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Abstract

Estrogen (E2)-dependent ER+ breast cancer, the most common breast cancer subtype, is also the 

most likely to metastasize to bone and form osteolytic lesions. However, ER+ breast cancer bone 

metastasis human xenograft models in nude mice are rarely studied due to complexities associated 

with distinguishing possible tumoral vs bone microenvironmental effects of E2. To address this 

knowledge gap, we systematically examined bone effects of E2 in developing young (4-week-old) 

vs. skeletally mature (15-week-old) female Foxn1nu nude mice supplemented with commercial 60-

day slow-release E2 pellets and doses commonly used for ER+ xenograft models. E2 pellets (0.05 

– 0.72 mg) were implanted subcutaneously and longitudinal changes in hind limb bones (vs. age-

matched controls) were determined over 6 weeks by dual-energy X-ray absorptiometry (DXA), 

microCT, radiographic imaging, and histology, concurrent with assessment of serum levels of E2 

and bone turnover markers. All E2 doses tested induced significant and identical increases in bone 

density (BMD) and volume (BV/TV) in 4-week-old mice with high bone turnover, increasing bone 

mineral content (BMC) while suppressing increases in bone area (BA). E2 supplementation, which 

caused dose-dependent changes in circulating E2 that were not sustained, also led to more modest 

increases in BMD and BV/TV in skeletally mature 15-week-old mice. Notably, E2-

supplementation induced osteolytic osteosarcomas in a subset of mice independent of age. These 

results demonstrate that bone effects of E2 supplementation should be accounted for when 

assessing ER+ human xenograft bone metastases models.
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1. Introduction

A considerable rate of mortality in women is attributable to estrogen-dependent cancers, of 

which breast cancer is a leading example—1 in 8 women are affected, with one third 

ultimately developing incurable metastatic disease [1]. The use of human xenografts in mice 

to model these conditions, including patient derived xenografts, provides an important 

avenue for optimizing therapies [2–4]. The required use of immunodeficient or 

immunologically humanized mice for these studies is well established [5]. Less well 

recognized, perhaps, are important differences in estrogen metabolism between mice and 

humans that may also affect the modeling of estrogen-dependent breast or other cancers in 

mice. Circulating 17β-estradiol (E2) levels are, on average, 10-fold lower in female mice as 

compared to women [6]. Aromatase expression in mammary tissue and osteoblastic cells in 

bone, which contributes to breast cancer progression and alters bone metabolism in humans, 

is absent in mice [7,8]. Once ovariectomized (OVX), female mice, unlike humans, also lack 

an extragonadal source of precursors for aromatase-mediated conversion to E2 [7]. 

Furthermore, T-cell deficient athymic “nude” mice commonly used for human tumor 

xenograft models, including breast cancer, have even lower circulating E2 levels compared to 

other mice [9,10]. Thus, orthotopic nude mouse models of estrogen receptor-positive (ER+) 

human breast cancer, the most common breast cancer type (>70% [11]), require 

supplementation with supraphysiologic levels of E2 (relative to mouse) to support mammary 

tumor growth [10,12–14].

Bone is a frequent site of breast cancer metastases, particularly for ER+ tumors [15,16]. The 

development of human xenograft models of ER+ breast cancer bone metastasis is therefore 

of great clinical relevance. Most human xenograft breast cancer bone metastasis models in 

widespread use are ER- [3]. Modulation of the estrogenic milieu in ER- bone metastasis 

models in nude mice by OVX and/or E2 supplementation has provided some information 

regarding possible microenvironment-specific effects of E2 relevant to metastatic 

progression in bone [17–23]. However, these data are sparse and lack systematic evaluation 

of dose-dependent estrogenic effects. Published studies investigating E2-supplemented 

human xenograft models of ER+ breast cancer bone metastasis in nude mice are also few in 

number and have not included assessments of dose or age dependent effects of E2 on either 

bone or tumors [22–30]. Indeed, bone (vs. tumoral) effects of the single E2 doses used in 

these studies are only rarely noted [22,28], and pertinent details related to E2 dosing when 

using commercial sustained-release E2 pellets, which are defined by both E2 content and 

duration of release, are often not stated, thus preventing experimental replication [22,24–28].

While dose- and age-dependent E2 effects on bone for immunocompetent mice strains have 

been well described [31–34], a systematic analysis of similar end-points in nude mice is 

lacking. Because strain-specific bone phenotypes and responses to hormonal modulation are 

well known [35,36], including a lack of bone loss in T cell deficient nude mice following 

OVX [37], an evaluation of bone effects of supraphysiologic E2 supplementation in 

immunodeficient nude mice is required in order to optimize experimental designs and 

interpret bone-related outcomes. To address this issue, we report here on dose-dependent 

effects of E2 supplementation on bone when administered to developing vs. skeletally 

mature Foxn1nu athymic nude mice, using commercial subcutaneously implanted E2-
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containing slow-release pellets that are in widespread use to support human tumor growth in 

immunocompromised mice [12–14,22–28,30].

2. Methods

2.1. E2 supplementation of mice.

All animal protocols were approved by the Institutional Animal Care and Use Committee at 

The University of Arizona in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. Female Foxn1nu athymic nude outbred mice (Envigo, 

Indianapolis, IN) were housed in plastic cages in laminar flow isolated hoods with access to 

water and autoclaved mouse chow ad libitum. Sixty-day extended-release 17β-estradiol (E2) 

pellets (0.05, 0.10, 0.18, 0.36, or 0.72 mg, Innovative Research of America, Sarasota, FL) 

were placed subcutaneously in either 4- or 15–16 week-old mice (n=3–8/group). Naïve 

control mice were not supplemented with E2 pellets.

2.2. Bone Imaging.

Complementary bone imaging modalities were used to examine E2 effects on mouse tibiae 

and/or femora during a 6 week period following E2 pellet placement in either young 

developing (4 week) or skeletally mature (15 week) mice. Dual-energy X-ray absorptiometry 

(DXA) and radiographic images (Faxitron UltraFocus 1000, Faxitron Bioptics, Tucson, AZ) 

were obtained weekly in anesthetized mice. Microcomputed tomography (microCT) 

imaging of excised hind tibiae was conducted 2 or 6 weeks post-initiation of E2 

supplementation (Scanco microCT 50, Scanco Medical, Basserdorf, Switzerland) by the 

Endocrine Research Unit at the San Francisco Veterans Affairs Medical Center. Trabecular 

bone in the proximal tibial metaphysis was assessed using 100 serial cross-sectional scans 

(10-μm voxel size) of the secondary spongiosa, extending proximally for 1 mm from the end 

of the primary spongiosa (X-ray energy settings of 55 kVp and 109 μA). Cortical bone in the 

diaphysis of the tibia proximal and adjacent to the tibiofibular joint was analyzed using 40 

serial cross-sectional slices. Quantitative analysis of trabecular bone of the proximal tibial 

metaphysis included: bone volume/total volume (BV/TV, %); trabecular number (TbN, 1/

mm), thickness (TbTh, mm), separation (TbSp, mm); structural mineral index (SMI); and 

connective density (ConnD, 1/mm3). Image analysis and 3D reconstructions, including 

midsagittal cross-sections (as determined by scanning), were performed using manufacturer 

software.

2.3. Blood and serum biomarkers.

Circulating white blood cell counts after 6 weeks of E2 supplementation (vs. age-matched 

controls) were determined using a Hemavet 950DS (Drew Scientific, Miami Lakes, FL). E2 

levels in serum collected 2 or 6 weeks post pellet placement, and stored at −80°C prior to 

assay, were assayed by the University of Virginia Center for Research in Reproduction 

Ligand Assay and Analysis Core using a commercially available mouse/rat estradiol ELISA 

(Calbiotech, El Cajon, CA)[38]. Markers of bone formation (rat/mouse P1NP) or resorption 

(mouse TRAcP 5b) were assayed in fasting serum collected 2 weeks after start of E2 

supplementation (vs. age-matched controls) using commercially available ELISAs 

(Immunodiagnostic Systems, United Kingdom) [22,25].
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2.4. Bone Histology.

Hind limbs were removed 6 weeks post-pellet placement from E2 supplemented vs. age-

matched control mice, fixed, decalcified and paraffin-embedded for histologic analyses. 

Midsagittal (approximate depth of 400–600 μm) 5-μm sections were stained with 

hematoxylin and eosin (H&E) to assess estrogenic effects on bone and bone marrow [39]. 

Multinucleated osteoclasts were identified by tartrate-resistant acid phosphatase (TRAP) 

staining [Acid Phosphatase, Leukocyte (TRAP) Kit, Sigma Aldrich, St. Louis, MO][39] and 

hematoxylin stained osteoblasts were identified as mononuclear cuboidal cells lining bone 

surfaces [40,41]. Osteoclasts or osteoblasts lining trabecular bone surfaces were identified in 

a blinded fashion 0.25 mm below the proximal tibial growth plate and reported as cell 

number per mm of bone surface (BS) [40] or per tissue area (mm2). Immunohistochemical 

staining using a polyclonal antibody recognizing human and murine Special AT-Rich 

Sequence-Binding Protein 2 (SATB2; #bs-11949R, Bioss Antibodies, Woburn, MA), a 

nuclear protein in osteoblast lineage cells used clinically to identify osteosarcomas [42,43], 

was performed using previously described methods and controls [39,44] and antigen 

unmasking with citrate buffer (pH 6.0; Thermo Fisher Scientific, Waltham, MA) at 60°C 

overnight.

2.5. Statistical Analysis.

Data are reported as mean ± SEM. Statistical differences were determined using one- or 

two-way analyses of variance (ANOVA) with Tukey, Bonferonni, or Newman-Keuls post-

hoc testing or test for linear trend (for AUC), as indicated (Prism 6.0 software, Graphpad, 

San Diego, CA). Statistical significance was defined as p≤0.05 with all p-values two-sided.

3. Results

3.1. Effects of E2 on bone acquisition vary with skeletal age, but were not dose-
dependent

In naïve control mice, tibial bone mineral content (BMC, Fig 1A) and bone area (BA, Fig 

1B) increased steadily from 4 weeks of age, achieving maximal levels by 15 weeks (53% 

increase, p≤0.0001) and 10 weeks of age (23% increase, p≤0.0001), respectively. When E2 

supplementation was begun in 4-week-old female nude mice, an age frequently used for ER- 

and ER+ breast cancer bone metastasis models [3,17,24,30,45–47], BMC was further 

stimulated by all doses tested, increasing by 32% (relative to age matched controls after 6 

weeks of supplementation) in a fashion that was not dose dependent (Fig 1A). In contrast, E2 

suppressed the normal increase in BA in these developing mice, again in a fashion that was 

not dose-dependent, resulting in BA 10% lower than age-matched controls (Fig 1B). These 

dichotomous effects of E2 supplementation on BMC and BA in 4-week-old mice resulted in 

an areal bone mineral density (BMD = BMC/BA) 45% higher than age-matched controls 

after 6 weeks of supplementation (Fig 1B, inset). When E2 supplementation was instead 

begun at 15 weeks of age, after maximal BMD and BA had already been achieved (referred 

to as skeletally mature mice), E2 induced an increase in BMC after 6 weeks of 

supplementation that was similar in magnitude to young mice (28% increase relative to age 

matched controls, Fig 1A). However, BA was unchanged (Fig 1B). Thus, the E2-induced 

increase in BMD in skeletally mature mice (26% vs age-matched controls) was less than in 
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younger mice (Fig 1B inset), as was also evident from histologic examination of midsagittal 

tibial sections of young vs skeletally mature E2-supplemented mice (Fig 2).

3.2. Effects of E2 on bone microarchitecture vary with skeletal age, but were not dose-
dependent

Increases in diaphyseal cortical bone and metaphyseal trabecular bone were evident in 

reconstructed microCT images of young or skeletally mature mice tibiae 6 weeks following 

the start of E2 (0.72 mg) treatment, as compared to age-matched (10 or 21 week) controls 

(Fig 3A). Trabecular BV/TV (Fig 3B, first panel) increased in E2-treated mice and achieved 

values in young mice that exceeded those in skeletally mature mice (91% vs 59%, 

respectively, for 0.72 mg E2 dose, p≤0.0001). TbN increased similarly in young and 

skeletally mature mice in response to E2, while TbTh only increased in young E2-treated 

mice (Fig 3B), with neither change in young mice being statistically E2 dose-dependent. 

Interestingly, ConnD (Fig 3B), which does not correlate with absolute density [48], only 

increased significantly in skeletally mature mice in response to E2 supplementation. SMI 

(Fig 3B), a measure of bone microarchitecture that typically approaches 0 for plates vs 3 for 

rods, with concave surfaces yielding negative values [49,50], averaged 1.7±0.10 in controls 

and yielded negative values for mice supplemented with E2 at 4 weeks of age, consistent 

with their extremely high bone volume fraction [51]. In contrast, E2 supplementation in 

skeletally mature mice, which resulted in smaller increases in BV/TV, did not significantly 

alter SMI. TbSp (Fig 3B), the only variable that differed between 10 vs 21 week control 

mice, decreased significantly and to similar levels in mice of both ages in response to E2 

treatment. This measure of hematopoietic marrow thickness was only 14% or 18% of age-

matched control values in young vs. skeletally mature E2-treated mice, respectively. Given 

this marked reduction in marrow cavity thickness in trabecular metaphyseal bone and 

similarly striking qualitative decreases in diaphyseal bone marrow space (Fig 3A), 

circulating white blood cell levels were examined 6 weeks after supplementation of young 

mice with low (0.05 mg) or high (0.72 mg) E2 (Fig 4). Total white blood cell and 

lymphocyte counts were significantly decreased in young mice treated with the highest (0.72 

mg) E2 doses (vs age-matched controls), with no significant difference between the highest 

and lowest (0.05 mg) doses. Smaller declines in circulating neutrophil numbers (−21% vs 

−53% for lymphocytes) were not statistically significant. There was no evidence of 

splenomegaly, an indication of extramedullary hematopoiesis [52], as measured by spleen 

weight 2 weeks post-pellet in young or skeletally mature mice, as compared to controls 

(n=5/group; data not shown).

3.3. Effects of E2 on bone turnover vary with skeletal age

Serum biomarkers of bone formation (procollagen type 1 N-terminal propeptide, P1NP) and 

resorption (type-5 tartrate-resistant acid phosphatase, TRAcP) were assessed at a time when 

E2-induced changes in BMC and/or BA had not yet reached a maximum (2 weeks post-

pellet) in young and mature mice supplemented with the highest (0.72 mg) dose of E2 (n=5/

group) (Fig 5A). As reflective of their developing skeletons, young (6 week old) control 

mice had significantly higher levels of P1NP than did mature control mice (Fig 5A, left 

panel, p≤0.01), with no differences in TRAcP (Fig 5A, right panel). E2 treatment 

significantly increased both formation and resorption markers in young mice (38% and 48% 
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increase for P1NP and TRAcP, respectively, p≤0.05). By contrast, in mature animals, E2 

treatment did not alter formation markers (Fig 5A, left panel), while resorption markers 

declined by 52%, although this difference did not reach statistical significance (Fig 5A, right 

panel). Notably, both P1NP and TRAcP were 3-fold lower in skeletally mature (vs young) 

E2-treated mice (Fig 5A). Histomorphometric measurements of osteoblast and osteoclast 

numbers were also analyzed in tibiae 2 weeks post-pellet. Consistent with increased P1NP 

values in E2-treated young mice, osteoblast numbers per mm of bone surface were 

increased, though the trend did not reach statistical significance (Fig 5B, left panel). 

However, because the amount of trabecular bone surface (BS) per tissue area also 

significantly increased 2 weeks post-pellet in E2-treated young and mature mice (67.5% and 

123.4% increase vs age-matched controls, respectively [p ≤0.01]), cell counts per tissue area, 

which can influence circulating biomarker levels, were also ascertained (Fig 5C). In young 

mice treated with E2, both osteoblast and osteoclast cell numbers per tissue area were 

significantly increased (Fig 5C) in parallel with increases in circulating levels of P1NP and 

TRAcP (Fig 5A). In mature mice, neither osteoblast nor osteoclast cell number per bone 

surface were altered by E2 treatment (Fig 5B), while cell counts per tissue area tended to 

increase, a trend that did not achieve statistical significance (Fig 5C).

3.4. Circulating E2 levels in E2-pelleted mice were not sustained

Circulating E2 levels in naïve control athymic female mice (4.5±0.9 pg/ml; Fig 6) were 

lower than those reported for post-menopausal women (10 – 20 pg/ml) [53]. Dose-

dependent increases in serum E2 levels were documented 2 weeks post-placement of 60-day 

release pellets, being increased 13-fold in young mice supplementation with the lowest dose 

pellet (0.05 mg) or 299-fold in mice supplemented with the highest (0.72 mg) dose E2 

pellets (Fig 6, 2 weeks). However, these levels were not sustained (Fig 6, 6 weeks). By day 

42 post-E2 pellet placement, elevated circulating E2 levels, while considerably reduced, only 

persisted in mice supplemented with the three highest dose 60-day release pellets (0.18, 

0.36, and 0.72 mg E2), and ranged from 4.0 – 79.1 pg/ml. Evidence of urinary retention, a 

well-characterized side effect of supraphysiologic levels of E2 in nude mouse models 

[54,55], was observed in a subset of young animals (37.5%), and none in mature animals, 

following a median time of 5 weeks of supplementation with the three highest E2 doses 

(0.18, 0.36, and 0.72 mg; n=8/group), though effects were not severe enough for early 

termination of experiments. Uterine weights (a frequent bioassay for estrogenic effects [56]) 

measured at 2 and 6 weeks post-pellet did not change with E2 treatment in these ovary-intact 

mice as compared to controls, irrespective of age or E2 dose (n=4–5/group; data not shown).

3.5. E2 induced osteolytic osteosarcomas

Following E2 pellet placement, osteolytic lesions were evident on radiographic imaging of 

proximal tibiae (Fig 7A) in a subset of mice. Histologically, tumors associated with 

radiographic lesions (Fig 7B) stained positive for SATB2, a nuclear protein in osteoblast 

lineage cells used clinically to identify osteosarcomas [42,43] (Fig 7C, brown nuclear 

staining; with corresponding H&E in Fig 7D); appeared mesenchymal (Fig 7D); and 

contained TRAP+ multinucleated osteoclasts in proximity to bone (Fig 7E; red staining; 

with corresponding H&E in Fig 7F).
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These osteolytic osteosarcomas appeared in tibiae of both E2-pelleted young and mature 

mice as early as 3 weeks post E2 pellet (time-course of young mice pelleted with 0.72 mg E2 

shown in Fig 7G inset). Six weeks post-pellet, visible osteolytic lesions were detected in 38 

– 88% of tibiae in young mice treated with 0.10 – 0.72 mg E2, and ranged in size from 0.18 

– 3.49 mm2, with no detectable lesions in mice pelleted with the lowest E2 dose (Fig 7G, 

n=4–8/group). An E2 dose-dependent trend in lesion size was not statistically different. 

Although the incidence of lesion formation was lower in tibiae of E2-pelleted mature mice 

compared to young mice with the same E2 dose (33% vs 63%, respectively)(Fig 7G, white 

bars), lesion areas were similar (1.49 vs 1.19 mm2, respectively)(Fig 7G, black bars). Sites 

other than hind limbs were not systematically examined for tumor formation.

4. Discussion

Dose or age dependent effects of 17β-estradiol (E2) on bone have not, to our knowledge, 

previously been reported for female nude mice, which are frequently used to study human 

breast cancer xenografts, including bone metastatic tumors [10–14,17–30]. All E2 doses 

tested here (0.05 – 0.72 mg) yielded the same effects on bone acquisition in young mice (as 

measured by BMC, BA, BMD, BV/TV, and trabecular microarchitecture). BMC was 

increased to a similar extent in young and in skeletally mature mice, though gains in BMD 

(and BV/TV in trabecular compartments) were higher in young mice, where suppression of 

normal increases in BA in these growing mice was one additional impact of E2 treatment. 

Although young and mature mice both gained BMD with E2-treatment, mechanisms 

appeared to differ. Already high levels of bone turnover increased further in young mice 

treated with E2, where significant increases P1NP and osteoblast numbers were consistent 

with increased formation driving bone changes, while in skeletally mature mice, E2 effects 

appeared more nuanced. Bone formation markers remained low in E2-treated mature (vs 

young) mice, while TRAcP levels tended to decreased, suggesting decreased resorption was 

contributing to bone increases in these mice. Running counter to this evidence, osteoclast 

numbers in tibiae were somewhat increased. While discordance between histomorphometric 

cell counts and circulating bone turnover biomarkers are not uncommon in mouse models, 

including ovariectomized nude mice, it is also possible that among those osteoclasts noted in 

E2-treated bone were non-functioning cells induced by supraphysiologic levels of E2, as has 

been reported by Gruber et al [20,58–62].

Of note, the range of E2 doses tested here (0.05 – 0.72 mg) encompasses the low end of 

pellet doses specified by the manufacturer for use in immunodeficient mice (0.18 – 1.7 mg). 

Most importantly, because E2 doses of 0.05 – 1.7 mg are required to sustain orthotopic ER+ 

breast cancer tumor growth [10,12–14], the findings presented here suggests that bone 

microenvironment effects of E2 may be unavoidable in human xenograft models of ER+ 

breast cancer.

This marked increase in bone volume resulted in a concomitant decrease in marrow space 

that was associated with a significant decrease in circulating lymphocytes, which, unlike 

humans, are the predominant white blood cell type in the circulation of mice [63]. Because 

inhibitory effects of E2 on the differentiation and proliferation of B lymphocytes are well 

described [64–66], the relative potential contributions of E2-induced loss of marrow space 
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vs. possible direct effects of E2 on B lymphocytes to circulating lymphocyte reductions in 

these T-cell deficient mice cannot be ascertained here. However, decreases in marrow space 

and circulating lymphocytes were documented at a time when E2 release was minimal and 

uterine sizes were unchanged (contrary to reported increases in E2-treated non-OVX mice of 

other strains [52,53,55]), suggesting a possible contribution of the marked reduction in 

marrow space (up to 86% loss in trabecular metaphyses) to decreases in circulating 

lymphocytes.

The range of 60-day release E2 pellet doses tested here succeeded in achieving 

supraphysiologic levels of E2 at the 2-week time-point that were comparable to, or exceeded, 

values present in premenopausal women [53]. However, by 42 days (week 6), E2 levels had 

plummeted and were only notably increased in mice treated with the three highest pellet 

doses (0.18, 0.36, 0.72 mg E2). This lack of sustained E2 release from these commonly used 

commercial pellets is well documented in the literature [56,67] and could influence the in 
vivo growth of E2 dependent tumors.

One unanticipated finding in this study was the occurrence and radiographic detection of 

osteolytic osteosarcomas in young and skeletally mature mice treated with all but the lowest 

dose of E2. These E2-dependent osteosarcomas were located in the proximal tibiae, which is 

also a common location for osteosarcomas in humans [68,69]. E2-induced increases in bone 

formation may be driving the progression of these osteoblastic mesenchymal tumors in E2 

pelleted female nude mice, consistent with previous reports of osteosarcoma formation in 

immunocompetent mice treated orally with E2 from birth [70] or rats treated with 

recombinant human parathyroid hormone (rhPTH; Teriparatide), another anabolic hormone 

[71,72]. From an experimental standpoint, because osteolytic bone metastases frequently 

occur in the proximal tibia in murine models of human breast cancer [3], secondary methods

—other than radiographic imaging—may thus be needed to validate the presence of 

osteolytic human breast cancer bone metastases in E2-treated nude mice, such as 

bioluminescence imaging of luciferase-expressing breast cancer cell lines, or 

immunohistochemical identification of human metastatic tumors with human and/or 

epithelial cell markers.

One limitation of these studies is the use of a single type of immunodeficient mice (nude) 

and a single nude mouse strain (outbred Foxn1nu, Envigo). However, significant increases in 

bone acquisition have also been noted by other investigators in inbred nude mice (BALBc 

[22]) or outbred nude mice from other vendors in response to single doses of the same 

commercial E2 pellets used here [28], suggesting that significant changes in the bone 

microenvironment may occur in all Foxn1nu athymic nude mouse strains used for human 

xenograft models of E2-dependent tumors.

In conclusion, doses of E2 that have been reported to support the growth of orthotopic and 

bone metastatic ER+ breast cancers cause significant changes to the bone microenvironment 

that must be accounted for when assessing human xenograft bone metastases models, 

including the potential development of osteolytic murine osteosarcomas.
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Figure 1. Effects of E2 on bone as measured by DXA and histologic imaging
DXA analysis of total tibial bone mineral content (BMC; A) and bone area (BA; B) (n=6–8/

group) in mice supplemented with the indicated doses of E2 (vs age-matched controls) 

beginning either at age of 4 weeks (young) or 15 weeks (mature). In young mice, E2 

increased BMC and decreased BA without any differences between E2 doses at any time 

point as assessed by two-way ANOVA with Tukey post-test (nor was there a linear trend 

between doses for AUC). *p≤0.05 control vs all E2 doses except 0.10 mg; **p≤0.05 control 

vs all E2 doses; and *** p≤0.05 control vs 0.10 mg and 0.18 mg E2. For skeletally mature 

mice treated with high dose E2, BMC increased while BA was unchanged, **p≤0.01 vs age-

matched control, as assessed by two-way ANOVA with Bonferroni post-test. Inset: Areal 

bone mineral density (BMD) of total tibia 6 weeks after the start of E2 supplementation in 
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young or skeletally mature mice, ^p≤0.0001 vs age-matched controls, with no statistical 

differences between E2 doses (or between 10 vs. 21 week old control mice), as measured by 

one-way ANOVA with Tukey’s post-test.
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Figure 2. Effects of E2 on bone histology
Histologic comparison of H&E-stained, mid-sagittal sections of proximal tibiae following 6 

weeks of E2 supplementation (0.72 mg) in young or skeletally mature mice (vs controls).

Cheng et al. Page 16

Clin Exp Metastasis. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Effect of E2 on bone microarchitecture as assessed by microCT imaging
MicroCT analysis of trabecular bone microarchitecture after 6 weeks of low (0.05 mg) or 

high dose (0.72 mg) E2 supplementation beginning at 4-weeks (young) or 15-weeks 

(mature) of age vs aged-matched controls (10-week and 21-week-old, respectively). A) 
Representative 3D microCT images of cross-sectional tibial diaphyses and midsagittal 

proximal tibiae in E2-treated young or skeletally mature mice vs age matched controls. B) 
Quantitative analysis of trabecular architecture in proximal tibial metaphyses. *p≤0.05, 

***p≤0.001, and ****p≤0.0001 (or n.s. not significant) for E2-treated (vs. age-matched 

controls or group indicated by bar) by one-way ANOVA with Tukey post-test. Control mice 

(10 vs 21 weeks of age) only differed by TbSp values (^<p0.05). BV/TV, bone volume/total 

volume; TbN, trabecular number; TbTh, trabecular thickness; ConnD, connective density; 

SMI, structural model index; TbSp, trabecular separation.
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Figure 4. Effects of E2 on circulating white blood cells
Circulating levels of white blood cells (left panel), lymphocytes (center panel), and 

neutrophils (right panel) 6 weeks post-placement of low (0.05 mg) or high (0.72 mg) E2 

pellets in 4-week (young) mice (vs control) (n= 4/group). *p≤0.05 vs control as measured by 

one-way ANOVA with Tukey’s post-test, with no statistical differences between E2 doses 

(n.s.).
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Figure 5. Effects of E2 on bone turnover
A) Serum biomarkers of bone formation (P1NP; left panel) or bone resorption (TRAcP, right 

panel) 2 weeks after start of E2 (0.72 mg) in 4-week (young) or 16-week (mature) mice vs 

age-matched controls (n=5/group). B) Osteoblast number (left panel) per bone surface 

(N.Ob/BS [mm]) and osteoclast number (right panel) per bone surface (N.Oc/BS [mm]) in 

proximal tibial metaphyses of same mice as in (A) (n=3–5/group). C) The number of 

osteoblasts (left panel) or osteoclasts (right panel) lining trabecular bone are also reported 

per tissue area (N./mm2, n=3–5/group). *p≤0.05 **p≤0.01, or ****p≤0.0001 (or n.s. not 

significant) for E2-treated (vs. age-matched controls or group indicated by bar), as assessed 

by two-way ANOVA with Newman-Keuls post-test.
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Figure 6. Circulating E2 levels in E2-supplemented mice
Time course of changes in serum E2 levels post-placement of commercial 60-day release 

low (0.05 mg) or high dose (0.72 mg) E2 pellets (vs. controls) in 4-week mice (n=4–5/

group). Assay limit of detection = 3.0 pg/ml. Typical E2 levels in pre-menopausal (20 – 500 

pg/ml) and post-menopausal (10 – 20 pg/ml) women are indicated by shading for 

comparison [53].
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Figure 7. E2 supplementation induces osteolytic osteosarcomas
Representative radiographic osteolytic lesion in proximal tibia (A, arrow) and corresponding 

midsagittal histologic section (B, H&E stained, arrow) 6 weeks after start of E2 

supplementation (0.72 mg) in 4-week old (young) mice. (C) Immunohistochemical detection 

of SATB2 (see arrow for example of mesenchymal cell with brown-stained nucleus) in 

representative tibial lesion (D, H&E) 6 weeks after start of E2 supplementation (0.36 mg E2) 

in 4-week old mice. (E) TRAP-positive multinucleated osteoclasts (see arrow for example of 

red-stained multinucleated osteoclast) in tibial lesion (F, H&E) 6 weeks after start of E2 

supplementation (0.72 mg) in 4-week old mice. (G) Osteosarcoma incidence (%; white bars) 

and lesion area size (mm2; black bars) in tibiae of young and mature mice six weeks post-

pellet with indicated E2 doses, with time-course of lesion incidence in young mice pelleted 
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with the highest E2 dose (0.72 mg; inset). In young mice that developed osteosarcomas, 

while power was limited due to variable incidences, lesion area was not dose dependent as 

determined by one-way ANOVA.
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