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Abstract 
 

Breast cancer preferentially metastasizes to bone, stimulating afferent nerve fibers and 
causing severe, prolonged bone pain. One of the most common therapies to combat cancer-
induced bone pain (CIBP) involves the use of opioids, such as morphine, that acts at the Mu 
opioid receptor (MOR) to alleviate pain. However, recent studies have shown that morphine may 
exacerbate immune responses by acting through the Toll-like receptor 4 (TLR4) to recruit pro-
inflammatory cytokines and chemokines to the site of metastasis. The purpose of this study was 
to investigate the underlying mechanism of opioid-induced bone loss. This was done by 
measuring spontaneous pain behavior and quantifying the amount of lesions in the right hind 
femur of C57Bl/6 mice inoculated with EO771 breast adenocarcinoma cells after chronic 
administration of morphine or saline delivered through an osmotic minipump implanted 
subcutaneously. It was concluded that morphine-treated mice with cancer exhibited paradoxical 
analgesia after chronic use. Additionally, transgenic MOR and TLR4 knockout mice treated with 
cancer and morphine displayed a nonsignificant change in bone loss compared to knockouts 
treated only with cancer and saline, indicating that TLR4 may play a vital role in progressive 
bone lesion formation following chronic morphine use in a murine metastatic breast cancer 
model.  
 
1. Introduction 
 

The global cancer burden has increased to 18.1 million new cases and 9.6 million deaths 
in 2018, compared to 14.1 million new cases and 8.2 million deaths in 2012 (1-2). This trend places 
an enormous economic burden on many countries, evidenced by costs exceeding $124 billion in 
medical expenses in the U.S. in 2010 and projected to surpass a budget of $157 billion in 2020 (3). 
These expenses continue to rise, while the number of patients who report sufficient pain 
management decreases (4).  

 
Breast cancer is the most commonly diagnosed cancer among women of all races (about 

one in four new cancer cases worldwide are female breast cancer), and it commonly metastasizes 
to bone, causing severe cancer-induced bone pain (CIBP) (1, 5). Approximately 20-30% of 
breast cancer becomes metastatic; this spread of cancerous cells to bone is incurable, though 
analgesics can be used to alleviate pain (6). Treatment of this bone pain often involves the 
integration of opioids into daily therapeutic regimen despite reported side effects of nausea, 
vomiting, constipation, sedation, dizziness, tolerance, and respiratory depression in addition to 
the risk of addiction and overdose (7). A 2017 study of palliative care patients in Poland revealed 
that candidates of opioid intervention for chronic and breakthrough pain expressed concerns 
about adding the potent analgesic to their treatment plan, citing digestive issues, sedation, and 
the notion of morphine as a last resort treatment that “heralds the end” as deterring factors (8). 
Furthermore, primary care providers have communicated a lack of confidence when prescribing 
opioids, specifying unforeseen allergies, unwanted off-target effects, and the increasing risk of 
overdose correlated with higher doses as main concerns (9, 19). This frustration regarding opioid 
use implores further analysis of their short and long term effects as well as treatments to 
antagonize their deleterious ramifications. The FDA has approved the use of opioids to combat 
acute, severe pain including post-operative and other short-term pain. However, many patients 
continue to be treated with these analgesics past the recommended therapy duration, possibly 
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leading to prolonged healing periods, increased risk of inflammation and injury, and decreased 
quality of life (10). The use of opioids to treat chronic pain remains controversial, as the 
mechanisms of long-term administration remain elusive. 

 
Previous research investigating the neuromolecular profile of CIBP shows that many 

common cancers, including breast cancer, often go undiagnosed until cancer cells migrate to 
bone, causing excruciating neuropathic pain. Tumors within the intramedullary space can 
activate primary afferent fibers, stimulating nociceptive receptors that play a vital role in pain 
perception. Ectopic sprouting in which nerve fibers are necrotized, allowing new cancer cells to 
colonize can also contribute to neuropathic pain that is progressive throughout the course of the 
disease. Anti-nerve growth factor (NGF) treatment at the onset of pain inhibits the pathological 
remodeling of sensory nerve fibers and attenuates CIBP. However, targeting this underlying 
mechanism may not eliminate CIBP entirely, as cancer cells are known to utilize a plethora of 
mechanisms to elicit pain, inflammation, and degradation (11).  

 
One mechanism provoking CIBP stems from the tendency of intramedullary tumors to 

create an acidic bone microenvironment to promote the proliferation of cancer cells. Trials at the 
University of Arizona involving inoculation of adenocarcinoma cells into the femur or tibia of a 
mouse model correlated with an increase in osteoclasts that mediate bone resorption and 
secretion of protons, causing an acidic bone microenvironment (12). A closer look at the mRNA 
expression of acid-sensing ion channels (ASICs) and transient receptor potential channel 
vanilloid subfamily member 1 (TRPV1) showed upregulated expression in dorsal root ganglion 
(DRG) fibers. These findings indicate that acidosis activates primary afferent sensory fibers, 
which in turn act on central brain regions involved in pain pathways to create the persistent, 
progressive and dull ache characteristic of chronic pain.  

 
Malignant tumors in bone have also been found to stimulate the production and 

recruitment of pro-inflammatory cytokines and chemokines such as TNFa, IL-6, IL-1b, and 
TGFb (11). Tumor necrosis factor (TNFa) is mainly secreted by immune cells in response to 
inflammation, tumor growth, transplant rejection, rheumatoid arthritis, and septic shock. TNFa 
plays a role in balancing cell survival and cell death depending on the local concentration of 
TNFa. Physiological concentrations of this cytokine acts through the nuclear factor kB (NF-kB) 
to promote cell survival, while increased concentrations induce sustained activation of the c-Jun 
N-terminal kinase (JNK) pathway and advance apoptotic events. This poses a dilemma for 
potential TNFa-based treatments, as it can be either pro- or anti-tumorigenic (13). Interleukin 
cytokines, including IL-1b, can also be secreted by aggressive forms of breast cancer cells and 
can stimulate the NF-kB pathway by increasing chemokine expression in mesenchymal stem 
cells (MSCs). This interaction stimulates more chemokines and propels the feed-forward 
progression of cancer metastasis (14).  

 
While recruitment of inflammatory factors is vital to remodeling disrupted bone, bone-

colonizing cancer cells alter the equilibrium of osteoclasts and osteoblasts, shifting the 
homeostatic balance to develop osteolytic, osteosclerotic, or mixed bone lesions (15). This 
reduction in bone integrity can lead to increased risk of fracture which can become fatal in aging 
populations that subsequently develop blood clots due to immobilization after a fall (16). 
Administration of morphine, acting at the Mu opioid receptor (MOR) to attenuate bone pain and 
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increase mobilization has shown to be a valuable tool for recovery (17). However, it has been 
reported that the use of morphine can also lead to increased bone fragility. The present study 
investigates the underlying mechanisms for opioid-induced bone loss following chronic use in a 
metastatic breast cancer murine model. The role of Toll-like receptor 4 (TLR4) was investigated 
as a key suspect in the immune response that promotes catabolic activity in the bone 
microenvironment, as TLR signaling induces macrophages to produce a response similar to that 
of the cancer-induced pro-inflammatory profile, including TNFa and IL-1b (18).  
 
2. Materials and Methods 
 
2.1. In vivo 
 
2.1.1. Animals 
 
Adult female C57BL/6J mice were maintained in a climate-controlled room on a 12-hour light-
dark cycle. They were housed in groups of four and had access to food and water. The transgenic 
mice were either homozygous Mu opioid receptor knockouts (MOR-/-) or homozygous Toll-like 
receptor 4 knockouts (TLR4-/-).  
  
2.1.2. Intramedullary implantation of EO771 cells  
 
Female C57BL/6 mice (18-22 g) were anesthetized with Ketamine/Xylazine (90mg/kg//10mg/kg 
i.p.) on Day 0. The condyles of the right distal femur head were exposed, and a dental drill was 
used to create space for the injection of EO771 breast adenocarcinoma cells (80,000 cells/5 µL) 
or media (sham). The distal femur head was sealed with dental amalgam to prevent spillover of 
cells.  
 
2.1.3. Minipump surgery and drug administration 
 
Alzet mini-osmotic pumps were prepared with morphine (10mg/kg/day) or 0.9% saline. Female 
C57BL/6 mice (17-22 g) were anesthetized with Ketamine/Xylazine (90mg/kg//10mg/kg i.p.). 
The minipumps were implanted subcutaneously on Day 7, sealing the skin with both sutures and 
surgical staples. The minipumps allow for consistent administration of drug or vehicle 
throughout the second week.  
 
2.1.4. Analysis of spontaneous pain behavior 
 
Spontaneous pain was measured using two parameters: flinching and guarding. The mice were 
placed in mesh-bottom behavior boxes and left to acclimate for 30 minutes. Over the course of 
two minutes, the number of flinches (characterized by a twitch of the ipsilateral hind leg) and 
amount of time spent guarding (prevention of ipsilateral leg use).  
 
2.1.5. Radiography 
 
Faxitron images were taken of anesthetized mice on Days 0, 7 ,10, and 14 to compare bone 
lesions and other abnormalities. Bone loss scoring was based on the following scale: 0 = normal 
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bone, 1 = 1-3 lesions, 2 = 4-6 lesions, 3 = unicortical bone fracture, 4 = bicortical bone fracture. 
Ipsilateral and contralateral femurs were compared to each other to distinguish between 
treatment-induced lesions and individual physiology. The scores of three observers for each bone 
on Day 14 were averaged.  
 
2.2. Ex vivo 
 
2.2.1. Cardiac Perfusions  
 
Mice were anesthetized with Ketamine/Xylazine (90mg/kg//10mg/kg i.p.) on Day 14. The chest 
cavity was exposed, and a 27 gauge need and syringe were used to puncture the left ventricle and 
collect 0.5 – 1.0 mL blood. These samples were allowed to clot for 30 minutes at room 
temperature before centrifugation at 2000 RPC. The supernatant was collected and stored in       
-20˚C.  
 
2.2.2. ELISA-CTx Assay 
 
Serum samples from wild-type, MOR-/-, and TLR4-/- mice were prepared with the given buffers 
in the mouse cytokine array panel (R&S Systems) and the optical density was read using BioTek 
Gen5 Data Analysis software.  
 
2.2.3. Statistical Analysis 
 
Data are expressed as mean ±SEM for n animals. Statistical comparisons between treatment 
groups were done using Two-way ANOVA with a Bonferroni post hoc comparison. Significant 
differences were defined by p < 0.05. Statistical analyses were done using Prism.   
 
3. Results 
 
3.1. Chronic Morphine Administration Enhanced Paradoxical Analgesia  
 
 In order to determine the effects of long-term morphine administration in adult female 
C57BL/6 mice, spontaneous pain behavior was measured via flinching and guarding assays on 
Days 0, 7, 10, and 14. This allowed for continual observation of behavioral changes throughout 
the course of the experimental timeline compared to individual baseline behavior. Mice 
exhibiting abnormal pain behavior prior to EO771 breast adenocarcinoma inoculation were 
excluded from the data. Mice with breast cancer in the right hind femur that received morphine 
displayed transient pain relief on Day 10; however, a significant increase in flinches and time 
spent guarding the ipsilateral hind leg were observed on Day 14 compared to sham mice treated 
with morphine, sham mice treated with saline, and mice with cancer receiving saline treatment 
(Fig 1, Fig 2). This data indicates that chronic morphine administration in mice with breast 
cancer exerts an effect that increased pain despite initial potential for attenuating CIBP.  
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Figure 1 
The number of flinches as an indicator of spontaneous pain behavior was recorded over the 
period of two minutes. Data are expressed as number of flinches (mean ± SEM) for n = 12 mice. 
Morphine or saline was administered to both cancer and sham-treated mice from Day 7 to Day 
14 via osmotic minipumps implanted subcutaneously.  

* 
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Figure 2 
The amount of time spent guarding the right hind leg (ipsilateral to cancer inoculation) as an 
indicator of spontaneous pain behavior was recorded over the period of two minutes. Data are 
expressed as seconds spent flinching (mean ± SEM) for n = 12 mice. Morphine or saline was 
administered to both cancer and sham-treated mice from Day 7 to Day 14 via osmotic 
minipumps implanted subcutaneously.  
 
3.2. Mu Opioid Receptor (MOR) Knockout Mice Exhibit Spontaneous Pain Throughout 
Two-Week Course Despite Morphine Administration 
  
 Morphine binds to the Mu opioid receptor (MOR) in the peripheral nervous system in 
order to alleviate pain. Agonists binding to the MOR, a metabotropic receptor, elicits activation 
of a G-protein coupled receptor (GPCR) and downstream secondary messengers to amplify a 
signal that propagates to the central nervous system and alleviates the perception of pain (20). By 
eliminating this receptor in C57BL/6 mice, cancer-morphine and cancer-saline mice exhibited a 
nonsignificant difference in terms of analgesic effects measured through flinching and guarding 
behavior (Figure 3, Figure 4). This assay confirms the notion that morphine acts through the 
MOR to alleviate spontaneous pain. Both cancer-saline and cancer-morphine exhibited sustained 
pain behavior (flinching and guarding) throughout the two week trial despite consistent 
administration of the MOR agonist opioid via osmotic minipumps.  
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Figure 3 
The number of flinches as an indicator of spontaneous pain behavior was recorded over the 
period of two minutes in Mu opioid receptor knockout C57BL/6 mice. Data are expressed as 
number of flinches (mean ± SEM) for n = 12 mice. Morphine or saline was administered to both 
cancer and sham-treated mice from Day 7 to Day 14 via osmotic minipumps implanted 
subcutaneously.  
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Figure 4 
The amount of time spent guarding the right hind leg (ipsilateral to cancer inoculation) as an 
indicator of spontaneous pain behavior was recorded in Mu opioid receptor knockout C57BL/6 
mice over the period of two minutes. Data are expressed as seconds spent flinching (mean ± 
SEM) for n = 12 mice. Morphine or saline was administered to both cancer and sham-treated 
mice from Day 7 to Day 14 via osmotic minipumps implanted subcutaneously.  
 
3.3. Toll-Like Receptor 4 (TLR4) Knockout Mice Exhibit Spontaneous Pain Throughout 
Two-Week Course  Despite Morphine Administration 
 

Toll-like receptor 4 (TLR4) has been described as an essential element in the innate 
immune system, playing a significant role in sequestering pro-inflammatory cytokines and 
chemokines to traumatized tissue in order to promote cell proliferation and healing (17). After 
knocking out the TLR4 gene, female C57BL/6 mice displayed a nonsignificant change in 
spontaneous pain behavior (measured via flinching and guarding), a result conveying the 
impression that TLR4 interacts with morphine to regulate local inflammation and immune 
responses (Figure 5, Figure 6).  
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Figure 5 
The number of flinches as an indicator of spontaneous pain behavior was recorded over the 
period of two minutes in TLR4 knockout C57BL/6 mice. Data are expressed as number of 
flinches (mean ± SEM) for n = 12 mice. Morphine or saline was administered to both cancer and 
sham-treated mice from Day 7 to Day 14 via osmotic minipumps implanted subcutaneously.  
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Figure 6 
The amount of time spent guarding the right hind leg (ipsilateral to cancer inoculation) as an 
indicator of spontaneous pain behavior was recorded in TLR4 knockout C57BL/6 mice over the 
period of two minutes. Data are expressed as seconds spent flinching (mean ± SEM) for n = 12 
mice. Morphine or saline was administered to both cancer and sham-treated mice from Day 7 to 
Day 14 via osmotic minipumps implanted subcutaneously.  
 
3.4. Bone Loss Was Exacerbated in Morphine-Treated Mice with Breast Cancer Compared 
to Saline-Treated Mice with Breast Cancer 
 
 Radiograph images were taken of each mouse via a Faxitron machine on Day 0 and Day 
14. These images were then scored by three double-blinded participants to determine the number 
of lesions and cortical fractures in the ipsilateral hind femur. Participants used the contralateral 
hind femur as a guide to estimate bone loss due to cancer and/or morphine interventions, 
eliminating scores that may be due to individual differences in femur structure rather than 
treatment variants. Images taken on Day 14 were compared to those taken on Day 0 to calculate 
a bone score that accurately represented the effects on trabecular and cortical bone of wild type 
mice receiving morphine, opposed to saline control treatments. WT cancer/morphine and 
cancer/saline mice displayed a significantly elevated bone loss score compared to wild-type 
sham/morphine or sham/saline mice (Figure 7). Additionally, mice receiving morphine as a 
treatment for CIBP displayed an even greater number of lesions than mice receiving only saline, 
even though they were both exposed to EO771 breast adenocarcinoma cells for two weeks.  
 
 Furthermore, there were no significant differences throughout the cancer/morphine or 
cancer/saline treatments in MOR knockout mice or TLR4 knockout mice (Figure 8). This poses 
an interesting notion that the MOR and TLR4 play a vital role in pain attenuation and bone 
microenvironment reformation, respectively. Both groups of knockout mice were not 
significantly different from the bone scores presented by WT cancer/saline and WT 
cancer/morphine mice (Figure 9).  
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Figure 7 
Bone scores were scored by three double-blinded participants who used the following scale: 0 = 
normal bone, 1 = 1-3 lesions, 2 = 4-6 lesions, 3 = unicortical bone fracture, 4 = bicortical bone 
fracture. The number of lesions in the right hind femur (ipsilateral to cancer inoculation) on Day 
0 and Day 14 of each animal were compared to eliminate individual differences in bone 
structure. Data are expressed as an average of the three scores for n = 12 mice.  
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Figure 8 
Bone scores were scored by three double-blinded participants who used the following scale: 0 = 
normal bone, 1 = 1-3 lesions, 2 = 4-6 lesions, 3 = unicortical bone fracture, 4 = bicortical bone 
fracture. The number of lesions in the right hind femur (ipsilateral to cancer inoculation) on Day 
0 and Day 14 of each knockout animal (MOR KO and TLR4 KO) were compared to eliminate 
individual differences in bone structure. Data are expressed as an average of the three scores for 
n = 12 mice.  
 
 

 
Figure 9 
Comparison of cancer-inoculated female wild type C57BL/6 mice receiving saline or morphine 
were compared to transgenic mice that expressed either the MOR knockout or  TLR4 knockout 
under the same treatment conditions. Data are expressed as bone score ± SEM for n = 12 mice in 
each category.  
 
 
3.4. CTx, a Bone Degradation Marker, was Consistent Across All Treatment Groups 
  
 Enzyme-linked immunosorbent assay (ELISA) was used to quantify carboxy-terminal 
collagen crosslinks (CTx) in serum collections of the following groups: WT cancer + MS, WT 
cancer + saline, MOR KO cancer + MS, MOR KO cancer + saline, TLR4 KO cancer + MS, and 
TLR4 KO cancer + saline. There were no significant differences discovered between these 
groups, leading to an inconclusive data set (Figure 10). However, this increase in serum levels of 
CTx, a biomarker for bone degradation, data may be interpreted as a response to the use of a 
bone drill and subsequent bone atrophy in the case of both cancer and sham surgeries.  
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Figure 10 
ELISA was used to determine the relative amounts of carboxy-terminal collagen crosslinks 
present in serum. A two-way ANOVA was used with a Bonferroni post hoc comparison to 
determine statistical significance between treatment groups of n = 12 mice.  
 
4. Discussion 
 
 The purpose of this study was to investigate the mechanism by which opioids acts to 
induce bone loss in a murine model of breast cancer metastasized to bone following chronic 
morphine administration. Spontaneous pain behavior was measured on Days 0, 7, 10, and 14 in 
order to acquire an accurate representation of the efficacy of morphine administration to 
attenuate prolonged neuropathic bone pain over the course of two weeks. It was found that 
morphine-treated mice inoculated with EO771 breast adenocarcinoma cells exhibited acute pain 
relief three days after the first dose distribution of morphine via osmotic minipumps implanted 
subcutaneously. However, this observation was reversed after seven days of morphine 
administration compared to controls receiving saline, suggesting that the mice developed a 
tolerance to the consistent morphine dose of 10mg/kg/day. This decrease in pain attenuation was 
accompanied by a significant increase in bone lesions and cortical fractures after one week of 
opioid treatment compared to controls. These data indicate that morphine, though a potent 
analgesic when used for acute pain, can actually decrease bone integrity despite losing 
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effectiveness as an antagonist to nociception over time. This poses a serious concern, as 
increasing doses in response to tolerance can surpass therapeutic thresholds, causing adverse off-
target effects including nausea, sedation, and decreased bone integrity as well as more life-
threatening consequences such as respiratory depression and death. More than 400,000 people 
have died in the U.S. from an opioid-related overdose from 1999-2017, amounting to 
approximately 130 Americans dying each day from prescription, illegal, and illicitly 
manufactured opioids (21). This epidemic calls for a better understanding of the dynamic 
mechanisms of opioids that play substantial roles in the immune system and anti-nociception 
while concurrently analyzing alternative therapies and exit strategies to minimize the reliance of 
opioids and risk of accumulating a tolerance.  
 
 Transgenic mice that lack functional products of the Mu opioid receptor gene showed a 
resistance to the analgesic effect of morphine. This was to be expected, as it has been well 
established that morphine primarily acts at the MOR, a G-protein coupled receptor, and activates 
a downstream cascade involving the inhibition of adenylyl cyclase, reduced cyclic adenosine 
monophosphate (cAMP), activation of potassium ion channels, and inhibition of calcium 
conductance. The net effect of the MOR agonist is a hyperpolarization of the cell and decreased 
pain transmission (20). When MOR is no longer in effect, morphine cannot execute its anti-
nociceptive effects, thus manifesting as pain equivalent to that of mice with cancer that received 
the saline control treatment. This assay confirmed the idea that morphine is acting at the MOR to 
alleviate pain. When bone scores were analyzed, the MOR knockout mice receiving morphine 
exhibited an insignificant difference from those receiving saline. This data implies that there is 
another pathway by which morphine acts to provoke catabolic effects on bone.   
 
 Toll-like receptor 4 (TLR4) deficient mice exhibited attenuated bone loss after cancer 
treatment compared to saline treated TLR4 knockout mice and wildtype cancer-morphine mice. 
This trend indicates a potential mechanism for opioid-induced bone loss and provides a target for 
future pharmacological therapies to minimize this deleterious effect of morphine. Further 
investigation into the pathways mediating inflammation and its effect on peripheral neuropathic 
bone pain is required, nevertheless, as TLR4 knockout mice displayed continuous spontaneous 
pain throughout the two week course.  
 
 Though this study provides promising data indicating that morphine acts through TLR4 
to regulate bone remodeling and catabolic activity, there is still much to learn about various 
inflammatory pathways implicated in the immune response to breast cancer metastasis to bone. 
Potential avenues of interest include profiling the cytokine and chemokine profile within the 
bone microenvironment during chronic morphine treatment as well as revisiting the CTx serum 
concentrations under various conditions.  
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