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Abstract
Bone is a biological tissue characterized by its hierarchical organization. This material has the ability to be continually 
renewed, which makes it highly adaptative to external loadings. Bone renewing is managed by a dynamic biological process 
called bone remodeling (BR), where continuous resorption of old bone and formation of new bone permits to change the 
bone composition and microstructure. Unfortunately, because of several factors, such as age, hormonal imbalance, and a 
variety of pathologies including cancer metastases, this process can be disturbed leading to various bone diseases. In this 
study, we have investigated the effect of breast cancer (BC) metastases causing osteolytic bone loss. BC has the ability to 
affect bone quantity in different ways in each of its primary and secondary stages. Based on a BR mathematical model, 
we modeled the BC cells’ interaction with bone cells to assess their effect on bone volume fraction (BV/TV) evolution 
during the remodeling process. Some of the parameters used in our model have been determined experimentally using the 
enzyme-linked immune-sorbent assay (ELISA) and the MTT assay. Our numerical simulations show that primary BC plays 
a significant role in enhancing bone-forming cells’ activity leading to a 6.22% increase in BV/TV over 1 year. On the other 
hand, secondary BC causes a noticeable decrease in BV/TV reaching 15.74% over 2 years.

Keywords Bone · Bone remodeling · Breast cancer · Bone volume fraction · Mathematical modeling

1 Introduction

Breast cancer is the most common disease affecting 
women worldwide. According to (Labrie 2015), 1,1 billion 
women are susceptible to be affected by 2025. Nowadays, 
60% of cases are diagnosed as hormonal dependent, usu-
ally sensitive to estrogen (E) and progesterone (PR) hor-
mones (Lumachi 2015). After migration, BC tumor cells 
affect directly the bone cells by secreting different types 

of cytokines. Those interactions most often lead to osteo-
lytic morbidity or also osteoblastic and mixed morbidities 
(Kozlow and Guise 2005). Apart from the direct effect of 
breast cancer on bone cells occurring when BC metastasizes 
to bone, primary tumor cells can also affect bone through 
circulation of their secreted substances inducing perturbed 
bone growth (Chiou et al. 2021).

Bone tissue deterioration because of BC is tightly related 
to the disruption of bone metabolism. BR, as a controlling 
mechanism, is a biochemical process monitored by many 
biological and mechanical factors. In order to maintain 
bone strength, the BR mechanism allows the renewal of 
bone matrix through the balance of resorption and forma-
tion phases. Osteoclasts and osteoblasts are the main bone 
cells interacting in the so-called basic multicellular units 
(BMU) during this process. After the activation of mecha-
nosensory bone cells called osteocytes, which are located 
in the bone matrix, the osteoclasts resorbing the bone, are 
activated. Thereafter, osteoblasts arrive into the created bone 
gap and start to form the new bone matrix. There are many 
biological factors controlling bone cells’ behavior during 
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the process. RANKL/RANK/OPG pathway, which was dis-
covered in the mid-90s, is a major signaling pathway that 
was enormously investigated by researchers to understand 
and explain the bone cell and cell–cell interactions. It con-
sists of three essential molecules: (i) the receptor activator 
of nuclear factor (NF)-ҡB (RANK) expressed by osteoclasts, 
(ii) the receptor activator of nuclear factor (NF)-ҡB Ligand
(RANKL), and (iii) osteoprotegerin (OPG) released by
osteoblasts. This system controls osteoclasts’ differentiation
and activation during BR. RANK–RANKL binding stimu-
lates the osteoclastogenesis, while OPG–RANKL binding
protects the bone from excessive resorption by preventing
RANK–RANKL binding.

Several mathematical models had been proposed and 
developed in order to study bone cells' behavior and explain 
the experimental observations related to bone biology dur-
ing the remodeling cycle. Most of them are based on (Frost 
1969; Mullender and Huiskes 1997) theories, which, respec-
tively, study the bone mass variation based on local deforma-
tion and deformation energy density during the process. In 
2003, the first dynamic model considering bone cells behav-
ior has been proposed by Komarova et al. (2003), where 
autocrine and paracrine interactions among osteoclasts and 
osteoblasts are included. Based on this work, and others, 
(Lemaire et al. 2004) constructed another dynamic model 
incorporating RANKL/RANK/OPG biochemical pathway 
effect in addition to other biochemical factors controlling 
the BR process. In 2008, Lemaire’s model has been further 
developed by Pivonka et al. (2008), then analyzed to find out 
an accurate model structure based on RANKL and OPG’s 
expression on osteoblasts at different stages of maturation.

The mathematical models of BR have been used in sev-
eral studies to represent the pathophysiological mechanism 
within a diseased bone. Each of osteoporosis, Paget’s disease 
of bone, cancer-related bone degradation such as multiple 
myeloma and prostate cancer have been investigated in the 
literature using BR mathematical models (Ait Oumghar 
et al. 2020; Oumghar et al. 2021). Nevertheless, breast can-
cer effect on BR has not been studied in detail.

In the present work, we seek to study the effect of breast 
cancer on the variation of bone volume fraction (BV/TV) via 
a mathematical modeling of the BR disturbance at the pri-
mary and metastatic stages of breast cancer. Model param-
eters for breast cancer were determined experimentally by 
enzyme-linked immunosorbent (ELISA) and MTT assays. 
The primary BC has been represented by the effect of extra-
cellular vesicles (EV) released by tumor on RANKL, inter-
lukeine-6 (IL-6), and OPG secretion by osteoblasts. For the 
secondary BC, it has been represented by including their 
secretion of parathyroid hormone-related peptide (PTHrP), 
IL-6, dickkopf-1 (DKK-1), wingless-related integration site 
(Wnt), and RANKL effect on RANKL/RANK/OPG path-
way perturbation. Additionally to BC effect, estrogen’s level 

influence on the BR process has been considered to reflect 
the menopausal state.

The steps followed in this study are:(i) a thorough litera-
ture study to identify the relationship between breast cancer 
and osteoporosis (explanatory figures have been elaborated), 
(ii) proposed a mathematical model of bone remodeling with
the effect of primary cancer, (iii) mathematically model the
effect of secondary breast cancer, and (iv) carry out experi-
mental trials to determine the model parameters in relation
to breast cancer.

2  Breast cancer/bone biology

After menopause, ovaries cease to produce estrogen. But 
concurrently, the hypothalamus continues to release the 
gonadotropin-releasing hormone (GnRH) entering in E 
stimulation through dehydroepiandrosterone (DHEA) and 
dehydroepiandrosterone sulfate (DHEA-S) actions (Labrie 
2015) (Fig. 1). DHEA activates of aromatase conversion of 
androgen into estrogen (De Mukhopadhyay et al. 2015) and 
DHEA-S is converted to estradiol by means of breast tissue 
secreted enzymes such as 3β-HSD and 17β-HSD1 (Bhard-
waj et al. 2019). Breast tissue is mainly composed of two 
epithelial cell types: (i) the luminal epithelial cells (LECs) 
and (ii) the basal myoepithelial cells (MECs) (Kiesel and 
Kohl 2016). These cells express various receptors including 
estrogen receptors (ER), progesterone receptor (PR), and 
RANK.

In our model tumor cells proliferation would be con-
trolled by only E in primary BC state and by E, RANKL, 
Wnt, IL-6, and TGFβ available in bone microenvironment 
in secondary BC state.

According to (Mundy 2002), bidirectional interactions 
are created between BC metastatic cells and bone cells in 
the bone microenvironment creating a vicious cycle lead-
ing to osteolytic lesions and tumor growth. BC tumor cells 
secrete various cytokines such as RANKL, parathyroid hor-
mone (PTH) and the group of interleukins IL-1, IL-6, IL-8, 
macrophage colony-stimulating factor (M-CSF), DKK-1, 
prostaglandin E2 (PGE2), and PTHrP (Clézardin 2011). 
Those cytokines inhibit bone formation and stimulate bone 
resorption (Fig. 2). Besides, BC tumor cells RANK expres-
sion makes the bone microenvironment favorable for their 
proliferation (Blake et al. 2014). During bone resorption, 
some bone growth factors are released in the bone micro-
environment such as vascular endothelial growth factor 
(VEGF), insulin-like growth factor (IGF), fibroblast growth 
factor (FBFs), and the transforming growth factor β (TGFβ) 
(Salamanna et al. 2018). All those substances are promoting 
epithelial tumor cell proliferation of which TGFβ stimulate 
additionally the PTHrP expression by tumor cells.



3  Material and methods

3.1  Formulation of a mechanistic bone cell–BC cell 
interaction model

Based on the understanding of the link between BC and 
bone presented in the previous section (Figs. 1 and 2), we 
developed a mathematical model which extends the bone 
cell population model of (Pivonka et al. 2008; Scheiner 
et al. 2013) toward BR–BC cell interactions, by incorporat-
ing estrogen and BC secreted factors into the biochemical 
pathways of the BR process. In this work, the normal BR 
model of Pivonka et al. (2008; Scheiner et al. 2013) has been 
simulated using (Wang et al. 2011) parameters and DKK-1, 
Wnt, and IL-6 effect in normal conditions have been added 
before calibration (see Appendix). Based on this model, we 
added primary BC effect through the extracellular vesicles 
(EV) particles effect on IL-6, RANKL, and OPG concentra-
tions; and secondary BC effect through their secreted factors 
in the bone microenvironment (Fig. 3).

3.1.1  Modeling primary BC–BR model

In its premetastatic stage, breast cancer is capable to affect 
the bone microenvironment. According to (Chiou et al. 2021), 

tumor-derived factors induce an abnormal mineralized bone. 
Based on their experiments, authors have detected an increase 
in bone thickness and BV/TV in both cortical and trabecular 
bone. This enhancement of bone formation has been justified 
by the action of tumor signals action on osteoblasts behavior. 
For the BC case, the EV target the bone microenvironment and 
could be taken up by bone cells causing the observed alteration 
in bone architecture and quality (Chiou et al. 2021).

To mimic the EV effect on bone cells behavior, we have 
considered the results of (Loftus et al. 2019), which provided 
the effect of EV secreted by ER + breast cancer cells MCF-7 
on osteoblasts. Accordingly, eightfold increase, twofold 
increase, and fourfold decrease in RANKL, IL-6, and OPG 
production by osteoblasts have been detected, respectively. To 
model those interactions, we have made modifications upon 
the normal BR model (Table 1).

Each of FEV,RANKL,FEV,OPG, and FEV,IL6 depends on BC 
cells’ concentration in the breast environment C

T ′ . In the fol-
lowing equation, we represent the differential equation of 
tumor cells concentration evolution over time:

(1)
dC

T � (t)

dt
= P

T ��
T �

act,E
ln

(
C
T �max

C
T �

)
C
T �

Fig. 1  Schematic representation of breast cancer cell formation, 
growth, and proliferation under estrogen and progesterone actions 
in postmenopausal women. GnRH stimulates DHEA and DHEA-S 
secretion by ovaries and adrenal glands through the action of ACTH 
synthesis. DHEA and DHEA-S mediate E production by periph-
eral sites including the breast. LEC cells expressing ER proliferate 
due to increased E leading to DNA damage. Besides E, PR produc-

tion by adrenal gland increases under LH effect and stimulates LEC 
PR + cells’ proliferation and their secretion of RANKL. RANKL 
induces the proliferation of LEC ER + and PR-cells and MEC cells 
expressing RANK. Tumor cells created because of excessive prolifer-
ation inhibit their differentiation into adipocytes leading to increased 
E. (Developed by the authors)



The activation function of tumor proliferation �T
�

act,E
 is 

the Hill action function of E, P
T ′ is the proliferation rate 

of primary BC cells, and C
T �max is the carrying capacity of 

primary BC cells concentration.

3.1.2  Modeling secondary BC–BR model

In Fig. 4, the BC–bone cells interaction considered in the 
formulation of our mathematical model is presented. The 
main biochemical factor incorporated in the model is: 
the RANK/RANK/OPG pathway regulating osteoclasts’ 
differentiation; Wnt and DKK-1 regulating osteoblasts 

Fig. 2  Schematic representation of breast cancer (BC) tumor cells interactions with bone cells in the bone microenvironment during BR process 
in postmenopausal women. BC cells. (Developed by the authors)

Fig. 3  Modification steps of the bone remodeling process to incorporate the effect of primary and secondary BC cells



differentiation,  TGFβ regulating osteoblasts’ differentia-
tion, osteoclasts apoptosis, and tumor cells proliferation; 
and PTH, PTHrP, IL-6, and estrogen regulating RANKL 
and OPG’s concentrations.

Wnt and DKK-1 concentrations increases in women with 
breast cancer (Lamb et al. 2013; Kasoha et al. 2018), where 
DKK-1 inhibits Wnt production by tumor cells. DKK-1 
is only secreted by BC cells after metastasis based on our 
ELISA experimentations (Table 2).

PTHrP, IL-6, and E levels inf luence preosteo-
clasts’ differentiation through the activation function 
of RANK–RANKL binding. Both the OPG concentra-
tion COPG and the maximum concentration of RANKL  
CRANKLmax are regulated by PTH, PTHrP, IL-6, and E. 
PTH, PTHrP, and IL-6 repressing OPG production and 
stimulating the RANKL one, while E stimulating OPG 
production and repressing the RANKL one (Table 3).

Table 1  Description of the 
biochemical factors’ integration 
modification in the BR model 
under primary BC

Original function Modified function

CRANKLmax = RRL,OBpCOBp�
Ligand

RANKL
CRANKLmax = RRL,OBpCOBp�

Ligand

RANKL
F
EV,RANKL

F
EV,RANKL = LEV,RANKLCT �

COPG =
(�OBa,OPGCOBa)�

Ligand

OPG

(�OBa,OPGCOBa)�Ligandrep,OPG

COPGmax
+D̃OPG

COPG =
(�OBa,OPGCOBa)�

Ligand

OPG
FEV,OPG

(�OBa,OPGCOBa)�Ligandrep,OPG
FEV,OPG

COPGmax
+D̃OPG

FEV,OPG = LEV,OPG∕CT �

CIL6 =
(�IL6COBa)�IL6

act,TGF

(�IL6COBa)�
IL6
act,TGF

CIL6max
+D̃IL6

CIL6 =
(�IL6COBa)�IL6

act,TGF
FEV,IL6

(�IL6COBa)�
IL6
act,TGF

FEV,IL6

CIL6max
+D̃IL6

F
EV,IL6 = LEV ,IL6CT �

CE = constant CE = 8.151 × 101pM

(postmenopausal women)

Fig. 4  Schematic representation of secondary breast cancer tumor cells interactions with bone cells during BR process (Developed by the 
authors)



In this model, each of DKK-1, Wnt, PTHrP, and IL-6 are 
synthetized by BC tumor cells. BC cells’ concentration in the 
bone microenvironment C

T
 is determined by Eq. 2.

 X
T
 is the migration rate of primary BC cells, P

T
 is the prolif-

eration rate of metastatic BC cells, and C
Tmax is the carrying 

capacity of secondary BC cells concentration. In this work, 
we presume that the proliferation action starts after a migra-
tion of a specific amount of primary BC cells (Del Monte 
2009), and we consider two scenarios: (i) BC primary cells 
keep migrating after reaching their maximum amount in the 
breast and X

T
≠ 0 (ii) BC primary cells stop migrating into 

the bone and only proliferation is considered X
T
= 0.

(2)
dC

T (t)

dt
= X

T
C
T �max + P

T
�T

act
ln

(
C
Tmax

C
T

)
C
T

The activation function of tumor proliferation �T

act
 

depends on the Hill action function assembling the effect 
of  TGFβ, Wnt, RANK–RANKL, and E (Eq. 3). No syner-
gic interaction is supposed between these cytokines.

3.2  Algorithmic model formulation

The present model has been implemented by taking into 
consideration two driving inputs: (i) the BC models, and 
(ii) the mechanical loadings. The BC permitted to impact
bone cells behavior through EV’s action or by their bio-
chemical secretions that impact the RANK/RANKL/OPG
pathway, while the mechanical stimuli affected bone cells
through the Πmech

act,OBp
 and Pmech

RANKL
 functions. Resulted BV/

TV controlled by bone cells closes the mechanical feed-
back loop (Fig. 5). The model differential equations have
been resolved on a diurnal timescale over 1 year for nor-
mal conditions, 3 years for menopause, 1 year for primary
BC, and 2 years for secondary BC. The integrity of our
model equations has been programmed on MATLAB soft-
ware and all the dynamic behaviors of drugs and cells have
been calculated using numerical integration by the fourth-
order Runge–Kutta method.

(3)
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Table 2  The results of the ELISA and MTT assay

Parameter Value Unit Assay

D̃DKK1
1.525×10−1 1/day ELISA

�OBa,DKK1 1.18×105 1/day ELISA
�OBa,IL6 2.085×104 1/day ELISA
�OBp,RANKL 1.6242×102 pM/day ELISA
�T,RANKL 3.83×10−8 pM/day ELISA
�OBp,DKK1 0 1/day ELISA
�T ,DKK1 1.09×105 1/day ELISA
�OBa,IL6 3.16×104 1/day ELISA
�T ,IL6 8.4×103 1/day ELISA
RRL,T 4.06×104 pM ELISA
�T ,RANK 1.07×10−4 pM ELISA
PT ′ 2.57 × 10−1 1/day MTT

Table 3  Description 
of biochemical factors 
incorporation in the BR model 
under metastatic breast cancer

Original function Modified function

CWnt =
�Wnt.�rep,DKK1

D̃Wnt

CWnt =
(�Wnt+�Wnt,TCT )�rep,DKK1

D̃Wnt

�Wnt,T = �max
Wnt,T

e(t−tWnt )∕�Wnt+�min
Wnt,T

∕�max
Wnt,T

e(t−tWnt )∕�Wnt+1

CDKK1 =
�DKK1.COBa

D̃DKK1

CDKK1 =
�DKK1,TCT

D̃DKK1

�RANKL = �OBp,RANKL �RANKL = �OBp,RANKL + �T,RANKL

CRANKLmax = (RRL,OBpCOBp + RRL,TCT )�
Ligand

RANKL

CPTH =
�PTH

D̃PTH
CPTH =

�PTH+�PTHrPCT�
PTHrP
act,TGF

D̃PTH

CIL6 =
(�IL6COBa)�IL6

act,TGF

(�IL6COBa)�
IL6
act,TGF

CIL6max
+D̃IL6

CIL6 =
(�IL6,OBaCOBa+�IL6,TCT)�IL6

act,TGF

(�IL6,OBaCOBa+�IL6,T CT)�IL6act,TGF

CIL6max
+D̃IL6

CE = constant CE = 8.151 × 101pM

(postmenopausal women)



3.3  Experimental study

3.3.1  ELISA assay

The ELISA assay has been used to quantify experimentally 
the concentration of some factors released by human active 
osteoblasts (HOB) and ER + breast cancer cells MCF-7. 
MCF-7 cells have been chosen being a BC cell line with 
ER + and being widely used in in vitro experimentation. 

HOB C-12760 and their basal growth medium have been 
purchased from PromoCell company; and MCF-7 ATCC® 
HTB-22™ with their culture medium Eagle's Minimum 
Essential Medium have been purchased from the American 
Type Culture Collection (ATCC) center.

DKK-1, IL-6, RANK, and RANKL expression have been 
quantified for OBa and MCF-7 cells (Table 4). In order to 
mimic the metastatic environment, different experimen-
tal conditions have been established (Table  5). RANK 

Fig. 5  Schematic representation of the algorithm of implemented 
model. The two-way model: (i) mechanical solicitation by the SED 
and (ii) biological solicitation by BC cancer effects. The primary BC 
drives the BR model through FEV,RANKL , FEV,OPG , and FEV,IL6 , while 

the biological feedback between BR model and metastatic BC model 
is mediated by Wnt, DKK-1, IL-6, and PTHrP concentrations. BV/
TV values obtained from the BR update the SED value in each step

Table 4  Model parameters quantification: conditions and ELISA method description

Parameter Definition ELISA condition

�OBa,DKK1 Production rate of DKK-1 by one OBa ELISA condition 1 with OBa secretion
�OBa,IL6 IL-6 production by one OBa per day ELISA condition 1 with OBa secretion
�OBp,RANKL Production rate of RANKL by OBp after metastasis ELISA condition 2 with OBa secretion
�T ,RANKL Production rate of RANKL by BC tumor cells after metastasis ELISA condition 3 with MCF-7 secretion
�T ,DKK1 Production rate of DKK-1 by BC tumor cells after metastasis ELISA condition 3 with MCF-7 secretion
�OBa,IL6 Production rate of IL-6 by OBa after metastasis ELISA condition 2 with OBa secretion
�T ,IL6 Production rate of IL-6 by BC tumor cells after metastasis ELISA condition 2 with MCF-7 secretion
RRL,T RANKL concentration expressed by one BC tumor cell surface ELISA condition 2 with MCF-7 secretion
�T ,RANK RANK concentration expressed by one BC tumor cell surface ELISA condition 3 with MCF-7 Lyse

D̃DKK1
Degradation rate of DKK-1 ELISA condition 1 with MCF-7 secretion

Table 5  Cells culture conditions 
for ELISA assays

Cell ELISA condition 1 ELISA condition 2 ELISA condition 3

OBa Osteoblast growth medium MCF-7 supernatant –
THP-1 DMEM MCF-7 supernatant –
MCF-7 DMEM OBa supernatant THP-1 supernatant



and RANKL expression by MCF-7 has been absent in the 
presence of OBa supernatant. Hence, we cultured MCF-7 
in THP-1 cells’ supernatant, as they also exist in the bone 
microenvironment.

Cell-conditioned media were collected for the studied 
cell types, and their numbers were quantified after 24 h of 
secretion (Fig. 6). Using a 96-well plate we have established 
the ELISA protocol and determined the production rates of 
factors contained in a sample of cells secretion (Table 4). In 
contrary for �

T ,RANK determination, MCF-7 cells’ lyse con-
taining MCF-7 fragment instead of their secretion has been 
used to quantify RANK number expressed on the MCF-7 
cells’ surfaces.

3.3.2  MTT assay

In order to determine BC tumor cells proliferation rate in 
primary stage (Eq. 6) (Table 6), we used the colorimetric 
assay named MTT. This method required an incubation for 
24 h of MCF-7 cells in their culture medium DMEM by put-
ting 100 µl/well in 96-well plate. After 24 h, the medium is 
aspirated and 100 µl/well of 10% MTT reagent is added to 
be incubated for 1 to 4 h until the cells turn purple. After 1 h, 
10% MTT is aspirated and 100 µl/well of DMSO is added. 
Finally, the absorbance is recorded at 550 nm. According 
to the intensity variation, we determine the rate of MCF-7 
proliferation.

3.3.3  Results of the experimental study

The results of the ELISA and MTT experiments, to deter-
mine the parameters in relation to the BC, are grouped in 
the table below:

3.4  Model parameters

The parameters used in our model are provided in Tables 7 
and 8. Most of the parameters have been used in previous 
works treating BR mathematical modeling or in works 
studying experimentally cells behavior and their secreted 
biochemical factors.

4  Results and discussion

This study targets the prediction of BV/TV behavior under 
BC disease affecting BR process. The model predicts 
changes in preosteoclasts, osteoblast, and osteoclast con-
centrations together with changes in BV/TV.

4.1  Breast cancer effect on bone remodeling

Figure 7 represents BV/TV variation all over the different 
imposed conditions. In the first year, the model represented 
normal conditions by unchanged bone volume. Afterward, 
the menopause effect has been introduced leading to 0.72% 
of bone loss due to estrogen deficiency after 3 years. This 
moderate decrease in BV/TV has been observed in many 
experimental studies investigating age effect or menopause 
effect on bone quality (Table 9). At the fourth year, pri-
mary BC has been added and an anabolic action on BR 
has been observed leading to a 6.22% increase in BV/TV 
within nearly 1 year even with the persistent menopause 
effect. This increase was in concordance with (Chiou et al. 
2021) results, that prove experimentally an increase of 
2.25 and 4.25% in trabecular and cortical bone, respec-
tively (Table 9). Finally, by secondary BC launching, a 

Fig. 6  General protocol of ELISA assay starting by culturing cells, extracting their supernatant, using the 96-well plate for coating, sampling, 
and adding factors antibodies, then extracting the results using the plate reader

Table 6  MCF-7 proliferation quantification: condition and MTT method description

Parameter Definition MTT condition Description of experimentation

PT ′ Breast cancer primary tumor cell proliferation 
rate

MCF-7 normal medium (DMEM) The viability of cells has been noted every 24 h 
for 3 days



steeper decrease in BV/VT has been observed compared 
to menopause effect leading to a decrease of 14.14% BV/
TV value in the presence of primary cells effect, and of 
15.74% in the absence if primary cells effect. We remark 
a higher bone loss in the study of (Verbruggen et al. 2022) 
compared to our results (Table 9). (Verbruggen et al. 2022) 
noticed a 2% decrease in BV/TV only in 6 weeks using 

4T1 BC cells. The nature of BC cells in addition to the 
probability of inducing nonlinear bone loss could be the 
source of the difference observed.

Keeping the same constant concentration of PTH and 
Wnt, we notice that during menopause estrogen concentra-
tion decrease induces a slight increase in DKK-1 and the 
inflammatory cytokine IL-6. Those behaviors were simulta-
neous to the slight but noticeable increase in OCa and OBp 
concentration. After (Meno/Prim) transition, we observe a 
moderate and a significant decrease in DKK-1 and IL-6, 
respectively, leading to the big decrease in OCa concentra-
tion and a moderate decrease in OBp and OBa concentra-
tions (Fig. 8A, a).

Finally, in the (Prim/Sec) transition, we notice an increase 
in all the studied biochemical factors notably WNT, DKK-1, 
and IL-6. Concurrently to those changes, osteoclasts’ con-
centration experienced a huge increase (Fig. 8B,b).

By increased CRANKLmax due to EV particles effect in 
primary BC, RANKL degradation becomes highly superior 
to its production, leading to less RANKL concentration. 
Reduced RANKL suppresses osteoclastogenesis and less 
bone resorption reduces  TGFβ conducts to higher differen-
tiation of OBp (Fig. 8a).

Table 7  Parameters in the normal bone remodeling model (Bourhis et al. 2010; Wang et al. 2011; Pivonka et al. 2013; Farhat et al. 2017; Pas-
trama et al. 2018; Reeh et al. 2019)

Parameter Value Parameter Value Parameter Value

COBu 3.27 × 10−6 pM D̃IL6
4.99×101 1/day Krep,IL6 2.525×104 pM

COBp,ini 7.67×10−4 pM �Wnt 9×10−3 pM/day Kact,E 9.2307×102 pM
COBa,ini 6.39×10−4 pM �PTH 9.74×102 pM/day Krep,E 2.1×102 pM
COCp 1.28×10−3 pM �OBp,RANKL 1.62×102 pM/day K

OCp→OCa

act,[RANK.RANKL]
4.79×101 pM

COCa,ini 1.07×10−4 pM �OBa,OPG 1.63×108 1/day KA2,RANK 7.19×10−2 1/pM
DOBu 2.646×102 1/day K

OBu→OBp

act,TGF�
4.28×10−4 pM KA1,OPG 5.68×10−2 1/pM

DOBp 4.65×10−1 1/day K
OBp→OBa

rep,TGFbeta
2.49×10−4 pM COPGmax 7.98×102 pM

DOCp 4.097 1/day KOCa→+
act,TGF�

4.28×10−4 CIL6max 8.01×10−1 pM
POBp 5.01×102 1/day KIL6

act,TGF�
4.28×10−4 pM RRL,OBp 3×106

AOBa 3.91×10−1 1/day Kact,PTH 2.09×102 pM �OCp,RANK 10000

AOCa 1.2 1/day Krep,PTH 2.21×10−1 pM �kresCOCa

D̃TGF�

1

D̃RANKL
4.16 1/day Kact,DKK1 2.09×104 pM CE 9.175 × 101 pM

D̃PTH
3.84×102 1/day Krep,DKK1 4.28×10−4 pM kform 3.34×101%/pM.day

D̃OPG
4.16 1/day Kact,Wnt 1.74×105 pM kres 2×102%/pM.day

D̃Wnt
2 1/day Kact,IL6 2.525×104 pM � 0.1

cbm ⎛⎜⎜⎜⎜⎜⎝

18.5 10.3 10.4

10.3 20.8 11.0

10.4 11.0 28.4

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

12.9 0 0

0 11.5 0

0 0 9.3

⎞⎟⎟⎟⎟⎟⎠

Σ −30 MPa � 1×105 pM/day

Table 8  Additional parameters for bone remodeling affected by pri-
mary and secondary breast cancer (Kim et al. 2013; Kim et al. 2015; 
Shizu et al. 2017; Smy and Straseski, 2018; Loftus et al. 2019; Wei 
and Wei, 2019)

Primary breast cancer BC metastasis

Parameter Value Parameter Value

CT ′ ,ini 2.96 × 10−3 pM CT ,ini 1.82 × 10−3 pM
CT ′max 3.73 × 10−2 pM CTmax 1.82 × 10−2 pM
CE 8.151 × 101 pM PT 0.3 1/pM
LEV ,RANKL 3.43 × 10−4 1/pM CE 8.151 × 101 pM
LEV ,OPG 9.40 × 10−11 1/pM �max

Wnt,T 5×103 1/day
LEV ,IL6 4.89 × 10−5 1/pM �min

Wnt,T 5×103 1/day
tWnt 115 days �Wnt 50 days



Over the metastatic period, the inflammatory cytokine 
IL-6 and Wnt have extremely increased (Fig. 8B). In spite 
of the noticeable increase in DKK-1, Wnt kept its pro-
gressive increase by means of cancer cells effect, which 
enhanced OBp formation that directly stimulate osteoclas-
togenesis by producing more RANKL (Table 10). On the 
other hand, the increase in IL-6 contributed to RANKL 
stimulation and OPG repression. Those results explain 
researchers’ observation of RANKL/OPG ratio increase 
in women with the risk of BC or which already suffer 
from BC (Elfar et al. 2017). According to (Rucci et al. 
2004), MCF-7 ER + cells have a great potential to induce 
osteolytic bone lesions and stimulate osteoclastogenesis 
and osteoclast activity. By comparing MCF-7 to a more 
invasive BC cells, it has been observed that they were 

more aggressive vis a vis the bone microenvironment 
in the metastatic state provoking a noticeable bone loss. 
Our findings were in concordance with the experimental 
observations proving that breast cancer emergence induces 
osteolytic lesions (Gregory et al. 2013).

4.2  RANKL/OPG ratio variation in normal 
and affected BR:

The analysis of the biochemical factors effect on the dif-
ferent BR cases deems important for the comprehension 
of each cell behavior and bone volume fraction values as 
well. In this subsection, we are going to compare RANKL/
OPG ratio variation in the normal BR and BR affected 
by primary and secondary BC. This ratio variation effect 

Fig. 7  Bone volume fraction 
change over time through 
four steps: (i) 0 < t < 1 BR in 
normal conditions, (ii) 1 < t < 4 
BR affected by menopause, 
(iii) 4 < t < 4.9 BR affected by 
primary breast cancer through
EV’s, and (iv) 4.9 < tt< 6.9 BR 
affected by the direct effect of
secondary breast cancer. BV/TV
is considered for primary BC (i)
Mig: migration during metas-
tasis and (ii) Mig0: without
migration during metastasis

Table 9  Model validation based on experimental studies. BV/TV values in experimental results have been adjusted to conform the state time 
considered in our numerical model

State Model result Study result Study method Reference

BV/TV Menopause −0.75% −0.98% Women distal tibia images (Wehrli et al. 2008)
−0.51% Women distal radius images (Amin and Khosla, 2012)

Primary BC 6.22% 2.25–4.25% Mice proximal tibia images (Chiou et al. 2021)
Secondary BC −15.74% −32% Mice contra lateral side of femur images (Verbruggen et al. 2022)

−12.17% Bone cylindrical specimens of patients with meta-
static cancer images

(Nazarian et al. 2008)

RANKL/OPG Menopause 0.04 0.045 Measurement by the immunoradiometric method (Liu et al. 2005)
0.079 ELISA assay on blood samples (Azizieh et al. 2019)

Primary BC 0.014 0.08 ELISA assay on human blood samples (Elfar et al. 2017)
0.0015–2.042 ELISA assay on (Kiechl et al. 2017)

Secondary BC 10 0.36 ELISA assay on human blood samples (Elfar et al. 2017)



on BV/TV is exhibited in Fig. 9. After menopause, we 
notice an increase in RANKL/OPG ratio simultaneously 
to an intense bone loss. Concerning the primary BC case, 
RANKL/OPG reaches low levels lifting up to nearly 0 
at the beginning of BC appearance, which means that 
RANKL levels have been extremely decreased. Thereaf-
ter, RANKL/OPG ratio dropped comparably to the meno-
pause case. In spite of the continuous increase in RANKL/

OPG over time, its value stayed under 0.014. By the start 
of secondary BC, RANKL/OPG ratio has experienced an 
increase, which has accelerated after 1 year of BC metas-
tasis. In contrary to primary BC, RANKL/OPG ratio lev-
els in the metastatic BC case have been very high, which 
explains the excessive bone loss in this period.

RANKL/OPG ratio results were similar to the quantita-
tive experimental studies stated in Table 9, except for the 

Fig. 8  Biochemical factors variation in font of bone cells concentra-
tion variation in the main two transition phases of the model. (A,a) 
Transition from menopause to primary BC-affected BR (Meno/Prim), 

and (B,b) transition from primary BC to secondary BC-affected BR 
(Prim/Sec). All the concentrations have been normalized based on the 
initial values in normal condition BR

Table 10  Results of estrogen, IL-6, and PTH domination on RANKL and OPG concentration and Wnt and  TGFβ domination on OBu differen-
tiation

Factors Function BR Menopause BR-primary BC BR-secondary BC

Estrogen Activation of OPG production 9.473 × 10−1 9.473 × 10−1 1.5092 2.096 × 10−1

Repression of RANKL production 2.8184 2.8185 2.9509 2.9509

IL-6 Repression of OPG production 1.9004 1.9004 3.2419 × 10−15 3.2227 × 10−7

Activation of RANKL production 3.0003 × 10−5 3.0003 × 10−5 7.1393 × 10−16 3.2227 × 10−7

PTH Repression of OPG production 1.523 × 10−1 1.523 × 10−1 1.4908 2.07 × 10−1

Activation of RANKL production 1.814 × 10−1 1.815 × 10−1 4.91 × 10−2 4.91 × 10−2

Wnt Activation of OBu differentiation 2.5861 × 10−7 2.5861 × 10−7 2.5149 × 10−7 1.08 × 10−2

TGFβ Activation of OBu differentiation 2 2 2 1.9892



metastatic BC case where our model reveals high levels 
of RANKL/OPG comparably to (Elfar et al. 2017). This 
could be due to the difference between blood and bone 
microenvironment in terms of RANKL and OPG concen-
trations or to our over stimulation of RANKL production 
compared to OPG, which lead to surpass the normal levels 
of RANKL in the area.

4.3  Biochemical factors contribution in RANKL 
and OPG production

Based on the outcomes presented in Fig. 9, RANKL and 
OPG concentrations are the most influencing variables on 
BV/TV in the entire studied cases. For this reason, we stud-
ied the domination of the other biochemical factors, notably 
Estrogen, IL-6, and PTH, on those two concentrations’ level 
(Table 10). Other than RANKL and OPG concentrations, 
we studied the domination of Wnt and  TGFβ on osteoblasts 
differentiation as osteoblasts are the main RANKL and OPG 
secreting cells as well.

A t  t h e  s t e a d y  s t a t e , 
�Fact1
act∕rep

∕((�Fact1
act∕rep

+ �Fact2
act∕rep

+ �Fact3
act∕rep

)∕3) is calculated for 

each factor. Results have shown that in the normal case, IL-6 
was dominating the control of OPG release, while RANKL 
concentration was mainly controlled by estrogen effect. Con-
cerning the primary breast cancer case, OPG concentration 
was dominantly controlled by PTH, while RANKL concen-
tration was mainly regulated by estrogen given the reduced 
IL-6 concentration (Fig. 8A). As well as primary BC case, 
in metastatic BC case, OPG concentration was dominated 
by PTH, and RANKL concentration was dominated by 
estrogen.

4.4  Model parameters impact

In other to quantify the effect of the biological factors’ 
parameters in each BR–BC model, we have variated all 
the parameter permitting the transition from normal BR 
to BC-affected BR. For primary BC, first we variated each 
ofL

EV ,IL6 , LEV,OPG , and LEV,RANKL separately but no changes 
have been noticed except for L

EV ,RANKL  that induced a 0.1% 
decrease in BV/TV. Then, we set their values at 0 and inves-
tigated the effect of each parameter on the model after being 
added (Fig. 10). The most influencing factor was LEV,RANKL 
leading to a very noticeable increase in BV/TV reaching 

Fig. 9  RANKL/OPG ratio variation during BV/TV variation in (a) menopause condition, (b) primary BC conditions, and (c) secondary BC con-
ditions



6.75%, then followed by LEV,OPG that induced a 1.56% 
decrease in BV/TV, while LEV,IL6 had no significant effect.

For secondary BC case, we studied the effect of biochem-
ical factors production rates effect on BV/TV behavior. In 
Fig. 10B, we can observe that �

T ,Wnt was the only param-
eter boosting bone gain by inducing a 77.94% of BV/TV 
increase. Otherwise, the other parameters, except �OBa,IL6 , 
�
T ,DKK1, and �

T ,IL6 led to moderate to small changes in BV/
TV,�

T ,RANKL ; �
T ,PTHrP , and R

T ,RANKL  leading, respectively, 
to 14.17, 0.21 and 0.31% of bone loss, and �

T ,RANK leading 
to a 0.01% of bone gain. In contrary to those parameters, the 
model has been very sensitive to �OBp,RANKL thus, by making 
a small variation in this last BV/TV has dropped by 36.78%. 
Under all those results, we conclude that RANKL produc-
tion alteration is the most critical parameter in both models. 
Those results show that breast cancer still has more influ-
ence on bone remodeling regardless of the available estrogen 
concentration. Not to mention that estrogen enhances tumor 
cells growth, thereby enhancing cancer’s negative impact 
on the bone.

5  Conclusion

In this work, we propose a BR–BC mathematical model 
where parameters are experimentally determined. The 
obtained results were in agreement with initial assumptions 
of the model, with literature, and with experimental studies 
results whether in terms of BV/TV or RANKL/OPG ratio. 
In the model, (i) RANKL production was the main control-
ling parameter of the primary BC–BR model being able to 
reflect the osteoblastic lesions caused by EV’s action, (ii) 

The vicious cycle represented in the secondary BC–BR 
model has been able to reflect the osteolytic lesions caused 
by BC metastasis, and (iii) BC had higher effect on BR than 
menopause.

The experimentations elaborated in this work permitted 
us to reflect the real response and influence of each bio-
chemical factor involved in the remodeling and to make 
some assumption regarding the primary BC distant effect 
phenomenon, which is not quite investigated by biologists. 
However, taking into consideration many parameters made 
the models complicated and hard. In addition, a perfect 
in vitro representation of the metastatic environment has 
been difficult to create, which could influence our results 
to some extent. Besides, considering instantaneous miner-
alization could limit the accuracy of the results especially 
while integrating primary BC that affects mineralization. 
For these reasons, we aim in our future works to reduce 
the model parameters, find a method permitting to create a 
more realistic experimentation conditions, and to consider 
the mineralization effect in the model.

Appendix

Bone remodeling general model

The general mathematical model formulation of bone cell 
behavior is presented as follows, where the bone cells 
involved are: Osteoblast precursors (OBp), active osteoblast 
(OBa), and active osteoclasts (OCa) (Pivonka et al. 2008):

Fig. 10  BV/TV sensitivity: a to parameters added in BR affected by primary BC after being included separately and b to parameters added in 
BR affected by secondary BC
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COBu, COBp, COBa, COCp, COCa represent, respectively, OBu 
concentration, OBp concentration, OBa concentration, OCp 
concentration, and OCa concentration. DOBu , DOBp and DOCp 
are, respectively, differentiation rates of OBu, OBp, and 
OCp. POBp is the proliferation rate of the OBp and AOBa 
and AOCa represent, respectively, the apoptosis rates of OBa 
and OCa.

In Eqs. 1, 2, �OBu→OBp

act  , �OBp→OBa

rep,TGF�
 , and Πmech

act,OBp
 represent, 

respectively, the ability of  TGFβ and Wnt to stimulate the 
natural differentiation of OBu into OBp, the ability of 
 TGFβ to inhibit the natural differentiation of OBp into 
OBa, and the ability of mechanical strains to promote pre-
osteoblasts’ proliferation.

In Eq. 3, �OCa→+
act,TGF�

 . �OCp→OCa

act,[RANK.RANKL]
 and �OCa→+

act,TGF�
 repre-

sent, respectively, the ability of RANK/RANKL binding 
to promote preosteoblasts’ differentiation and the ability 
of the  TGFβ to stimulate active osteoclasts’ apoptosis.

The fraction of extravascular bone matrix BV∕TV  
behavior is determined by Eq. 4. BV∕TV  depends on active 
osteoblasts and osteoclasts’ concentrations, where   kform 
and kres  represent, respectively, the daily volume of bone 
matrix formed by osteoblast and the daily volume of bone 
matrix resorbed by osteoclast.

Seeking to represent the cellular response to ligand stimu-
lation, Hill function has been used. The Hill activation and 
repression functions used in the model are expressed as 
follows

 where C
X
 is the concentration of the ligand X governing 

the cellular response, and Kact and Krep are, respectively, the 
activation and repression constants.

The cellular response to different ligands of the model 
parameters are grouped in Table 11.

(A1-A3)

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

dCOBp(t)

dt
= DOBu�

OBu→OBp

act
COBu + POBpΠ

mech
act,OBp

COBp − DOBp�
OBp→OBa

rep,TGF�
COBp

dCOBa(t)

dt
= DOBp�

OBp→OBa

rep,TGF�
COBp − AOBaCOBa

dCOCa(t)

dt
= DOCp�

OCp→OCa

act,[RANK.RANKL]
COCp − AOCa�

OCa→+
act,TGF�

COCa

(A4)
dBV∕TV(t)

dt
=
(
kformCOBa − kresCOCa

)

(A5)

�act =
C
X

Kact + C
X

�rep =
Krep

Krep + C
X
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