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Abstract
Obesity increases colorectal cancer (CRC) risk and progression. However, the impact of obesity
on CRC in women is dependent on ovarian hormone status. The purpose of this study was to
determine the interactive roles of obesity and ovarian hormones on serum markers of
inflammation, cell signaling and transplanted colon tumor growth. Female C57BL/6 mice (6
weeks) were either ovariectomized (OVX) or ovaries left intact (NOVX) and randomized to
receive a 1) control, 2) 30% calorie-restricted (CR), or 3) diet-induced obese (DIO) diet regimen
for 20 weeks to induce differing levels of adiposity. Serum was collected and inflammatory and
metabolic markers were measured using an antibody array (62 proteins) and ELISAs. Mice were
subcutaneously injected with syngeneic MC38 colon cancer cells after 20 weeks and sacrificed 4
weeks later. CR mice had the smallest tumors irrespective of hormone status, whereas the largest
tumors were observed in DIO-OVX mice. Glucose tolerance was impaired in ovariectomized
mice, being most severe in the DIO-OVX group. Cytokine arrays suggested that in CR animals,
inhibition of tumor growth paralleled insulin sensitivity and associated changes in leptin,
adiponectin, and IGF-BPs. Conversely, in DIO-OVX animals, tumor growth was associated with
insulin and leptin resistance as well as higher levels of pro-inflammatory proteins. In vitro, leptin
and adiponectin had no effect, whereas insulin induced MC38 cell proliferation and MAPK
activation. Co-treatment with estrogen blocked the stimulatory effects of insulin. Thus, our in vitro
and in vivo data indicate female reproductive hormones have a modulating effect on obesity-
induced insulin resistance and inflammation, which may directly or indirectly influence CRC
progression.

INTRODUCTION
Obesity has risen dramatically over the past 25 years in the United States and more recently
in developing countries [1,2]. Excess adiposity, especially in the abdominal area is
associated with a number of chronic diseases including certain cancers [3,4]. Among these,
colorectal cancer (CRC) is the fourth most common cancer in the U.S. and second leading
cause of cancer related deaths [5]. Several epidemiological studies have demonstrated that
obesity increases the risk of and mortality from CRC in males [6-8]. The relationship in
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females is somewhat inconsistent, in part due to methods used to assess obesity as well as to
the protective effect that reproductive hormones have on CRC [6,9-11]. More recent data
suggests that excess abdominal adiposity is associated with elevated risk in women [11,12].
In postmenopausal women however, this effect may be limited to individuals not currently
using hormone replacement therapy (HRT) [11]. These studies indicate that a women’s risk
of colon cancer are affected by hormonal status, the location of excess adipose tissue, and/or
a combination of the two factors.

The protective effect of HRT on colon cancer has been reported in several epidemiological
studies [9,13,14]. Despite these findings, the mechanisms linking estrogen and/or progestins
to reduced cancer risk have not been fully elucidated. It has been suggested that estrogen
may exert anti-cancer effects by reducing secondary bile acid production [15], enhancing
Vitamin D receptor expression [16] as well as through direct, receptor-mediated effects in
the colon mucosa [17-19]. There are two types of estrogen receptors (ER), ERα and ERβ
and both are expressed in normal colon [20,21] ERβ is more predominately expressed than
ERα, and appears to have an important role in maintaining epithelial kinetics, suggesting
this isoform may protect against CRC [19,22]. In support of this, ER-β receptor is down-
regulated in colon tumors [20,21,23,24] and inversely related to tumor differentiation
[19,25].

Hormone replacement therapy also has beneficial effects on glucose homeostasis and
adiposity [26]. Estrogen influences adipose tissue deposition and improves insulin
sensitivity, presumably through an ER-α dependent mechanism [26-28]. In humans, the
decline in circulating sex hormones during menopause is associated with an increase in
visceral fat and a higher prevalence of insulin resistance and type 2 diabetes [29,30].
Hyperinsulinemia is an important metabolic abnormality linking obesity to CRC [31]. Colon
epithelial cells possess insulin, insulin like growth factor (IGF)-1 and IGF-2 receptors
[32,33], which are present at greater levels in tumors compared to normal colonic epithelium
[34]. Insulin and IGF-1 are mitogenic to colon cancer cells in vitro [35,36], and case-control
and cohort studies consistently demonstrate a positive association between colon cancer and/
or colonic polyps with elevated levels of insulin [37-40].

Adipose tissue is a key regulator of insulin resistance [41] and contributes to systemic
inflammation through production of a variety of proteins, hormones and cytokines referred
to collectively as “adipokines”. These adipokines possess broad biological activities,
including homeostatic and pathologic functions. Many secretory products of adipocytes,
including tumor necrosis factor (TNF)-α, interleukin-6 (IL-6), C-reactive protein,
adiponectin, complement factors, and leptin, all serve dual roles in energy homeostasis and
the immune response [42]. IL-6 signaling, in particular, supports numerous specific local
functions [43-45]. An increase in visceral adiposity is associated with increased release of
several pro-inflammatory adipokines [41], whereas adiponectin levels decline. Adipokines
are thought to contribute to peripheral insulin resistance [46-48] and some have been
associated with an increased risk of CRC [49-51], suggesting that they may be involved
directly, through receptor mediated signaling, or indirectly through effects on glucose
homeostasis, to one or more stages in the carcinogenic process.

In a previous study, Yakar et al. [52] demonstrated enhanced colon tumor growth in female
ovariectomized mice fed a high fat diet. The purpose of this study was to further
differentiate the interactive roles of obesity and ovarian hormone status on serum markers of
inflammation in a mouse xenograph model of colon tumor growth. Female C57BL/6 mice
were either ovariectomized (OVX) or had their ovaries left intact (NOVX) and fed one of
three diets to induce varying levels of adiposity. We found that the DIO-OVX mice had the
largest tumors and CR mice the smallest tumors compared to mice on the control diet
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independent of ovarian hormone status. Data from cytokine arrays, ELISAs, and glucose
tolerance tests suggested that obesity-associated levels of metabolic hormones as well as
pro-inflammatory mediators in the serum may be modulating effects of transplanted MC38
tumor growth in vivo. In vitro, insulin stimulated whereas estrogen inhibited MC38
proliferation. These changes were associated with activation of the MAPK p42/44 and
MEK. These data indicate that estrogen modulates the growth stimulatory effects of insulin
and imply that insulin resistance associated with obesity may adversely affect one or more
processes involved in CRC, especially in post-menopausal women.

MATERIALS AND METHODS
Chemicals

All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise noted.
Recombinant murine proteins were purchased from R&D Systems unless otherwise noted
(Minneapolis, MN). Antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Animals and diets
Female C57/BL6 mice, 6-weeks-old were purchased from Charles River Laboratories
(National Cancer Institute, Frederick, MD) and diets from Research Diets, Inc. (New
Brunswick, NJ). To determine the effects of sex steroids on obesity and tumor growth, both
non-ovariectomized (NOVX) as well as ovariectomized (OVX) animals were used. For
practical issues of space, manpower, and sufficient tissue availability, two identical blocks
of mice (first block, n=10; second block; n=15) were included for NOVX mice. Only one
block of 15 was included for OVX mice. Beginning at 6 weeks of age, mice were
randomized to receive one of three diets: 1) a control diet (#D12450B: 29% protein, 57%
carbohydrate and 14% fat) fed ad libitum, to generate overweight phenotype; 2) a calorie
restricted diet (70% kilocalories of control group; CR; #D0302702: 20% protein, 70%
carbohydrate and 10% fat) administered as a daily aliquot that results in a lean phenotype;
and 3) a high fat diet, (#D12492: 20% protein, 20% carbohydrate and 60% fat) to generate
an obese phenotype. The CR diet is supplemented to achieve 100% of essential nutrients
necessary for normal growth and development (vitamins, minerals, essential fatty acids, and
amino acids). Diets were purchased from Research Diets, Inc. (New Brunswick, NJ, USA)
and the diet composition was previously published [53]. All diets were designed to provide
similar amounts of micronutrients but variable amounts of calories. Animals were singly
housed in temperature and humidity controlled rooms and administered diet for a total of 24
weeks. During that time, animals were weighed weekly and food consumption was recorded
throughout the study. All procedures were conducted in accordance with the guidelines of
the National Cancer Institute Animal Care and Use Committee.

Body Composition
Mice were scanned using a GE Lunar Piximus II dual-energy X-ray absorptometer to
determine body fat and lean muscle mass.

Glucose and Insulin Tolerance Test
A glucose tolerance test (GTT) was conducted after 19 weeks to measure glucose regulation
in the lean, overweight, and obese animals. Animals (n=20 for NOXV groups; n=15 for
OVX) were fasted overnight (12 hours) and the GTT was performed by intraperitoneal (i.p.)
injection of 20% glucose (2g/kg) to mice. Blood was sampled from the tail vein and glucose
was measured over a 2-hour time course using a Glucometer Elite (Bayer, Elkhart, IN).
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Cytokine Antibody Array and ELISAs
After 10 weeks on dietary treatment, blood samples were drawn from the retroorbital venous
plexus of anaesthetized mice. Serum from three mice in each treatment group was pooled
into one sample due to sample volume limitations (n=4 for each treatment group). Serum
was then diluted 1:10 and probed for cytokine profile using the RayBio® Mouse Cytokine
Antibody Array 3.1 kit according to the manufacturer’s instructions (RayBiotech®;
Norcross, GA). Briefly, membranes were blocked with a blocking buffer, and then 2 ml of
pooled serum sample was individually added and incubated at 4°C overnight. Membranes
were washed; primary biotin-conjugated antibody was added and incubated at room
temperature for 2 hr. The membranes were then incubated with horseradish peroxidase-
conjugated streptavidin at room temperature and cytokine presence was detected by
chemiluminescence. Films of array dots were scanned with a densitometer and converted to
densitometric units using Quantity One® software (Bio-Rad Laboratories; Hercules, CA)
per the manufacturer’s instruction. Data were analyzed according to recommendations from
RayBiotech. Briefly, autoradiography films were digitized and circles were measured using
QuantityOne® software. Data were imported into an Excel® spreadsheet and normalized
against a control across membranes, and final values were calculated using the RayBio®
Murine Cytokine 3.1 Analysis Tool.

Serum adiponectin, leptin, and insulin were also measured at 10 weeks (n=15/group for
NOVX; n=8/group for OVX animals). Adiponectin was measured using ELISA (R&D
Systems; Minneapolis, MN) with serum diluted 1:7000 according to manufacturers’
instructions. The plate was read at 450 nm wavelength using a Synergy HT plate reader
(Bio-Tek; Winooski, VT). Serum leptin and insulin were assayed using Multiplex Assays
according to the manufacturer’s instructions and analyzed on a Bioplex 200 using Bioplex
Manager 4.1 software.

Cells and Cell Culture Conditions
The murine carcinoma-38 (MC38) colon cancer cell line was derived from a murine colon
tumor, grade III carcinoma, which was chemically induced in the C57Bl/6 female mouse
[54]. This cell line was cultured in DMEM (Gibco; Rockville, MD) supplemented with 10%
fetal bovine serum (Gibco; Rockville, MD) and 1% penicillin/streptomycin at 37°C with 5%
CO2 [55].

Tumor Cell Injection and Measurement
After 20 weeks of dietary treatment (26 weeks of age), mice were injected subcutaneously
on the flank with 5 × 104 mouse colon 38 (MC38) cells (n=25/group for NOVX; n=15/group
for OVX mice). Mice were palpated 3 times a week and tumor size was measured with
Vermeer™ calipers. All mice were euthanized after 4 weeks, when detectable tumors from
animals reached approximately 2.0 cm in diameter.

Cell Proliferation Assay
MC38 cells were grown in 96-well plates as described above. Briefly, approximately 1,500
cells/well were seeded in 96-well plates (Corning Costar; City, State). Cells were treated
(eight wells per treatment) with leptin (0.0, 0.1, 1 or 50 ng/mL; R & D Systems), insulin
(0.001, 0.01, 1, 10 or 100 μg/mL; Sigma), full length adiponectin (1 0.001, 0.01, 0.1, 1, or
10μg/mL; Bio Vendor), and estrogen (0.01, 0.05, 0.1, 10, 50 or 100 μM; Sigma). Cell
proliferation was measured after 24 hr of treatment using the commercial CelTiter96
Aqueous kit according to manufacturer’s instructions (Promega; Madison, WI). Briefly, 20
μl/well of CellTiter96 Aqueous One solution reagent was added to the 96-well plate
containing the cells in 100 μl of culture media and incubated for 1 hr at 37°C in 5% CO2.

Rondini et al. Page 4

Mol Carcinog. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Upon completion of the assay procedure the plate was read at 490 nm using the Synergy HT
plate reader (Bio-Tek, Winooski, VT).

Western Blotting
Briefly, cells were washed twice with cold PBS and total cell lysate was harvested by
scraping cells into 1 ml of cold lysis buffer (30 mM Tris pH 7.2, 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanidate, 1% NP-40, and 10% glycerol)
per flask. The cell suspension was then sonicated to insure cell lysis and centrifuged at 4°C
for 15 min at 14,000 rpm. Nuclear and cytoplasmic fractions were collected using the NE-
PER® kit according to the manufacturer’s instructions (Pierce Biotechnology Inc.;
Rockford, IL). Protein content of the samples was determined by BCA assay (Bio-Rad
Laboratories, Hercules, CA), and samples were loaded on an equal protein basis of
approximately 20 μg/lane. Samples were subjected to SDS-polyacrylamide gel
electrophoresis and transferred to a PVDF membrane (Bio-Rad Laboratories, Hercules, CA).
Membranes were probed with primary antibodies against insulin receptor-α, insulin
receptor-β, leptin receptor (Ob-R), estrogen receptor-α, estrogen receptor-β (Santa Cruz
Biotechnology Inc., Santa Cruz; CA) or phospho-specific pairs p-AMPK, p-ERK, p-MEK,
p-insulin receptor, p-Akt (Cell Signaling Technology; Beverly, MA) with shaking overnight
at 4°C. Incubation with the primary antibody was followed by appropriate infrared-labeled
second antibodies and detected using the Odyssey Infrared Imaging System (LI-COR
Biosciences; Lincoln NE).

Samples, for both cell types, for either the receptor or signaling experiments were loaded on
the same gel. They were processed as a whole for all subsequent steps for optimal
comparison. Densitometric analysis represents the signal mean ± SE for the two repetitions.
Blots shown are from one experiment representative of the two.

Statistical Analysis
Data for body weight and composition, tumor size, and serum glucose, insulin, adiponectin,
and leptin levels were analyzed with analysis of variance (ANOVA) using Prism software
(Graph Pad; San Diego, CA). Prior to analyses, normal distribution of the data was tested
and when appropriate, data were transformed prior to statistical analysis. When statistical
differences were detected, individual comparisons were made using Bonferroni’s multiple
comparison test. For glucose tolerance tests, the incremental area under the curve for
glucose (AUC) was calculated and treatment differences in areas were analyzed using
ANOVA.

Response value of cytokine array were analyzed using a linear model where the mean
expression level of each gene was independently modeled as a function of a combination of
ovary status (OVX or NOVX) and dietary status (control, DIO, CR). The models and
permutation analysis used were analogous to those previously fit to log-intensity data in
microarray experiments [56]. A set of linear contrast were used to test several hypothesis of
interest. For example simple effects of dietary status were tested within each ovary status.
Multiple test correction was applied using the false discovery rate and q-value <0.05 was
used as significance criteria [57]. Additionally, hierarchical cluster analysis of samples and
genes were performed and represented using a heatmap plot. All computations were
performed in R through the bioconductor suite [58].

Cell proliferation and cell proliferation inhibition data were assessed statistically by
comparing treated cell proliferation to control cell proliferation within each cell type. The
experiments were repeated three times and data shown are from one of the experiments
representative of all three. The data shown is the mean ± SEM within one representative
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experiment. Differences in proliferation were compared using ANOVA. Pair-wise
differences were compared using Tukey’s multiple comparisons test. The Prism software
package (Graph Pad; San Diego, CA) was utilized for this analysis.

RESULTS
The effect of diet on body weight in non-ovariectomized and ovariectomized C57BL/6 mice

The average body weight and body composition of NOVX and OVX mice are shown in
Table 1. Dietary treatment effectively generated three phenotypes, differing primarily in the
proportion of weight as adipose tissue. In both NOVX and OVX mice, CR animals gained
the least whereas DIO-fed animals gained the most body fat after 20 weeks when compared
to controls. Ovariectomy significantly influenced body weight and adipose tissue
accumulation, with DIO-OVX mice weighing significantly more than their NOVX
counterparts and having significantly more adipose tissue (P<0.05). Comparably, body
weights of CR animals were less affected by ovarian hormone status. The difference in body
weight between NOVX and OVX animals was not likely due to energy consumption, as
total energy intake did not differ between animals on the same dietary regime (Table 1).

Diet-induced adiposity and hormone status differentially effect tumor growth
Results of dietary treatment and ovarian hormone status on MC38 tumor growth in vivo is
presented in Table 1. Calorie restriction demonstrated an inhibitory effect on tumor growth
compared to control and DIO mice independent of ovarian hormone status (P<0.05). In
NOVX mice, there was no further difference in tumor size among dietary treatments. In
ovariectomized animals, there was an increase tumor size with higher adiposity, in DIO-
OVX mice (P<0.05).

The effect of diet on insulin resistance in non-ovariectomized and ovariectomized mice
Glucose metabolism was affected by dietary treatment as well as hormone status (Figure
1A,B). Non-ovariectomized, obese mice demonstrated impaired glucose tolerance beginning
at 30 min post ip injection (Figure 1A). Effects on glucose tolerance between CR, control,
and DIO mice were more pronounced in the OVX group (Figure 1B). Differences between
all three groups peaked at 60 minutes and remained present at 120 min post injection.

The effect of diet on metabolic hormones after 20 weeks on diet
Differences in metabolic hormones were also assessed by ELISAs and results are presented
in Figure 1. Fasting insulin levels were higher in DIO and lower in CR mice compared to
controls irrespective of estrogen status (Fig 1C). Leptin levels followed a similar trend,
however DIO-OVX mice had levels ~4 fold higher than in DIO-NOVX mice, suggesting
leptin resistance (Fig. 1D). Adiponectin concentration significantly increased with caloric
restriction (Fig. 1E).

Diet- and ovarian hormone-induced changes in serum inflammatory markers using
cytokine arrays and ELISAs

Serum from mice in each treatment group was exposed to cytokine antibody arrays. Of the
62 proteins present on the arrays, 61 were detectable in serum samples. A heat map image
displaying changes in intensity values between groups relative to NOVX or OVX controls is
shown in Figure 2. The hierarchical clustering method used to order samples (columns) of
the heatmap was blind to treatment. Nevertheless, samples were ordered perfectly according
to the estrogen-dietary group to which they belonged (Fig. 2A). This suggests that within
group variability was considerable smaller than between group variability and indicates the
existence of a group-specific expression patterns as confirmed by subsequent ANOVA. In
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general, dietary differences were more pronounced in the OVX group, with obese,
ovariectomized animals exhibiting higher expression of a variety of proteins compared to
controls (Fig. 2). In OVX mice, 57 proteins were significantly altered between diets, 39 of
which were unique to loss of estrogen (data not shown). In comparison, few changes were
observed among NOVX mice, with only 19 proteins altered between dietary treatments and
1 of them (eotaxin) specific to the presence of estrogen (data not shown).

Venn diagrams depicting specific dietary changes within NOVX and OVX mice are
presented in Figure 2. Proteins of particular interest were those that displayed differential
expression between dietary treatments and that paralleled tumor data. In non-ovariectomized
mice, adiponectin, MCP-5, and IGFBPs 3, 5, and 6 were generally higher in CR mice than
control or DIO groups; whereas leptin and IGF-1 were lower in CR mice and increased with
increasing adiposity (Fig. 2A,B). In ovariectomized animals, adiponectin was the lowest and
leptin the highest in DIO mice, whereas the opposite trend was observed for CR mice (Fig.
2A,C). The only other proteins that followed a specific pattern corresponding to
tumorigenesis were those elevated in DIO mice compared to either control-fed or CR
animals. Some of these proteins include adhesion molecules (VCAM-1, P-Selectin, L-
selectin), chemokines (MCP-5; MIP-1α; CXCL16), and cytokines (IL-1β, IL-2,3,9, TNFα).

In vitro proliferation studies using MC38 tumor cells
MC38 colon tumor cells were treated with leptin, insulin, or adiponectin to understand
which hormones altered in the serum elicited tumor proliferation in vitro. First we verified
that the receptor protein was present by western blot for the leptin receptor (Ob-R), insulin
receptor, adiponectin receptor 1 and 2 and ERα and β (data not shown). ObR was not
confirmed by western blot but the other receptors were (data not shown). Consistent with
lack of detectable levels of ObR, treatment of cells with leptin treatment did not influence
cell number at any dose tested (Fig. 3A). Insulin induced cell proliferation at 1, 10 and 100
μg/ml (P≤0.01, Fig. 3B). Adiponectin had no effect on cell number at any dose tested (Fig.
3C). We also tested the hypothesis that adiponectin may reduce cell number in response to
insulin. However, co-treatment of insulin at 1 or 10 μg/ml with 1 or 10 μg/ml adiponectin
had no effect on the insulin induced cell proliferation (Fig. 3D).

Then we hypothesized that estrogen treatment may mediate the proliferative response to
insulin. Estrogen treatment alone reduced cell number at 10, 50, and 100 μM (P≤0.05) (Fig.
4A). Estrogen co-treatment with insulin reduced insulin-induced (1μg/ml) cell proliferation
at 50 and 100 μM estrogen (P≤0.05) (Fig. 4B). We hypothesized that the co-treatment of
insulin, estrogen, and adiponectin would further suppress the insulin induced cell
proliferation. However, the co-treatment of insulin, estrogen and adiponectin to mimic the
CR NOVX mouse did not further decrease cell proliferation induced by insulin (Fig. 4C).

Insulin and estrogen modulate ERK and MEK phosphorylation in MC38 cells
We next queried which cell signaling pathways might be responsible for the increased cell
proliferation induced by insulin and then attenuated by estrogen. We treated cells with
insulin at 1 μg/ml and the insulin + estrogen at 50 μM. Insulin induced a peak increase in
phosphorylation of ERK1/2 and MEK1/2 at 5 minutes post treatment that was reduced by
co-treatment with estrogen by 50% (Fig. 5A-B). Insulin did not induce phosphorylation of
AMPK or p38, while Akt and STAT3 phosphorylation was induced by insulin, however
there was no time dependence or alteration with estrogen treatment (Figure 5A).
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DISCUSSION
The purpose of this study was to determine the interactive roles of obesity and female
hormone status on serum markers of inflammation and colon tumor growth. Mice were
ovariectomized or ovaries left intact to model pre- and postmenopausal status. Mice were
then placed on one of three diets to induce differing levels of adiposity. Serum was utilized
from and proteins examined at a single time point with antibody arrays and ELISAs. Using
this mouse model, we sought to further differentiate how obesity and endogenous and/or
exogenous sex hormones may interact to influence colon cancer cell growth in vivo.

We found that both diet as well as ovariectomy influenced adipose tissue deposition. CR
mice had the least and DIO mice had the most adipose tissue compared to controls. Loss of
ovarian hormones resulted in a further increase in body fat in control-fed and DIO mice
compared to non-ovariectomized animals despite similar energy intakes. This finding is
consistent with previous studies using ERα knockout [27,28], aromatase deficient [59,60],
and ovariectomized animals [61,62]. Xenograph tumor growth in vivo was also influenced
by dietary treatment and hormone status. Calorie restricted animals, irrespective of hormone
status had the smallest overall tumor growth compared to controls whereas obese,
ovariectomized mice had the largest tumors. Comparably, there was no further increase in
tumor size in NOVX-DIO mice, indicating that ovariectomy potentiates tumorigenesis in
obese animals.

We next assessed changes in metabolic and inflammatory parameters in the serum from
mice. Glucose tolerance was impaired in all mice consuming the DIO diet. However,
ovariectomized animals fed either a control or DIO diet had even further impairments in
glucose homeostasis. Data from cytokine arrays and ELISAs indicated unique patterns
associated with diet and hormone status. In CR-NOVX animals, adiponectin, MCP-5, and
IGFBPs 3, 5, and 6 were generally higher than in control or DIO groups; whereas leptin,
insulin, and IGF-1 were lower. Ovariectomized, obese animals exhibited higher levels of
insulin and leptin, chemokines (MIP-1α, CXCL16), cytokines (IL-1β, IL-2, IL-3, IL-9), and
adhesion proteins (P-selectin, L-selectin), in addition to lower serum adiponectin. Based on
these observations, we hypothesized that tumor growth was inhibited by adiponectin and
stimulated during leptin and/or insulin resistance.

The association of adiponectin, leptin, and/or insulin to CRC has been evaluated in several
studies. Adiponectin may influence cancer risk through its well-recognized effects on insulin
sensitivity [63]. However, adiponectin may also act on tumor cells directly. Low serum
adiponectin is associated with several cancers including colon [49-51], prostate [64], breast
[65], endometrial [66] and gastric cancer [67]. In addition, serum adiponectin levels are
negatively associated with histological grade and disease stage [64,65]. Serum leptin levels
correlate with body fat indices in humans [68], however no consistent association with leptin
has been observed in individuals with CRC [69,70]. Leptin receptors are present in normal
and colon cancer tissue [71] and treatment of rodents with leptin in vivo or with colon cancer
cells in vitro stimulates cell proliferation [71]. Aside from direct receptor-mediated effects, a
more recent study indicates that leptin may influence carcinogenesis by stimulating cells to
secrete growth factors that induce angiogenesis [72]. The association of insulin with CRC
has been documented in several studies [73]. Epidemiology consistently demonstrates a
positive association between colon cancer and/or colonic polyps with elevated levels of
insulin. Additionally, hyperinsulinemia has been associated with aggressiveness of tumors
as diabetics have a higher mortality from CRC [74,75] as well as risk of more advanced
colon tumors compared to non-diabetics [75].
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Because levels of these adipokines were differentially expressed in our study in vivo, we
examined whether treatment of MC38 tumor cells would influence cell proliferation and cell
signaling pathways of MC38 tumor cells in vitro. MC38 tumor cells were first cultured with
leptin, insulin or adiponectin to determine the effect of each of these adipokines on MC38
cell proliferation. Insulin significantly concentrations increased, whereas leptin did not
influence cell proliferation of MC38 cells. Adiponectin also did not influence cell
proliferation at any dose tested. We had expected a significant decrease in cell proliferation
based on observations in the literature.

We then hypothesized that in the face of a stimulus (insulin) that adiponectin would reduce
cell proliferation. However, adiponectin had no effect on insulin-induced cell proliferation
directly. This ruled out a direct role for adiponectin on MC38 cell proliferation in vitro.
These data indicated that hyperinsulinemia was likely the primary influence on MC38 cell
proliferation in our in vivo tumor model. Next we wanted to mimic the influence of estrogen
on the tumor cells. We first treated the cells with estrogen and found that treatment reduced
cell proliferation of MC38 cells at 10-100 μM. These data were consistent from a previous
study using the same cell line [76]. MC38 cells were then stimulated with insulin were then
co-treated with estrogen to determine if estrogen can reduce insulin induced cell
proliferation. Estrogen was able to reduce insulin-stimulated cell proliferation by
approximately 50%. We further examined downstream signaling pathways influenced by
insulin in this study and found that insulin treatment activated both pAKT as well as the
MEK-MAP kinase pathway. Although pAKT regulates diverse cellular functions (survival,
cell cycle, and metabolism) and is often activated in a number of cancers [77], estrogen
treatment did not influence this pathway at the time points examined. However, insulin-
induced phosphorylation of both ERK and MEK were attenuated by estrogen, which likely
mitigated some of the growth-stimulatory pathways induced by insulin.

An emerging issue in the area of energy balance and cancer is the relative effects of nature
versus nurture (ie, the contributions of systemic factors [78] [which have been the focus of
this paper] in the context of cell autonomous effects). The recent observations by Kalaany et
al that cancer cells with constitutively activated PI3K mutations are proliferative in vitro in
the absence of insulin or IGF-1 and that they form calorie restriction-resistant tumors in vivo
illustrate this issue. These findings suggest that cell autonomous alterations, such as certain
types of activating PI3K mutations, may influence the response of cells to energy balance–
related host factors, additionally illustrating the complexity of the relationships between
energy balance, host factors, and cancer progression [79].

Results from our in vitro studies suggest that the late stage MC38 tumor cells are not
responsive to growth directly by leptin or adiponectin. Although adiponectin receptors were
detected in this cell line, leptin receptors were below detectable levels, consistent with lack
of response. This indicated that tumor growth in our model may be primarily influenced by
the insulin resistant state. Mice lacking estrogen (OVX) with high body fat (DIO) had
increased available insulin and glucose likely contributing to tumor growth. Caloric
restriction protected mice with and without estrogen from insulin resistance, suggesting
there may be an indirect effect of adiponectin on tumor growth. Therefore, it is likely that
minimal free insulin or glucose is available as a substrate for tumors consistent with the
smallest size in these groups.

While the interaction of adiponectin, estrogen and insulin resistance is unclear, estrogen
appears to improve insulin sensitivity either directly or through negative regulation of
adipose tissue deposition. Adiponectin concentrations were not affected either by estrogen
treatment or ovariectomy in women [80]. In addition, in human adipocytes, expression and
secretion of adiponectin was unaffected by sex steroid treatment [81]. However, insulin
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resistance is higher in postmenopausal women than in premenopausal women [82].
Additionally HRT improves metabolic markers of insulin resistance and visceral adiposity in
post-menopausal women [83]. In mice, estrogen treatment exerts anti-diabetic and anti-
obesity effects by lowering lipogenic genes in white adipose tissue as well as by suppressing
hepatic glucose output [84]. These observations consistent with our data indicate that
estrogen and/or reproductive status may improve insulin sensitivity in a more indirect
manner, potentially by regulating energy balance.

Findings from this study are consistent with a recent epidemiological study indicating that
HRT may confer protection against CRC in obese, post-menopausal women [11]. Our in
vitro and in vivo data indicate female reproductive hormones exert a modulating effect on
the insulin resistant state associated with obesity in mice. In addition, evidence is provided
for a direct effect of estrogen on tumor growth by dampening cell proliferation induced by
insulin signaling. Estrogen mediated cell signaling events may provide cross-talk, directly or
indirectly, to mitigate/modulate insulin-insulin receptor-initiated signal transduction
cascades. Putative estrogen mediated signaling through plasma membrane and nuclear
estrogen receptors may block insulin receptor-mediated kinases and activation of
transcriptional targets. The finding of elevated levels of some pro-inflammatory proteins in
DIO-OVX animals was not further evaluated in this study but is worth future consideration.
Although we focused on overall metabolic patterns across different groups, specific
elevation of one or more inflammatory proteins may also have influenced tumor growth in
OVX-DIO mice either directly or through immunomodulatory mechanisms. Given the lack
of data supporting the association of adipokine, cytokine and chemokine patterns with
specific anthropomorphic patterns and associated cancer risk, this study provides valuable
prospective evidence in female mice that specific adipokiness are associated with
transplanted tumor growth.
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Figure 1.
Glucose tolerance test in (A) non-ovariectomized (NOVX) and (B) ovariectomized (OVX)
female mice fed a control, 30% calorie restricted (CR), or high fat (DIO) diet for 19 weeks
(n=20/group for NOVX animals; n=15/group for OVX animals). Animals were fasted
overnight and then given an i.p injection of 20% glucose (2g/kg). Blood samples were taken
from the tail vein, and glucose was measured over a 2 hour period using a glucometer. The
incremental area under the curves (AUC) for glucose were calculated, and asterisks (*)
represent significant differences in mean AUC between diets (P<0.05). The AUC means ±
SEM are as follows: CON-NOVX, 33427±2061; CR-NOVX, 18783±1755; DIO-NOVX,
24516±1402; CON-OVX, 33427±2061; CR-OVX, 24539±1694; DIO-OVX, 48038±2239).
Changes in metabolic hormones in NOVX and OVX mice after 10 weeks on dietary
treatments as detected by ELISA (n=15/group for NOVX; n=8/group for OVX animals). (C)
Insulin, (D) Leptin, and (E) Adiponectin. *, Significant dietary differences compared to
OVX or NOVX control; +, Significant estrogen*diet interaction (P<0.05).
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Figure 2.
(A) Heat map plots of diet- and estrogen-dependent cytokine levels in the serum of mice
after 10 weeks on dietary treatment constructed from Raybiotech cytokine antibody arrays
(n=4 per group). (B-C) Venn diagrams showing those proteins significantly altered by
estrogen/diet interaction were constructed. Briefly, statistical analyses to identify proteins
altered by diet in the NON-OVX group were performed comparing CRvsDIO, CONvsCR
and CONvsDIO (B). In addition, statistical analyses to identify proteins altered by diet in the
OXV were performed comparing OVXCRvsOVXDIO, OVXCONvsOVXCR and
OVXCONvsOVXDIO (C). Venn diagrams were constructed to visually depict those
proteins that were significantly different in each individual comparison and then shared
across the three comparisons (P<0.05). Each large circle represents the proteins significantly
altered in the individual comparison. The overlapping regions are those proteins that were
commonly altered in the other comparison(s). Note that directionality of the change cannot
be depicted in this comparison. Please refer to the heatmap for the direction of the change.
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Figure 3.
(A) The effect of leptin on MC38 cell proliferation. Cells were treated with leptin from 0.01
to 50 ng/ml for 48 hr. (B) The effect of insulin on MC38 cell proliferation. Cells were
treated with insulin from 0.001 to 100 μg/ml for 48 hr. (C) The effect of full length
adiponectin (f adipo) on MC38 cell proliferation. Cells were treated with fadipo from 0.001
to 10 ng/ml for 48 hr. (D) The effect of co-treatment of insulin and full length adiponectin
(10 μg/ml) on MC38 cell proliferation. Cells were treated with 1 or 10 μg/ml insulin and/or
1 or 10 μg/ml full length adiponectin (fadipo). Con, Serum Free Control. * = P<0.01
(compared to control); ** = P<0.001 (compared to control).
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Figure 4.
(A) The effect of estrogen on MC38 cell proliferation. Cells were treated with estrogen from
0.01 to 100 μM for 48 hr. (B) The effect of cotreatment with estrogen (0.1, 10, 50 or 100
μM) and insulin (1 μg/ml) on MC38 cell proliferation for 48 hr. (C) The effect of
cotreatment with insulin/estrogen/fadiponectin (fadipo). Cells were treated with insulin (1
μg/ml) insulin and/or fadipo (1 μg/ml) and/or estrogen (100 μM). SF, serum free control;
CM, media with 10% serum; INS, insulin at 1 μg/ml.* = P<0.01 (compared to control); ** =
P<0.001 (compared to control).
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Figure 5.
(A) Insulin treatment (1μg/ml) or co-treatment with estrogen (100 μM) of MC38 cells and
phosphorylation (activation) of ERK, MEK 1/2, p38, Akt, and AMPK and Actin loading
control. (B) Total protein control for pair matched ERK, MEK 1/2, p38, Akt and AMPK.
Cells were incubated 6 hr in serum-free medium prior to exposure. At the indicated times
post treatment, total cell lysates were collected and western-blot analysis was performed.
Blots shown are from one representative experiment of two. (C) Densitometric analysis of p-
ERK and (D) p-MEK.
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