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ABSTRACT

Selenium (Se) is an essential dietary micronutrient that has been examined for protection against different
types of cancers including colon cancer. Despite an established inverse association between Se and
chronic inflammation induced colon cancer (CICC), the mechanistic understanding of Se’s protective
effects requires additional in-vivo studies using preclinical animal models of CICC. Adiponectin (APN) is an
adipocytokine that is protective against CICC as well. However, its role in the anti-mutagenic effects of the
Se-diet remains unknown. To address this knowledge gap, here we examine the ability of dietary Se in
reducing CICC in APN knockout mice (KO) and its wild-type C57BL/6. CICC was induced with the colon
cancer agent 1,2 dimethyl hydrazine (DMH) along with dextran sodium sulfate (DSS). Se-enhanced diet
increased selenoproteins, Gpx-1 and Gpx-2, in the colon tissues, thereby reducing oxidative stress. Se-
mediated reduction of CICC was evident from the histopathological studies in both mouse models. In both
mice, reduction in inflammation and tumorigenesis associated well with reduced p65 phosphorylation
and elevated 53 phosphorylation. Finally, we show that in both models Se-administration promotes goblet
cell differentiation with a concomitant increase in the levels of associated proteins, Muc-2 and Math-1. Our
findings suggest that Se’s protection against CICC involves both colonic epithelial protection and anti-
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tumor effects that are independent of APN.

Introduction

Colon cancer is the second leading cause of cancer deaths and
is ranked third in the number of new cases occurring every
year in both sexes in the United States." Although treatment
strategies such as chemotherapy and radiotherapy exist, they
can cause severe side effects that increase morbidity. Hence,
complementary medicine that manipulate micronutrients and
phytochemicals are becoming increasingly popular preventive
options for combating this disease.”

Selenium (Se) is an essential micronutrient obtained through
several dietary sources including Brazil nut, fish, liver, chicken,
certain vegetables and meats® and is widely accepted as an anti-
oxidant element.’ It integrates into proteins to form 25 seleno-
proteins,* and have protective roles against several human dis-
eases such as, cardiovascular disorders, immune dysfunction,
neurologic disorders, type 2 diabetes and several types of can-
cer.>® Several lines of evidence suggest that Se is protective
against colorectal carcinoma. For example, a recent observa-
tional epidemiological study with a nested case-control design
(involving 966 colorectal cancer patients and the matched con-
trols) reported an inverse association between higher serum Se
(and selenoproteins) and colorectal cancer risk.” Cell-culture

studies performed with human colorectal carcinoma cells HCT
116 and SW620° demonstrated that different dosages (1 1M,
5 uM and 10 uM) of Se lead to apoptosis of colon cancer cells
through a Bax dependent pathway® with 10 M being the most
effective. Also animal studies with colon xenograft model’
showed that supranutritional dosage of sodium selenite
(10 uM) lead to apoptosis of colon cancer cells by ROS depen-
dent modulation of phosphatase and tensin homolog (PTEN)
mediated PI3K/AKT/FoxO3a signaling pathway.’

Most biologic effects of the ingested elemental Se are medi-
ated by the selenoproteins.® Glutathione peroxidases, Gpx-1
and Gpx-2, are the most abundant selenoproteins present and
mediate most of the anti-oxidant properties by neutralizing the
formation of reactive oxygen species (ROS).'® Gpx-1, Gpx-2
knockout and double knockout mice exhibit severe pathology
of colorectal cancer,'' suggesting that these selenoproteins con-
tribute significantly to the antioxidant and anti-cancer effects
of dietary selenium.

Chronic inflammation occurring in inflammatory bowel dis-
ease, especially Crohn’s disease (CD), is one significant causal
factor in the development of colon cancer.'” A recent study in
which selenoproteins in the serum of 37 patients with CD were
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compared with 20 healthy individuals (controls), demonstrated
that several selenoproteins are downregulated in CD."” Also
animal (Sprague Dawley rats) studies support the role sodium
selenite in reducing gastrointestinal inflammation by downre-
gulating the expression of nuclear factor kappa light-chain-
enhancer of activated B cells (NFxB) and related cytokines,14
suggesting that dietary Se and selenoproteins have anti-inflam-
matory properties that are key in prevention against chronic
inflammation induced colon cancer (CICC).

Despite these findings, the molecular mechanism under-
lying Se’s protection against CICC still remains unclear, in
part due to the absence of knowledge on whether and/or
how other intrinsic anti-inflammatory mediators influence
this protection mechanism. Adiponectin (APN) is one such
anti-inflammatory and  anti-cancer  adipocytokine.'>
secreted by adipose tissues, and is an important chemokine
known to inhibit tumorigenesis in preclinical mouse models
for colorectal cancer.'” Whether APN is needed for Se’s
protective effects against colorectal cancer is currently
unclear. Understanding the regulatory influence of APN on
Se’s protective effects against CICC is essential in establish-
ing appropriate doses for Se supplementation during
reduced APN secretion, a common pathophysiological con-
dition that contributes to increased risk of CICC.'®

A recent pilot study by Rayman et al.'’ comprising of a
randomized, double-blind, placebo-controlled trial involving
501 elderly volunteers, randomly assigned with either a
6-month selenium supplementation or placebo yeast, show
that Se supplementation had no effect on APN concentra-
tion. This prompted us to hypothesize that the protective
effects of Se against CICC can be APN independent. In the
described study, we test this hypothesis using 2 established
preclinical murine models: APN knockout mice (KO) and
its wild-type C57BL/6 (WT), in which CICC was induced
with the colon cancer agent 1,2 dimethyl hydrazine (DMH)
along with dextran sodium sulfate (DSS), that we denote in
this study as DSS + DMH. The design of the study is illus-
trated as a flowchart in Fig. 1. Both WT and KO have been
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used as pre-clinical models by others and us in the study of
CICC."®*® As reported earlier by Saxena et al.,'"® KO mice
develop more tumors and show increased pathology of
CICC. This makes KO an ideal model to examine Se’s pro-
tection against CICC in an APN independent setting. Here
we demonstrate the effect of dietary supplementation of Se
on the primary outcomes of CICC, tumor numbers and
tumor area, in presence and absence of APN, and elucidate
the possible mechanisms underlying Se’s effect on CICC.

Results
Se- diet reduced CICC in both WT and KO mice

The recommended dietary allowance for Se is 55ug per day
for human adults and the upper safe limit is 400 pg/day. Ben-
eficial effects of Se can be obtained at a dosage of 200 ug per
day; this dose can decrease the total incidence of cancer by
25%." This is also the dosage that has been extensively used
in clinical trials and correspond to 0.75 ppm of Se mouse diet.
To study the effect of Se enhanced diet in our animal model
we increased the selenium content in the regular chow diet
from 0.02 ppm to 0.75 ppm (see methods). As shown in
Fig. 2a-i, both WT and KO mice administered with DSS +
DMH showed significant reduction in tumor number upon
Se-supplementation compared with the regular chow diet
(Fig. 2a-ii). This reduction was more prominent in KO mice.
As shown in Fig. 2a-ii, although KO mice under regular chow
diet displayed significantly higher tumor numbers compared
with the WT, there was no significant difference in the tumor
numbers were between KO and WT mice on Se diet
(Fig. 2a-ii). Se- diet also significantly reduced compared with
the regular chow diet, the tumor area in WT as well as KO
mice (Fig. 2a-iii).

Since common clinical symptoms of colon cancer include
fecal hemocult, diarrhea and weight loss along with nausea
and constant fatigue,”> we also monitored whether our
results corresponded with the clinical manifestation of the
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Figure 1. Schematic of the study design. This study was designed to test the central hypothesis that the protective effects of Se against CICC are APN independent. Flow-
chart illustrates the time-points at which DSS and DMH were administered in the DSS+DMH group, the time period during which se-diet was administered and the time-

point at which the animals were killed and analyzed for CICC (see results).



disease. Using a described previously'® protocol we used an
integrated score (denoted as ‘clinical score’) to quantify the
extent of the clinical symptoms of CICC (combination of
weight-loss, fecal hemoccult and diarrhea). As shown in
Fig. S1, KO mice always displayed higher clinical scores
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compared with the WT feeding a similar diet. Both KO and
WT mice feeding regular chow diets showed higher clinical
score as compared with mice given Se enhanced diets. The
reduction of clinical scores upon Se-diet was significant
after day 85 and continued until day 194 (day of sacrifice).
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Figure 2. (For figure legend, see page 260.)
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Se-diet resulted in selenium enrichment in colon

To investigate whether the decreased CICC upon dietary Se
supplementation was associated with enrichment of Se in colon
tissues. We compared the Se-content in mice colon of DSS +
DMH administered WT and KO mice fed with regular chow
diet versus Se-diet (Fig. 2b) and performed same analyses for
the WT and KO mice (labeled as control groups in Fig. 2b).
Our results demonstrated a significant increase in the Se-con-
tent in colon tissues for both WT and KO mice fed with Se-
diet, suggesting that the ingested Se accumulates in colon tis-
sues for both mice genotypes.

Dietary Se reduced oxidative stress in colon tissues

Since previous studies'® have attributed antioxidant property to
Se, we hypothesized that the significant reduction of CICC with
Se diet is associated with the ability of Se to reduce oxidative
stress in colon tissues. To test this, we examined the degree of
oxidative stress in colon tissues by Western Blot using antibod-
ies against nitrotyrosine and 4-hydroxynonenal (4-HNE),
which are oxidation products from proteins and lipids respec-
tively.”> As shown in Fig. 2c and Fig. S2, colon tissues of both
WT and KO mice demonstrated a significant decrease in oxida-
tive stress in presence of dietary Se. In the WT mice, the expres-
sion of Nitrotyrosine (and not 4HNE) was reduced significantly
by Se diet compared with the regular chow diet. However, in
KO mice Se-diet was able to significantly reduce the expression
of both Nitrotyrosine and 4HNE compared with the regular
chow diet.

Se-diet increased accumulation and activity of
selenoproteins

Since antioxidant properties of Se are commonly attributed to
selenoproteins, Gpx 1 and 2, we investigated whether colon tis-
sues demonstrated any increase in the levels of proteins Gpx1
and 2 and the total Gpx activity in snap frozen colon tissues. As
shown in Fig. 2 d-i, total Gpx activity decreased with induction
of CICC both in WT and KO mice; however, in both mice this
activity increased significantly with Se diet. Also as shown in
Fig. 2 d-ii and Fig. S3, induction of CICC decreased Gpx-1 and
Gpx-2 levels for both KO and WT and Se diet was able to sig-
nificantly increase these levels. Our results therefore demon-
strate that Se-mediated reduction of oxidative stress colon
tissues described earlier in Fig. 2c is associated with an increase
in total Gpx activity and Gpx proteins (Gpx 1 and 2).

Dietary Se reduced inflammation, immune cell filtration
and cancer pathology of CICC

Next we investigated whether dietary Se has anti-inflammatory
effects in colon. To do this we performed histopathological
examination of colon tissues stained with Hematoxylin and
Eosin (H&E). The representative H&E stains are shown in
Fig. 3A-i. Colon tissues in the control group showed normal
appearing histology with well-formed crypts in mucosal layer
without any sign of immune cell infiltration or inflammation.
The DSS + DMH administered mice on regular chow diet
showed highest degree of inflammation, immune cell infiltra-
tion and tumor growth compared with the other groups. In
these animals, the lamina propria was fully infiltrated with
immune cells resulting in a complete change of the morphology
of the muscularis and submucosal layers. Se-diet was able to
reduce this severity of inflammation in the DSS + DMH
administered animals.

To quantify our observations, we adopted a histopatholog-
ical scoring system (See methods) that would indicate the
severity of the disease, constituting inflammation, immune cell
infiltration and degree of tumor. In agreement with our visual
observations, the DSS + DMH group showed the highest histo-
pathological scores. For both WT and KO mice, the Se- diet
was able to significantly reduce the histopathological scores
obtained on regular chow diet. Under regular chow diet, the
DSS + DMH administered KO mice showed a significantly
higher histopathological score when compared with WT; how-
ever, the Se-diet was able to reduce this score to the extent that
no significance was observed between DSS + DMH groups on
Se diet (Fig. 3A-i).

In DSS + DMH administered KO mice, Se-diet also resulted
in a significant reduction in the levels of pro-inflammatory
cytokines IL-6, TNF-« and IL-18 and a significant increase in
the anti-inflammatory cytokine IL-10 compared with the regu-
lar chow diet (Fig. 3 A-ii). We observed similar trends in the
levels of IL-6, TNF-¢, IL-18 and IL-10 in the DSS + DMH
administered WT mice; however, these changes were not statis-
tically significant by ANOVA, possibly due to the lesser severity
of CICC in WT (compared with KO mice).

Dietary Se increased apoptosis in tumor regions of the
colon but decreased apoptosis in non-tumor regions

Colonic tissue sections (both tumor bearing and non-tumor
colon regions) were prepared to perform TUNEL assay for
quantification of apoptosis. In both DSS + DMH administered
KO and WT mice, Se-diet resulted in a significant increase in

Figure 2. (see previous page) Association of Se mediated reduction of CICC with Se and Selenoprotein accumulation and reduction of oxidative stress in colon tissues.
(a) Reduction in tumor numbers and tumor area. (i) Representative methylene blue stained tissues. (ii) Comparison of colon tumor numbers in KO and WT mice on Se
and chow diets (N = 10 per group). (iii) Comparison of colon tumor area (mm?) in KO and WT mice on Se and chow diets (N = 10 per group). Significance in difference
was calculated using one way ANOVA. *p < 0.05 between WT and WT+Se, *p < 0.01 between KO and KO+Se, €p < 0.05 between WT+Se and KO+Se, ¥p < 0.05
between WT mice on chow diet and KO mice on chow diet. (b) Increased Se content in colon tissues of mice on Se diet. Mass spectrometry data showing Se content of
the colon tissues in mice on control and Se diet. “p < 0.05, significance in difference in Se content in colon tissues of WT or KO mice (either control group or DSS+DMH
administered group) on chow diet vs. Se diet was calculated using one-way ANOVA, N = 10 per group (c) Se-mediated reduction in oxidative stress in colon tissues. Bars
showing a quantitative comparison between 4HNE and Nitrotyrosine levels. “p < 0.05, significance in difference between mice on control vs. Se diet was determined
using one way ANOVA, N = 10 per group (d) Effect of Se diet on selenoproteins activity and Gpx1 and Gpx2 protein levels: i. Bar graph representing the Gpx activity
(nmol/min/mg protein) in the colon tissue sections in control group mice and DSS+DMH administered mice. “p < 0.05 between mice on Se and regular chow diet within
same treatment group and genotype, N = 10 per group ii. Bar graphs derived from Western Blot data (SI- 2) showing a quantitative comparison of Gpx-1 and Gpx-2 pro-
tein levels in control group mice and DSS+DMH administered mice, N = 10 per group. One way ANOVA was used to determine the significance in difference between
mice on Se and regular chow diet within the same treatment group with same genotype.
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Figure 3. Effect of Se diet on inflammation, apoptosis and goblet cell differentiation. (A) Effect on inflammation i) Histopathology Staining and Scores. Left panel. Repre-
sentative hematoxylin and eosin stained colon tissue sections of control and DSS+DMH treated mice. Right panel. Histopathology scores representing a culmination of
inflammation, immune cell infiltration and degree of tumor, derived from HE stained images. One way ANOVA was used to determine significance in difference (N = 10
per group). *p < 0.05 between mice on Se and regular chow diets with in the same genotype and treatment group, *p < 0.03 between WT mice and KO mice on regular
chow diet, *p < 0.04 between WT mice on regular chow diet and Se diet, **p < 0.01 KO mice on control and Se diet. ii) Effect on markers of inflammation. Bar graphs
representing the levels of secreted cytokines from the colon tissue section. *p < 0.05, *p < 0.01, One way ANOVA was used to determine significance in the difference
between mice of a particular genotype and treatment on Se and regular chow diet (N = 10 per group). (B) Effect of Se diet on apoptosis. Upper panel. Images of represen-
tative colon tissues showing the TUNEL positive epithelial cells (brown color) in the control group and the non-tumor and tumor regions of colon tissue sections of
DSS+DMH administered KO and WT mice on control or Se diet. The tissues were counterstained with methyl green. Lower panel, Graph generated from the TUNEL
stained images representing ratio of the number of TUNEL positive cells to the total epithelial cells (degree of apoptosis). One way ANOVA was used to determine signifi-
cance in difference; N = 10 per group. *p < 0.04 and **p < 0.05 between mice same genotype and treatment group on Se and regular chow diet, *p < 0.05 between
WT+Se and KO+Se, (C) Effect of Se diet on goblet cell counts. Left panel, Representative Alcian Blue and Nuclear Fast Red stained colon tissue images. Right panel. Quan-
tification of goblet and epithelial cells in colon tissues in mice on control or Se diet. One way ANOVA (N = 10 per group) was used to determine significance in difference,
“p < 0.05 between mice same genotype and treatment group on Se and regular chow diet. (D) Quantitative comparison of Math-1 and Muc-2 protein levels generated
from Western Blots (representative images shown in SI- 4). “p < 0.05, significance of difference between mice on regular chow diet and Se diet was determined using

one way ANOVA.

the TUNEL positive cells in the colon tumor tissue sections as
compared with regular chow diet (Fig. 3B). However, we also
discovered to our surprise, that Se-diet also reduced the DSS +
DMH induced apoptosis of the colonic epithelial cells in the
non-tumor areas.

We further investigated whether Se-diet could restore the
differentiation of epithelial to goblet cells. Goblet cells are
known for secreting mucins (highly glycosylated proteins) that
comprise the mucus layer of the gastrointestinal tract and are
associated with protection against CICC.**'® Deficiency of
mucin increases colorectal carcinoma in murine models.” To
assess the effect of Se-diet on goblet cell differentiation, we ini-
tially performed a comparative quantification of goblet to epi-
thelial cell ratio using Alcian blue staining on the colon tissue
sections counterstained with nuclearfast solution. As shown in

Fig. 3C, the control group showed the highest ratio of goblet to
epithelial cells with no significant difference between WT and
KO mice ether on regular chow diet or Se-diet. The ratios
dropped significantly compared with the control upon inducing
CICC with DSS + DMH. However, for both the WT and KO
mice, the Se-diet increased the goblet cells to epithelial cell
ratios significantly. Based on these results we then proceeded to
compare protein levels of Math-1, a protein that regulates the
differentiation of epithelial cells to goblet cells and Muc-2, a
protein that drives mucin secretion by goblet cells. As shown in
Fig. 3D and Fig. S3, in line with our observations for goblet cell
to epithelial cell ratios, the Se-diet demonstrated a significant
increase of both protein levels. These results strongly suggest
that Se’s protects against CICC through upregulation of tumor
cell apoptosis and downregulation of epithelial cell apoptosis,
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thereby aiding the epithelial to goblet cell differentiation. This
protection is independent of APN.

Dietary Se decreased NF«B p65 activation and increased
p53 activation

It is well established that activation of the transcription factor
NE«B p65, one global regulator in inflammation, is critical in
the spontaneous secretion of pro-inflammatory cytokines in
colon cancer.’**® Here we examined whether Se-diet mediated
reduction of inflammation was associated with p65 phosphory-
lation at serine-536. Our choice to assess the effect of Se
enhanced diet on the expression of phosphor-Ser536-p65 was
based on a recent study on colon cancer patients,29 which dem-
onstrated that NF- B p65 subunit phosphorylated at serine-
536 is an independent prognostic factor in the patients. Our
results (Fig. 4a and Fig. S3,) demonstrate that while DSS +

DMH significantly increased p65 activation (as demonstrated
by the increased levels of its phosphorylation), the Se-diet sig-
nificantly reduced phosphorylated p65 levels both in DSS +
DMH administered WT and in KO mice.

The cross-talk of NF«xB p65 and the tumor apoptosis induc-
ing global transcription factor, tumor suppressor p53, has
recently been established for CICC.”® Hence we investigated
whether Se displays a regulatory role on the phosphorylation of
p53 at Serine 15 based on a previous study on LnCaP human
prostrate cancer cell lines,”" which indicted that upregulation
of p53 Ser'®P resulted in caspase activation and apoptosis of
the cancer cells. As shown in Fig. 4b and Fig. S3, for both KO
and WT mice, the Se-diet resulted in a significant increase in
p53 activation (demonstrated as increase in phosphorylation
levels). These results were in agreement with immunofluores-
cent staining of cleaved caspase 9, a downstream product of the
Bax apoptotic pathway activated by p53.>> As demonstrated in
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Figure 4. Selenium'’s effects on p65 and p53 phosphorylation and the protection model against CICC. (a) i) Comparisons in p65 phosphorylation in DSS+DMH adminis-
tered mice on regular chow diet and Se diet. Ratios of phospho p65 to total p65 levels were derived from the Western Blot data (representative image shown in SI-5). ii)
Comparisons in p53 phosphorylation in DSS+DMH administered mice on regular chow diet and Se diet. Ratios of phospho p53 to GAPDH levels were derived from the
Western Blot data (representative image shown in SI-6). *p < 0.05 and *p < 0.01, significance in difference between mice on control and Se diets were determined using
one way ANOVA, (b) Selenium protection model: Se-mediated reduction of inflammation and increase in tumor apoptosis in colon tissues of DSS+DMH administered
mice. According to this model, one mode of Se’s protection involves the downregulation of inflammation that is driven by decreased phosphorylation of p65 global tran-
scription factor and which results in decrease of pro-inflammatory cytokines IL-6, TNFa and IL-18 and increase in anti-inflammatory cytokine IL-10. The decrease in inflam-
mation reduces epithelial cell apoptosis in non-tumor regions and thereby supports the epithelial to goblet cell differentiation (mediated by increase in Math-1) resulting
in higher production of mucin (mediated by increase in Muc-2), a glycoprotein that in turn has protective effects against colon cancer. In the second mode, Se simulta-
neously results in increased tumor apoptosis possibly by Bax pathway (suggested by increase in cleaved caspase 9 levels), which in turn mediated by increase in phos-
phorylation of the tumor suppressor p53. Gray solid arrows represent mechanisms that have been established previously (and cited in the text). Red arrows (upward,
increase and downward, decrease) are results reported in the current study. Our results suggest that Se mediated drop in oxidative stress regulates the cross-talk between
p65 and p53; this molecular mechanism underlying this regulation remains unknown (dashed arrows) and will be elucidated in our future studies.



Fig. $4, significant increase in cleaved caspase 9 protein levels in
the tumor tissue was observed for mice on Se-diet in compari-
son to those on regular chow diet.

Hence, our results demonstrate that Se-diet inhibits CICC at
least in part, by regulating the activation of 2 important global
regulators of CICC, p53 and p65. We show here that Se reverses
2 critical events connected with the pathology of CICC: (a)
upregulation of p65 activation and (b) downregulation of p53
activation.

Discussion

The central and novel aspect of this study was the demonstra-
tion that Se’s inhibition of CICC is APN independent. We have
shown that in absence of APN, dietary selenium reduced tumor
size and numbers and resulted in decreased clinical symptoms
as well, almost similar to the WT. The molecular mechanisms
that we describe in the current study can now explain the recent
reports from Krehl et al,>> which demonstrated the inverse
association of CICC with selenium and selenoproteins. Our
findings are also in line with previous reports from Li et al® and
Yang et al.** that provide evidence of increased Bax pathway
dependent apoptosis of HCT116 and SW620 colorectal cancer
cells together with increased levels of Bax, Bad, Bim and acti-
vated caspase-9 and the downregulation of Bcl’xL in xeno-
grafted human colorectal carcinoma SW480 cell lines upon
administration of sodium selenite.

Previous reports by Saxena et al.*’ indicated that APN dem-
onstrates anti-inflammatory properties that protect against
colon cancer by preventing apoptosis of colon goblet cells and
promoting the differentiation of epithelial to goblet cells. In
that study, APN’s anti-inflammatory properties were also dem-
onstrated in its ability to suppress NF«B p65 activation along
with reduction of pro-inflammatory markers including TNF-«,
IL-8 and IL-6. In this study we establish that Se supplementa-
tion offers similar anti-tumor effects and colonic epithelial pro-
tection as offered by APN. We emphasize here that, while
reduced secretion of APN by adipose tissues has been linked
with increased obesity and severity of colorectal cancer,”® an
increase in serum APN also increases the risk of type-2 diabe-
tes.”® Recent clinical studies by Rayman et al.' suggest that Se-
supplementation to patients with low selenium did not increase
type-2 diabetes. Hence, the protective effect of selenium-
enhanced diet against CICC similar to APN but independent of
APN, is extremely significant to CICC patients with obesity
and type-2 diabetes. We reason here that the differences in the
outcomes of the study were not a contribution of body weights.
Similar to a previous study by Saxena et al.,'® based on which
the experimental protocols for this study was designed, here we
did not observe differences in body weight between C57BL6
and the adiponectin knockout mice (data not shown). It is pos-
sible that the absence of such body weight differences, as would
be expected when mice are fed ad libitum, was due to the fact
that we did not feed the animals with high-fat diet. As sug-
gested in a previous report by Guo et al.,’® adiponectin defi-
ciency aggravates obesity only when fed with a high fat diet.
We also did not observe any significant differences in body
weight between mice (of same genotypes) fed with regular
chow diet vs. selenium-enhanced diet.
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Significant reduction in the oxidative stress was detected
upon Se enrichment in colon tissues, which were consistent
with previous reports showing that Se diet reduced F,-isopros-
tanes (marker of lipid peroxidation and oxidative stress) and
DNA damage in response to DSS induced inflammation in
AOM/DSS murine models®” and DMH treated rats.”® In addi-
tion, here we link this reduction of oxidative stress to 2 seleno-
proteins, Gpx-1 and GPx-2 and the total Gpx activity. Gpx
proteins are well known antioxidants and considered as an
anti-inflammatory markers that are known to drop with
increase in inflammation and cancer.’®** Based on the current
study and the previous reports, we propose a Se- protection
model (Fig. 4b). In the first mode of this model, Selenium
reduces oxidative stress by increasing synthesis of selenopro-
teins Gpx-1 and Gpx-2, reduces inflammation through the
downregulation of the pro-inflammatory cytokines IL-6, TNF-
« and IL-18 and upregulation of at least one anti-inflammatory
cytokine IL-10. In the second mode Se provides protection to
the colonic epithelium while increasing tumor apoptosis. Pro-
tection to the colonic epithelium is facilitated through a
decrease in epithelial cell apoptosis with a concomitant increase
in goblet cell differentiation through upregulation of Math-1,
and an increase of Muc-2 (a protein that drives mucin secre-
tion). Our data showing a significant increase in cleaved cas-
pase 9 in the tumor regions are in line with the previous
reports of upregulation of Bax apoptotic pathway by
Selenium.>*

Finally, the current study links dietary Se to p65 activation,
thereby tethering its link to one of the most complex and
dynamic signaling networks that are central to the regulation of
variety of genes involved in inflammation, cell differentiation
and proliferations and stress response.*’ The interplay between
the tumor suppressor p53 on NF«B activation (including p65)
is now well-established,*"*> which prompted us to investigate
Se’s effect on p53 activation as well. Surprisingly, while Se
reduced p65 activation, it increased p53 activation, which sug-
gests that Se at least in part, exercises its protection against
CICC (of reducing inflammation and protecting the colonic
epithelium) by regulating the cross-talk between the global reg-
ulators of CICC, p65 and p53. Since these regulators are also
central to many other diseases (including other cancer types),
our results can now at least in part, explain Se’s protective role
in multiple cancers, inflammatory and autoimmune diseases.

In conclusion, we have conducted the first in-vivo studies
using pre-clinical models of CICC to demonstrate that Se offers
protection against CICC independent of APN. Our study used
APN knockout, KO and its wild type C57BL/6 mice in which
CICC was induced with the application of CICC induced by
DMH™'DSS, an established chemical combination that gener-
ates CICC pathology very similar to that observed in human
colorectal cancer. Our study has indicated a dual nature of Se
as a pro-apoptotic molecule for cancer cells, while at the same
time providing protection to normal colon epithelial cells lead-
ing to faster epithelial cell renewal which lead to further reduc-
tion in the inflammation, immune cell infiltration and colon
insult. We simultaneously point out here that further studies
are needed to understand exactly why/how in our animal mod-
els, DSS + DMH mediated the reduction in Gpx-1/2 protein
expression and the Gpx activity (that associated with increase
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in oxidative stress in colon tissues). It is possible that end prod-
ucts of lipid peroxidation such as malondialdehyde may be
inhibit the expression of Gpx-1/2 and other protective enzymes
as claimed in earlier studies by Seven et al.,*’ thereby resulting
in increased oxidative stress.

Our future studies will harness the established experimental
setting of this current study and reveal more mechanistic details
of the cross-talk between selenoproteins, the components of the
NF«B signaling pathway and p53 to understand their collective
contribution in oxidative stress, inflammation, apoptosis and
carcinogenesis.

Material and methods
Animal groups and diet

Four week-old C57BL/6 and KO mice (B6.129—Adipoqtm1Chan/
J; stock number 008195) were obtained from Jackson Laboratories
and bred in the animal facility at the University of South Carolina
under the Institutional Animal Care and Use Committee guide-
lines. KO mice were homozygous with the absence of APN expres-
sion confirmed by serum protein expression. Animals used for the
study were randomized into 8 different treatment groups with n =
10/group as follows: C57BL/6 (WT) + regular chow diet, WT +
Se-diet, KO + regular chow diet, KO + Se-diet, WT 4 DSS +
DMH™ regular chow diet, WT + DSS + DMH*Se-diet, KO +
DSS + DMH™ regular chow diet and KO + DSS + DMH ™ Se-
diet. The experimental protocols for inducing CICC in mice with
DSS and DMH were adopted in accordance with a previous study
by Saxena et al."® Mice were fed ad libitum. Before any chemical
administration, the mice were acclimatized to the animal facility
for 24 d in a low stress environment (22°C, 50% humidity and low
noise) with 12:12 hours of light-dark cycle. The first DSS or DMH
administration was performed on day 25 of the start of the study.
Mice were killed by cervical dislocation under anesthesia on day
194. We also ensured that there was no significant difference in the
body weight of KO and WT mice at the beginning of the study.
Selenium enhanced diet (regular chow diet with 0.75 ppm of added
Se) was administered to 8 groups on day 25 simultaneously with
the administration of DSS, DMH, or both or to the control group.
The diet was administered till the day of sacrifice (day 194). The
increase of Se levels in the diet was done by mixing sodium selenite
with the regular chow diet and confirming the final Se concentra-
tion flourometrically as described previously.**

Induction of CICC

CICC was induced in WT and KO mice using a combination of
DSS and DMH as described previously.'®

Colon tissue and serum collection for analysis of
histopathology, proteins and cytokines

Blood was collected before sacrifice through retro-orbital punc-
ture and was spun down at 10,000 rpm for 18 minutes and
serum was obtained and stored at —20°C to measure APN.
Mice colon was excised and flushed clean with PBS. 2 mm?®
colon tissue section with tumor and non-tumor area was fixed
in 10% formalin. 24 hours later, tissues were submerged with

70% ethanol followed by paraffin embedding and sectioning to
obtain 5 um thin section on glass slide. Sections with tumor
and non-tumor areas were snap frozen on dry ice and stored at
—80°C for protein analysis. Another 2 mm? colon tissue section
was incubated in RPMI medium containing 5000 IU/mL and
5000 IU/mL penicillin and streptomycin (CELLGRO) respec-
tively at 37°C and 5% CO, for 24 hours. This was followed by
centrifugation at 2500 rpm for 15 minutes. Supernatant was
obtained and stored at —20°C to measure secreted cytokine
levels.

Tumor number and tumor area and histopathology

Mice colon was excised and flushed with PBS. Tumor number
and area were counted under the microscope in all mice of dif-
ferent groups and any statistical significance in difference
between different groups was calculated using student’s t-test.

Hematoxylin and Eosin staining was used to determine the
morphology of mice colon. Histopathology was quantified
based on the scoring system indicating the severity of disease
and constituting inflammation, immune cell infiltration and
degree of tumor. This was on the scale of 12 where highest
score of 4 was given for each parameter, where 0 = no infiltra-
tion or no inflammation or no cancer; 2 = moderate infiltration
or inflammation or pre-cancerous lesions; and 4 = severe
inflammation with distorted crypts or infiltration and forma-
tion of lymphatic follicles or visible tumors. All the images
were taken in 20X magnification with Nikon e600 microscope.
Two investigators in blinded fashion measured the scores
independently.

Determination of clinical scores

Clinical score was measured for each mouse in each group from
day 25 to day 194. Mice were killed after the last clinical score
measurement. Score for the weight loss is based on the follow-
ing published scale, where 0 = 0-5% weight loss; 1 = 6-10%
weight loss; 2 = 11-15% weight loss; 3 = 16-20% weight loss;
and 4 = >20% weight loss. Scoring of diarrhea is as follows:
0 = well-formed pellets, 2 = pasty and semi-formed stools that
do not adhere to the anus, 4 = liquid stools that adhere to the
anus. Detection of blood in the stools was determined using
hemoccult kit (Beckmann Coulter). The higher intensity of
blue color indicates greater bleeding. The followings are the
score rates for the fecal hemoccult: 0 = no blood, 2 = positive
hemoccult, 4 = gross bleeding. The total clinical score was the
summation of the individual score of weight loss, diarrhea and
fecal hemoccult. The maximum score a mouse could get is 12.
Hence, higher clinical score indicates more severity of colon
cancer symptoms.

TUNEL assay

Degree of apoptosis was measured in the tumor and non-tumor
tissue sections of the colon by TUNEL assay. TUNEL assay
(EMD Millipore) was used to determine the number of TUNEL
positive cells and total number of epithelial cells of the colon in
2 mm? tissue cross-sectional tissue area. 5 sections were ran-
domly selected from each tissue section and 10 tissue sections



were randomly selected from each group. The ratios of TUNEL
positive cells to total epithelial cells were used to determine the
ratio of apoptosis and were plotted for different treatment
groups. All the images were taken in 20X magnification with
Nikon e600 microscope.

Alcian blue staining and quantification of goblet to
epithelial cell ratio

Tissues were deparaffinized using xylene and gradation of etha-
nol. Tissues were stained with Alcian blue (1% in 3% acetic
acid; pH 2.5) and counterstained with nuclear fast red solution.
Goblet to epithelial cell ratio was counted per crypt with 10
crypts per section and 5 sections per group.

Protein determination using Western Blot

Colon tissue frozen at —80°C was homogenized in RIPA buffer
added to protease and phosphatase inhibitors (SIGMA). It was
then centrifuged at 10,000 rpm for 15 minutes and supernatant
was obtained for protein analysis. Protein concentration in the
supernatant was determined by using Bradford protein assay.
This was followed by loading equal amounts of protein (50 pg)
in each well for a 10% Sodium Dodecyl Sulfate (SDS) gel elec-
trophoresis. The protein from the gel was then transferred to a
nitrocellulose membrane (Pall Scientific) and blocked with 5%
non-fat dry milk (Biorad) in phosphate buffer saline (PBS)
(cellgro) with 0.1% Tween 20. The membrane was incubated
overnight with the primary antibody. The primary antibodies
against Gpx-1, Gpx-2 and GAPDH obtained from Genetex and
those against phosphor-Ser536-p65, p65, p53 Ser'°P and Nitro-
tyrosine were obtained from cell signaling technology. Mem-
brane was washed by PBS containing 0.1% Tween 20 (Biorad).
The membrane was then incubated with secondary antibody
(Santa Cruz) followed by another washing step and finally incu-
bated in ECL substrate (Western Bright, Advansta). The film
was developed using by using the developer, SRX-101A, Konica
Minolta Medical & Graphic, Inc. in the dark room. Finally, the
film was scanned and the densities of the protein bands
obtained were analyzed using Image J software.

Enzyme linked immunosorbent assay (ELISA)

Spontaneous secreted cytokines were measured from the tissue
incubated in the RPMI medium for 24 hours at 37°C. The
media were collected and centrifuged at 2500 rpm for
16 minutes. Pellet was discarded and the supernatant was iso-
lated. Cytokines IL-6, TNF-c, IL-18 and IL-10 levels were mea-
sured using BD OptEIA ELISA kit (BD biosciences) and
normalized by total protein content estimated by using stan-
dard Bradford assay procedure.

Immunofluorescence

Colon tumor tissue sections were deparaffinzed by xylene and
dehydrated with different concentrations of ethanol. The sec-
tions then underwent heat mediated antigen retrieval step with
10 nM citrate buffer (Prohisto), 0.05% Tween 20, pH 6.0 in an
autoclave at 121°C, 15 psi for 20 minutes. The tissues were
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then blocked with 10% goat anti-rabbit serum in PBS. Tissues
were then incubated in a primary antibody that is cleaved cas-
pase 9 (Cell Signaling Technology) for overnight incubation.
This was followed by 5 washing steps and 2 hour- incubation
with anti-rabbit secondary antibody (Aexa Flour 488) (Cell Sig-
naling Technology). Finally the tissue sections were mounted
with DAPI based mounting media (Genetex) before imaging.
Ten random 20X magnification, 2x2 images of the 8 slides per
group belonging to different mice were obtained. Quantitative
image analyses of these images were performed Image ]
software.

Mass Spectrometry for selenium quantification

Colon tissues were freeze-dried using lyophilizer and weighed
before use for mass spectrometry. The tissues were then
digested using aqua regia (1 mL of optima grade nitric acid
plus 3 mL of optima grade hydrochloric acid) at 140°C and the
final volumes were brought to 10 ml. The samples were ana-
lyzed for Selenium using the Finnigan ELEMENT2 double
focusing magnetic sector field inductively coupled plasma-mass
spectrometer (ICP-MS). Iridium was used as the internal stan-
dard. The instrument was calibrated for element **Se. The cali-
bration range was from 1.0 to 60 ppb. The R squared value for
the initial calibration curve was greater than 0.99. The samples
were analyzed immediately after the initial calibration, and the
target element results were within the calibration range. The
samples were then diluted (5X) and the instrument blank con-
tained 0.31 ppb of Se. The ending continuing calibration verifi-
cation recovery for Se standard was 112%. The results were
then converted to the amount in nanomolar per gram of the
colon tissue and plotted on a graph.

Statistical analysis

All statistical analyses were performed using the GrpahPad
Prism software (Graphpad, CA, USA). Multiple comparisons
among animal groups were performed using one-way ANOVA
and the Student-Newman-Keuls test for post hoc comparisons.
P value <0.05 was considered statistically significant.
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