzed after 48 hours of treatment. As shown
in Figure 6, NBT and all three colonic metabolites caused significant increases of
p21CiPLWafl expression levels, while only M2 decreased the level of cyclin D1 significantly.
The loss of regulated cell cycle and normal cell behavior is one of the important hallmarks
of cancer. Cell cycle is tightly controlled by checkpoints, and different cyclin-CDK (cyclin-
dependent kinase) complexes. p21CiPL/Wafl js 3 key regulator of cell cycle that can inhibit
CDK activities and thus control the cell cycle progression at G1 and S phase. The transition
of cell cycle from G1 to S phase is mainly regulated by cyclin D-CDK4/6 complexes.
Induction of p21CiPL/Wafl can in turn cause the inactivation or degradation of cyclin D1,
leading to cell cycle arrest in GO/G1 stage [43]. Our results illustrated that M2-mediated
GO/G1 cell cycle arrest is associated with induction of p21CiPL/Wafl and reduction of cyclin
D1. Although treatments with NBT, M1 and M3 affected the protein levels of p21CiP1/Wafl
they did not significantly inhibit the level of cyclin D1. This may partially explain why
NBT, M1, and M3 had weaker or no effects in inducing cell cycle arrest at GO/G1 phase in
HCT116 cells in comparison with M2.
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The evasion of apoptosis is one of the most common cellular abnormalities that may
facilitate the development of various cancers [44]. Activation (cleavage) of caspase-9 and its
downstream effector caspase-3 play critical roles in triggering cellular apoptosis. Cleavage
of caspase-3 can lead to the activation (cleavage) of other key proteins, such as PARP,
which can ultimately promote apoptosis by interfering chromatin condensation and DNA
fragmentation[45]. Our results showed that colonic metabolites of NBT strongly induced the
activation of caspase cascade, including cleavage of caspase-3 and caspase-9, as well as
their final protein target PARP in HCT116 cells, while NBT only induced the activation of
caspase-9 and had no effect on caspase-3 or PARP (Figure 6). This finding is consistent with
previous Annexin-V/PI double staining assay (Figure 5B). Again, our results demonstrated
that colonic metabolites of NBT had stronger effects in the activation of caspase cascade for
apoptosis in comparison with NBT itself.

5. Concluding remarks

In conclusion, our results demonstrated that oral administration of NBT effectively inhibited
colitis-associated colon carcinogenesis in AOM/DSS-treated male CD-1 mice. For the first
time, we identified and quantified major metabolites of NBT in the colonic mucosa, namely
3’-demethylnobiletin (M1), 4-demethylnobiletin (M2), and 3’, 4’-didemethylncbiletin (M3).
Moreover, the abundance of these metabolites were about 20-fold higher than that of their
parent compound NBT in the colonic mucosa. Our results further demonstrated that colonic
metabolites of NBT had stronger anti-cancer effects than NBT, which was evidenced by
their superior effects in inhibiting cancer cell growth, inducing cell cycle arrest and
apoptosis, and modulating key signaling proteins. Together, our results showed that the
chemopreventive effects of orally administered NBT against colon carcinogenesis were
closely associated with its colonic metabolites that had potent anti-cancer effects. This study
provided a solid scientific basis for using NBT as a chemopreventive agent for colon cancer
in human.
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NBT nobiletin

AOM azoxymethane

DSS dextran sulfate sodium

PMF polymethoxyflavone

H&E haematoxylin and eosin

PCNA Proliferating cell nuclear antigen
IL-18 interleukin 1p

IL-6 interleukin 6
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Figurel.

Histological characterization of colonic mucosa and tumors of AOM/DSS-treated mice. (i)
H&E staining of colonic tissues of the control (A) and NBT-treated (B) groups
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(Magnification: 100x); (ii) PCNA staining of colonic mucosa of the control (C) and NBT-
treated (D) groups (Magnification: 400x); (iii) Cleaved caspase-3 staining of colonic tumors
of the control (E) and NBT-treated (F) groups (Magnification: 400x); (iv) Quantification of
PCNA-positive and caspase-3 positive cells in colonic mucosa and tumors (G), * indicates
the statistical significance with p<0.01, n = 6.
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Effects of NBT treatment on protein levels (A) and mRNA levels (B) of IL-1p, IL-6, and
TNF-a in the colonic mucosa of AOM/DSS-treated mice. Colon tissues samples were
randomly collected from the middle and distal colon, and then subjected to ELISA or gRT-
PCR analysis. Data are shown as the mean + SD of three independent experiments. The
amount of IL-1f, IL-6, TNF-a mRNA expression was normalized to that of B-actin. *
indicates statistically significant differences from the control group (p < 0.01, n = 3).
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Figure 3.
(A) Chemical structure of NBT and its metabolites M1, M2, and M3. (B)

Representative HPLC chromatogram of NBT, M1, M2, and M3 in the colonic mucosa
samples. NBT was detected by UV, and M1, M2, and M3 were detected by electrochemical
detection at 400 mv. (C) Quantification of NBT and its metabolites in the colonic mucosa of
mice fed with NBT by HPLC analysis. Different notations in the bar charts indicate
statistical significance (p < 0.01, n = 6) by ANOVA.
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Figure4.

(A) Growth inhibitory effects of NBT, M1, M2 and M3 on HCT116 and HT29 human colon
cancer cells. Cells were seeded in 96-well plates, and after 24 h of incubation, cells were
treated with serial concentrations of NBT and its metabolites. After 72 h of incubation, cell
viability was measured by MTT assay. Data are shown as mean = SD (n = 6). (B) Growth
inhibitory effects of NBT, M1, M2, M3, NBT+M1+M2+M3, and M1+M2+M3 on HCT116
and HT29 human colon cancer cells. The concentrations of these compounds and their
combination were the same as those found in the colonic mucosa of mice fed with NBT (see
Figure 3B). Cells were seeded in 96-well plates, and after 24 h of incubation, cells were
treated with NBT, its metabolites and their combinations. After 96 h of incubation, cell
viability was measured by MTT assay as described. Data are shown as mean = SD (n = 6).
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Different notations in the bar charts indicate statistical significance (p < 0.01, n = 6) by
ANOVA.
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Figureb.

Ef?‘ects of NBT (40 pM), M1 (40 pM), M2 (40 pM) and M3 (20 pM) on cell cycle
progression (A) and apoptosis (B) of HCT116 and HT29 human colon cancer cells. Cells
were seeded in 6-well plates for 24 h, and then treated with NBT and its metabolites. After
24 or 48h of treatments, cells were harvested and subject to cell cycle and apoptosis
analysis, respectively Data are shown as mean + SD. Different notations in the bar charts
indicate statistical significance (p < 0.01, n = 3) by ANOVA.
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Effects of NBT (40 uM), M1 (40 pM), M2 (40 uM) and M3 (20 uM) on cell cycle and
apoptosis related signaling proteins in HCT116 human colon cancer cells. HCT116 cells
were seeded in 10-cm dishes for 24 h, and then cells were treated with NBT and its
metabolites. After another 24 or 48 h of incubation, cells were collected for Western blotting
as described. The numbers underneath of the blots represent band intensity (normalized to -
actin, means of three independent experiments) measured by Image J software. The SDs (all
within £15% of the means) were not shown. $-Actin was served as an equal loading control.
* indicates statistical significance in comparison with the control (p < 0.05, n=3).
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Table 1

Final body weight, relative organ weights, and colon assessment of mice

Group Negative Control  Positive Control  NBT-treated
Treatment None AOM/DSS AOM/DSS/0.05% NBT
Body weight (g) 50.96 + 1.47 48.33+£1.22 50.52 + 1.50

Liver weight (mg) 2348.85 + 78.36 2263.99 £94.74  2315.85+62.71

Spleen weight (mg) 238.18 + 35.58 230.67+30.15  241.11+38.19

Colon length (mm) 96.62 + 2.422 87.80 + 2.90° 94.13 + 2.262

Colon weight (mm) 353.96 + 35.47 357.84 + 46.07 351.10 + 28.42

Colon W/L ratio (mg/mm)  3.69 + 0.292 4.00 + 0.40° 3.77+0.332

Tumor incidence 02 100%" 60%°

Tumor multiplicity 02 4.97 +1.01° 1.45 +0.60°

Data are shown as the mean + SD. Different notation indicates statistical significance (p < 0.05, n = 20) by ANOVA.
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