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ABSTRACT

Obesity and adult weight gain are linked to increased breast cancer risk and poorer clinical outcomes
in postmenopausal women, particularly for hormone-dependent tumors. Menopause is a time when
significant weight gain occurs in many women, and clinical and preclinical studies have identified
menopause (or ovariectomy) as a period of vulnerability for breast cancer development and
promotion. We hypothesized that preventing weight gain after ovariectomy (OVX) may be sufficient to
prevent the formation of new tumors and decrease growth of existing mammary tumors. Here, we
tested this hypothesis in a rat model of obesity and carcinogen-induced postmenopausal mammary
cancer and validated our findings in a murine xenograft model with implanted human tumors. In both
models, preventing weight gain after OVX significantly decreased obesity-associated tumor
development and growth. Importantly, we did not induce weight loss in these animals, but simply
prevented weight gain. In both lean and obese rats, preventing weight gain reduced visceral fat
accumulation and associated insulin resistance. Similarly, the intervention decreased circulating
tumor-promoting growth factors and inflammatory cytokines (ie, BNDF, TNFa, FGF2), with greater
effects in obese compared to lean rats. In obese rats, preventing weight gain decreased adipocyte
size, adipose tissue macrophage infiltration, reduced expression of the tumor-promoting growth factor
FGF-1, and reduced phosphorylated FGFR in tumors. Together, these findings suggest that the
underlying mechanisms associated with the anti-tumor effects of weight maintenance are multi-
factorial, and that weight maintenance during the peri-/post-menopausal period may be a viable
strategy for reducing obesity-associated breast cancer risk and progression in women.
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INTRODUCTION:

Obesity is a global epidemic, affecting >640 million adults worldwide and rates continue to rise (1-3).
Obesity rates are higher for women than men, and obesity is especially prevalent in women in the
peri-menopausal or early postmenopausal life stages (45-65 years) compared to younger women.
Excess adiposity increases both breast cancer risk and cancer-specific mortality, and these effects
are modulated by menopausal status (4-9). Prior to menopause, obesity’s effects are generally
considered negligible or even protective, particularly for estrogen-receptor positive (ER+) tumors
(10,11). However, after menopause obesity increases the incidence, progression, and eventual
mortality from breast cancer by up to 40% compared to women at a healthy weight (12). The risk is
notably elevated in women with a history of weight gain throughout life, as well as those who gain
weight in the 5-6 year period immediately preceding their breast cancer diagnosis (13-15). Given the
prevalence of obesity and breast cancer, it is critical to determine effective interventions that can
prevent tumor development and disease progression in the context of excess adiposity.

To study the link between obesity and postmenopausal ER+ tumor growth, we developed the OR/OP-
OVX model (16-20) which is highly reflective of many aspects of obesity-associated postmenopausal
breast cancer. Specifically, the adverse impact of obesity emerges during the brief period of rapid
weight gain induced by ovariectomy (OVX). Prior to menopause, obesity is associated with metabolic
inflexibility or insulin resistance. While insulin resistance has been identified as a likely mechanism
linking obesity and tumor promotion (21-26), the independent impact of insulin resistance prior to
menopause is relatively modest suggesting that this remains relatively inert until menopause. We
have proposed a dual-requirement hypothesis, whereby the combination of obesity-associated
metabolic dysfunction and menopause-induced weight gain together creates an environment
conducive to tumor development and growth. In support of this hypothesis, our previous studies found
that treating rats with the antidiabetic drug metformin during the post-OVX period improved underlying
metabolic dysfunction (20) and significantly reduced both the growth of existing tumors and the
development of new tumors, without impacting weight gain (17,20). The goal of the current study was
to determine if preventing weight gain during the post-OVX period was sufficient to decrease obesity-
associated tumor development and growth in a setting that models menopause.

It has been clearly established that diet-induced weight loss or weight loss through bariatric surgery
both decrease breast cancer risk and improve outcomes in patients with breast cancer. However,
there is overwhelming evidence that weight loss is difficult to sustain (27), and menopause is a time
when women are patrticularly prone to gaining weight. Therefore, our goal in the current study was not
to induce weight loss in animals, but instead to maintain animals at their pre-OVX weight and prevent
the weight gain induced by OVX as a model for preventing menopausal weight gain (referred to as
weight maintenance). Here, we show that this weight-maintenance approach significantly decreased
mammary tumor burden in both obese and lean animals, and also prevented the formation of new
tumors after OVX. These beneficial effects of weight gain prevention had positive impacts on systemic
metabolic and inflammatory markers, the tumor microenvironment, and directly on tumors, which
resulted in a lower incidence and improved outcomes. These findings suggest that the peri-
menopausal/menopausal period of weight gain may provide an ideal “window of opportunity” for
interventions aimed at improving cancer outcomes (16,17). Given this finding, clinical studies that
focus on prevention of weight gain may be highly beneficial, even without weight loss, in women at
risk for postmenopausal breast cancers.
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METHODS

All animals used in these studies were housed at 22—-24°C with a 12:12-h light-dark cycle and free
access to water. All procedures were approved by the appropriate Institutional Animal Care and Use
Committee.

Rat Model of Obesity and Breast Cancer:

Our OP-OR/OVX model of obesity and postmenopausal breast cancer was used, as previously
described (18,28). We, and others, have shown that tumors that develop using this method are similar
to human breast tumors with regard to: (a) the percentage of tumors that are intraductal, (b) the
progression of histologic stages from hyperplasia, to carcinoma in situ, to invasive cancer, and (c)
steroid receptor status (16,17,29).

Female Wistar rats (100-125 g; 5 weeks of age) were purchased from Charles River Laboratories
(Wilmington, MA). Rats were individually housed in wire bottom cages to limit physical activity and
were given ad libitum access to purified high-fat diet (HF; 46% kcal fat; Research Diets #D12344,
New Brunswick, NJ) to induce obesity in this genetically susceptible strain. All rats remained on the
HF diet for the duration of the study. Animals were ranked by their percent body fat at the time of OVX
surgery (mean 27.1 weeks of age). Rats in the top and bottom tertiles of adiposity were classified as
obese and lean, respectively. Rats from the middle tertile were removed from this study.

To induced mammary tumor formation, 55-day old female rats (+/- 1d) were given a single
intraperitoneal injection of the carcinogen N-methylnitrosourea 1-methyl-1-nitrosourea (MNU, 50
mg/kg; #MRI-340, MRI Global, Kansas City, MO) Tumors were monitored by manual palpation and
measured weekly with digital calipers for the duration of the study. Tumor volumes were calculated as
T * (length/2 * width/2 * height/2).

Body weight and food intake were monitored weekly, as previously described (30,31).

Body composition was determined at 18 weeks of age, on the day of OVX, every 2 weeks post-OVX,
and again at the time of sacrifice, by quantitative magnetic resonance (qQMR; EchoMRI; Echo Medical
Systems, Houston, TX). In a rolling study design, rats underwent surgical ovariectomy (OVX) to mimic
the post-menopausal state once they developed at least one mammary tumor = 1cm®. OVX surgery
was performed under isoflurane anesthesia. At the time of OVX, animals were randomly assigned to
either be maintained at their pre-OVX body weight (weight-maintained; WM n=10 lean and 15 obese)
or ad libitum fed (AdLib; n= 23 lean and 17 obese) for the remainder of the study. WM rats were
maintained at their pre-OVX body weight by providing a limited portion of the HF diet each day,
immediately prior to the start of the dark cycle. Each rat was weighed daily and adjustments to the
food allotment were made if a 2-3 day trend of weight loss or gain occurred. Rats were euthanized by
exsanguination under anesthesia 8 weeks after OVX, or when tumor burden exceeded 10% of the
animal’s body weight.

Plasma Measurements:

Tail vein blood was collected at the time of OVX, at 2 weeks post-OVX, and again at the time of
sacrifice. Blood was drawn during the latter part of the light cycle; plasma was isolated and stored at
—-80°C. Plasma insulin was measured by ELISA (Alpco 80-INSRT-EOQ1, Salem, NH). Colorimetric
assays were used to measure plasma free fatty acids (Wako Chemicals USA, Richmond, VA),
glucose, triglycerides (TG), and total cholesterol (#TR15421, TR22321, and TR13521, respectively;
Thermo Fisher Scientific, Waltham, MA). Inflammatory markers were measured using a 90-plex
antibody array (Rat L90 Array, AAR-SERV-LG, RayBiotech Life, Inc., Peachtree Corners, GA).

Histological staining and imaging:

Sections of formalin fixed paraffin embedded tissue (4 yum) were stained with hematoxylin and eosin
(H&E) using a Sakura autostainer (Sakura Finetek, Torrance, CA, USA). Mammary tumors were
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classified histologically by the criteria of Young and Hallowes (32) and only adenocarcinomas were
included in subsequent analyses. For immunohistochemical detection of proteins, tissue sections
were stained with antibodies targeting adipophilin (LS-C348703, Lifespan Biosciences) at 1:300
dilution for 60 minutes followed by mouse on rat secondary antibody (MRT621H, Biocare) for 30 min
and DAB chromogen or phospho-FGFR1 (Y654; Abcam ab59194 1:500) followed by InmPRESS®
HRP Horse Anti-Rabbit IgG Polymer Detection Kit (Vector Laboratories, MP-7401). All slides were
counterstained with hematoxylin (S330130, Dako, Carpinteria, CA).

Stained slides were scanned using an Aperio slide scanner (Leica Biosystems, Buffalo Grove, IL) at
20X magnification, corresponding to 0.43 um per pixel which enables high resolution access to the
entire tissue section via a virtual image. Images were evaluated using Imagescope software and
signal captured. Liver adipophilin was quantified using Aperio algorithms. pFGFR1 was manually
scored in blinded samples as a percentage of positive cells in 10% increments.

Adipocyte Cellularity:

H&E-stained slides were used to assess adipocyte cell size distribution and mean adipocyte diameter.
Using Imagescope software, 5 regions of each tissue section were randomly selected for analysis.
Images were exported, and cell diameter and number were determined using the Adiposoft plug-in for
ImageJd (FIJI).

Tissue Analysis (PCR):

Total RNA was isolated from pulverized mammary adipose or tumor tissues using TRIzol reagent
(Thermo Fisher Scientific) according to manufacturer’s protocol. Q-RT-PCR was performed using
TagMan primers/probe sets (Applied Biosystems) and analyzed as transcript copies per 50 ng RNA
expressed relative to RNAPII expression as previously described (33).

Mouse Model of Obesity and Human Xenograft Tumors:

Female Ragl-null (Jackson Labs Stock #002216) were fed a high fat high sucrose diet (45%;
Research Diets #D15031601) for approximately 16 weeks (28). They were then ovariectomized and
supplemented with 0.5 uM 17R-estradiol (E2) in the drinking water (28). A 2 mm x 3 mm fragment of
the ER-positive patient derived breast tumor, UCD12 (34), was implanted into the inguinal mammary
fat pads and allowed to reach approximately 0.5 cm in diameter(33). At this time, mice were
randomized based on body fat percentage to AdLib or WM intervention groups as described for the
rat study above. Supplemental E2 was withdrawn, and body weight was recorded daily. WM mice
were fed only enough of the HF diet to prevent weight gain. The study ended and tissues were
harvested after 18 days of treatment.

Statistical analysis:

Data were analyzed with SPSS 26.0 software or using GraphPad Prism v9. Where applicable data
are expressed as mean + standard error of the mean (SEM). Comparisons between two groups were
assessed by t tests. When comparing more than two groups, P values were assessed using two-way
ANOVA, examining the effect of adiposity (lean vs obese), weight-maintenance intervention (weight-
maintained vs control), and the interaction of the two. In some cases, data were analyzed by analysis
of covariance with a specified covariate in the model. Relationships between variables were assessed
with the Spearman correlation coefficient.
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RESULTS

Baseline Rat Characteristics

Our previous work identified both OVX-induced overfeeding (positive energy imbalance) and obesity-
associated metabolic dysfunction (peripheral insulin resistance) as important potential drivers of
mammary tumor progression (17). Based on this finding, the goal of the current study was to
determine if preventing OVX-induced weight gain without promoting weight loss, would be sufficient to
inhibit tumor progression and development of new tumors. An overview of the study design is shown
in Fig 1A.

Lean and obese phenotypes were defined based on percent body fat at the time of OVX. When
analyzed retrospectively, obese rats had significantly higher body weight starting as early as 6 weeks
of age, compared to lean rats (Fig 1B). Similarly, percent body fat was significantly higher in the
obese as early as 9 weeks and remained elevated at 14 weeks (Supplementary Table 1). At the time
of OVX surgery, the 29% greater body weight in obese rats was primarily due to a doubling of fat
mass in the obese, with only a small increase in lean mass (Fig 1C). When expressed as a
percentage of body weight, body fat remained higher in the obese when compared to their lean
counterparts (27.6 £ 0.9% vs 17.3 £ 0.4%), replicating our previous studies using this model (16-
20,31).

Fasting glucose and insulin were measured at the time of OVX, and the homeostatic model
assessment of insulin resistance (HOMA-IR) was calculated. Obese rats had significantly higher
fasting glucose (Fig 1D) and insulin (Fig 1E), which resulted in significantly elevated HOMA-IR (Fig
1F) when compared to lean rats. There were no differences between those randomized to the WM or
AdLib groups (Fig 1D-F, circles vs squares).

Preventing OVX-Induced Weight Gain in Lean and Obese Rats

As expected after the loss of ovarian hormones following OVX (16-18,28), ad libitum fed control rats
gained weight rapidly over the early post-OVX period independent of pre-OVX obesity status, with a
cumulative 50.5 * 3.2g gained in the first 4 weeks after OVX, with no difference between lean and
obese animals (Fig 1G and Supplementary Table 2). All AdLib fed rats continued to gain weight and
increase in adiposity across the 8-week post-OVX period. At the end of the study, obese rats
remained heavier than their lean counterparts (438.2 vs 352.3g), with greater fat and lean mass (Fig
1H). Despite the higher absolute body weight in the obese rats, the lean and obese gained similar
amounts of weight and body fat when expressed relative to their pre-OVX levels. In the 8 weeks after
OVX, body weight increased by 27 and 24% in lean and obese AdLib rats, respectively (Fig 1H).
Importantly, across the 8-week diet intervention, WM rats were maintained within 3% of their OVX
weight (Fig 1G), with no significant change in body composition after OVX (Fig 1H).

Preventing Weight Gain after OVX Improves Tumor Outcomes

Lean and obese rats entered the OVX phase of the study with no difference in the number of tumors
per animal (mean = 1.83 £ 0.13) or total tumor burden (mean = 2.33 + 0.24). Both lean and obese
WM rats had a significantly longer time to tumor progression compared to AdLib controls (Fig 11), with
no differences between adiposity groups. At the end of the 8-week intervention, tumors were
classified as existing at OVX and progressing (growing), existing at OVX and regressing (shrinking or
unchanged), or newly formed after OVX. In both lean and obese groups, the WM rats had fewer
tumors that progressed, more tumors that regressed, and developed fewer new tumors compared to
AdLib rats (Fig 1J). We found similar beneficial anti-tumor effects of preventing OVX-induced weight
gain in a confirmatory mouse xenograft model (Fig 1K). Together, these data indicate that OVX-
induced weight gain is tumor promotional regardless of adiposity status (lean vs obese) and
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preventing weight gain during this window of time prevents the growth and progression of tumors,
even if obesity is not reversed.

Preventing Weight Gain Improves Systemic Metabolic Markers

There are several mechanisms by which preventing weight gain or preventing adipose tissue
expansion may improve tumor outcomes, including systemic effects, and direct effects on the tumor
and/or the tumor microenvironment. We evaluated potential systemic effects by measuring plasma
metabolites, inflammatory markers, and both hepatic and adipose makers of metabolic health.
Importantly, all animals in this study consumed a HF diet for the duration of the study, which was
reflected in fasting metabolite levels that were higher than what is typically see in rodents on a low fat
or chow diet.

Plasma Metabolites

Glucose, insulin, and HOMA-IR were assessed at the end of the 8-week intervention as markers of
whole-body insulin resistance. Fasting glucose and insulin were lower in the WM groups compared to
controls, regardless of adiposity (Supplemental Fig 2). When glucose and insulin were used to
calculate HOMA-IR, this measure of insulin resistance was also significantly lower in WM rats
compared to AdLib controls (Supplemental Fig 2). Repeated measures analysis demonstrated a
significant time by treatment effect, demonstrating increased glucose, insulin, and HOMA-IR in the
AdLib groups from pre to post-OVX and reduction in the WM groups across this same time (Figs 2A-
C). Similarly, obese animals also had higher circulating, cholesterol, triglycerides (TG), and a trend for
higher non-esterified fatty acids (p = 0.10) than their lean counterparts; however, only circulating
cholesterol was significantly reduced in the WM animals (Supplemental Table 3). Reflective of
adiposity levels, circulating leptin was also significantly higher in obese relative to lean group rats and
was further reduced in the WM groups (Supplemental Table 3).

Hepatic Lipid Accumulation and Fat Distribution

Hepatic lipid accumulation is indicative of impaired metabolic health; therefore, we assessed the
impact of WM on hepatic steatosis. Hepatic lipids were measured using semi-quantitative IHC
analysis of adipophilin (a marker of lipid droplet membranes). We have previously shown that both
lean and obese rats have low levels of hepatic lipid prior to OVX, which increases significantly
following OVX-induced weight gain in all animals (20). Here, adipophilin staining was significantly
reduced in WM rats compared to AdLib rats, regardless of adiposity (Fig 2D), further supporting the
beneficial effects of WM on metabolic health.

Increased visceral fat accumulation, which occurs during menopause (35), has also been associated
with several features of metabolic disease, including insulin resistance and systemic inflammation
(36). Thus, in addition to measuring total body fat, we also assessed regional fat distribution by
weighing fat pads at the end of the study. As expected, AdLib rats had significantly larger visceral fat
depots (gonadal, retroperitoneal, and mesenteric fat pads; Fig 2E) than their WM counterparts,
regardless of whether they were lean or obese. The WM intervention resulted in significant fat loss in
each depot, suggesting that this intervention reduced visceral fat gain globally. Together, the
beneficial effects of WM on glucose, insulin, hepatic steatosis, and visceral adiposity indicates that
preventing weight gain during this relatively short post-OVX period improves metabolic health, even
without reversal of obesity.

Plasma Inflammatory Cytokines & Growth Factors

To better understand the beneficial effects of WM on whole-body and tumor outcomes, we performed
targeted proteomics analysis of plasma collected at the end of the 8-week intervention period from
AdLib and WM groups. Of 90 total proteins analyzed, 24 were modulated similarly by WM in both lean
and obese rats (p<0.1; Supplemental Table 4). We separated these into those increased with WM
compared to those that were decreased. Among the top KEGG pathways significantly increased in
WM rats were several inflammatory pathways (cytokine/cytokine receptor interactions, IL-17 signaling,
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asthma, intestinal immune network, TNF signaling, and chemokine signaling), as well as pathways
known to play a role in tumor growth (Jak/Stat signaling and pathways in cancer) (Fig 3A). Examples
of proteins that contributed to these pathways included: interleukin-2 (IL-2), macrophage inflammatory
protein 2 (MIP2/CXCL2), and macrophage inflammatory protein 1a (MIP-1a/Ccl3) (Fig 3B-D).
Pathways that were decreased in the WM group included lipid-related pathways (adipocytokine
signaling, non-alcoholic fatty liver disease), as well as pathways known to support tumor growth
(MAPK, PI3K/Akt, Ras, JAK/STAT signaling) (Fig 3E). Examples of proteins that contributed to these
pathways included: brain-derived neurotrophic factor (BDNF), tumor necrosis factor alpha (TNF-a),
and fibroblast growth factor 2 (FGF2) (Fig 3 F-H). These data suggest that beneficial effects of the
weight-maintenance intervention are likely due, in part, to the changes in these systemic inflammatory
cytokines and growth factors.

Preventing Weight Gain Decreases Tumor Promoting Potential of the Local Mammary Adipose
Microenvironment:

Expansion of adipose depots during weight gain can involve adipocyte hypertrophy and/or
hyperplasia. Adipocyte hypertrophy has been directly linked with the development of insulin resistance
and growth factor signaling (37). Based on the decrease in both insulin resistance and circulating
inflammatory proteins and growth factors by WM in lean and obese rats, we evaluated adipocyte size
distribution in mammary (subcutaneous) adipose tissue, which is a component of the tumor
microenvironment. As shown in Fig 4A, Obese AdLib rats had fewer small adipocytes (20-60 um in
diameter) and more large adipocytes (60-120 um) than lean AdLib rats (Fig 4A). As expected, the
WM intervention reduced the proportion of large adipocytes and increased the proportion of small
adipocytes in both the lean and obese rats (Fig 4A, dotted lines) compared to AdLib controls (Fig 4A,
solid lines). This resulted in a significantly lower mean adipocyte diameter in subcutaneous adipose in
the obese WM vs AdLib group, with a similar trend in the lean (Fig 4B).

To evaluate macrophage infiltration, we quantified CD68-positive crown-like structures (CLS) in
mammary adipose tissue (Fig 4C-D). CLS are a hallmark of inflammation and dysfunctional adipose
tissue that are formed as macrophages surround and engulf dying adipocytes, forming a distinct
crown-like shape (38). Although the average adipocyte diameter was not significantly different
between lean and obese AdLib rats (Fig 3B), there were more CLS present in mammary adipose from
obese AdLib rats compared to the lean (Fig 4C), reflecting the shift in adipocyte size frequency
distribution towards large cells. Consistent with the reduction in the number of large adipocytes in the
obese WM group, CLS were also significantly reduced in mammary fat pads in obese WM rats
compared to controls (Fig 4C). Differences were not observed in lean rats with the WM intervention,
likely due to the overall lower number of CLS in this group (Fig 4C).

We and others have previously show that metabolic dysfunction, weight gain, and adipocyte
hypertrophy are associated with increased production of FGF1 in subcutaneous adipose tissue
(33,39), and activation of FGFR signaling is associated with tumor growth and resistance to endocrine
therapy (33,40). Further, FGF2 has been shown to alter macrophage programming and is a critical
regulator of immunity in the tumor microenvironment (41). Given the effects of weight maintenance on
mammary adipocyte size and inflammation, we evaluated FGF1 levels in mammary adipose tissue
from a cohort of rats in which both the adipocyte size distribution and extent of overfeeding during
menopause-induced weight gain were previously measured (17). FGF1 expression was increased in
obese but not lean rats experiencing a high positive energy balance (i.e. overfeeding (17)) (Fig 4E).
FGF1 expression was lower in mammary adipose of obese WM rats compared to AdLib controls (Fig
4F), suggesting that the obese tumor microenvironment, in particular, has elevated inflammation and
FGF1 expression after OVX that can be reduced by preventing weight gain during this time.
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Direct Effects on the Tumor

FGFs exert their growth promoting effects through binding to FGF-receptors (FGFR), which are
expressed in breast cancer and immune cells. Thus, we hypothesized that higher levels of FGF in the
tumor microenvironment could increase tumor growth by activating the FGF signaling pathway. We
assessed FGFR phosphorylation (activation) by IHC. As shown in Fig 4G-H, tumors from Ob-WM rats
had lower levels of phospho-FGFR1 compared to controls, consistent with lower levels of FGF1 ligand
in the surrounding adipose. In addition, tumors were stained with CD68 as a marker of macrophage
infiltration.

DISCUSSION

The novel and important finding in this study is that preventing weight gain after OVX was sufficient to
decrease both the growth of existing mammary tumors and the development of new tumors. This is of
great significance because the menopause transition is a time when the majority of women gain
weight and increase adiposity. It is notoriously difficult for women to restrict energy intake enough to
lose weight during the menopause transition, as energy expenditure also decreases significantly
during this window of time (42). Importantly, our data demonstrate that preventing weight gain has
beneficial effects on mammary tumors, even for animals that are obese prior to OVX.

The beneficial effects of weight maintenance in this study were multi-factorial. At the systemic level,
weight maintenance decreased insulin resistance and reduced visceral fat in both lean and obese
rats. Circulating levels of tumor-promoting growth factors and inflammatory cytokines were also
decreased, with greater effects in obese animals compared to lean. In obese rats, preventing OVX-
induced weight gain also decreased adipocyte size and adipose inflammation and reduced expression
of the tumor-promoting growth factor FGF-1, which associated with decreased phosphorylation of
FGFR in mammary tumors, potentially contributing to the anti-tumor effects of the intervention. Taken
together, these observations suggest that weight maintenance may be a viable strategy for reducing
obesity-associated breast cancer risk and progression in women during the peri-/postmenopausal
period.

Epidemiological data demonstrates a consistent link between obesity and postmenopausal breast
cancer risk, progression, and mortality (15). Several studies have also investigated the impact of body
weight changes on breast cancer risk and prognosis, beyond simply evaluating BMI. Risk estimates
vary based on the population studied, but after menopause breast cancer incidence increases ~10%
for every 5 BMI unit increase (i.e. transition from overweight to obese categories) (4). Adult weight
gain and weight gain prior to cancer diagnosis also increase breast cancer risk and mortality,
particularly for ER+ and/or progesterone receptor positive (PR+) tumors (43-47). In the European
Prospective Investigation into Cancer and Nutrition (EPIC) study, long-term weight gain (>10kg) in
women who were lean at age 20 was associated with a >40% increased risk of postmenopausal
breast cancer compared to those who were weight stable (48). Weight gain in the year prior to, or the
year after diagnosis was associated with up to a 29% increase in breast-cancer specific mortality (49).
Conversely, some studies demonstrate that weight loss associates with decreased breast cancer risk.
The most compelling data come from women who undergo bariatric surgery, where cancer risk is
decreased by ~45% compared to untreated women, with a greater risk reduction of ER+ vs ER-
tumors (50). Less extreme weight loss has also been linked to lower cancer risk; however, the exact
details of these relationships vary between studies, likely due to differences in study design, duration,
baseline body weight, and time during which change in body weight was assessed. For example, the
WHI Observational Study (51) and the lowa Women'’s Health Study (52) both found that intentional
weight loss was associated with decreased breast cancer risk, regardless of whether weight changes
were monitored for a short or long time. To our knowledge, no clinical studies have yet assessed the
role that menopausal weight gain plays in driving breast cancer growth. Our results showing that
preventing OVX-induced weight gain had beneficial effects on all animals, regardless of their
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adiposity, suggest that the menopausal window may be an opportunity to lower breast cancer risk
regardless of baseline adiposity at time of menopause.

While the overall effect of weight maintenance on tumor growth was the same in lean and obese rats,
we found that the underlying mechanisms may vary based on adiposity. Insulin resistance was
improved in both lean and obese rats, likely due in part to a reduction in visceral fat which is known to
drive systemic insulin resistance. Fabian and colleagues recently reported that weight loss and
visceral fat reduction improved both circulating and breast biopsy biomarkers of inflammation that
have been tied to breast cancer risk (53). Women in this clinical study all had obesity at baseline;
thus, it is not clear if the same benefits would be seen in non-obese women. In our preclinical study,
weight maintenance had greater effects on reducing tumor-promoting growth factors and inflammatory
cytokines in obese rats compared to lean. In obese rats, weight maintenance prevented mammary
adipocyte hypertrophy, which has been tied to local breast inflammation and breast cancer risk (38).
Our previous work in mice and human samples demonstrated that obesity and weight gain is
associated with increased expression of the tumor-promoting growth factor FGF-1 (33), which is
produced by hypertrophic adipocytes (39). Here, we extend these findings to show that preventing
weight gain is sufficient to reduce FGF-1 in the tumor microenvironment and decrease activation of
FGFR in tumors. Together, these studies suggest that weight gain leading to adipocyte hypertrophy
can promote tumors through growth factor production and inflammation. It remains to be determined if
targeting FGF signaling or aspects of inflammation during menopause would provide the same anti-
cancer benefit as weight maintenance.

One limitation of our study was that surgical OVX was used as a model of menopause, which allows
us to directly control the timing of the loss of ovarian hormones and manipulate body weight during
this window. In women, however, menopause occurs more slowly and does not involve removal of the
ovaries. We also used middle aged animals so we cannot directly assess the impact of aging in the
model. Aging brings additional changes in metabolism and immune function, which may not have
been identified in our middle-aged rodents. Finally, as previously mentioned, both lean and obese
animals were consuming a HF diet for the duration of the study. While this removes the diet as a
confounding factor in our study, it also means that the lean animals could have some level of
underlying metabolic resistance greater than would be expected in many lean women.

Overall, we identified a critical life period when preventing weight gain may significantly reduce breast
cancer risk and progression. Achieving sustainable weight loss is difficult for many people, including
women after menopause. Our studies suggests that weight loss may not be necessary to reduce
breast cancer risk and progression. Rather, preventing weight gain during a somewhat predictable life
stage (menopause) may be beneficial for women and thus warrants further clinical investigation.
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Figure 1. Preventing OVX-induced weight gain improves mammary tumor outcomes in lean and obese
rats. A) Study design diagram depicting times at which rats were given high fat diet (HFD), N-methyl, N-
nitrosourea (MNU), and randomized to ad libitum (Ad Lib) feeding or weight maintenance (WM) intervention.
B) Body mass of lean and obese rats prior to OVX. Data are mean + SEM. C) Body composition of lean and
obese rats at OVX, measured by gMR. Unpaired t-test, P<0.001. D-F) Blood was collected from fasted rats at
OVX and glucose (D) and insulin (E) were measured and used to calculate HOMA-IR (F). Filled circles (®)
indicate rats assigned to AdLib, open squares (®) indicate rats assigned to WM. Unpaired t-test, P<0.05. G)
Body mass of lean and obese AdLib (AL @) or WM (m) rats beginning at OVX and continuing for the 8-week
intervention. H) Body fat percent of lean and obese AdLib and WM rats measured by gMR at 0-, 4-, and 8-
weeks post OVX. I) Kaplan-Meier survival curve showing the time to progression of existing tumors at OVXin
lean and obese AdLib or WM rats. Log rank P=0.02. J) Percent of tumors that were existing at OVX and
progressed (red) or regressed (dark grey), or that were new after OVX (light grey). K-L) (K) Body mass and
(L) tumor burden of UCD12 patient-derived xenograft tumors in OVX AdLib or WM Rag1-null mice fed a high
fat/high sucrose diet measured before and 3 weeks after estrogen withdrawal.
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Figure 2. Weight Maintenance after OVX improves markers of metabolic function in lean and obese
rats. A-C) Blood was collected from fasted rats at the end of study and glucose (A) and insulin (B) were
measured and used to calculate HOMA-IR (C). Filled circles indicate rats assigned to AdLib, open squares
indicate rats assigned to WM. Two-way ANOVA, main effects of adiposity or WM. D) Quantification of
adipophilin in liver sections from lean and obese AdLib or WM rats at the end of study, measured by IHC.
Two-way ANOVA, main effects of adiposity or WM. E) Representative images of liver adipophilin staining.
Scale bar is 250 um. F) Mass of visceral [mesenteric (Mes; light grey), retroperitoneal (RP; red), and gonadal
(Gon; dark grey)] adipose depots in lean and obese AdLib or WM rats at the end of study.
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Figure 3. Weight Maintenance after OVX alters plasma proteins associated with tumor progression
and metabolism in lean and obese rats. A) GO Biological Processes common to plasma cytokines that
were higher (p<0.1) in WM versus AdLib lean and obese rats at the end of study. B-D) Examples of
cytokines that were greater in plasma from WM versus AdLib rats, including IL-2 (B), MIP2/CXCL2 (C),
and MIP-1a /CCL3 (D). E) GO Biological Processes common to plasma cytokines that were lower (p<0.1)
in WM versus AdLib lean and obese rats at the end of study. F-H) Examples of cytokines or growth factors
that were lower in plasma from WM versus AdLib rats, including BDNF (F), TNFa (G), and FGF2 (H).
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Figure 4. Preventing weight gain after OVX influences the tumors and microenvironment. A) Cell size
distribution of subcutaneous/mammary adipocytes in lean and obese AdLib or WM rats at the end of study. B)
Mean adipocyte diameter of cells in subcutaneous/mammary depots at the end of study. Two-way ANOVA,
main effects of adiposity, WM, or interaction. C) Crown-like structure (CLS) scores, indicating local
inflammation, in subcutaneous/mammary depots measured visually in blinded histological sections. D)
Representative images of IHC staining for CD68+ CLS. E) Expression of Fgf1 in subcutaneous/mammary
adipose tissue from lean or obese rats experiencing either a low or high rate of post-OVX weight gain and
positive energy balance. Two-way ANOVA, main effects of adiposity or energy balance. F) Expression of Fgf1
in subcutaneous/mammary adipose tissue from obese AdLib or WM rats. Unpaired t-test, P<0.05. G) Levels of
phosphorylated FGFR1 (pFGFR1) in the tumors of obese AdLib or WM rats evaluated by IHC and measured
visually in blinded histological sections. Unpaired t-test, P<0.0001. H) Representative images of IHC staining
for pFGFR in AdLib and WM tumors.
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Figure 5. Working model diagram showing the influence of weight-gain prevention. During a
positive energy balance, adipocytes become hypertrophic and rats gain weight. This associates with
adipose-derived Fgf1 and inflammation in the tumor microenvironment. Both of these tumor-promotional
factors are improved with weight maintenance.
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Supplemental Table 1

Body Weight and Composition Pre-OVX

Timepoint L’ OB’ p-value?
BW 9 wks 203.9 (5.2) 226.1 (3.0) <0.001
BW 14 wks 243.8 (7.0) 277.6 (4.4) <0.001
BW OVX 273.1(7.2) 353.6 (9.4) <0.001
% Fat 9 wks 12.1 (0.5) 14.0 (0.5) 0.012
% Fat 14 wks 14.9 (0.6) 19.5 (0.8) <0.001
% Fat OVX 17.3 (0.4) 27.6 (0.9) <0.001

"Mean (std.error)
20ne-way ANOVA

Supplemental Table 2: Cumulative weight gain weeks 0 - 4 postOVX

L OB Two-way ANOVA p-values

Characteristic ~ AdLib’ WM’ AdLib’ WM’ Adipo Rx Adipo * Rx
Wt gain week 0-1 8.8(1.6) -0.4(1.6) 7.6(2.4) -05(.5) 0.6 0.006 0.8
Wt gain week 0-2 28.0 (1.8) 1.7 (1.4) 24.1 (4.0) -0.3(2.9) 0.3 <0.001 0.8
Wt gain week 0-3 41.8 (3.0) 0.7 (1.5) 38.6(4.9) 1.7(2.6) 0.5 <0.001 0.6
Wt gain week 0-4 50.9 4.0) 1.1(1.2) 50.1(5.4) 1.3(@2.1) 0.9 <0.001 >0.9

"Mean (SE)

Supplemental Table 3: End of Study Plasma Metabolites
L OB Two-way ANOVA p-values
Characteristic AdLib’ WM’ AdLib’ WM! Adipo  Rx Adipo * Rx
Cholesterol, MM 1.7(0.1) 1.2(02) 23(0.2) 1.8(0.2 0.008 0.010 >0.9
Triglycerides, "M 0.4 (0.0) 0.4 (0.0) 06(.0) 07(0.2) 0012 06 0.2
NEFA, uM 612.3 (43.4) 711.7 (75.6) 757.9 (50.3) 763.7 (72.8) 0.048 0.4 0.4

"Mean (SE)
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Supplemental Table 4: End of Study Plasma Cytokines

Relative Levels of Plasma Cytokines Altered with

Weight Mainenance

Cytokine

AdLib

WM

ACTH

209.9 (20.6)

109.3 (23.1)

Adiponectin.Acrp30  42,893.2 (1,818.0) 39,426.6 (1,747.8)

AMPKalpha1

BDNF

CINC2alpha.beta

CNTF
CSK
EGFR
ESelectin
IL13
IL1R6.IL1Rrp2
IL2

Insulin
Leptin(OB)
MIP1alpha
MIP2

NGFR

Osteopontin.SPP1

Thrombospondin

TIE2
TIMP2
TNFalpha
TRAIL

Ubiquitin

81.4 (12.2)

88.9 (62.6)

429.0 (92.1)
110.6 (16.8)
8.4(2.1)
721.4 (90.9)
403.0 (56.6)
1,676.0 (662.9)
2,384.1 (381.7)
197.5 (43.0)
210.2 (94.0)
1,605.2 (183.1)
436.8 (55.1)
97.1 (14.1)
70.7 (13.8)
373.9 (43.8)
182.9 (21.6)
273.8 (43.8)

1441 (30.7)

200.1 (17.4)

22.8 (7.8)

19.9 (10.6)

13,810.8 (1,270.4) 21,657.6 (1,906.9)

239.9 (37.3)
51.0 (11.5)
1.9 (0.5)
479.9 (53.8)

134.7 (23.9)

1,351.6 (141.6)

4,212.5 (679.5)

122.2 (33.1)

74.3 (21.4)

2,358.3 (235.6)

532.0 (55.0)
36.8 (10.2)

26.3 (7.1)

361.0 (141.4)

93.8 (19.9)
119.9 (28.5)

108.4 (38.3)

20,125.4 (3,109.3) 13,929.9 (3,723.6)

111.2 (22.9)



https://doi.org/10.1101/2021.10.18.464856
http://creativecommons.org/licenses/by-nc-nd/4.0/



