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Abstract
Breast cancer survivors treated with tamoxifen and aromatase inhibitors report weight
gain and have an elevated risk of type 2 diabetes, especially if they have obesity. These
patient experiences are inconsistent with, preclinical studies using high doses of tamoxifen which reported acute weight loss. We investigated the impact of breast cancer
endocrine therapies in a preclinical model of obesity and in a small group of breast
adipose tissue samples from women taking tamoxifen to understand the clinical findings. Mature female mice were housed at thermoneutrality and fed either a low-fat/
low-sucrose (LFLS) or a high-fat/high-sucrose (HFHS) diet. Consistent with the high expression of Esr1 observed in mesenchymal stem cells from adipose tissue, endocrine
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Breast Cancer Endocrine Therapy Promotes
Weight Gain With Distinct Adipose Tissue Effects
in Lean and Obese Female Mice
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Breast cancer is the second most common cause of death
among women, and more than 70% of breast cancer patients are diagnosed with estrogen receptor (ER)–positive
tumors (1). In premenopausal women, ER-positive cancers
are often treated using selective ER modulators (SERMs)
(2), the most common of which, tamoxifen (TAM), is
prescribed at the time of diagnosis and is used for 5 to
10 years (until biological menopause) (3). After menopause
or during ovarian function suppression, aromatase inhibitors are used to block peripheral estrogen production (4).
SERMs and aromatase inhibitors significantly reduce the
risk of breast cancer recurrence and have saved millions of
lives (5). Notwithstanding the importance of ER-targeted
therapies for breast cancer, use of these agents is linked
to type 2 diabetes (T2D) development (6-9). A recent report suggested that up to 48% of T2D cases in breast
cancer survivors are attributable to the effects of endocrine therapy (10). The mechanism of this increased T2D
risk with endocrine therapies is not known; however, T2D
is more prevalent in women with overweight or obesity,
which is accompanied by adipose tissue dysfunction (11,
12). Adverse metabolic effects, such as ectopic lipid deposition in the liver, are also more likely to develop in this
population (11, 12). These clinical data suggest that endocrine therapies interact with excess adiposity to increase
T2D risk. Identifying the mechanism(s) of increased T2D in
breast cancer survivors is critical because T2D is a leading
cause of morbidity and premature mortality, and it is also a
risk factor for breast cancer recurrence (13, 14).
Estrogen decreases energy intake, increases energy expenditure, attenuates visceral adipose storage, and supports
“healthy” adipose tissue expansion in subcutaneous depots
through preadipocyte recruitment (15-17). Disrupted ER
signaling within adipose tissue may interfere with normal
adipocyte biology and contribute to the elevated risk for
diabetes, or potentially to weight gain, in women treated

with endocrine therapy. In preclinical models, there are
conflicting reports of metabolic consequences of endocrine therapy. Several metabolic studies employed supraphysiological doses of TAM to induce the expression of
Cre-ER transgenes (reviewed in (18)). High-dose TAM
over a short period of time leads to weight loss in mice,
but this is not representative of the physiological response
in breast cancer survivors (19-22). Importantly, few reports
have considered the interaction with excess adiposity (overweight and obesity), which may accelerate adverse effects
of breast cancer therapies. The rodent studies where TAM
was administered at a clinically relevant dose focus on
anticancer effects and have not reported whole-body metabolic outcomes (23, 24). Given that overweight and obesity
impact over 70% of adult women, it is important to study
whole-body effects of cancer therapies in this context (25).
To determine whether breast cancer treatments could
cause metabolic disturbances associated with T2D risk, we
evaluated effects of low-dose TAM or estrogen deprivation
treatments in lean or obese female mice. TAM treatment
increased fat gain in high fat/high sucrose (HFHS)-fed mice
but had no effect on body mass or fat in low fat/low sucrose (LFLS)-fed mice. In contrast, estrogen deprivation
promoted fat gain regardless of diet and adiposity. In the
context of a HFHS diet, endocrine therapies inhibited expansion of adipose progenitor cells measured by fluorescence
activated cell sorting (FACS) (Lin–/CD29+/CD34+/Sca1+/
CD24+) and by single cell RNA sequencing, promoted adipocyte hypertrophy, and supported glucose intolerance and
ectopic lipid deposition. Human breast adipose tissue from
women prescribed TAM exhibited significantly greater adipocyte diameter only in women with obesity (body mass
index [BMI] > 30 kg/m2). Understanding the metabolic impact of endocrine therapy is important for preventing T2D
as well as breast cancer-specific adverse outcomes, such as
metastasis- or shortened progression-free survival. Overall,
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therapy was associated with adipose accumulation and more preadipocytes compared with estrogen-treated control mice but resulted in fewer adipocyte progenitors
only in the context of HFHS. Analysis of subcutaneous adipose stromal cells revealed
diet- and treatment-dependent effects of endocrine therapies on various cell types and
genes, illustrating the complexity of adipose tissue estrogen receptor signaling. Breast
cancer therapies supported adipocyte hypertrophy and associated with hepatic steatosis, hyperinsulinemia, and glucose intolerance, particularly in obese females. Current
tamoxifen use associated with larger breast adipocyte diameter only in women with
obesity. Our translational studies suggest that endocrine therapies may disrupt adipocyte progenitors and support adipocyte hypertrophy, potentially leading to ectopic lipid
deposition that may be linked to a greater type 2 diabetes risk. Monitoring glucose tolerance and potential interventions that target insulin action should be considered for some
women receiving life-saving endocrine therapies for breast cancer.
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our study demonstrates metabolic consequences of breast
cancer endocrine therapy in obese female mice that are
analogous to those observed in breast cancer survivors and
highlights the need to consider close monitoring and adjunctive interventions to combat the negative metabolic effects of endocrine therapies.

Mice
Female C57BL/6J mice were purchased from Jackson
Laboratories at 6 weeks of age (stock #000664). Mice acclimated for 1 week and were then given either low-fat/
low-sucrose diet (LFLS; Research Diets D11092101) or
high-fat (40%)/high-sucrose (292.5 g/3902 kcal) diet
(HFHS; Research Diets D15031601) ad libitum. After 2
weeks in standard ventilated housing, mice were moved to
warm water blankets set at 42°C, to maintain an internal
cage temperature of ~30°C, as we have previously described
(26). At 14 weeks of age, mature mice were ovariectomized
under isoflurane anesthesia and immediately supplemented
with 17β-estradiol (E2), provided in the drinking water at
a final concentration of 0.5 µM. E2 supplementation continued for 2 weeks, at which time mice were randomized
based on body fat percentage by qMR Echo (ECHO MRI)
within diet groups to the following treatments: E2 maintenance (E2), E2 plus TAM (E2+TAM), or E2 withdrawal
(EWD). A small group of LFLS- and HFHS-fed mice were
treated with TAM in the absence of supplemental E2 (TAM).
TAM-free base was delivered by subcutaneous pellet implant, with each mouse receiving a 5-mg, 60-day-release
pellet (Innovative Research of America). Mice were treated
for either 2 or 7 weeks, then fasted for 4 to 6 hours and
euthanized according to approved AAALAC guidelines. At
the end of study, blood and tissues were collected, and organs were weighed.

Whole-animal Calorimetry
Whole-body calorimetry was performed on a subset of
LFLS- and HFHS-fed females during the second week after
initiation of endocrine therapy. Mice were acclimated for
3 days and data were collected for an additional 24 hours.
Total energy expenditure, resting energy expenditure, and
spontaneous physical activity were measured in a metabolic monitoring system (Oxymax CLAMS-8M; Columbus
Instruments, Columbus, OH). Individual metabolic cages
included an animal activity meter (Opto-Max, Columbus
Instruments, Columbus, OH) to allow for the calculation of total, ambulatory and nonambulatory activity by
monitoring beam breaks within a 1-dimensional series of

Mouse Tissue Analysis
Tissues were fixed in 10% neutral buffered formalin, then
processed and embedded using standard histology procedures. Five micrometer sections were stained with hematoxylin and eosin (H&E) to visualize tissue morphology
and for quantification of adipocyte size distribution, which
was performed using the Adiposoft plugin (27) and ImageJ
software. For each group, 1 section from at least 3 mice
(500-1800 cells per mouse) was analyzed. Liver sections
were stained with H&E and hepatic steatosis scores (0-3)
were assigned by a Board-Certified Liver Pathologist,
blinded to experimental groups. For each group, sections
from 3 to 7 mice were evaluated. Pancreas sections were
stained using a guinea pig polyclonal anti-insulin antibody
(Abcam ab7842) for 1 hour at room temperature, followed
by incubation with anti-guinea pig secondary and DAB
chromogen, and then counterstained with hematoxylin.
Stained sections were scanned at 40× resolution using the
Aperio Digital Pathology system (Leica Biosystems) and the
positive pixel count algorithm was used quantified percent
positive pixels of total pixels in full representative sections.

Adipose Tissue FACS
Whole inguinal subcutaneous adipose depots were excised, minced for 5 minutes with dissecting scissors, and
digested for 75 minutes at 37°C in a collagenase solution (Collagenase type II, Worthington LS004177; Hanks’
Balanced Salt Solution with 3% bovine serum albumin,
0.8 mM ZnCl2, Mg, Ca, 0.8 mg/mL collagenase). Stromal
pellets were incubated in red blood cell lysis buffer (Sigma
Aldrich), washed, and stained with fluorescent-conjugated
antibodies for CD45, CD31, Sca1, CD29, CD34, and
CD24 as described (28). A full list of antibody dilutions,
sources, and fluorophores are available in online supplemental materials (38).

Serum Analyses
One week prior to sacrifice, oral glucose tolerance tests
were performed on a subset of mice from each group. Mice
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Materials and Methods

infrared beams. Metabolic rate was calculated from gas
exchange measurements acquired every 18 minutes using
the Weir (1949) equation: Metabolic rate = 3.941 × VO2 +
1.106 × VCO2– 2.17. Metabolic rate was averaged and extrapolated over 24 hours to estimate total energy expenditure. Energy intake was measured daily while the mouse
was in the metabolic monitoring system. Energy balance
was calculated as the difference between energy intake and
expenditure (n = 4 per group).
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treatment group divided by the total number of cells in
that cluster. The heatmap, dot plots, UMAP, and violin
plots were generated using the R Seurat package. Dot
plots for each cluster were made by first generating differentially expressed gene lists comparing each treatment (E2+TAM or EWD) to E2-treated controls within
each diet group. Then, the top 5 genes that were increased or decreased by each treatment were selected
and the log2 expression values as well as the percent of
cells expressing the gene were used for graphical representation. Data files from single cell sequencing analysis
of mouse subcutaneous adipose tissue is available in the
NCBI Gene Expression Omnibus GSE180880.

Bioinformatics and Single Cell RNA Sequencing

Human Tissue Analysis

Single cell RNA sequencing data were accessed from
Tabula Muris (https://tabula-muris.ds.czbiohub.org/) in
April 2020. Expression of Esr1, Esr2, and Cyp19a1 was
examined and visualized in FACS processed cells from
all tissues together, and from adipose (fat), limb muscle,
liver, and mammary gland individually. Plots were exported from the website, and numeric data were used
to generate a heatmap for Esr1 and Esr2 expression in
Graph Pad Prism 8.
Subcutaneous adipose tissue was isolated and prepared as described for “Adipose Tissue FACS” above,
from LFLS and HFHS mice after 7 weeks of treatment.
The stromal fraction was subjected to FACS analysis,
where CD45-positive and CD31-positive cells were removed, and CD29-positive cells were retained. Cells
from 2 or 3 females per group were pooled (N = 2 for
LFLS E2 and E2+TAM; N = 3 for LFLS EWD, HFHS E2,
HFHS E2+TAM, and HFHS EWD) and 10 000 cells per
lane were captured using the 10X Genomics Chromium
Controller with 3′ v2 reagents and sequenced using the
Illumina NovaSEQ 6000 platform at the University of
Colorado Genomics and Sequencing Core Facility for a
read depth of 50 000 reads/cell. Read mapping and expression quantification was performed using a combination of the kallisto-bustools pipeline (29) and Seurat
(30). Briefly, single-cell reads were mapped to the mouse
genome and assigned to genes using kallisto-bustools.
Within Seurat, normalized, harmonized (31) gene expression was then used to produce a UMAP plot that
provides cell clusters based on similarity of gene expression. Once cells were assigned to clusters, a t-test (false
discovery rate < 0.05) within Seurat was used to statistically derive the gene expression differences within
and between cell clusters, as well as within and between
treatment groups. The proportions of cells were calculated as the number of cells in a given cluster in each

Breast adipose tissue was collected by the Komen Tissue Bank
and the IU Simon Cancer Center (https://virtualtissuebank.
iu.edu/). Tissues were formalin fixed, processed, embedded,
cut, and stained with H&E. Sections were scanned using
the Aperio Digital Pathology system (Leica Biosystems).
Images were accessed in May 2020 through the Aperio
Digital Pathology system (Leica Biosystems) and adipocyte
diameter was quantified using the Adiposoft plugin (27)
and ImageJ software. Between 350 and 2000 cells were
analyzed per tissue section to generate frequency distributions of adipocyte diameters. TAM-treated and -untreated
samples were matched based on BMI and age.

Statistics
The purpose of this study was to determine the impact of
endocrine therapies on metabolic health in the context of
obesity. To address this objective, the statistical analyses
were designed a priori to compare each endocrine therapy
to the E2 alone condition, as that provides the most clinically relevant assessment of the data. Therefore, 2 separate
2-way analysis of variance (ANOVA) were used. The first
ANOVA assessed the effect of diet (LFLS vs HFHS) and
EWD treatment (EWD vs E2). The second ANOVA assessed
the effect of diet (LFLS vs HFHS) and TAM treatment (E2 vs
E2+TAM). Pairwise comparisons were performed using the
Tukey test where appropriate. The level of statistical significance was set at P < .05. Data are expressed as mean ± SE.

Study Approval
All mouse studies were approved by the University of
Colorado Institutional Animal Care and Use Committee.
Collection of human breast adipose tissue was approved by
the Indiana University Institutional Review Board for use
in the Komen Tissue Bank.
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were fasted for 4 hours and then given 5 g/kg body mass
dextrose from a 50% dextrose solution (VetOne, Boise,
ID) by oral gavage. Blood glucose levels were measured
using glucometers (Contour, Parsippany, NJ) with tail
vein blood drawn at 0, 10, 20, 40, 60, 80, and 120 minutes post treatment. Serum was prepared from fasted blood
collected at end of study. Insulin (Alpco Mouse Insulin
ELISA; 80-INSMS-E01) and glucose (Cayman Chemicals
Glucose Colorimetric Assay; 10009582) were measured
in technical duplicates according to manufacturers’ protocols. The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated according to the formula:
fasting insulin (µU/L) × fasting glucose (mmol/L)/22.5.
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Results
Modeling Breast Cancer Endocrine Therapy in
Lean and Obese Mice

Tamoxifen and EWD Promote Fat Gain and
Impair Glucose Tolerance
Suppression of ovarian function, which occurs during
menopause or with ovariectomy, associates with adipose
accumulation and redistribution in women and mice (34,
35). While weight gain is a potential and concerning anecdotal side effect of breast cancer therapy, clinical studies
report inconsistent data due to differences in study design,
group comparisons, and analysis timelines (36). We evaluated body mass and composition in female mice fed LFLS
or HFHS diets. Overall, EWD-treated mice gained more
weight than control E2-treated mice in each diet group
over the 7-week treatment period (Fig. 1C both panels;
P < .001). In contrast to several published studies (19-22,
37), E2+TAM treatment promoted rapid weight gain, but
only in HFHS-fed mice (Fig. 1C, right; P = .001). There
was no effect of TAM treatment, either with or without
E2, in LFLS-fed mice (Fig. 1C, left). TAM alone promoted
weight gain similar to E2+TAM in HFHS-fed mice (Fig. 1C,
right; P = .03). Weight gain was due to fat accumulation
after EWD in LFLS and HFHS-fed mice (Fig. 1D; P = .01
for LFLS, P < .0001 for HFHS), after E2+TAM treatment

in HFHS mice (Fig. 1D; P = .01 for HFHS), and after treatment with TAM alone in HFHS mice (Fig. 1D; P = .01 for
HFHS). Lean mass was unaffected by treatment (Fig. 1E).
To determine the physiological mechanisms driving excess weight gain, whole-body calorimetry was performed
during the second week of endocrine therapy on 4 mice
from each diet group treated with E2, E2+TAM, or EWD.
This time frame marked the beginning of the body weight
separation seen in both LFLS and HFHS mice and represents a dynamic phase where differences in energy intake
and expenditure could be appreciated. E2+TAM treatment
created a greater positive energy balance in the HFHS mice
compared with the LFLS mice (Figure 1A (38); P = .007),
while both diet groups experienced a positive energy balance
during EWD (Figure 1A (38); P < .0001). In all cases, the
positive energy balance was associated with greater energy
intake (Figure 1B (38); EWD P < .0001; TAM P = .017).
Greater energy expenditure was seen overall in the HFHS
mice compared with LFLS mice (Figure 1C (38); P < .02)
and during EWD in both diet groups compared with E2
controls (P = .004). Physical activity counts tended to be
lower in HFHS than in LFLS mice (Figure 1D (38); P = .06)
and were significantly lower during EWD (P = .012) but
were unaffected by E2+TAM treatment. Overall, the weight
gain following EWD in LFLS and HFHS mice, and from
E2+TAM in HFHS mice is likely driven by increased energy
intake during the early days of treatment.
Elevated T2D risk is a consistently reported adverse
metabolic effect of breast cancer endocrine therapy (6-8,
18). Therefore, we evaluated fasting insulin and glucose,
and calculated the HOMA-IR. By 7 weeks, insulin was
elevated in HFHS vs LFLS mice (Fig. 1G; P < .01) and
was higher during EWD (P = .029) and during treatment
with TAM alone (Fig. 1G; P = .04); however, the effect of
E2+TAM was not significant and there were no significant
interactions between diet and treatment. Glucose was also
higher in HFHS vs LFLS mice (Fig. 1H; P < .05) and was
higher in both diet groups by E2+TAM (P = .02), but not by
EWD or TAM alone. The distinct effects of endocrine therapies on insulin and glucose resulted in higher HOMA-IR
in the HFHS E2+TAM-treated (P = .0004), EWD-treated
(P = .009), and TAM-only–treated (P = .0004) mice (Fig.
1I). No treatment affected HOMA-IR in LFLS mice.
Glucose tolerance was worse overall in HFHS mice (greater
glucose area under the curve) during an oral glucose tolerance test (Fig. 1J; P < .001). Within this diet group, glucose tolerance tended to be worse with E2+TAM treatment
(P = .06) and was significantly impaired during EWD
(P = .04). Despite the observation that fasting insulin and
glucose were greater with E2+TAM, particularly in HFHS
mice, it did not appear to impair glucose tolerance at the
same time point. Elevated fasting insulin can be a product
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To determine how breast cancer therapies impact metabolism, and whether the effects are altered by excess adiposity (ie, obesity), we fed either LFLS or HFHS diets to
female mice at thermoneutrality (26, 32) (~30°C) to promote fat gain (Fig. 1A). Mature, ovariectomized mice were
given supplemental E2 and then randomized to endocrine
treatments based on body fat percentage within diet groups
to ensure that groups started at a similar weight (Fig. 1A).
Mice were maintained on E2 or given TAM in the presence of E2 (E2+TAM; 5 mg pellet, 60-day release), or supplemental E2 was withdrawn (EWD). A small number of
mice received TAM without E2 (TAM). The effectiveness of
the hormonal manipulations in female mice was confirmed
by measuring uterine mass after 2 weeks of treatment (Fig.
1B). Compared with control E2-supplemented mice, uterine
masses were lower in the presence of E2+TAM (Fig. 1B;
P = .0005) and after EWD (Fig. 1B; P < .0001). Compared
with EWD-treated mice, the uteri from those given TAM
without E2 were larger (Fig. 1B; P = .003), consistent with
the agonist effects of TAM in the uterus (33). Importantly,
uterine effects of TAM or EWD were not different between
LFLS- and HFHS-fed mice. These data confirm that the
preclinical mouse model is sufficient for determining the
effects EWD and TAM in a relevant physiological setting.
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Figure 1. Endocrine therapy promotes weight gain and glucose intolerance in HFHS-fed females. (A) Juvenile wild-type C57Bl/6 mice are fed a
low-fat/low-sucrose (LFLS, blue lines) or high-fat/high-sucrose (HFHS, red lines) diet and housed at ~30°C. Mature females are ovariectomized (OVX)
and supplemented with estradiol (E2) for 2 weeks. Mice are then randomized to 1 of 4 treatments within each diet group: E2 maintenance (E2), E2 plus
tamoxifen (E2+TAM), withdrawal of supplemental E2 (EWD), or tamoxifen alone (TAM). Treatments continue for 7 weeks. (B) Representative images
of uteri from 1 mouse in each diet/treatment group. Scale bar is 1 cm; and uterine mass presented as mg/g body mass for each group. Main effects
of E2+TAM, EWD, and TAM only treatments (P < .001) by 2-way ANOVA. Main effect of TAM only vs EWD treatment (P < .01). (C) Body mass (grams) of
mice in each treatment group beginning at the start of treatment and continuing for 7 weeks: LFLS E2 (n = 8), LFLS E2+TAM (n = 9), LFLS EWD (n = 10),
LFLS TAM (n = 5), HFHS E2 (n = 9), HFHS E2+TAM (n = 12), HFHS EWD (n = 9), HFHS TAM (n = 5). For LFLS mice, EWD resulted in greater weight gain
over time (P < 0.0001 for time × EWD interaction) but E2+TAM did not, compared with E2 alone. For HFHS mice body weight gain was greater over
time with E2+TAM, EWD, and TAM (P = .001, P < .0001, P = .03 respectively); 2 × 3 ANOVA (factors: time, diet, and treatment) with interaction tests
determined significance. (D) Fat mass in grams for each group. Fat mass was greater in HFHS mice with E2+TAM and EWD (P < .05; 2-way ANOVA
(factors: diet and individual treatment). (E) Lean mass in grams for each group. Sample sizes are the same as for fat mass. (F,G) Serum insulin and
glucose were measured in samples taken at sacrifice following a 4-hour fast. Effect of diet on insulin and glucose P < .05. Effect of EWD or TAM
only on insulin P < .05. Effect of E2+TAM on glucose P = .02. (H) The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated
from fasting insulin and glucose. E2+TAM, EWD, and TAM administration resulted in greater insulin resistance relative to E2 in HFHS (P < .01 for
interactions; 2 × 2 ANOVA; factors: diet and individual treatments). (I) Oral glucose tolerance tests were performed, and the glucose excursion is presented as the area under the curve. Both EWD and E2+TAM worsened glucose tolerance in HFHS (P = .04 and P = .06 respectively for the statistical
interaction). LFLS E2 (n = 8), LFLS E2+TAM (n = 9), LFLS EWD (n = 10), HFHS E2 (n = 9), HFHS E2+TAM (n = 11), HFHS EWD (n = 9).
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Estrogen Receptor Is Expressed in Progenitor
Cells from Metabolic Tissues
To further understand what cells respond to changes in
estrogen and ER signaling, we explored the Tabula Muris
resource of single cell sequencing data from numerous
murine tissues (without uterus, ovaries, and testes) (40).
Interestingly, high expression of Esr1 (ERα), but not Esr2
(ERβ) was detected in cells from adipose (fat; stromal fraction), skeletal muscle, mammary tissue, and liver (Fig. 2A).
Within adipose tissue, Esr1 was most highly expressed in
a small population of unannotated, myeloid-derived cells
that express CD45 (Ptprc), CD29 (Itgb1), Sca1 (Ly6a),
and adipocyte progenitor markers Dpp4 and Pi16 (41),
but lack Pdgfra, CD11b (Itgam), and Cd34 (Fig. 2A and
2B) (40). These cells may be similar to those previously described as a bone marrow–derived population of adipose
progenitor cells (42-44). Esr1 was also highly expressed
in mesenchymal stem cells from both adipose tissue (Fig.
2B) and skeletal muscle (Fig. 2C). Within skeletal muscle,
the satellite cells (Fig. 2C), a self-renewing muscle cell that
contributes to tissue repair (45), also highly expressed
Esr1. In the mammary tissue, stromal cells and a subset
of luminal epithelial cells demonstrated high Esr1 levels
(Fig. 2D). The expression pattern of Esr1 in adipose, mammary stroma, muscle, and liver suggests that breast cancer
endocrine therapy may target ERα in progenitor cell populations, particularly in tissues that impact whole-body
metabolism.

TAM and EWD Differentially Impact Adipocyte
Precursor Expansion in LFLS and HFHS Mice
Our previous study in a model of obesity and ER-positive
breast cancer suggested a role for expanding subcutaneous
adipose tissue and adipocyte hypertrophy in endocrine
therapy resistance after menopause (26). Based on this
work, and on our observations of predominant Esr1 expression in progenitor cells from adipose tissue, we evaluated
adipocyte precursor cell types in the subcutaneous adipose
from a cohort of mice after 2 weeks of treatment (46). At
this time point, HFHS had greater fat mass than LFLS females, but there were no effects of E2+TAM or EWD treatments (Fig. 2E). The average adipocyte diameter was larger
overall in HFHS-fed mice (Fig. 2F; P < .0001) and during
EWD treatment (Fig. 2F; P = .02). Using previously established FACS methods (28), we evaluated the proportion of
adipose stromal cells that were composed of preadipocytes
and progenitor cells (Fig. 2G-2I; Table 1 (38)). The fraction of adipose precursor cells (Lin–/CD29+/CD34+/Sca1+)
that contained preadipocytes (CD24–) in both diet groups
was greater with E2+TAM and EWD treatments than in E2
controls (Fig. 2H; P = .017). In the progenitor population
(CD24+; Fig. 2I), there was a significant interaction between
diet and both E2+TAM (P = .02) and EWD (P = .04) treatments, where progenitors were greater in the LFLS mice,
but lower (E2+TAM) or unchanged (EWD) in the HFHS
mice. Regardless of diet, disrupting ER signaling appeared
to stimulate an early burst in preadipocyte expansion;
however, formation of new cells may not be sustainable in
HFHS mice if the source of these preadipocytes (progenitor
cells) is concomitantly being depleted.

Single Cell RNA Sequencing Reveals Multiple
Clusters in Adipose Tissue from Female Mice
To validate and extend the results obtained by FACS analysis after 2 weeks of treatment, we performed single cell
RNA sequencing analysis of all CD29+ cells in the stromal
fraction of subcutaneous adipose tissue after 7 weeks of
treatment in LFLS and HFHS mice (Fig. 3A). Adipose tissue
was digested, then CD45+ and CD31+ cells were removed
from the population using FACS. All CD29+ cells (mesenchymal stem cells) were collected and subjected to single
cell RNA sequencing analysis, pooling cells from 2 or 3
females per treatment group to reduce bias from a single
mouse. Seven clusters were identified (Fig. 3A). All clusters expressed genes previously defined as adipocyte precursor cells and that we used for FACS analysis of adipose
stroma after 2 weeks of treatment (Fig. 2), including Itgb1
(CD29), Pdgfra, Ly6a (Sca1), and Cd34 (Fig. 3B). One of
the 7 clusters (cluster 1) expressed genes previously described as adipocyte progenitor markers, including Pi16,
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of increased physical beta-cell mass and/or relative insulin hypersecretion. We estimated beta-cell content by
quantifying insulin-positive area by immunohistochemistry
in pancreas sections (39). With both E2+TAM and EWD
treatments, the estimated proportion of insulin-positive
cells was greater regardless of diet (Figure 2 (38); P < .05).
However, at this time point only the HFHS mice showed
elevated circulating insulin levels (Fig. 1G). These data indicate that, while blocking ER signaling is associated with
more insulin-positive cells in the pancreas in female mice,
elevated circulating insulin levels are only seen in the context of HFHS diet. Overall, endocrine therapies adversely
affect glucose tolerance and insulin sensitivity in HFHSbut not LFLS-fed females. This effect did not appear to
be a result of altered pancreatic insulin-positive cells, and
instead may be linked to changes in peripheral insulin sensitivity that occur in the context of a HFHS diet. Because
the effects of TAM treatment on body mass, composition,
and insulin sensitivity were similar to those of E2+TAM
treatment in LFLS and HFHS mice, the remaining analyses
were conducted on mice treated with E2+TAM or EWD,
each compared with E2 controls.
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Figure 2. Tamoxifen and EWD deplete adipocyte progenitors after 2 weeks of treatment. (A) Heatmap of Esr1 and Esr2 gene expression from the
Tabula Muris single cell RNA sequencing resource. The cell type and tissue are listed. In red are (1) myeloid-derived adipose progenitor; (2) skeletal
muscle satellite cell; (3) mesenchymal stem cell (MSC) from adipose; (4) stromal cell from mammary gland; (5) skeletal muscle satellite stem cell; (6)
hepatocyte; and (7) MSC from skeletal muscle. (B-D) tSNE plots of Esr1 expression in FACS separated cells from adipose (B), skeletal muscle (C), and
mammary gland (D) downloaded from the Tabula Muris website. (E) Fat mass in grams of mice in each group after 2 weeks of treatment. Fat mass
was greater in HFHS mice compared with LFLS (diet effect, P = .01). (F) Average adipocyte diameter measured histologically after 2 weeks of treatment: n = 5 per group. Average adipocyte diameter was greater in HFHS mice and EWD mice (P < .0001 and P = .02 respectively). (G) FACS strategy
to evaluate the proportion of adipose mesenchymal stem cells that were composed of preadipocytes and progenitor cells after 2 weeks of treatment.
(H) Proportion of adipose mesenchymal stem cells that were composed of preadipocytes. E2+TAM and EWD treatment resulted in a greater proportion of preadipocyte cells irrespective of diet (P < .05 for each main effect). (I) Proportion of adipose mesenchymal stem cells that were composed of
progenitor cells. E2+TAM treatment resulted in a smaller proportion of progenitor cells in HFHS mice (P = .02) while with EWD, the proportion of progenitor cells was greater in LFLS mice and unchanged in HFHS mice (P = .04). Significance represents the statistical interactions from 2 × 2 ANOVA
(factors: diet and individual treatments).
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TAM and EWD Have Distinct Effects on Adipose
Stromal Cells
After annotating the cell clusters from subcutaneous adipose stroma (Fig. 4A), we next determined how obesity and
estrogen manipulations impacted the relative proportions
of each cluster across groups and treatments. In LFLS mice,
the proportion of progenitors was greater after E2+TAM
treatment but remained similar to E2 controls after EWD
treatment (Fig. 4B, open bars). In HFHS mice, progenitors were lower with E2+TAM and remained similar to
E2 after EWD treatment (Fig. 4B, filled bars). Transitional
progenitors remained stable after E2+TAM and EWD treatments in LFLS mice but were lower after each treatment
in HFHS mice (Fig. 4C, open vs filled bars). In both LFLS
and HFHS mice, the preadipocytes remained stable or
slightly greater after E2+TAM treatment or were greater
after EWD (Fig. 4D). Each remaining cluster changed in

its relative proportion depending on the diet and/or treatment. The proportion of fibroblasts was larger with EWD
but not after E2+TAM treatment in the LFLS mice; however, they remained consistent across treatments in HFHS
mice (Figure 4D (38)). AREGs were elevated after both
E2+TAM and EWD in LFLS mice but were only greater
with EWD in HFHS mice (Figure 4E (38)). Immature adipocytes were markedly greater after EWD, but only in
HFHS mice (Figure 4F (38)). Finally, the Mito cluster was
greater overall in HFHS mice and lower with E2+TAM and
EWD treatments but remained relatively stable in LFLS
mice (Figure 4G (38)). Overall, these results show distinct
effects of E2+TAM or EWD treatments on different adipose stromal populations, in some cases depending on diet.
Importantly, the changes in cluster proportions for progenitors, transitional progenitors, and preadipocytes after 7
weeks of treatment measured by single cell RNA sequencing
were consistent with what we observed by FACS after 2
weeks of treatment, suggesting that the adipocyte precursor
cells from subcutaneous adipose tissue respond uniquely to
breast cancer endocrine therapies in females depending on
the diet, and potentially on obesity status.

Gene Expression Changes Are Unique Across
Treatment and Diet Groups
The morphometric data from LFLS and HFHS mice revealed different effects of E2+TAM and EWD treatments
on body mass, composition, adipose tissue expansion, and
metabolic function (Figs. 1-3). In addition, we observed
different effects of treatment on the proportions of adipose stromal cells between diet groups (Fig. 4B-4D). We
next evaluated Esr1 expression in the progenitors, transitional progenitors, and preadipocytes to determine how
it changed with diet and treatment. In the progenitors,
Esr1 expression was slightly lower overall in HFHS than
in LFLS samples, regardless of treatment group (Fig. 4E).
In transitional progenitors, Esr1 was highest in LFLS E2
treated cells, and decreased slightly with both E2+TAM and
EWD treatments (Fig. 4E). In transitional progenitors from
HFHS mice, Esr1 expression remained stable across treatment groups (Fig. 4E). In preadipocytes, Esr1 increased
with both E2+TAM and EWD treatments in LFLS mice, but
only increased with EWD and not E2+TAM treatment in
HFHS mice (Fig. 4E). Importantly, Esr1 was not among
the significantly differentially expressed genes in any of the
treatment comparisons, so while its expression was altered
in some clusters by either E2+TAM or EWD treatment, the
changes were not statistically significant.
Next, we evaluated differentially expressed genes between LFLS and HFHS mice in each cluster across each
treatment group. The top 5 up- and downregulated genes
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Dpp4, Igfbp5, Anxa3, and Cd55 (Fig. 3C; Figure 3A-C
(38)) (41). Cluster 3 expressed genes associated with committed preadipocytes, such as Fabp4, Pparg, Plin2, and Lpl
(Fig. 3D; Figure 3D-F (38)). Cluster 5 expressed genes such
as Clec11a, F3 (CD142), and Meox2 (Fig. 3E; Figure 3F
(38)), which have previously been described to associate
with a negative adipogenic regulatory cell type (AREGs)
(47). Cluster 2 expressed Fabp4 and Plin2 (Fig. 3D) but
also expressed fibrotic genes such as Tnc, Lox, and Jun
(Figure 3G-I (38)). Cluster 4 expressed Pi16, Dpp4, and
Fabp4 as well as high levels of mitochondrial genes (Fig. 3C
and 3D). Finally, the smallest cluster (cluster 6) expressed
Fabp4 and Pparg (Fig. 3D) and also Cd36 and Adipoq (Fig.
3F), suggesting these cells were immature, but partially differentiated adipocytes.
Next, we evaluated expression of the top 5 nonredundant
marker genes for each cluster across the entire dataset to
verify the cluster distinctions. This analysis revealed characteristic gene expression patterns for each main identified
cluster (Fig. 3G). Based on the previously described and
on the non-redundant markers, clusters were annotated as
progenitors (cluster 1), fibroblasts (cluster 2), preadipocytes
(cluster 3), mito-high (Mito; cluster 4), AREGs (cluster 5),
immature adipocytes (cluster 6), and transitional progenitors (cluster 7) defined in Fig. 3G. Expression of Cd24a
(CD24) was highest in the progenitor and transitional progenitor clusters (Figure 4A (38)), validating the methods
used for FACS analysis of progenitors and preadipocytes
after 2 weeks of treatment (Fig. 3G-3I). In addition, Esr1
but not Esr2 was highly expressed in progenitors, transitional progenitors, and preadipocytes (Figure 4B-C (38)),
like what we observed in publicly available single cell data
sources (Fig. 2A).
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Figure 3. Subcutaneous adipose tissue stromal populations in LFLS- and HFHS-fed females. (A) Study design diagram and FACS workflow prior to
single cell RNA sequencing. The UMAP image shows 7 identified clusters using Seurat. (B) Violin plots of previously reported markers of adipocyte
precursor populations in each cluster. (C) UMAP and violin plots of Pi16 and Dpp4, denoting progenitors (cluster 1). (D) UMAP and violin plots of
Fabp4 and Pparg, denoting preadipocytes (cluster 3). (E) UMAP and violin plots of Clec11a and F3 (Cd142), denoting AREGs (cluster 5). (F) UMAP and
violin plots of Cd36 and Adipoq, denoting immature adipocytes (cluster 7). (G) Heatmap of the top 5 nonredundant gene markers for each cluster
separated and defined by cluster type.
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TAM and EWD Associate With Hepatic Steatosis
in Mice
Several clinical studies report hepatic steatosis in breast
cancer patients after treatment with E2+TAM or aromatase
inhibitors (49-51). Adipocyte hypertrophy and decreased

capacity for adipose storage may support lipid spill-over
into circulation and ectopic lipid deposition in other tissues such as the liver, in both humans and animal models
(52, 53). Steatosis was worse with EWD treatment than
E2 in HFHS and LFLS mice (Fig. 5E; P < .05) without affecting liver mass (Fig. 5F). While HFHS E2+TAM-treated
mice demonstrated hepatic steatosis, there was not a significant effect of E2+TAM treatment on this outcome after
7 weeks of treatment (Fig. 5E; P = .06). Given the observation that ectopic fat accumulated in the liver, we examined
pancreatic fat accumulation, which has also been linked to
beta-cell function (54). Estimates of pancreatic fat content
were variable and not significantly different between any
groups (Fig. 5G). Collectively, these observations indicate
that endocrine therapy can affect ectopic lipid deposition,
but there may be distinct direct effects on cells that express
Esr1 within susceptible tissues such as the liver.

TAM Use Is Associated With Adipocyte
Hypertrophy in Women
Breast cancer endocrine therapy use has been associated
with T2D and hepatic steatosis (5-7, 10, 11); however,
the impact of these treatments on weight gain are controversial, and there are few studies on adipose tissue effects
in women. Based on this evidence and our observations
from the mouse model, we analyzed human breast adipose
tissue and BMI data from women who were currently prescribed TAM and compared that with women who were
not taking endocrine therapy (Fig. 6A). In this small cohort, the average adipocyte diameter significantly correlated with BMI (Fig. 6B and 6C; P = .0001), validating what
we previously found (26). When we analyzed adipocytes
from women classified as lean (BMI < 25 kg/m2), overweight (BMI 25-29 kg/m2), or obese (BMI > 30 kg/m2) we
found that current TAM use associated with larger adipocyte diameter only in those women with obesity (Fig. 6D;
P = .03), compared to women classified as lean or overweight (Fig. 6D). For those with BMI > 30 kg/m2, the distribution of adipocyte sizes in TAM users reflected a greater
proportion of large cells compared to women not taking
TAM (Fig. 6E). Importantly, TAM use did not associate
with differences in BMI within body mass category (Fig.
6F), suggesting that the effect on adipocyte size may not be
due to overall effects on adiposity. These data align with
the data from our preclinical model, and they indicate that
endocrine therapy, particularly TAM, impacts adipocyte
size distribution.

Discussion
Here we report that breast cancer endocrine therapies (23,
24, 26) promote metabolic derangements associated with

Downloaded from https://academic.oup.com/endo/article/162/11/bqab174/6354857 by IUPUI University Library user on 24 March 2022

after either E2+TAM or EWD treatment, compared with E2,
were plotted across all groups in progenitors, transitional
progenitors, and preadipocytes (Fig. 4F-4H). Overall, the
differentially expressed genes were unique in each cluster,
with some exceptions. For example, the adipogenic regulator Plac8 (48) was significantly regulated in all 3 clusters, but was not regulated the same way in each cluster
by E2+TAM and EWD treatments, in terms of average expression or percent of cells in which it was expressed (Fig.
4F-4H). In contrast, the classical ER target gene, Pgr, was
only significantly regulated in the progenitor cluster, and
was greater with E2+TAM but lower with EWD treatments
relative to E2 (Fig. 4F), despite both treatments aimed at
inhibiting ER activity. Altogether, the analysis of stromal
cells in subcutaneous adipose from LFLS- and HFHS-fed
mice showed that E2+TAM and EWD treatments have distinct effects on the proportions of cells and on the gene
expression profiles, including Esr1, within each cell type,
depending on the diet and on the type of endocrine therapy
administered. These data highlight the complexity of endocrine therapy effects on adipose tissue in females, and
suggest that adipocyte precursor cells, particularly progenitors and what we defined as transitional progenitors, may
be depleted with breast cancer therapies in the context of
obesity.
One consequence of adipocyte progenitor cell depletion would be hypertrophy of existing mature adipocytes
during a chronic positive energy balance. Therefore, we investigated the subcutaneous adipose after 7 weeks of treatment to determine adipocyte size distribution in response
to endocrine therapy. Adipose tissue mass was greater with
both E2+TAM (P = .002) and EWD (P = .01) treatments in
HFHS mice (Fig. 5A and 5B). Larger adipocytes were more
frequent in LFLS females after EWD compared to E2+TAM
or E2 groups (Fig. 5B and 5C); however, the greatest proportion of large adipocytes was seen in E2+TAM and EWD
treated HFHS females (Fig. 5B and 5C). The average diameter of subcutaneous adipocytes was significantly greater
in HFHS mice by E2+TAM (P = 0.04) and EWD (P = .01)
treatments (Fig. 5D). When combined with the potential
depletion of adipocyte progenitors observed by FACS (Fig.
2) and single cell RNA sequencing (Fig. 4), the adipocyte
hypertrophy seen in HFHS mice after longer-term (7 week)
endocrine therapy is consistent with a depletion of progenitor cells and an impaired ability to expand adipose
tissue by hyperplasia.
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Figure 4. Endocrine therapies have distinct effects on adipose stroma in LFLS and HFHS mice. (A) UMAP showing annotated clusters in LFLS and
HFHS mice treated with E2, E2+TAM, or EWD. (B-D) Relative proportions of progenitors (B), transitional progenitors (C), and preadipocytes (D) from
LFLS (open bars) and HFHS (filled bars) mice, expressed as the percentage of cells in each group’s cluster divided by the total number of cells per
cluster. (E) Violin plots of Esr1 expression in progenitors, transitional progenitors, and preadipocytes in LFLS and HFHS mice under different treatment conditions. (F-H) The top 5 differentially expressed genes in progenitors (F), transitional progenitors (G), and preadipocytes (H) selected based
on comparisons between either E2+TAM vs E2 or EWD vs E2 for LFLS- and HFHS-fed mice, and then depicted as dot plots of z-score in each group,
showing the average expression and the percent of cells per cluster expressing a given gene.
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Figure 5. Adipocyte hypertrophy after 7 weeks of endocrine therapy. (A) Subcutaneous fat mass presented as mg/g in mice from each treatment
group after 7 weeks of TAM or EWD. There was greater accumulation of fat mass in HFHS mice with both TAM and EWD (P = .002 and P = .01 respectively. Significance represents the statistical interactions from 2 × 2 ANOVA (factors: diet and individual treatments). (B) Representative images of
adipocytes from 1 mouse in each diet/treatment group. Scale bar is 500 µm. (C) Adipocyte diameter represented as the proportion of each cell size
representative to total cell count. Note the frequency of larger adipocytes in HFHS females after EWD and TAM treatment. (D) Quantification of adipocyte size represented by the mean adipocyte diameter. The average diameter of adipocytes in this depot was greater in HFHS mice treated with TAM
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affects subcutaneous adipose tissue, particularly in HFHSfed females.
Esr1 was highly expressed in mesenchymal stem cells
and a myeloid-derived progenitor cell population from
adipose tissue (Figs. 2 and 3). Others have shown that
Esr1 expression was elevated in primary FACS-isolated
mouse adipose progenitor cells compared with either
the total stromal/vascular fraction (made up largely of
preadipocytes) or to mature adipocytes (63). In addition,
loss of Esr1 from PPARγ-positive adipocyte lineage cells in
female mice associated with fewer inguinal adipose progenitors and a reduced capacity for adipogenic differentiation
(63). We found that endocrine therapy may stimulate early
steps of de novo adipocyte differentiation in subcutaneous
adipose tissue regardless of diet; but, in HFHS-fed females,
the progenitor cells that give rise to preadipocytes were not
elevated after treatment. Consistent with our observations,
TAM was reported to inhibit proliferation and subsequent
adipogenic differentiation of primary human adipose progenitor cells in vitro (64). Notably, complete ablation of
Esr1 from adiponectin-positive mature adipocytes also
promoted increased adiposity (65). Together, data from our
study and others support a role for estrogen signaling in
maintaining adipose progenitors and suggest potentially
fundamental differences in progenitor cell responses to
breast cancer therapies between females with and without
obesity (Fig. 7). As predicted based on the depletion of adipocyte progenitors, by 7 weeks of treatment adipocyte size
was greater with E2+TAM and EWD compared with E2 in
the HFHS mice, which was accompanied by hepatic steatosis and elevated HOMA-IR.
To model aromatase inhibition, which depletes the E2
ligand rather than targeting the receptor, we withdrew supplemental estradiol (EWD) from OVX females, lowering
circulating estrogen levels substantially based on our previous in-depth analysis of adipose tissue Cyp19a1 expression and E2 in mice and rats (26, 66). The ability of rodent
adipose to aromatize androgens to estrogens remains controversial in the fields of obesity and cancer (67, 68). Using
the EWD approach, we observed metabolic outcomes
consistent with those reported in breast cancer patients
taking aromatase inhibitors (60). EWD had similar effects in LFLS and HFHS females: greater fat accumulation,
food intake, and hepatic lipid deposition; however, despite
gaining body fat, LFLS-fed females maintained fasting insulin and glucose levels similar to E2-treated females. These

Figure 5: continued
and EWD (P = .04 and P = .01 respectively). Significance represents the statistical interactions from 2 × 2 ANOVA (factors: diet and individual treatments). Sample sizes are the same as in C. (E) H&E-stained sections of livers from 1 mouse in each group. Pie chart insets represent quantification of
hepatic steatosis severity in each group. Score legend is shown below the H&E images. Sample sizes are the same as in C. (F) liver mass presented
as grams per gram body mass. (G) Pancreatic fat was estimated in H&E-stained sections.
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T2D risk in HFHS-fed mice including weight and fat gain,
greater energy intake, elevated fasting insulin and glucose,
adipocyte hypertrophy, and hepatic steatosis (summarized
in Table 2 (38)). The effects of endocrine therapies in our
preclinical model are similar to those observed in breast
cancer patients (7, 8, 12, 50, 55-57). In mice, diet-induced
obesity modified the effect of E2+TAM and EWD. This
finding mirrors the clinical observation that breast cancer
patients with overweight and obesity have greater hepatic steatosis and T2D risk with endocrine therapies (7,
8, 12, 50, 55-57). Further linking our findings to clinical
data, we observed that TAM use associated with adipocyte hypertrophy in women with a BMI > 30 kg/m2. While
the link between TAM and T2D is strong, metabolic effects of aromatase inhibition are less consistent (58, 59),
potentially because these drugs are newer than TAM, and
studies have not been adequately powered or compared
aromatase inhibition to untreated women. Aromatase inhibitor treatment was recently reported to elevate risk for
T2D (10), insulin resistance, and fat gain (60), and to increase nonalcoholic hepatic steatosis regardless of BMI
(49). Our data suggest that endocrine therapy may exhaust
adipocyte progenitors, limiting the expansion of adipose
tissue lipid storage, and promoting ectopic lipid accumulation. The current observation of decreased adipocyte
progenitor cells and subsequent adipocyte hypertrophy is
consistent with a long-term risk of T2D due to inappropriate lipid storage. In the context of chronic positive energy balance, a shift towards adipocyte hypertrophy would
be the only means of adipose tissue expansion, which is
consistent with data from our mouse model as well as the
adipose tissue from women treated with TAM. Although
it may seem counterintuitive, the formation of new adipocytes in expanding adipose tissue maintains the metabolic
health of the organism by preventing metabolic derangements associated with ectopic lipid deposition (61, 62).
Our investigation focused on subcutaneous inguinal adipose tissue from female mice, which is similar to human
breast adipose tissue. It is not clear how endocrine therapies may affect other depots in mice (eg, visceral) or in
humans (eg, abdominal subcutaneous adipose). Published
human studies are limited to those in women who were
diagnosed with cancer, where obesity is a confounding risk
factor for both T2D and breast cancer. We show in a preclinical model that breast cancer endocrine therapy, in the
absence of cancer, promotes dysregulated metabolism, and
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Figure 6. Tamoxifen treatment associates with larger adipocytes in women with BMI > 30 kg/m2. (A) descriptive data for women with and without
tamoxifen treatment. (B) representative breast adipose images from 1 subject each, control or tamoxifen-treated, BMI < 25 kg/m2 or > 30 kg/m2. Scale
bar is 400 μm. (C) spearman correlation of subject BMI and average adipocyte diameter. Red circles are from tamoxifen-treated women, blue circles
are controls. (D) average adipocyte diameters from control or tamoxifen treated women with BMI < 25 kg/m2 (Con n = 6, Tam n = 2), 25-29 kg/m2 (Con
n = 16, Tam n = 5), or > 30 kg/m2 (Con n = 22, Tam n = 10). P < .05 by unpaired t-test. (E) Adipocyte diameter represented as the proportion of each cell
size representative to total cell count in women with BMI > 30 kg/m2. Note the frequency of larger adipocytes in tamoxifen-treated women. Con n =
22, Tam n = 10. (F) Individual BMI in each category from control or tamoxifen-treated women with BMI < 25 kg/m2 (Con n = 6, Tam n = 2), 25-29 kg/m2
(Con n = 16, Tam n = 5), or > 30 kg/m2 (Con n = 22, Tam n = 10).
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Figure 7. Endocrine therapy effects in high fat–fed females. Breast
cancer endocrine therapy (tamoxifen treatment or withdrawal of E2)
promotes weight and fat gain, adipocyte hypertrophy, and may impair
healthy adipose tissue expansion through new adipocyte recruitment
leading to higher risk for hepatic steatosis and T2D.

and insulin to those mice given E2+TAM; however, the
majority of studies were limited to mice that were given
both hormones. In addition, while TAM is given to breast
cancer patients orally, we delivered it in a subcutaneous
pellet, which has been shown to inhibit human ER-positive
breast tumor growth (23, 24). Women are prescribed 20
to 40 mg TAM per day, as either a single or divided dose.
Assuming the average adult female mass is approximately
76 kg, this results in a dose of 0.26 to 0.52 mg/kg/day. We
administered TAM as a subcutaneous 5-mg pellet, released
over 60 days. For the mice in our study, this results in an
average daily dose of 3.0 to 3.6 mg/kg/day, based on body
mass range. While that daily dose of TAM exceeds what is
given to breast cancer patients, we did not observe weight
loss, which could indicate acute toxicity. Several previous
studies in rodents have used doses of TAM designed to
activate expression of Cre-ER transgenes, ranging from
25 to 300 mg/kg/day administered over a few days by
intraperitoneal injection in oil vehicle or oral gavage (1922, 71-75). Major metabolic outcomes reported in include
decreased food intake (71), rapid adipose tissue loss (1921), adipose tissue browning (21, 37), and hepatic steatosis
(73, 74). Recently, sex-dependent effects of a single TAM
dose given to neonatal mice were reported. In this study,
TAM treatment had sustained adverse effects on high-fat
diet–fed adult females, who showed weight gain, fat gain,
and impaired glucose tolerance, similar to what we observed (76, 77). Also, very low levels of TAM were shown
to have effects on body temperature, bone density, and
movement in female mice, which was dependent on brain
expression of ERα (78). With the exception of 1 study conducted at cold temperature (37) and 2 conducted on high
fat–fed mice (21, 76), many previous studies were done
on chow-fed males at ambient temperature (20-24°C). We
performed studies on mice at thermoneutrality (~30°C)
and compared HFHS- with LFLS-fed females. Overall, our
findings of adipose accumulation and inappropriate adipose tissue expansion are consistent with a later life risk
for T2D.
ER signaling is known to impact a variety of tissues and
cell types at different stages of differentiation. We posit that
one important role is to maintain the adipocyte progenitor
pool (Fig. 7), which allows healthy adipose tissue expansion
by hyperplasia. In the context of obesity when progenitors
are depleted and ER signaling is disrupted by breast cancer
endocrine therapies, adipogenesis occurs without repopulation of preadipocytes. Over time, especially in the presence
of a chronic positive energy balance, hypertrophic adipocytes reach their limit of storage capabilities, which can result in ectopic lipid deposition. This scenario may explain
the greater T2D risk in breast cancer patients. Antiestrogen
therapies have been instrumental in preventing recurrence
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data highlight that weight gain is not always accompanied
by deregulated metabolism when the adipocyte progenitor
population is maintained, and adipocyte size remains small.
As we expected based on the depletion of adipocyte progenitors, after 7 weeks of endocrine therapy, HFHS females
suffered the worst consequences with excess fat gain, hepatic steatosis, and impaired glucose tolerance. Whether
the effects of cancer therapy on the liver or whole-body
insulin sensitivity are due to lipid spillover from hypertrophic adipocytes in mice or in humans is unclear. A limitation of the EWD approach is that it completely removes
all detectable estrogen from the mouse environment. In
humans, aromatase inhibitors reduce circulating estradiol
levels between 50% and 90%, and the relative reduction of
estrogens may be less in patients with an elevated BMI (69,
70). In this regard, EWD in ovariectomized mice produces
the more complete loss of ER ligand.
One important aspect of our study was that we investigated the metabolic effects of TAM using a relatively low
dose, known to effectively inhibit the growth of endocrinesensitive ER-positive breast tumors (23, 24). A limitation
of our approach is the difficulty in precisely modeling the
specific ratio of estrogens to TAM as they would occur in
women throughout their menstrual cycles. We evaluated a
subset of mice that were given TAM without E2 and saw
similar effects on body weight, body composition, glucose,
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of breast cancer for the vast majority of patients. With increased survival of breast cancer patients and the heightened awareness of elevated T2D risk in this population, our
study suggests the need for close monitoring and potential
anti-hyperglycemic intervention for some women during
endocrine therapy.

Data from the Susan G. Komen Tissue Bank at the IU Simon
Cancer Center was used in this study. We thank contributors,
including Indiana University who collected data used in this study,
as well as donors and their families, whose help and participation
made this work possible. We also thank Veronica Wessels for providing outstanding histological expertise.
Funding: NIH (NCI R01CA241156 EW; NCATS KL2TR002534;
TREC Training Workshop R25CA203650 to E.A.W.; R01CA164166
to P.S.M.; U54AG062319 to E.A.W. and P.S.M.) Komen Foundation CCR17483321 to E.A.W.; Veterans Administration (VA) (Merit
Review) BX002046, CX001532 to J.E.B.R.; CDA2 BX004533
to R.L.S.); University of Colorado (Cancer Center Support grant
P30CA046934; Clinical and Translational Sciences Institute
UL1TR000154 to R.L.S., E.A.W., J.E.B.R.; Nutrition and Obesity Research Center Support grant NIH P30DK48520; Center for
Women’s Health Research support to E.A.W., J.E.B.R., R.L.S.); and
Canadian Institutes of Health Research grant CIHR PJT168854 to
J.D.J. and the Frederick Banting and Charles Best Canada Graduate
Scholarship Doctoral Award to A.M.Y.Z.
Author Contributions: R.L.S. and E.A.W. designed and oversaw
the study and collected and analyzed data from mouse and human
samples. R.M.F., S.E.H., L.A.K., S.J.M., F.K., R.S., A.E.G., K.L.J.,
J.A.H., G.J., A.M.Y.Z. collected, assembled, and interpreted data
from mouse experiments. J.K. evaluated and scored liver samples.
J.D.J., P.S.M., J.E.B.R., R.L.S., and E.A.W. interpreted data and
wrote and edited manuscript. S.W.H. inspired the study from the
patient perspective and provided input throughout the project and
on the manuscript.
Conflict of Interest: The authors have declared that no conflict of
interest exists.

4.

5.
6.

7.

8.

9.

10.

11.

12.

13.

14.

Additional Information
Correspondence: Elizabeth Wellberg, PhD, University of Oklahoma Health Sciences Center, 975 NE 10th St, BRC 309, Oklahoma
City, OK 73104, USA. Email: elizabeth-wellberg@ouhsc.edu.
Data Availability: Some or all data generated or analyzed during
this study are included in this published article or in the data repositories listed in References.

15.

16.

17.

References
1.

2.

Howlader N, Altekruse SF, Li CI, et al. US incidence of breast
cancer subtypes defined by joint hormone receptor and HER2
status. J Natl Cancer Inst. 2014;106(5):dju055.
Burstein HJ, Temin S, Anderson H, et al. Adjuvant endocrine
therapy for women with hormone receptor-positive breast
cancer: American society of clinical oncology clinical practice
guideline focused update. J Clin Oncol. 2014;32(21):2255-2269.

18.

19.

Davies C, Pan H, Godwin J, et al; Adjuvant Tamoxifen: Longer
Against Shorter (ATLAS) Collaborative Group. Long-term effects of continuing adjuvant tamoxifen to 10 years versus
stopping at 5 years after diagnosis of oestrogen receptorpositive breast cancer: ATLAS, a randomised trial. Lancet.
2013;381(9869):805-816.
Visvanathan K, Fabian CJ, Bantug E, et al. Use of endocrine
therapy for breast cancer risk reduction: ASCO clinical practice
guideline update. J Clin Oncol. 2019;37(33):3152-3165.
Munshi A, Singh P. Tamoxifen in breast cancer: not so easy to
write off. Breast. 2008;17(2):121-124.
Ng HS, Koczwara B, Roder D, Niyonsenga T, Vitry A. Incidence
of comorbidities in women with breast cancer treated with tamoxifen or an aromatase inhibitor: an Australian populationbased cohort study. J Comorb. 2018;8(1):16-24.
Sun LM, Chen HJ, Liang JA, Li TC, Kao CH. Association of
tamoxifen use and increased diabetes among Asian women diagnosed with breast cancer. Br J Cancer. 2014;111(9):1836-1842.
Lipscombe LL, Fischer HD, Yun L, et al. Association between
tamoxifen treatment and diabetes: a population-based study.
Cancer. 2012;118(10):2615-2622.
Lipscombe LL, Chan WW, Yun L, Austin PC, Anderson GM,
Rochon PA. Incidence of diabetes among postmenopausal
breast cancer survivors. Diabetologia. 2013;56(3):476-483.
Hamood R, Hamood H, Merhasin I, Keinan-Boker L. Diabetes
after hormone therapy in breast cancer survivors: a case-cohort
study. J Clin Oncol. 2018;36(20):2061-2069.
Bruno S, Maisonneuve P, Castellana P, et al. Incidence and risk
factors for non-alcoholic steatohepatitis: prospective study of
5408 women enrolled in Italian tamoxifen chemoprevention
trial. BMJ. 2005;330(7497):932.
Johansson H, Gandini S, Guerrieri-Gonzaga A, et al. Effect of
fenretinide and low-dose tamoxifen on insulin sensitivity in premenopausal women at high risk for breast cancer. Cancer Res.
2008;68(22):9512-9518.
De Bruijn KM, Arends LR, Hansen BE, Leeflang S, Ruiter R,
van Eijck CH. Systematic review and meta-analysis of the association between diabetes mellitus and incidence and mortality in
breast and colorectal cancer. Br J Surg. 2013;100(11):1421-1429.
Peairs KS, Barone BB, Snyder CF, et al. Diabetes mellitus and
breast cancer outcomes: a systematic review and meta-analysis.
J Clin Oncol. 2011;29(1):40-46.
Mauvais-Jarvis F, Clegg DJ, Hevener AL. The role of estrogens
in control of energy balance and glucose homeostasis. Endocr
Rev. 2013;34(3):309-338.
Jeffery E, Church CD, Holtrup B, Colman L, Rodeheffer MS.
Rapid depot-specific activation of adipocyte precursor cells at
the onset of obesity. Nat Cell Biol. 2015;17(4):376-385.
Jeffery E, Wing A, Holtrup B, et al. The adipose tissue microenvironment regulates depot-specific adipogenesis in obesity.
Cell Metab. 2016;24(1):142-150.
Xu B, Lovre D, Mauvais-Jarvis F. The effect of selective estrogen receptor modulators on type 2 diabetes onset in
women: basic and clinical insights. J Diabetes Complications.
2017;31(4):773-779.
Hesselbarth N, Pettinelli C, Gericke M, et al. Tamoxifen affects
glucose and lipid metabolism parameters, causes browning of
subcutaneous adipose tissue and transient body composition

Downloaded from https://academic.oup.com/endo/article/162/11/bqab174/6354857 by IUPUI University Library user on 24 March 2022

Acknowledgments

3.

18 

20.

21.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37. Zhao L, Wang B, Gomez NA, de Avila JM, Zhu MJ, Du M.
Even a low dose of tamoxifen profoundly induces adipose tissue browning in female mice. Int J Obes (Lond).
2020;44(1):226-234.
38. Scalzo RL, Foright M, Hull SE, et al. Supplemental Materials
for Breast cancer endocrine therapy promotes weight gain and
glucose intolerance with distinct effects on adipose tissue in
lean and obese female mice. figshare. Dataset. Deposited July
26, 2021. https://doi.org/10.6084/m9.figshare.15018966.v1.
39. Johnson JD, Ahmed NT, Luciani DS, et al. Increased islet apoptosis in Pdx1+/- mice. J Clin Invest. 2003;111(8):1147-1160.
40. Tabula Muris C. Overall c, logistical c, organ c, processing,
library p, sequencing, computational data a, cell type a,
writing g, supplemental text writing g, principal i. single-cell
transcriptomics of 20 mouse organs creates a tabula muris.
Nature. 2018;562(7727):367-372.
41. Merrick D, Sakers A, Irgebay Z, et al. Identification of a mesenchymal progenitor cell hierarchy in adipose tissue. Science.
2019;364(6438):eaav2501.
42. Crossno JT Jr, Majka SM, Grazia T, Gill RG, Klemm DJ.
Rosiglitazone promotes development of a novel adipocyte
population from bone marrow-derived circulating progenitor
cells. J Clin Invest. 2006;116(12):3220-3228.
43. Gavin KM, Sullivan TM, Kohrt WM, Majka SM, Klemm DJ.
Ovarian hormones regulate the production of adipocytes from
bone marrow-derived cells. Front Endocrinol (Lausanne).
2018;9:276.
44. Majka SM, Miller HL, Sullivan T, et al. Adipose lineage specification of bone marrow-derived myeloid cells. Adipocyte.
2012;1(4):215-229.
45. Relaix F, Zammit PS. Satellite cells are essential for skeletal
muscle regeneration: the cell on the edge returns centre stage.
Development. 2012;139(16):2845-2856.
46. Church CD, Berry R, Rodeheffer MS. Isolation and study of
adipocyte precursors. Methods Enzymol. 2014;537:31-46.
47. Schwalie PC, Dong H, Zachara M, et al. A stromal cell population that inhibits adipogenesis in mammalian fat depots.
Nature. 2018;559(7712):103-108.
48. Jimenez-Preitner M, Berney X, Thorens B. Plac8 is required for
white adipocyte differentiation in vitro and cell number control
in vivo. PLoS One. 2012;7(11):e48767.
49. Lee JI, Yu JH, Anh SG, Lee HW, Jeong J, Lee KS. Aromatase
inhibitors and newly developed nonalcoholic fatty liver disease in postmenopausal patients with early breast cancer:
a propensity score-matched cohort study. Oncologist.
2019;24(8):e653-e661.
50. Nguyen MC, Stewart RB, Banerji MA, Gordon DH, Kral JG.
Relationships between tamoxifen use, liver fat and body fat distribution in women with breast cancer. Int J Obes Relat Metab
Disord. 2001;25(2):296-298.
51. Nishino M, Hayakawa K, Nakamura Y, Morimoto T,
Mukaihara S. Effects of tamoxifen on hepatic fat content and
the development of hepatic steatosis in patients with breast
cancer: high frequency of involvement and rapid reversal
after completion of tamoxifen therapy. AJR Am J Roentgenol.
2003;180(1):129-134.
52. Horton JD, Shimomura I, Ikemoto S, Bashmakov Y,
Hammer RE. Overexpression of sterol regulatory elementbinding protein-1a in mouse adipose tissue produces adipocyte

Downloaded from https://academic.oup.com/endo/article/162/11/bqab174/6354857 by IUPUI University Library user on 24 March 2022

22.

changes in C57BL/6NTac mice. Biochem Biophys Res Commun.
2015;464(3):724-729.
Liu L, Zou P, Zheng L, et al. Tamoxifen reduces fat mass by
boosting reactive oxygen species. Cell Death Dis. 2015;6:
e1586.
Liu Z, Cheng Y, Luan Y, et al. Short-term tamoxifen treatment
has long-term effects on metabolism in high-fat diet-fed mice
with involvement of Nmnat2 in POMC neurons. FEBS Lett.
2018;592(19):3305-3316.
Ye R, Wang QA, Tao C, et al. Impact of tamoxifen on adipocyte lineage tracing: Inducer of adipogenesis and prolonged nuclear translocation of Cre recombinase. Mol Metab.
2015;4(11):771-778.
Cocce KJ, Jasper JS, Desautels TK, et al. The lineage determining
factor GRHL2 collaborates with FOXA1 to establish a targetable pathway in endocrine therapy-resistant breast cancer. Cell
Rep. 2019;29(4):889-903.e10.
Domenici G, Aurrekoetxea-Rodríguez I, Simões BM, et al.
A Sox2-Sox9 signalling axis maintains human breast luminal progenitor and breast cancer stem cells. Oncogene.
2019;38(17):3151-3169.
Hales CM, Carroll MD, Fryar CD, Ogden CL. Prevalence of
obesity among adults and youth: United States, 2015-2016.
NCHS Data Brief. 2017(288):1-8.
Wellberg EA, Kabos P, Gillen AE, et al. FGFR1 underlies obesity-associated progression of estrogen receptorpositive breast cancer after estrogen deprivation. JCI Insight.
2018;3(14):e120594.
Galarraga M, Campión J, Muñoz-Barrutia A, et al.
Adiposoft: automated software for the analysis of white adipose tissue cellularity in histological sections. J Lipid Res.
2012;53(12):2791-2796.
Berry R, Rodeheffer MS. Characterization of the adipocyte
cellular lineage in vivo. Nat Cell Biol. 2013;15(3):302-308.
Melsted P, Booeshaghi AS, Liu L, et al. Modular, efficient and
constant-memory single-cell RNA-seq preprocessing. Nat
Biotechnol. 2021;39(7):813-818.
Stuart T, Butler A, Hoffman P, et al. Comprehensive integration
of single-cell data. Cell. 2019;177(7):1888-1902.e21.
Korsunsky I, Millard N, Fan J, et al. Fast, sensitive and accurate
integration of single-cell data with Harmony. Nat Methods.
2019;16(12):1289-1296.
Giles ED, Wellberg EA. Preclinical models to study obesity and
breast cancer in females: considerations, caveats, and tools. J
Mammary Gland Biol Neoplasia. 2020;25(4):237-253.
Zhang H, McElrath T, Tong W, Pollard JW. The molecular basis
of tamoxifen induction of mouse uterine epithelial cell proliferation. J Endocrinol. 2005;184(1):129-140.
Stubbins RE, Holcomb VB, Hong J, Núñez NP. Estrogen
modulates abdominal adiposity and protects female mice
from obesity and impaired glucose tolerance. Eur J Nutr.
2012;51(7):861-870.
Van Pelt RE, Gavin KM, Kohrt WM. Regulation of body composition and bioenergetics by estrogens. Endocrinol Metab Clin
North Am. 2015;44(3):663-676.
Nyrop KA, Williams GR, Muss HB, Shachar SS. Weight
gain during adjuvant endocrine treatment for early-stage
breast cancer: what is the evidence? Breast Cancer Res Treat.
2016;158(2):203-217.

Endocrinology, 2021, Vol. 162, No. 11

19

Endocrinology, 2021, Vol. 162, No. 11

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

regulating Polg1 and mitochondrial remodeling. Sci Transl Med.
2020;12(555):eaax8096.
Wellberg EA, Checkley LA, Giles ED, et al. The androgen receptor supports tumor progression after the loss of ovarian
function in a preclinical model of obesity and breast cancer.
Horm Cancer. 2017;8(5-6):269-285.
Schech A, Yu S, Goloubeva O, McLenithan J, Sabnis G. A
nude mouse model of obesity to study the mechanisms of
resistance to aromatase inhibitors. Endocr Relat Cancer.
2015;22(4):645-656.
Subbaramaiah K, Howe LR, Bhardwaj P, et al. Obesity is associated with inflammation and elevated aromatase expression in the mouse mammary gland. Cancer Prev Res (Phila).
2011;4(3):329-346.
Pfeiler G, Königsberg R, Fesl C, et al. Impact of body mass index
on the efficacy of endocrine therapy in premenopausal patients
with breast cancer: an analysis of the prospective ABCSG-12
trial. J Clin Oncol. 2011;29(19):2653-2659.
Folkerd EJ, Dixon JM, Renshaw L, A’Hern RP, Dowsett M.
Suppression of plasma estrogen levels by letrozole and
anastrozole is related to body mass index in patients with breast
cancer. J Clin Oncol. 2012;30(24):2977-2980.
López M, Lelliott CJ, Tovar S, et al. Tamoxifen-induced anorexia is associated with fatty acid synthase inhibition in the
ventromedial nucleus of the hypothalamus and accumulation of
malonyl-CoA. Diabetes. 2006;55(5):1327-1336.
Barros RP, Gabbi C, Morani A, Warner M, Gustafsson JA.
Participation of ERalpha and ERbeta in glucose homeostasis
in skeletal muscle and white adipose tissue. Am J Physiol
Endocrinol Metab. 2009;297(1):E124-E133.
Cole LK, Jacobs RL, Vance DE. Tamoxifen induces
triacylglycerol accumulation in the mouse liver by activation of
fatty acid synthesis. Hepatology. 2010;52(4):1258-1265.
Larosche I, Lettéron P, Fromenty B, et al. Tamoxifen inhibits topoisomerases, depletes mitochondrial DNA, and
triggers steatosis in mouse liver. J Pharmacol Exp Ther.
2007;321(2):526-535.
Ahn SH, Granger A, Rankin MM, Lam CJ, Cox AR, Kushner JA.
Tamoxifen suppresses pancreatic β-cell proliferation in mice.
PLoS One. 2019;14(9):e0214829.
Estrada-Meza J, Videlo J, Bron C, et al. Tamoxifen treatment in
the neonatal period affects glucose homeostasis in adult mice in
a sex-dependent manner. Endocrinology. 2021;162(7):bqab098.
Stout MB, Scalzo RL, Wellberg EA. Persistent metabolic effects of
tamoxifen: considerations for an experimental tool and clinical
breast cancer treatment. Endocrinology. 2021;162(9):bqab126.
Zhang Z, Park JW, Ahn IS, et al. Estrogen receptor alpha in
the brain mediates tamoxifen-induced changes in physiology in
mice. Elife. 2021;10:e63333.

Downloaded from https://academic.oup.com/endo/article/162/11/bqab174/6354857 by IUPUI University Library user on 24 March 2022

55.

hypertrophy, increased fatty acid secretion, and fatty liver. J Biol
Chem. 2003;278(38):36652-36660.
Verboven K, Wouters K, Gaens K, et al. Abdominal subcutaneous and visceral adipocyte size, lipolysis and inflammation
relate to insulin resistance in male obese humans. Sci Rep.
2018;8(1):4677.
Taylor R, Al-Mrabeh A, Zhyzhneuskaya S, et al. Remission
of human type 2 diabetes requires decrease in liver and pancreas fat content but is dependent upon capacity for beta cell
recovery. Cell Metab. 2018;28(4):547-556.e543.
Ali PA, al-Ghorabie FH, Evans CJ, el-Sharkawi AM,
Hancock DA. Body composition measurements using DXA and
other techniques in tamoxifen-treated patients. Appl Radiat
Isot. 1998;49(5-6):643-645.
Hojan K, Molińska-Glura M, Milecki P. Physical activity and
body composition, body physique, and quality of life in premenopausal breast cancer patients during endocrine therapy – a
feasibility study. Acta Oncol. 2013;52(2):319-326.
Francini G, Petrioli R, Montagnani A, et al. Exemestane after
tamoxifen as adjuvant hormonal therapy in postmenopausal
women with breast cancer: effects on body composition and
lipids. Br J Cancer. 2006;95(2):153-158.
Honma N, Makita M, Saji S, et al. Characteristics of adverse
events of endocrine therapies among older patients with breast
cancer. Support Care Cancer. 2019;27(10):3813-3822.
Sestak I, Harvie M, Howell A, Forbes JF, Dowsett M,
Cuzick J. Weight change associated with anastrozole and tamoxifen treatment in postmenopausal women with or at high
risk of developing breast cancer. Breast Cancer Res Treat.
2012;134(2):727-734.
Gibb FW, Dixon JM, Clarke C, et al. Higher insulin resistance
and adiposity in postmenopausal women with breast cancer
treated with aromatase inhibitors. J Clin Endocrinol Metab.
2019;104(9):3670-3678.
Berry DC, Stenesen D, Zeve D, Graff JM. The developmental origins of adipose tissue. Development. 2013;140(19):
3939-3949.
Wang QA, Tao C, Gupta RK, Scherer PE. Tracking adipogenesis
during white adipose tissue development, expansion and regeneration. Nat Med. 2013;19(10):1338-1344.
Lapid K, Lim A, Clegg DJ, Zeve D, Graff JM. Oestrogen
signalling in white adipose progenitor cells inhibits differentiation into brown adipose and smooth muscle cells. Nat
Commun. 2014;5:5196.
Pike S, Zhang P, Wei Z, et al. In vitro effects of tamoxifen on adipose-derived stem cells. Wound Repair Regen.
2015;23(5):728-736.
Zhou Z, Moore TM, Drew BG, et al. Estrogen receptor
α controls metabolism in white and brown adipocytes by

