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Abstract

Obesity increases the risk for postmenopausal breast cancer. We have modeled this metabolic 

context using female Wistar rats that differ in their polygenic predisposition for obesity under 

conditions of high-fat feeding and limited physical activity. At 52 days of age, rats were injected 

with 1-methyl-1-nitrosourea (MNU, 50 mg/kg) and placed in an obesogenic environment. At 19 

weeks of age, the rats were separated into lean, mid-weight, and obese rats, based upon their 

weight gained during this time. The rats were ovariectomized (OVX) at ~24 weeks of age and the 

change in tumor multiplicity and burden, weight gain, energy intake, tumor estrogen receptor (ER) 

status, and humoral metabolite and cytokine profiles were examined. The survival and growth of 

tumors increased in obese rats in response to OVX. OVX induced a high rate of weight gain 

during post-OVX weeks 1–3, compared to SHAM-operated controls. During this time, feed 

efficiency (mg gain/kcal intake) was lower in obese rats, and this reduced storage efficiency of 

ingested fuels predicted the OVX-induced changes in tumor multiplicity (r = −0.64, P < 0.001) and 

burden (r = −0.57, P < 0.001). Tumors from obese rats contained more cells that expressed ERα, 

and post-OVX plasma from rats with the lowest feed efficiency had lower interleukin (IL)-2 and 

IL-4 levels. Our observations suggest a novel link between obesity and mammary tumor 

promotion that involves impaired fuel metabolism during OVX-induced weight gain. The 

metabolically inflexible state of obesity and its inability to appropriately respond to the OVX-

induced energy imbalance provides a plausible explanation for this relationship and the emergence 

of obesity’s impact on breast cancer risk after menopause.
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INTRODUCTION

Obesity increases the risk for breast cancer in postmenopausal women (1,2). A 10 kg/m2 

increase in BMI translates into a 40% increase in risk and a 36% increase in mortality 

associated with postmenopausal breast cancer (3). The magnitude of this problem is 

highlighted by the fact that in the United States, it has been estimated that 22.6% of cases of 

postmenopausal breast cancer can be attributed to being overweight or obese (4).

The reason for the emergence of an obesity effect after menopause has been the subject of 

much research and debate. The fundamental paradox can be appreciated with the best 

anthropometric predictor: total adult weight gain. Adult weight gain predicts 

postmenopausal, but not premenopausal, breast cancer incidence (5–10). Moreover, the 

majority of studies suggest that total adult weight gain, rather than weight gain occurring 

after menopause is the stronger predictor. Even so, postmenopausal weight gain appears to 

be necessary, as calorie restricted weight loss and/or maintenance eliminates the obesity-

related risk (7,11). One interpretation of this epidemiological evidence is that excess adult 

weight gain creates a physiological context that is primed to promote mammary tumors, but 

one that remains quiescent until menopause. Cumulatively, existing data indicate that the 

transition through menopause activates this physiological context, and the tumor-promoting 

effects of obesity emerge. Not all researchers embrace this simplified working model of the 

relationship between obesity and breast cancer (12), but doing so allows us to frame two 

critical questions: what aspect(s) of obesity are critical for the “primed environment” and 

what changes occur with menopause that “trigger” its impact on tumor progression?

In order to understand the emergence of obesity-related tumor promotion after menopause, 

the quiescent premenopausal context and the menopausal transition must be carefully 

modeled. The purpose of this study was to develop a physiologically relevant paradigm that 

models key aspects of this complex human condition, in order to study the link between the 

primed environment and the menopausal trigger. We merged a well-established model of 

polygenic obesity, an approach to induce a broad range of mammary tumors that generally 

reflect human breast cancer, and a surgical intervention (ovariectomy, ovariectomized 

(OVX)) in mature adults to initiate a distinct transition to an estrogen-deprived state that 

shares some characteristics with menopause. Our hypothesis was that a strong tumor-

promoting effect of obesity would emerge only after the OVX surgery, reflecting the 

relationship between obesity and breast cancer risk observed after menopause in women. We 

based this hypothesis on the idea that the loss of ovarian function would provide some 

“trigger” that would differentially affect tumor progression, based upon preexisting 

adiposity.

Consistent with this hypothesis, obesity facilitated the survival and growth of mammary 

tumors after OVX, and this affect was inversely associated with the energetic storage 

efficiency of ingested fuels after the surgery. These observations suggest a novel explanation 

in which impaired regulation of fuel utilization (the “primed” environment), in response to 

the OVX-induced positive energy imbalance (the “trigger”), facilitates the survival and 

growth of mammary tumors. This experimental paradigm, which we have termed the OR-

OP/OVX model, is likely to provide a valuable tool to pursue a better understanding of the 
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relationship between obesity, the regulation of fuel metabolism, and breast cancer, and, 

potentially, be used to develop more effective prevention and treatment strategies.

METHODS AND PROCEDURES

Animal care and treatment

Female Wistar rats (100–125 g) were purchased from Charles River Laboratories 

(Wilmington, MA) and were individually housed (22–24 °C; 12:12-h light-dark cycle) with 

free access to water. Rats were fed a high-fat purified diet (46% kcal fat; Research Diets, 

New Brunswick, NJ; RD#12344) in metabolic caging designed for intake monitoring and 

minimizing physical activity. Body weight and food intake were monitored as previously 

described (13), every 2 weeks before the surgical intervention and twice weekly thereafter. 

All procedures were approved by the Institutional Animal Care and Use Committee.

Mammary tumor induction

A single injection of 1-methyl-1-nitrosourea (MNU, 50 mg/kg) at 52 ± 1 days of age induces 

mammary tumors similar to human tumors in the percentage of tumors that are intraductal, 

the progression of histologic stages from hyperplasia to in situ to invasive, and steroid 

receptor positivity (14,15). In addition, this approach induces a tumor profile with a similar 

heterogeneity in histology (including glandular, cribri-form, papillary, and high-grade 

patterns with comedo necrosis), and hormonal risk factors known to be important for human 

breast cancers (16). Rats were palpated twice per week for the study’s duration. MNU was 

provided by the National Cancer Institute’s Chemical Carcinogen Reference Standards 

Repository operated under contract by Midwest Research Institute, Kansas City, MO. N02-

CB-07008.

Modeling obesity and menopause

Rats gained weight according to their polygenic/epigenetic disposition for obesity under the 

obesigenic conditions of a high-fat diet and limited physical activity. Rats were separated 

into lean (n = 12), overweight (n = 12), and obese (n = 12) groups, according to tertiles of 

total weight gain from the MNU injection (up to 19 weeks of age). Growth curves for these 

groups are shown in Figure 1a. The tapering of body weight gain around this time coincides 

with the decline in lean body mass accumulation in our previous studies with this model 

(17), so we interpret this to indicate that animals are fully mature. These environmental 

conditions were maintained for approximately five more weeks, after which the animals 

were surgically OVX. In addition to the 36 OVX rats, 9 additional animals (4 lean, 2 mid-

weight, and 3 obese) received a SHAM surgical operation. Body composition was 

determined before euthanasia by dual-energy X-ray absorptiometry with a Lunar DPX-IQ 

(Lunarcorp, Madison, WI) as previously described (13,17). The tissue composition analysis 

of several tumors was assessed with a Piximus II dual-energy X-ray absorptiometry 

(Lunarcorp) and found to be consistently 90% fat-free mass and 10% fat mass. Body 

composition data and weight gain data were corrected for the contribution of tumor burden 

by subtracting the tumor burden contribution to each compartment. In general, the change in 

burden represented a very small portion of post-OVX weight gain (<5%) and of total body 

mass. For this reason, this adjustment did not impact the analyses of weight gain energetics.
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Post-OVX monitoring

Food intake, body weight, tumor multiplicity (number of tumors), and burden (total tumor 

mass) were monitored twice weekly for the study’s duration. Animals were monitored for up 

to 25 weeks after OVX, unless tumor burden or illness required euthanasia. To ensure that 

the groups experienced a similar post-OVX time and had the same average age, matched 

animals from other groups were euthanized as well. Rats were euthanized by CO2-

asphyxiation followed by cervical dislocation, and tumors were excised, weighed, and 

processed for histological evaluation. Mammary tumors were classified histologically by the 

criteria of Young and Hallowes (18) and only adenocarcinomas were included in subsequent 

analyses.

Tissue analysis

Cytokine profiling—Blood was collected from the tail vein before OVX and again 5 

weeks after the OVX surgery, during the latter part of the light cycle and after food had been 

removed for 3 h. Plasma was isolated and stored at −80 °C until analyzed. Estradiol (17β-

estradiol) was measured in the plasma by enzyme-linked immunosorbent assay (Cayman 

Chemical, Ann Arbor, MI). Concentrations of insulin, leptin, amylin, and glucagon were 

simultaneously measured in plasma samples using the Rat Endocrine LINCOplex Kit 96 

Well Plate Assay (RENDO-85K; Linco Research/Millipore, St Charles, MO). Measurements 

of plasma cytokine profiles were made in a similar manner using the Rat Cytokine/

Chemokine LINCOplex Kit 96 Well Plate Assay (RCYTO-80K; Linco Research/Millipore).

Immunohistochemistry for estrogen receptor (ER) status—Formalin-fixed, 

paraffin-embedded mammary tissue sections (5 μm, 2/tumor, 8–10 fields/section) adjacent to 

the lymph node chain in gland #5 were evaluated (40× objective) for the 

immunohistochemical detection of ERα+ cells (mouse monoclonal, clone 6F11 at 1:100; 

Vector Laboratories, Burlingame, CA). Antigen retrieval was performed in 10 mmol/l citrate 

buffer, at 120 °C for 5 min at 20 psi. Primary antibody signal was detected using biotin-

labeled rabbit anti-mouse secondary antibody according to manufacturer’s 

recommendations. Sections were counterstained with Harris hematoxylin. Cells were 

considered negative (unstained) or positive (stained) for the determination of ER status. ER 

status was distinguished into four categories; <5% positive cells as +0, 5–25% positive cells 

as +1, 25–75% positive cells as +2, and >75% positive cells as +3.

Statistical analysis

Data were examined with SPSS 16.0 software (SPSS, Chicago, IL) by ANOVA or χ2 

analysis, for nominal and ordinal data, respectively. Relationships between variables were 

assessed with the Spearman correlation coefficient. In some cases, data were analyzed by 

analysis of covariance with a specified covariate in the model. Differences and relationships 

were considered statistically significant when P < 0.05.
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RESULTS

Weight gain before and after OVX

Body weights from the time of the MNU injection to the surgical intervention show how the 

three groups were separated according to tertiles of weight gain during the pre-OVX period 

(Figure 1a). The SHAM group had an average weight before the surgery that was similar to 

the mid-weight rats. Body weights after the surgical intervention demonstrate that total 

amount of weight gained during the post-OVX period was similar for lean (125 ± 25 g), 

mid-weight (133 ± 17 g), and obese (130 ± 15g) rats, and that this OVX-induced weight gain 

was greater than that observed in SHAM rats (46 ± 12 g) (Figure 1b). OVX induced a 

transient period of elevated weight gain in all three groups, which persisted for 3 weeks 

following the surgery (Figure 1c). Thereafter, the rate of weight gain returned to levels 

observed in the SHAM rats.

Tumor multiplicity and burden

At the time of surgery, no statistical differences between groups in tumor incidence, or 

number of tumors per rat (multiplicity) were detected (Figure 2a), although mid-weight rats 

tended to have fewer tumors (Figure 2a, Table 1). Average burden was also similar for the 

three groups (Table 1). In response to OVX, multiplicity significantly increased in the obese 

and SHAM rats (Figure 2a), and this was reflected in the change in the number of tumors 

that continued to grow (Figure 2b). When compared to lean rats, obese rats experienced half 

as many tumors that permanently regressed (21 in lean; 10 in mid-weight; 11 in obese) and 

over two and a half times as many new tumors that emerged after OVX (10 in lean; 15 in 

mid-weight; 27 in obese). Moreover, tumor burden increased in a greater proportion of obese 

and SHAM rats than in lean rats, and this differential shift in tumor growth occurred early in 

the post-OVX period (Figure 2c). Finally, the SHAM rats exhibited the most aggressive 

tumor progression of all the rats, which necessitated their early removal from the study 

(Figure 1b). These studies indicate that after OVX, obesity developed before the surgery 

was associated with enhanced tumor progression and a higher incidence of new tumor 

development when compared to lean OVX rats.

Energetics of weight gain before and after OVX

Energy intake and feed efficiency, defined as mg body weight gained per kcal intake, before 

and after the surgical intervention are shown in Figures 3a,b. During the first 3 weeks after 

the surgery, energy intake increased in the lean and mid-weight rats, but not in the obese or 

SHAM rats (P < 0.05). Thereafter, intake normalized to pre-OVX levels. Feed efficiency 

during this 3-week period of time was increased in all OVX groups, but obesity attenuated 

this elevation (P < 0.05). In OVX rats, feed efficiency during this period of time correlated 

with the change in tumor multiplicity (r = −0.64, P < 0.001) (Figure 3c) and burden (r = 

−0.57, P < 0.001) that occurred over the entire post-OVX period. That is, obese rats were 

less efficient at storing a similar amount of ingested energy, and thus tended to gain less 

weight during this period of time, while experiencing enhanced tumor promotion. Dual-

energy X-ray absorptiometry-determined body composition analyses in representative 
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animals from each group indicated that essentially all of the OVX-induced weight gain was 

fat mass (Table 2).

ER status of post-OVX progressing tumors

OVX resulted in a dramatic decline in circulating estrogen levels, which was one factor that 

confirmed the elimination of ovarian estrogen production (Figure 4a). Consistent with the 

elimination of ovarian estrogen production, OVX rats gained more body fat, particularly in 

the abdominal fat pads (Table 2). In addition, SHAM rats had a higher total bone content 

than OVX rats (6.7 ± 0.4 vs. 5.7 ± 0.15, P < 0.05). To assess whether the tumor-promoting 

effects of obesity were associated with ER expression, 51 progressing tumors were 

randomly selected for the determination of ERα receptor expression by 

immunohistochemistry. The majority (80%) of these tumors were found to have a significant 

number of cells (>5% of cells) expressing the ERα receptor. When tumors were segregated 

into low- and high-ERα expressors, (< or >25% cells, respectively), the nonobese rats (lean 

and mid-weight) had fewer tumors with >25% ERα+ cells (Figure 4b).

Humoral profiles

Endocrine factors, cytokines, and metabolites were measured on a subset of animals (n = ~8/

group). Before OVX, obesity was associated with higher levels of glucose, triglycerides, 

leptin, glucagon, and amylin (Table 1). No differences were observed between any of the 

other cytokines that were assessed (data not shown). The same assessments were measured 6 

weeks after the surgical intervention (Figure 4c). OVX induced an increase in insulin, 

glucagon, and leptin, changes that were closely associated with the amount of post-OVX 

weight gain (data not shown). Obesity was associated with higher glucagon, triglycerides, 

and free fatty acids, when compared to non-obese rats. When OVX rats were classified 

according to their feed efficiency during post-OVX weeks 1–3, rats with the lowest feed 

efficiency (high-tumor promotion) exhibited lower insulin, leptin, interleukin (IL)-2, and 

IL-4, and had higher triglycerides and free fatty acids, when compared to rats with the 

highest feed efficiency (Figure 4d).

DISCUSSION

Several metabolic characteristics of obesity have been tied to tumor promotion, including 

insulin resistance, dyslipidemia, poor glucose control, and changes in a number of hormones 

and cytokines (5,7,12,19,20). Based upon this evidence, one might expect that obesity would 

always enhance tumor progression, regardless of menopause. Supporting this notion, several 

preclinical studies have shown obesity-related tumor promotion under premenopause-like 

conditions (21–26). Other models are more reflective of the human condition, showing no 

effect (27–30) or that obesity may even impart some protection (31,32). The wide range of 

responses in animal models and the complex nature of obesity and its interaction with 

mammary tumors have made it difficult to identify the key factors that contribute to the lack 

of effect before menopause and the emergence of an obesity effect after menopause. 

Merging well-established models of obesity, breast cancer, and a menopause-like state, we 

have recapitulated the human condition with respect to: (i) a minimal effect of obesity before 

menopause; (ii) the emergence of an adverse effect of obesity shortly after menopause; and 
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(iii) the relationship between total adult weight gain and postmenopausal breast cancer risk. 

The novel observation from this model is that obesity reduces the storage efficiency of 

ingested nutrients during the OVX-induced positive energy imbalance and that this reduced 

storage efficiency predicts the changes in tumor multiplicity and burden. This study is 

among the first to link the energetics of OVX-induced weight gain to tumor progression, 

and, as such, may contribute to our understanding of the primed environment of obesity and 

the menopausal trigger that coordinately enhance mammary tumor survival and growth.

Our observations suggest that the manner in which excess fuels are metabolized and stored 

during the 3-week period of rapid weight gain may influence tumor promotion, more so than 

the total amount of weight gained after OVX. A reasonable explanation for obesity’s effects 

on OVX-induced weight gain energetics comes from two critical effects of obesity on energy 

homeostasis. First, obese rats exhibit a pre-existing state of central resistance to insulin and 

leptin (33,34), and the impact of removing estrogen, which also induces hypothalamic 

resistance to these hormones (35,36), would likely be blunted. The observation that intake 

did not increase in the obese rats in response to OVX is consistent with this assertion, but it 

is also necessitates, based on the fact that they did gain weight, that these animals 

experienced a reduced level of energy expenditure. What is important to note about the 

influence of obesity on the adjustment in energy homeostasis is that OVX induced the same 

total amount of weight gain and fat mass in lean and obese rats, but that this weight gain 

tended to be delayed in the obese rats.

The second aspect of energy homeostasis that could contribute to the reduced storage 

efficiency is the pre-existing insulin resistance in the periphery and a state of metabolic 

inflexibility. Metabolic inflexibility is manifested by the inability to regulate fuel 

metabolism in response to a number of metabolic challenges, like fasting, exercise, or an 

insulin infusion (37). We have observed that obese animals derived from obesity-prone 

outbred strains are insulin resistant and exhibit this same impairment in the response to the 

metabolic challenge of overfeeding (13,38,39). The normal response to an excess of calories 

is a shift in fuel preference favoring the oxidization of ingested carbohydrates for energy 

needs and the trafficking of ingested fat to lipid storage depots (40). Relatively speaking, this 

shift in fuel metabolism is a rapid, energetically efficient way to clear and store excess 

energy. In contrast, the lack of this response in obese rats is accompanied by the 

accumulation of these excess nutrients in the blood, liver, and muscle. If this characteristic 

of metabolic inflexibility persists during the OVX-induced positive energy imbalance, it 

could contribute to less efficient storage of ingested fuels and, potentially, a delay in the 

process of gaining weight.

The more pertinent and speculative question then becomes whether these changes in weight 

gain energetics impart some influence on the fate of mammary tumors. The observation that 

the period of rapid weight gain preceded, or at least coincided with, the temporal responses 

in tumor burden would suggest it may be. Several hormones, metabolites, and cytokines 

commonly elevated in obese patients are reported to be tumorigenic (5,7,19), but the 

conundrum of why these abnormalities impart risk only after menopause has been difficult 

to address. Based upon our observations, it would be relevant to examine how these humoral 

factors change during this 3-week period of rapid weight gain. Postprandial excursions in 
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insulin, leptin, glucose, triglycerides, and other factors are commonly observed in obese, 

insulin resistant individuals, and the persistent, large positive energy imbalance may be 

accompanied by an exacerbated elevation in one or more of these factors, with unfavorable 

consequences on tumor growth and survival. Our measurements, made outside this window, 

could have missed these critical changes. Whereas the lower IL-2 after OVX in rats with 

low-feed efficiency could plausibly contribute to enhanced tumor progression in these 

animals (41), we believe that it will be more informative to profile the metabolites, 

endocrine factors, and cytokines when aspects of metabolism predict long-term tumor 

growth and survival.

Whereas this link to impaired metabolism is novel and intriguing, the potential contribution 

of other putative effects of obesity should not be overlooked in this model. OVX is known to 

cause tumor regression in most animal models (30,42–44), and this regression has been 

associated with ovarian–hormone dependency of the tumors (43). Consistent with previous 

reports in obese models (23,30,45,46), obesity in the OR-OP/OVX model attenuated OVX-

induced regression and was accompanied by tumors with a greater number of ERα+ cells. 

ER+ tumors in postmenopausal women are relatively common, particularly in those who 

have gained more weight (6,9,47,48). The prevailing thought on the persistence of ER+ 

tumors with greater adiposity is that adipose tissue, with its own intrinsic aromatase activity, 

could elevate localized levels of estrogen in the mammary gland (49). Over time, 

extragonadal aromatase activity has been shown to lead to partial recovery of circulating 

estradiol levels in the OVX rat (50). Consistent with that study, circulating estradiol levels in 

the present study did not show signs of recovery at 6-weeks post-OVX, but it is possible that 

local levels in specific tissues may have been altered (50). Our ongoing studies will pursue a 

better understanding of whether obesity enhances extragonadal aromatase activity and local 

estradiol levels within the mammary gland.

In summary, our initial characterization of the OR-OP/OVX paradigm revealed some 

surprising aspects of post-OVX weight gain and its relationship to tumor promotion. Obesity 

reduced the energetic efficiency of weight gain during a transient period of time shortly after 

OVX, and this difference in weight gain energetics was predictive of mammary tumor 

promotion. Our observations provide the basis for a novel hypothesis linking obesity and 

energy balance to breast cancer after menopause. This hypothesis asserts the primed 

environment of obesity (e.g., leptin and insulin resistance, metabolic inflexibility) imparts no 

risk on its own, but sets the stage for sustained tumor survival and growth when challenged 

with the menopausal trigger (positive energy imbalance). From this perspective the reduced 

energetic efficiency of weight gain and enhanced tumor promotion are concomitant 

consequences of an impaired metabolic response to the caloric excess during OVX-induced 

weight gain. Even so, this association may be coincidental to other effects of obesity, such as 

the promotion of ERα+ tumors via extragonadal estradiol production. The OR-OP/OVX 

paradigm should provide a physiologically relevant context to pursue a better understanding 

of the significance of this surprising relationship, and other putative mediators of obesity’s 

effects, and may ultimately help us to understand the complex relationship between obesity 

and postmenopausal breast cancer.
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Figure 1. 
Weight gain before and after OVX. (a) Body weights are shown for lean, mid-weight, obese, 

and SHAM groups (n = 12/group) up to the surgical intervention. (b) Post-surgical body 

weight was measured every few days for the first 6 weeks, and then weekly thereafter. (c) 

The rate of weight gain during the 2 weeks before the surgery (pre-OVX), first 3 weeks after 

the surgical intervention (post-OVX weeks 1–3), and after post-OVX week 4 (week 4 to 

END) is shown for the four groups. Groups with the same letter designation are not 

significantly different. OVX, ovariectomized.
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Figure 2. 
Change in tumor multiplicity and burden in response to OVX. (a) Tumor number is shown at 

the time of the surgery and at the end of the study (*different from multiplicity at OVX). (b) 

Change in the number of progressing tumors, normalized to post-OVX time is shown. 

Groups with the same letter designation are not significantly different. (c) The percentage of 

animals in each group exhibiting an increase in tumor burden is shown. Time points marked 

with an asterisk indicate a significant difference between lean and obese groups. OVX, 

ovariectomized.
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Figure 3. 
Intake and feed efficiency before and after surgery. (a) Daily energy intake during the three 

stages of the study are presented. The asterisk in lean and overweight rats indicates a 

significant increase in food intake during weeks 1–3 post-OVX. (b) Feed efficiency (weight 

gain/energy intake) during the three phases of the study is shown. At each time point, groups 

with the same letter designation are not significantly different. (c) The post-OVX change in 

tumor number is plotted against the feed efficiency during weeks 1–3 post-OVX, and the 

Spearman correlation coefficient for the entire cohort is shown. OVX, ovariectomized.
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Figure 4. 
Post-OVX hormones, cytokines, and metabolites, and tumor ERα expression. (a) Estrogen 

levels measured at the time of surgery and 6 weeks after the surgery are presented. OVX 

minimized circulating estrogens levels in all three groups (P < 0.001). (b) Fifty-one 

randomly selected tumors were characterized for ERα expression. SHAM and OVX obese 

rats had a higher proportion of tumors in which >25% of the cells expressed ERα, when 

compared to nonobese (lean + mid-weight) rats (P < 0.05). (c–d) Humoral cytokine and 

metabolite profiles are expressed as the % difference from the SHAM, comparing (c) 

nonobese (lean and mid-weight rats) and obese rats and (d) rats with high-feed efficiency 

(>27 mg/kcal) and those with low-feed efficiency (<22 mg/kcal). * Significant difference 

between SHAM and all OVX animals, P < 0.05. †Difference between (c) nonobese vs. obese 

or (d) high-vs. low-feed efficiency; P < 0.05. ERα, estrogen receptor α; GRO/KC, growth 

related oncogene chemokine; IFN-γ, interferon-γ; IL, interleukin; MCP-1, monocyte 

chemoattractant protein 1; NEFAs, nonesterified free fatty acids; OVX, ovariectomized; TG, 

triglyceride.
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Table 1

Pre-OVX tumor and humoral characteristics

Lean Mid-weight Obese

Total tumors 25 17 27

Average burden (g) 1.8 ± 1.4 3.6 ± 1.2 3.7 ± 1.5

Insulin (pmol/l) 101 ± 10 140 ± 23 121 ± 18

Glucagon (pmol/l) 19 ± 6a 20 ± 9a 65 ± 17b

Leptin (pmol/l) 364 ± 73a 407 ± 101ab 717 ± 134b

Amylin (pmol/l) 6.66 ± 0.44 6.85 ± 0.52 7.86 ± 0.33

Insulin/glucagon 9.6 ± 2.4a 15.6 ± 6.5a 2.9 ± 0.8b

Glucose (mmol/l) 10.7 ± 0.4a nd 12.0 ± 0.6b

NEFA (μmol/l) 594 ± 51 nd 704 ± 62

Triglycerides (mg/dl) 101 ± 14a nd 165 ± 39b

Cholesterol (mg/dl) 97 ± 5 nd 102 ± 6

Tumor number of tumors in each group and average burden (total tumor mass/ rat) at the time of the surgical intervention are shown for the entire 
cohort of rats (n = 12/group). Blood was collected from representative animals in each group (n = 8–10/group) for humoral profiling. Groups with 
the same letter designation are not significantly different (P < 0.05).

nd, not determined; NEFA, nonesterified free fatty acid.
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Table 2

Body composition at study’s end

Lean Mid-weight Obese SHAM

Age (days) 267 ± 16 266 ± 17 267 ± 15 227 ± 10

Postsurgery (days) 94 ± 16 105 ± 13 95 ± 12 66 ± 8

Body weight (g) 393 ± 29ab 438 ± 16b 505 ± 30c 364 ± 14a

Fat-free mass (g) 294 ± 19 301 ± 6 291 ± 20 298 ± 18

Fat mass (g) 99 ± 20ab 137 ± 16b 213 ± 39c 67 ± 10a

% Body fat 24.3 ± 4.0a 30.1.3 ± 2.6b 40.9 ± 6.1b 18.4 ± 3.0a

Mesenteric fat (g) 12.2 ± 3.1ab 11.6 ± 1.4a 18.0 ± 2.9b 8.3 ± 0.9a

Retroperitoneal fat (g) 13.8 ± 2.0a 17.6 ± 2.4ab 23.0 ± 2.2b 13.1 ± 1.7a

Bone (g) 5.42 ± 0.31a 6.01 ± 0.55ab 5.44 ± 0.47a 6.70 ± 0.43b

Bone density (g/cm3) 0.283 ± 0.003 0.297 ± 0.009 0.293 ± 0.003 0.289 ± 0.003

Body composition and fat pad weight was assessed in ovariectomized (OVX) and SHAM rats by dual-energy X-ray absorptiometry at ~80 days 
post-OVX (n = 6–8/group). Groups with the same letter designation are not significantly different.
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