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Abstract

Inflammation associated with obesity may play a role in colorectal carcinogenesis, but the

underlying mechanism remains unclear. This study investigated whether the Wnt pathway, an

intracellular signaling cascade that plays a critical role in colorectal carcinogenesis, is activated by

obesity-induced elevation of the inflammatory cytokine tumor necrosis factor-alpha (TNF-α).

Animal studies were conducted on C57BL/6 mice, and obesity was induced by utilizing a high-fat

diet (60% kcal). An inflammation-specific microarray was performed, and results were confirmed

with real-time polymerase chain reaction. The array revealed that diet-induced obesity increased

the expression of TNF-α in the colon by 72% (P=.004) and that of interleukin-18 by 41% (P=.

023). The concentration of colonic TNF-α protein, determined by ex vivo culture assay, was nearly

doubled in the obese animals (P=.002). The phosphorylation of glycogen synthase kinase 3 beta

(GSK3β), an important intermediary inhibitor of Wnt signaling and a potential target of TNF-α,

was quantitated by immunohistochemistry. The inactivated (phosphorylated) form of GSK3β was

elevated in the colonic mucosa of obese mice (P<.02). Moreover, β-catenin, the key effector of

canonical Wnt signaling, was elevated in the colons of obese mice (P<.05), as was the expression

of a downstream target gene, c-myc (P<.05). These data demonstrate that diet-induced obesity

produces an elevation in colonic TNF-α and instigates a number of alterations of key components

within the Wnt signaling pathway that are protransformational in nature. Thus, these observations
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offer evidence for a biologically plausible avenue, the Wnt pathway, by which obesity increases

the risk of colorectal cancer.
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1. Introduction

The prevalence of overweight and obesity has increased alarmingly over the past several

decades in North America and in other industrialized countries [1,2]. Mounting

epidemiological evidence suggests that obesity is a robust risk factor of many types of

cancer, and the data are particularly compelling for colorectal cancer [3]. Since the obesity

epidemic shows no signs of abating and further increases in its prevalence are expected in

the future, defining the underlying cellular mechanisms by which obesity enhances cancer is

an important step in the development of intelligent strategies to prevent and treat obesity-

associated cancer.

In the pathophysiological state of obesity, adipose tissue is a very active endocrine and

metabolic organ. In addition to its lipid-storing capacity, it appears to play an important role

in a number of obesity-associated diseases [4]. Adipose tissue in obese individuals is

infiltrated with increased numbers of macrophages, and it is these cells that appear to be

responsible for the production of many inflammatory cytokines [5]. Since the initial

discovery of escalated levels of tumor necrosis factor-alpha (TNF-α) in blood and adipose

tissue by Hotamisligil and colleagues in 1993 [6], many other adiposity-related

inflammatory molecules, such as interferon-γ and interleukin (IL)-1, -6, -8 and -10, have

been identified in the adipose tissue and, in some instances, systemically [7,8]. It is now

widely accepted that obesity is associated with a state of chronic, low-grade inflammation

[9], although, to date, it has not been clearly defined whether peripheral tissues (including

the colon) are similarly exposed by obesity to elevated levels of these inflammatory

mediators.

Epidemiologic studies have long supported a link between chronic inflammation and the

development of certain solid tumors, including colorectal cancer [10]. The most overt

examples are patients with chronic inflammatory bowel disease of the colon, among whom

the incidence of colorectal cancer increases progressively over time, reaching 19% after 30

years of disease [11]. Animal models closely recapitulate the findings of human studies,

unambiguously proving a causal link between chronic inflammation and colorectal cancer.

Persistent colonic inflammation in rodents induced by exogenous agents reproducibly leads

to colonic carcinomas [12]. However, whether inflammation lies on the causal pathway

linking obesity to colorectal cancer remains unclear.

It is well accepted that aberrant Wnt signaling is an early event in 90% of human colorectal

cancers [13,14]. Apc is the tumor suppressor gene in familial adenomatous polyposis, a

hereditary syndrome associated with a substantial increase in risk of colorectal cancer [15].

However, the activation of Wnt signaling is not exclusively explained by mutations in the
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Apc gene. Only a small fraction of colorectal cancer occurs in an apparently inherited

fashion with Apc mutation [16]. Inappropriate Wnt signaling activation may be produced by

posttranslational modification of its elements. For instance, Wnt signaling activation can

occur through phosphorylation of the negative regulatory elements glycogen synthase kinase

3 beta (GSK3β), which in turn causes β-catenin protein stabilization [17]. The objective of

the studies in this paper is to investigate the potential role of obesity-induced inflammatory

cytokines in activating Wnt signaling and thereby promoting the development of colorectal

cancer.

We herein show that diet-induced obesity increases the concentration of TNF-α in the

colonic mucosa. Accompanying this increase are elevated phosphorylation of GSK3β,

increased steady-state levels of β-catenin and increased transcription of the downstream Wnt

pathway gene, c-Myc. These observations provide compelling evidence in support of a novel

mechanism by which obesity could elevate the risk of colorectal cancer.

2. Material and methods

2.1. Animals

The protocol was approved by the Institutional Animal Care and Use Committee of the Jean

Mayer USDA Human Nutrition Research Center on Aging at Tufts University. C57BL/6

mice were used in this study, and obesity was induced by a standard high-fat diet (60% of

total kcal as fat; D12492, Research Diets Inc.) in which lard was used as the major source of

fat. Two cohorts of animals were used in this study. The first cohort (10 obese and 9 lean

animals) was used for the measurement of TNF-α protein concentration by ex vivo culture of

the colon. The obesity in this cohort was induced by feeding the high-fat diet for 17 weeks

starting at 9–12 weeks of age. All other endpoints were measured on the second cohort of

mice (eight obese and eight lean). Obesity was induced in this cohort by feeding the same

high-fat diet for 12 weeks (from age of 6–18 weeks). In both cohorts, the average body

weights of the obese mice were 30% to 35% greater than those of the lean controls at the

time of sacrifice (P<.01, data not shown).

Methods for colonic mucosa isolation have been described in a previous publication with

modifications [18]. Briefly, at the time of sacrifice, the colon was opened longitudinally,

flushed with iced phosphate-buffered saline (PBS) containing a protease inhibitor cocktail

and placed on a glass plate lying on a bed of crushed ice. The mucosa was gently scraped

off, placed in a foil packet, frozen in liquid nitrogen and subsequently used for all RNA and

Western blot assays.

2.2. Inflammatory pathway-specific microarray analysis

To systematically investigate which inflammation-related genes were altered by diet-

induced obesity, inflammatory pathway-specific arrays (SABiosciences, Frederick, MD,

USA) were performed on pooled samples (eight mice from each of the two diet groups).

This array (PAMM-011A) profiles the expression of 84 genes of inflammatory cytokines,

their receptors and several other genes involved in the inflammatory response. The complete

list of genes is available at http://www.sabiosciences.com. This microarray is a well-

accepted assay for inflammatory pathway-specific analysis [19,20].
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Briefly, RNA was extracted from the colonic scrapings using Trizol reagent (Invitrogen,

Carlsbad, CA, USA) and further purified using the RNeasy Mini Cleanup kit (Qiagen,

Valencia, CA, USA). For both the obese and lean control groups, the RNA from six samples

was pooled in equal amounts of RNA, and a total of 1 μg of the pooled RNA was used for

cDNA synthesis using the RT2 First Strand Kit (SABiosciences, Frederick, MD, USA).

Each polymerase chain reaction (PCR) array was performed on a ABI7300 real-time PCR

system (Applied Biosystems, Carlsbad, CA, USA) utilizing the following thermal cycling

conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. The

cycle threshold (Ct) values, which were defined as the fractional cycle number at which the

fluorescence passes an arbitrarily set threshold, were normalized to the average Ct of five

housekeeping genes including GAPDH and β-actin.

2.3. Colon ex vivo culture and TNF-α cytokine measurement

A segment of the colon was removed, cut open longitudinally and washed in PBS containing

protease inhibitors. The colon was temporarily stored in 15-ml tubes containing ice-cold

RPMI 1640 medium supplemented with 1% antibiotic, antimycotic cocktail. The sample

was then further cut into segments of ~1 cm and placed in 24 flat-bottom well culture plates

containing RPMI 1640 medium supplemented with 1% antibiotic, antimycotic cocktail. The

colon segments were incubated at 37°C in 1 ml of fresh medium for 24 h. Culture

supernatants were harvested and assayed for cytokines. A similar ex vivo culture method has

been previously used for inflammatory cytokine detection [21]. Protein concentrations were

determined by the Bio-Rad protein assay. The colonic TNF-α level was measured by

enzyme-linked immunosorbent assay (ELISA). The minimum detectable concentration of

TNF-α for the kit is 4 pg/ml (Biolegend Mouse TNF-α ELISA Max).

2.4. Immunohistochemistry and immunoblotting

For immunohistochemistry, the paraffin embedding slides were deparaffinized in xylene,

followed by rehydration in ethanol. Endogenous peroxidase blocking was performed with

H2O2, and the antigen was retrieved by boiling. Slides were first incubated with primary

antibodies. Antibodies targeting phospho-GSK3β and cleaved caspase-3 (apoptosis) were

from Cell Signaling Technology (Boston, MA, USA), but anti-ki-67 (proliferation) antibody

was from Abcam (Cambridge, MA, USA). Antibody was diluted at 1:200 in the antibody

solution. Then following the incubation with biotinylated horse anti-mouse secondary

antibody (Vector Laboratories, Burlingame, CA, USA), the slides were treated with

Vectastain Elite ABC reagent (Vector Laboratories) and hematoxylin counterstain. Scoring

was performed in a blinded fashion at a 400-fold magnification. A semiquantitative

immunohistochemical method was used for phospho-GSK3β and cleaved caspase-3.

Positive staining of the colonic epithelium was scored as follows: 0, no staining; 1, mild

staining; 2, moderate staining; and 3, intensive staining. The proliferation index (ki-67

positive staining) was calculated by determining the number of positive epithelial cells per

crypt divided by the total number of crypt cells.

For immunoblotting of β-catenin, protein extracts were run out on a polyacrylamide gel with

electrophoresis and transferred onto nitrocellulose membrane. Nonspecific binding was

blocked with nonfat dry milk. The membrane was then probed with the primary anti-β-
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catenin antibody (BD Biosciences, San Jose, CA, USA) at the concentration of 1:2000

followed by a horseradish-peroxidase-conjugated secondary antibody (Bio-Rad, Hercules,

CA, USA). Chemifluorescence detection was achieved using ECL Plus Substrate

(Amersham Biosciences, Piscataway, NJ, USA). Protein bands were quantified using a Gel-

Doc image analysis system and Quantity One software (Bio-Rad). The ratio of the density

for β-catenin band vs. the control GAPDH band was calculated.

2.5. Real-time PCR for gene expression

Real-time PCR was performed on total RNA isolated from colonic scrapings with Trizol

reagent (Invitrogen, Carlsbad, CA, USA), and the first-strand cDNAs were synthesized

using Oligo d(T)xxx and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA,

USA). SYBR Green-based gene expression analysis were used to confirm eight

inflammation-related genes, six of which were identified by the inflammatory pathway-

specific microarray to have undergone at least a 50% change and also have been reported to

be linked to colorectal carcinogenesis. Two additional cytokines (IL-1β and IL-6), although

not displaying ≥50% change by the array, were also measured by quantitative reverse

transcriptase (RT)-PCR since they are reportedly linked to colorectal cancer risk as well.

The primers for these cytokines are listed in supplementary tables (table s1). The

expressions of the c-myc and cyclin D1 gene were quantified using a TaqMan Gene

Expression Assay and the ABI7300 real-time PCR machine (both from Applied Biosystems,

Foster City, CA, USA). The statistical analyses were performed using ΔCt, and relative

expression values (relative expression=2−ΔΔCt) are reported.

2.6. Statistical analysis

Analysis of the inflammatory pathway-specific microarray data was performed using the

Web Portal provided by SABiosciences (http://www.SABiosciences.com). Data analyses for

other endpoints were conducted using general linear regression procedure in SAS software

v9.2 (SAS Institute Inc., Cary, NC, USA). Values in the text are presented as means ±

S.E.M.

3. Results

3.1. Diet-induced obesity alters the transcriptional expression of inflammatory cytokines in
the colon

As stated in the Introduction section, it is widely accepted that adipose tissue is an active

endocrine organ responsible for the production of many inflammatory cytokines in the state

of obesity [4]. Although elevated patterns of obesity-related inflammatory cytokines have

been reported for serum and adipose tissue, essentially no data exist on the obesity-

associated inflammatory mediators in the colon.

The analysis of the inflammatory pathway-specific array on pooled samples from obese and

lean mice indicated that, among the 84 inflammation-associated genes, 11 genes were up-

regulated by ≥50% and 18 genes were down-regulated by ≥50% in obese mice (Fig. 1).

More details of the 29 identified genes are listed in a supplementary table (Table S2). After a

search of which of the identified genes have been linked to colorectal cancer, six were
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identified as being both proinflammatory and highly relevant to carcinogenesis [chemokine

(C-C motif) ligand 2, IL-18, TNF-α, chemokine (C-C motif) receptor 2, interferon-γ and

IL-4]. These six were therefore selected for further confirmation by RT-PCR [22–26].

Moreover, we also examined two additional proinflammatory cytokines (IL-1β and IL-6)

which have been linked to an increased risk of colorectal cancer [27–31]. Real-time PCR

results of these eight proinflammatory genes (Fig. 2) show that diet-induced obesity

increased the expression of TNF-α in the colon by 72% (P=.004), IL-1β by 44% (P=.077)

and IL-18 by 41% (P=.023).

3.2. TNF-α protein in the colon was significantly increased in the diet-induced obese mice

Increases of transcriptional levels of inflammatory cytokines such as the identified TNF-α

indicate that obesity induces a chronic inflammation (for instance, the infiltration

macrophages) in the colon, and the TNF-α, which is directly produced by infiltrated immune

cells, can be determined by transcriptional expression. However, TNF-α protein produced in

adipose tissue may also be circulated into colonic mucosa. Moreover, with the consideration

of posttranscriptional modification, it is necessary to measure the protein level, which is

even more functionally related. Therefore, colonic TNF-α protein level was also determined

in this study. The TNF-α protein in the colon was assessed by an ex vivo colonic tissue

culture as described above [21]. A 78% increase (P<.01) in TNF-α protein was observed in

the diet-induced obese mice (Fig. 3).

3.3. Elevated colonic TNF-α protein level was accompanied with increased
phosphorylation of GSK3β and accumulation of β-catenin

We next examined whether increases in β-catenin and the phosphorylated form of GSK3β

accompany the increase of TNF-α in obese mice. The results (Fig. 3) demonstrate that

dietary obesity does increase phospho-GSK3β and the accumulation of β-catenin. This is

consistent with the concept that increasing activity of TNF-α induces the phosphorylation of

GSK3β, thereby suppressing the proteosomal degradation of β-catenin and allowing its

accumulation in the cell.

3.4. Expression of c-myc in the colon was up-regulated by diet-induced obesity

Stabilized β-catenin binds to T-cell factor/lymphoid enhancer factor-1 in the nucleus and

results in increased transcriptional activation of several target genes including the c-myc

proto-oncogene, which is a transcriptional factor that, in turn, activates the expression of

numerous genes that have diverse procarcinogenic consequences, including increased cell

proliferation [32]. Consistent with our hypothesis was an observation of significantly

increased c-myc expression in the obese mice (Fig. 4). The expression of another Wnt target

gene, cyclin D1, was not significantly altered. The latter observation is perhaps not

surprising since the expression of cyclin D1 is well known to be influenced by a number of

factors other than Wnt signaling [33–35].

3.5. Proliferation in the colonic epithelium was elevated by high-fat-diet-induced obesity

The canonical Wnt pathway controls cell differentiation, proliferation and apoptosis by

regulating the expression of a high number of target genes [36]. c-myc, for example, is a

Liu et al. Page 6

J Nutr Biochem. Author manuscript; available in PMC 2014 August 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



transcription factor that regulates the expression of numerous genes involved in

proliferation, cell growth, differentiation, apoptosis and neoplastic transformation [37].

Analyses of proliferation in the colonic crypts, using Ki-67 staining as the marker, indicated

that diet-induced obesity significantly elevated the mean proliferation index (i.e., number of

colonic epithelial cells with positively staining nuclei divided by total number of

colonocytes in the crypt) by 38% (P<.05). However, the alteration of apoptosis, assessed by

nuclear staining of cleaved caspase-3, was not statistically significant (Fig. 5).

4. Discussion

Epidemiological studies continue to underscore the importance of overweight and obesity as

major determinants of the risk of colorectal cancer [38], and demographic trends continue to

emphasize that the problem will only become more prominent in the coming decade.

Nevertheless, insights into the underlying mechanisms by which excessive weight mediates

these effects — which are important in designing strategies as to how to address the problem

— remain very limited.

Although it has been thought for some time that chronic inflammation, incited by obesity or

other factors, might play a role in promoting colorectal carcinogenesis, the cellular pathways

by which this effect is mediated have not yet been defined. TNF-α plays a prominent role in

obesity-induced inflammation and has been shown to be elevated in the circulation as well

as in some tissues of obese humans and rodents [7,8]. Recently, it was shown in an animal

model of Helicobacter-associated gastric cancer that TNF-α activates Wnt signaling through

the induction of GSK3β phosphorylation, resulting in increased nuclear localization of β-

catenin, the hallmark event of canonical Wnt signaling [24]. Observations from this study

support a similar concept that obesity-induced elevation of TNF-α up-regulates the

procarcinogenic Wnt pathway by suppressing the activity of GSK3β in the colon.

Our observations prove that the colons of those mice who consumed the obesogenic diet

underwent significant and substantial increases in the expression of multiple

proinflammatory cytokines: TNF-α by 72% (P=.004), IL-1β by 44% (P=.077) and IL-18 by

41% (P=.023). Since we were particularly interested in the ability of TNF-α to mediate

phosphorylation of a critical element in the Wnt pathway [24], we confirmed that the protein

level of this cytokine was elevated in conjunction with elevated levels of the RNA transcript.

This is consistent with a recent observation in which elevated TNF-α was observed in both

rat normal colonic mucosa and tumor [39], and our data greatly extend that observation by

demonstrating important downstream events that the increases in TNF-α might incite.

Moreover, because our hypothesis posits that the link between TNF-α and the Wnt pathway

is via phosphorylation of GSK3β, it was important for us to demonstrate whether cellular

levels of phospho-GSK3β are elevated in the obese mice, and this link was also established.

Canonical Wnt signaling is unregulated when changes in upstream elements result in

diminished degradation of β-catenin, thereby enabling cellular levels of β-catenin to rise and

resulting in an increased translocation of this element into the nucleus. This hallmark of Wnt

signaling was also demonstrated in our study. Finally, we showed that a Wnt pathway

downstream gene, c-myc, and a cytokinetic readout of activated Wnt signaling, epithelial

Liu et al. Page 7

J Nutr Biochem. Author manuscript; available in PMC 2014 August 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



proliferation, were also significantly increased in those animals that consumed the high-fat

diet. Although the design of this study falls somewhat short of proving that the apparent

activation of Wnt signaling was definitively due to the increased concentrations of TNF-α,

all the observations nevertheless provide evidence in support of the proposed hypothesis,

establishing a solid foundation upon which more definitive proof of causality can be built.

These data therefore represent initial evidence for a novel mechanism by which obesity-

associated inflammation might elevate Wnt-signaling and consequently promote colorectal

tumorigenesis.

Canonical Wnt signaling is a critical pathway in the regulation of tumor development [40].

In the normal intestine, a base level of Wnt signaling functions to maintain the stem-cell

characteristics of the epithelial cells [41]. However, mutations in the Apc gene or other Wnt-

promoting events can inappropriately activate or elevate Wnt signaling and initiate processes

leading to colorectal cancer [42]. This study demonstrates that induction of obesity and of its

associated chronic inflammatory state creates a microenvironment with increased levels of

many cytokines, including TNF-α that apparently contributes to an elevation of Wnt

signaling.

In addition to TNF-α, other humoral agents associated with obesity might also be

contributing to the activation of Wnt signaling. IL-1β has also been observed to induce

phosphorylation of GSK3β [43]. Also, adiponectin, which is decreased in the obese state and

is not an inflammatory cytokine, can modulate GSK3β/β-catenin signaling pathway [44].

Nevertheless, there is compelling evidence that these two elements play a minor role in our

study, if at all, compared to TNF-α. We did not observe a significant change in adiponectin

expression in the colonic mucosa (data not shown) and only a marginal increase in IL-1β

(β=0.077, Fig. 2). In contrast, significant and substantial increases in both TNF-α transcript

(P=.004, Fig. 2) and protein expression (P=.004, Fig. 3) were observed. Therefore, we

believe that these two elements were, at best, minor mediators of the observed alterations in

Wnt signaling in the colons of the obese mice.

It is well known that obesity is accompanied by complex metabolic changes. Therefore, it is

possible that multiple mechanisms may be operating in parallel and contributing to the

creation of a protumorigenic milieu [45]. Nevertheless, the Wnt pathway is a pivotal

tumorigenic pathway, aberrations of which appear to be important in the evolution of nearly

all sporadic colorectal cancers [16]. The data presented here are supportive of a highly

plausible scheme that dietary-induced obesity promotes CRC by activating the Wnt pathway

through the TNF-α-mediated suppression of GSK3β.

It is noteworthy that it is not clear whether the increase in cytokines in the colon was due to

the state of obesity, whether it might instead be a direct effect of the altered components of

the diet or whether it is a consequence of both of them. For instance, it is known that

particular fatty acids — rather than an excess of calories or the state of obesity per se — can

directly modulate obesity-associated inflammation [46]. We also realize that the present

studies merely demonstrate a molecular mechanism rather than provide direct evidence that

links the TNF-α with the development of macroscopic tumors, but it has been shown by

several studies that both TNF-α and obesity are directly associated with the development of
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colon cancer. Popivanova et al. demonstrated that blocking TNF-α in mice reduces

colorectal carcinogenesis associated with chronic colitis [47]. Gravaghi et al. reported that

obesity enhances gastrointestinal tumorigenesis in Apc-mutant mice [48]. Nevertheless, this

study demonstrated that an obesity-associated inflammatory status in the colon, particularly

the elevation of TNF-α, is associated with alterations of the critical Wnt pathway.

In summary, observations from this study indicate that high-fat-diet-induced obesity is

associated with a significant increase of TNF-α level in mouse colon, and in parallel with

this increase are several alterations observed within Wnt signaling cascade in a pattern with

activation of this pathway. These observations collectively implicate a novel molecular

mechanism for obesity- associated colorectal carcinogenesis (Fig. 6): obesity induces an

increase of TNF-α in the colon and in turn activates Wnt signaling for the development of

colorectal cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effect of diet-induced obesity on the transcriptional expression of inflammatory cytokines.

Inflammation-specific microarrays were performed on RNA pooled from eight mice/group.

Heat map, scatter plot and fold change were obtained using the PCR Array Data Analysis

Web Portal provided by SABiosciences (http://www.SABiosciences.com/

pcrarraydataanalysis.php). (A) Heat map for the inflammatory pathway-specific

microarrays. (B) A scatter plot identifies 29 genes whose expressions were up-regulated (11)

or down-regulated (18) by at least 50% in the obese mice compared to the control lean mice

(outside of the board line). (C) The names of the cytokines in the heat map and the identified

29 genes with ≥50% changes in expression highlighted in red (up-regulated) or green

(down-regulated) when the obese group was compared to the control group. More details of

the 29 genes are shown in the Supplementary Data.
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Fig. 2.
Real-time PCR was used to confirm genes identified by inflammatory pathway specific

arrays that displayed at least a 50% change in expression. The values on the bars are the P

value from a t test between the high-fat and the control dietary group (eight samples/group).

IL-1β and IL-6, although not identified to have ≥50% change by the array, are included in

the PCR confirmation since they have been linked to colorectal carcinogenesis.
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Fig. 3.
Diet-induced obesity elevated the protein level of colonic TNF-α, accompanied by increases

in β-catenin and phosphorylation of GSK3β. TNF-α was measured by ex vivo culture

followed by ELISA analysis of the media. The data are expressed as ng TNF-α/g of protein

in the media. Phospho-GSK3β was determined by immunohistochemical staining. Positive

staining of phospho-GSK3β in the colonic epithelium was scored as follows: 0, no staining;

1, mild staining; 2, moderate staining; and 3, intense staining. Total β-catenin was

determined by Western blotting and normalized to GAPDH. The ratio is the band density of

β-catenin divided by that of GAPDH. The P values are results from t test between the high-

fat and the control dietary group. The TNF-α protein data were based on 10 mice in the

obese group and 9 in the control group, but the data for phospho-GSK3β and β-catenin were

based 8 samples/group.
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Fig. 4.
Diet-induced obesity elevated the expression of c-myc, a target gene of Wnt signaling.

Student’s t test was applied to the high-fat and the control dietary group (eight samples/

group).
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Fig. 5.
Diet-induced obesity significantly elevated the proliferation index of the colonic epithelial

cells. A numerical reduction in apoptosis was observed, but this was not statistically

significant (A). Representative staining for proliferation (brown) is shown in (B). *P<.05;

NS, not significant; eight samples/group.
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Fig. 6.
The mechanism proposed in this study. Obesity is associated with a chronic low-grade

inflammation such as the infiltration of macrophages and other immune cells. Macrophages

infiltrated in the colonic mucosa contribute directly to the production of colonic TNF-α,

whereas TNF-α secreted from immune cells in the adipose tissue may be circulated to the

colonic mucosa. Through phosphorylation of the critical GSK3β, colonic TNF-α activates

Wnt signaling and thereby increases the expression of the downstream protumorigenic

genes.
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