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ABSTRACT 

INVESTIGATING THE ROLE OF THE IMMUNE SYSTEM IN MOUSE MODELS OF 
BONE LOSS 

By 

Naiomy-Deliz Rios-Arce 

The prevalence of osteoporosis is drastically increasing. Osteoporosis is characterized by 

low bone mineral density, which results in increased bone fragility and fractures. Current 

therapeutic drugs for osteoporosis are not effective for everyone, they are expensive, and long-

term use can have unwanted and detrimental side effects. Therefore, new therapies that mitigate 

the current side effects are necessary. However, to further develop better treatments against 

osteoporosis it is imperative that we understand the mechanisms involved in this disease. 

In the first part of this thesis, we aimed to understand the role of interleukin 10 (IL-10) in 

type 1 diabetes (T1D) induced bone loss. Studies have shown that during diabetes there is a 

significant decrease in IL-10 levels. The role of this cytokine in bone physiology is well known. 

However, how IL-10 affects bone health during short- and long-term diabetes has not been studied. 

By using IL-10 deficient mice, we found that in the absence of IL-10, vertebral and femoral 

trabecular bone loss are significantly exacerbated during T1D, indicating that low levels of IL-10 

during T1D can be detrimental to the bone. Interestingly, this effect was only seen at one month 

after diabetes onset and not at three months, suggesting that during the early stages of diabetes IL-

10 is important in modulating bone density. We also identified that these effects were associated 

with corresponding changes in osteoblast mRNA expression in the bone, suggesting that IL-10 

primarily affects bone anabolic events. In vitro data shows that the MAPK pathway is involved in 

IL-10 regulation of osteoblast gene expression in diabetic conditions. These results demonstrate 



that IL-10 is required for osteoblast regulation during early diabetes-induced bone loss and that 

low levels of IL-10 during diabetes could possibly exacerbate bone loss. 

In the second part of this thesis, we aimed to understand the role of T and B lymphocytes 

in Lactobacillus reuteri 6475 beneficial effects on bone. Our lab has shown that treatment with L. 

reuteri enhances bone density and prevents bone loss in several animal models. However, the 

mechanism by which L. reuteri increases bone density is not completely understood. This study 

demonstrates that T and B lymphocytes are required for the beneficial effects of L. reuteri on bone 

density in healthy male mice. We also reveal, in co-culture experiments, that L. reuteri regulates 

T-cell-expression of factors that increase osteoblast gene expression. Together, this study extends 

our knowledge in understanding the role of L. reuteri in regulating bone density and identify the 

T-lymphocytes as a possible mechanism.  

In the third part of this thesis, we aimed to understand the role of T and B lymphocytes on 

the effects of gut microbiota dysbiosis on bone density. Our lab recently demonstrated that 2-week 

oral treatment with broad spectrum antibiotics followed by 4-weeks of natural gut microbiota 

repopulation results in dysbiosis and femoral trabecular bone loss in male mice. By using T and B 

lymphocyte deficient mice (Rag-KO) we found that lymphocytes are required for dysbiosis-

induced bone loss. We also show that post-antibiotic treated wild type and lymphocyte deficient 

mice express different microbiota profiles, characterized by low levels of Lactobacillales in wild 

type compared to Rag knockout mice. Furthermore, treatment with L. reuteri prevents dysbiosis-

induced trabecular bone loss in wild type mice. Taken together, our studies demonstrate the role 

of T and B lymphocytes in dysbiosis-induced bone loss and identify L. reuteri as a possible 

treatment against bone loss.
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Chapter 1. Introduction 
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1.1 The skeletal system 

The human skeletal system is composed of a framework of bones, ligaments, tendons, and 

cartilage. The skeleton has a variety of functions: provides structural support for the body, allows 

for movement and locomotion of the body by providing support to the muscles, serves as a 

reservoir for minerals, protects vital internal organs, and maintains mineral homeostasis and 

hematopoiesis (Figure 1.1).  

1.1.1 General structure of the bone 

The adult human skeleton has a total of 206 bones, excluding the sesamoid bones. This system 

is divided into the axial skeleton which is composed of 80 bones and the appendicular skeleton 

which is made up of the remaining 126 bones. There are four general categories of bone: long, 

short, flat, and irregular bones. Long bones such as the femur and tibia are composed of a region 

above the growth plate called the epiphyses. The epiphyses are filled with spongy bone containing 

the red bone marrow. Below the epiphyses is the metaphysis region which is important for bone 

growth during childhood and contains the growth plate. The largest part of the long bone is the 

long, cylindrical middle known as the diaphysis. The diaphysis, also called the shaft, is primarily 

made up of dense, strong bone (cortical bone) and contains the medullary cavity. The medullary 

cavity is surrounded by two membranes: endosteum and periosteum. The endosteum is a thin 

connective tissue where bone growth, remodeling, and repairs occur. The outer layer, the 

periosteum is a dense fibrous membrane that contains blood vessels, nerves, and lymphatic vessels. 

While the diaphysis is mostly composed of cortical bone, the metaphysis and epiphysis are 

composed of a honeycomb-like network of spongy trabecular bone surrounded by a relatively thin 

shell of dense cortical bone. The trabecular bone is highly porous and highly metabolic active. The 

cortical bone is heavily calcified, is typically less metabolically active than the trabecular bone and 
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is crucial for providing structure and support (Figure 1.2). Around 20% of the human adult skeleton 

is made up of trabecular bone and 80% of cortical bone, however this number can change 

depending on the bone. Long bones have more cortical bone than trabecular whereas the vertebrae 

mostly contains trabecular bone.  

Bone marrow, present inside the bone, is a semi-solid tissue and its primary function is to 

produce blood cells (hematopoiesis) and store fat. Bone marrow is characterized as red or yellow 

marrow, a characteristic that will depend on the prevalence of hematopoietic vs fat cells. At birth, 

the majority of the bone marrow is red marrow, however as we grow, the red marrow is replaced 

by yellow due to the accumulation of fat. There are two types of cells located in the bone marrow: 

hematopoietic (HSCs) and mesenchymal stem cells (MSCs). These stem cells can differentiate 

into several types of specialized cells. MSCs are multipotent stem cells that can differentiate into 

myocytes, adipocyte, chondrocyte, and osteoblasts. HSCs give rise to myeloid and lymphoid 

lineages. Myeloid cells differentiate into erythrocytes, monocytes, neutrophils, basophils, 

eosinophils and megakaryocytes. Lymphoid cells differentiate into T and B lymphocytes and 

natural killer cells. The cellular composition of the bone marrow is described in table 1.1.   
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Figure 1.1. Functions of the bone. 

The skeletal system is composed of bones and cartilage and performs critical functions: it provides 

structural support for the body, facilitates movement and locomotion by serving as a point of 

attachment to the muscles, serves as a reservoir for minerals such as a calcium and phosphorus, it 

protects vital internal organs by covering or surrounding them, and maintains mineral homeostasis 

and hematopoiesis. 
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Figure 1.2. Bone anatomy. 

The epiphysis is located at the end of the long bones and is composed of spongy trabecular bone 

covered by a thin layer of cortical bone. The metaphysis is located between the epiphysis and 

diaphysis and contains the growth plate. Like the epiphysis, the metaphysis is also composed of 

spongy trabecular bone. The diaphysis, which is surrounded by cortical bone, is the long 

cylindrical middle that contains the medullary cavity. 
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Table 1.1. Cell population in the bone marrow. 

The bone marrow is a primary lymphoid organ that generates lymphocytes from hematopoietic 

stem cells. Hematopoietic stem cells differentiate into myeloid and lymphoid cells. Myeloid-

derived cells such as monocytes/macrophages and neutrophils constitute approximately 20 to 64% 

of the cells in the bone marrow. Lymphocytes represent about 8 to 20% of the cells. In terms of T 

cell population, CD8+ T cells are most abundant than CD4+ T cells. Only a small proportion of the 

cells in the bone marrow are mesenchymal stem cells (1). 
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1.1.2 Bone formation and development 

Bone formation, also known as ossification, is the process by which new bones are produced. 

This process consists of both endochondral and intramembranous bone formation and it begins 

around the third month of fetal life in humans. During endochondral fetal development, bone 

develops by replacing hyaline cartilage with osteoblasts. This cartilage serves as a template that 

will be replaced by new bone. During intramembranous ossification, compact and spongy bone 

evolve directly from MSCs that differentiate into osteoblasts without using the cartilaginous matrix 

as intermediate. Intramembranous ossification is the process responsible for the development of 

flat bones of the cranial vault, some facial bones, and parts of the mandible and clavicle. While 

these two processes lead to the formation of bone, endochondral ossification takes much longer 

that intramembranous ossification.  

Bone undergoes longitudinal and radial growth at the growth plate, a process similar to 

endochondral ossification. The process begins when chondrocytes at the epiphyseal plate (growth 

plate) start dividing, leading to the movement of cells toward the diaphysis. This process replaces 

cartilage with bone, resulting in a lengthening of the bone. Longitudinal and radial growth occurs 

during childhood and adolescence. However, in males, long bones stop growing around the age of 

21 and in females at the age of 18. During this process, chondrocytes stop dividing and all of the 

cartilage undergoes mineralization and new bone is formed. Radial growth is the increase in bone 

diameter by the addition of bony tissue at the surface of bones. This process occurs by the 

deposition of new bone on the periosteal surface by the osteoblasts and equivalent resorption at 

the endosteal surface by osteoclasts. A balance in signaling between osteoclast and osteoblast 

allows the thickening of the bone.  
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1.1.3 Cellular components of bone 

There are three major components of the bone: 1) the organic matrix which consists of 95% 

type 1 collagen and 5% proteoglycans and constitutes approximately 25% of the bone mass; 2) the 

inorganic matrix which makes up 70% of the bone and contains phosphate and calcium in the form 

of hydroxyapatite; and 3) the osteogenic cells which include osteoblasts, osteocytes, and 

osteoclasts.  

1.1.3.1 Osteoblasts 

Osteoblasts are the cells responsible for bone formation. Morphologically, osteoblasts are 

cuboidal cells located in the interface of newly synthesized bone. They differentiate from 

mesenchymal stem cells (MCSs). Commitment of MSCs to the osteoblast lineage is regulated by 

the transforming growth factor beta (TGF-β), bone morphogenetic proteins (BMPs), and the 

canonical Wnt catenin pathway. Osteoblast function is regulated at three main levels: lineage 

selection, maturation, and apoptosis. Lineage selection occurs in response to the expression of the 

transcription factor runt-related transcription factor 2 (RUNX2). Once RUNX2 is activated, pre-

osteoblasts undergo differentiation into mature osteoblasts. Osteoblast differentiation is a 3-stage 

process characterized by the expression of several markers. In stage 1, the cells continue to 

proliferate, and they express fibronectin, collagen 1 and osteopontin. In stage 2, they start to 

differentiate into mature osteoblasts, and they express alkaline phosphatase (ALP). During the last 

stage, matrix mineralization occurs and osteocalcin is highly expressed (2) (Figure 1.3). Through 

the secretion of type I collagen and bone organic matrix proteins osteoblast regulate bone 

formation. At the end of bone formation, osteoblasts either undergo apoptosis or become 

embedded within the mineralized bone matrix where they become osteocytes.  
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1.1.3.2 Osteocytes 

Osteocytes, known as the mechanosensory cells, are former osteoblasts that have been 

embedded into the bone matrix (Figure 1.3). They are the most abundant cell type in mature bone 

tissue, comprising more than 90% of cells within the bone matrix (3). Osteocytes communicate 

with each other via cytoplasmic extensions known as canaliculi and are connected via gap 

junctions. Their strategic location in the lacuna- canalicular network enables osteocytes to detect 

variations in mechanical signals (4), as well as levels of circulating factors such as ions and 

hormones. In response to these signals, osteocytes coordinate the function of osteoblasts and 

osteoclasts. Osteocytes can detect fatigue-induced microdamage and secrete factors such as 

osteoprotegerin (OPG), receptor activator of nuclear factor kappa-B ligand (RANKL), and 

sclerostin to induce replacement of damaged bone. Sclerostin is solely produced by osteocytes and 

antagonizes several members of the BMP family of proteins and prevents activation of Wnt 

signaling and therefore osteoblast differentiation. 

1.1.3.3 Osteoclasts 

Osteoclasts are multinucleated cells formed by the fusion of monocyte and macrophage 

precursors cells. Osteoclasts are derived from hematopoietic stem cells (HSCs). Differentiation of 

HSCs into osteoclasts is regulated by macrophage colony stimulating factor (M-CSF), RANKL, 

and the soluble RANKL receptor OPG, the last two being produced by osteoblasts. In the initial 

stages of differentiation, HSCs undergo differentiation into macrophage colony-forming units 

(CFU-M) in response to M-CSF signaling (Figure 1.3). CFU-M is the common precursor cells of 

macrophages and osteoclasts. Soluble or membrane-bound RANKL binds to its receptor RANK 

on the precursor cells which results in the transcription and activation of osteoclast genes 

(cathepsin K and tartrate-resistant acid phosphatase). The next step is the fusion of cells to form 

the multinucleated osteoclast. Osteoclast differentiation can be regulated by osteoblasts through 
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the secretion of OPG, which competes with RANK and prevents its interaction with the RANKL, 

thus inhibiting osteoclast differentiation. Conversely, osteoclasts can also modulate osteoblast 

differentiation through the secretion of coupling factors such as BMP-6 and Wnt10b. Together, 

osteoclast and osteoblast differentiation and function can be regulated by interconnected signals. 
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Figure 1.3. Osteoblast and osteoclast differentiation and markers. 

(A) In response to BMPs, mesenchymal stem cells undergo differentiation into pre-osteoblast 

which express RUNX-2, osterix and collagen 1. In the next step, pre-osteoblasts differentiate into 

mature osteoblasts, a process in which Wnt/β-catenin signaling plays an essential role. At this 

point, mature osteoblasts will express osteocalcin and alkaline phosphatase (ALP). Osteoblasts 

become osteocytes when they are embedded within the bone.  

(B) Osteoclasts differentiate from the hematopoietic stem cells. In response to M-CSF, 

hematopoietic stem cells undergo differentiation into macrophage colony-forming units (CFU-M), 

which are the common precursor cells of macrophages and osteoclasts. The differentiation step 

from CFU-M to multinucleated osteoclasts is characterized by cell–cell fusion, which is mainly 

induced by RANKL. In the activation (maturation) stage, osteoclasts acquire bone resorbing 

activity.  
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1.1.4 Bone modeling and remodeling 

 Bone undergoes both modeling and remodeling throughout life. Bone modeling is the 

process by which bones are shaped or reshaped in response to biomechanical forces. Bone 

modeling defines skeletal development and growth. This process is independent of the action of 

osteoblast and osteoclasts and is controlled by physical activity. One example of bone modeling 

can be seen in tennis players. In tennis players the arm that is used to play tennis has higher bone 

mass than the other one due to physical loading. Other factors such as hormones can also regulate 

bone modeling as in the case of the parathyroid hormone (PTH) and inhibition of sclerostin that 

can stimulate modeling-based bone formation (5). During bone modeling, bone formation and 

resorption are not tightly coupled. Bone modeling continues throughout life but is less frequent 

than bone remodeling in adults (6). 

 Bone is a highly dynamic organ that is continuously undergoing remodeling. Bone 

remodeling is the replacement of old bone tissue by new bone with the goals of maintaining bone 

strength, mineral homeostasis, and preventing accumulation of bone microdamage. This process 

begins before birth and continues throughout life. Approximately 5 to 10% of the existing bone in 

the adult human skeleton is replaced every year. This process is accomplished by the balance 

between the osteoblasts and osteoclasts and an imbalance in this communication can detrimentally 

affect bone health. Bone remodeling can be triggered by different signals such as changes in 

mechanical force, endocrine and paracrine signals, cytokines, and modulation of calcium levels 

(7,8). The basic multicellular units that constitute bone remodeling are the osteoblasts, which 

produce the new bone matrix; the osteoclasts, which are in charge of bone resorption; and the 

osteocytes, which are osteoblast derived cells that act as mechanosensors. A fourth type of cells 

that may be involved in this process are the bone lining cells, which are suggested to play a role in 

coupling bone formation to resorption, but their role is not completely understood (9) (Figure 1.4).  
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The bone remodeling cycle is composed of four sequential phases: activation, resorption, 

reversal, and bone formation. Activation begins by the recruitment, activation, migration, and 

proliferation of osteoclast precursor cells by the osteoblasts to the bone-resorbing compartments. 

Osteoblasts stimulate and recruit osteoclasts by the secretion of factors such as RANKL and M-

CSF (10). Osteoblasts can also secrete OPG, which can stop osteoclast activation (11). The 

resorption phase begins when multinucleated preosteoclasts bind to the bone matrix via 

interactions with integrin receptors (12). After the osteoclasts attach to the bone matrix, they form 

unique membrane domains, including the sealing zone, ruffled border, and the functional secretory 

domain. These domains create an acidic environment, in which the osteoclast will release 

lysosomal enzymes to dissolve the bone matrix. Activated osteoclasts can secrete tartrate-resistant 

acid phosphatase 5b (TRAP5b) into the serum which is used as a quantification marker of whole-

body bone resorption. Activated osteoclasts will also secrete cathepsin K, and matrix 

metalloproteases (13). Following resorption of the old or damaged bone, the process undergoes 

reversal. During the reversal phase, the osteoclasts recruit osteoblasts by releasing growth factors 

from the bone matrix, such as TGFβ, insulin-like growth factor (IGF), and BMPs to increase 

osteoblast number and activity (13). Bone formation is a two steps process: first, the osteoblast 

secretes unmineralized osteoid, which is then mineralized through the incorporation of 

hydroxyapatite; second, some osteoblasts will undergo apoptosis while others become embedded 

within the bone and differentiate into osteocytes (14). During this phase, the process of “coupling” 

bone resorption to bone formation also occurs to ensure that the volume of bone removed is 

replaced by new bone. Osteocytes play an important role in responding to mechanical stimuli and 

signaling to the other cells types to initiate the remodeling process (4).  
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Figure 1.4. Bone remodeling. 

Bone remodeling is a continuous process that maintains the integrity of the bone tissue. This 

process involves communication between the osteoblasts, osteoclasts, and osteocytes. During this 

process, old bone is removed by osteoclasts and replaced by osteoblasts, the bone forming cells. 

Osteoblasts will then undergo apoptosis, or they will become embedded within the bone and 

differentiate into osteocytes. Bone lining cells will help by coupling bone formation to bone 

resorption. 
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1.2. Bone pathophysiology 

 Disruption of the skeletal system can result in a variety of bone diseases and disorders. 

Some of these disorders are (15): 

• Osteomalacia or soft bones: is a disease that affects adults and is defined as the 

inadequate mineralization of the bones due to the lack of vitamin D.  

• Rickets: is the equivalent of osteomalacia in children and is characterized by 

deformation and widening bones. 

• Paget’s disease: is a chronic bone disorder in which the osteoclast become 

abnormally active. This results in an intense osteoblastic response that leads to 

irregular new bone formation. This disease causes the affected bones to become 

larger and misshapen. 

• Rheumatoid arthritis: is a chronic autoimmune disease that leads to the destruction 

of bone architecture.  

• Osteoarthritis: is the most common form of arthritis. This disease occurs when the 

cartilage between the joints break down. 

• Osteoporosis: is characterized by low bone mineral density and is the most common 

type of bone disease. In this dissertation we will focus on this disease. 

1.2.1 Osteoporosis: definition and classification 

 Osteoporosis is a condition that occurs when the bone deteriorates and becomes fragile due 

to a decrease in bone density. This decrease in bone density can be attributed to an imbalance in 

bone remodeling, with increased or decreased bone resorption and formation respectively. This 

imbalance in bone remodeling can lead to a decrease in bone mineral density (BMD), trabecular 

thickness, trabecular number, and an increase in trabecular space, resulting in fragile bone. 

Osteoporosis is primarily determined by measuring BMD and is diagnosed when the patient has a 
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T score of -2.5 or lower, meaning a BMD that is 2.5 standard deviations below the average 

population BMD. Clinically, osteoporosis can be classified in 4 subgroups based on the T score: 

1) normal bone density: a T score of -1.0 or above. 2) osteopenia (low bone density): a T score 

between -1 to -2.5. 3) osteoporosis: a T score of -2.5 or lower. 4) severe osteoporosis: a T score 

lower than -2.5 with one or more fractures (16). Osteoporosis can also be categorized into primary 

and secondary osteoporosis. Primary or idiopathic osteoporosis, which is the most common form 

of osteoporosis, occurs as a consequence of the normal human aging process. In females it is 

accelerated due to menopause. On the other hand, secondary osteoporosis is caused by diseases or 

treatments that interfere with bone remodeling/formation. Some conditions and treatments that are 

known to lead to osteoporosis, regardless of age, include inflammatory bowel disease, 

glucocorticoid treatment, and type 1 diabetes (17–20). 

1.2.2 Epidemiology of osteoporosis 

Worldwide, osteoporosis is estimated to affect 200 million people (21). In the United 

States, osteoporosis affects >10 million people and accounts for more than 2 million fractures, 

with a total cost of $17 billion (22). By 2020, the prevalence of osteoporosis in the United States 

is expected to surpass 14 million people and by 2025 the annual cost associated with osteoporosis 

will increase by a 50% (22). Nonvertebral fractures represent 73% of total incident fractures and 

94% of total costs. A around 30% of people with hip fractures die during the first year and 50% 

have permanent disability (22). Although osteoporosis is more common in women (50% of women 

over fifty can have a fracture due to osteoporosis), men can also be affected. Osteoporosis can 

affect 1 in 4 men over fifty. About 39% of bone fracture occurs in men between 50-64 years old. 

In addition, during the first year following a hip fracture the mortality rate for men  is higher(36%) 

than for women (21%) (23).  
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1.2.3 Treatments for osteoporosis 

While there has been a lot of progress in finding effective treatments against osteoporosis, 

the treatments that are currently available are not effective for everyone, they can be expensive 

and tend to have unwanted and detrimental side effects (24–26). Osteoporosis treatments can be 

divided into non-pharmacological and pharmacological treatments.  

1.2.3.1 Non-pharmacological treatments 

Non-pharmacological treatments include a diet high in calcium and vitamin D, lifestyle 

modifications such as decreasing alcohol and drug consumption as well as increasing physical 

activity, specifically weight bearing exercises. Dietary modification of calcium or calcium rich 

foods and vitamin D is essential to improve bone mass. The Institute of Medicine (IOM) suggests 

that men between the ages of 50 - 70 should consume 1,000 mg of calcium daily while women 

older than 50 and men older than 71 years old should consume around 1,200 mg of calcium daily 

(27). However, there are negative side effects associated with high intake of calcium supplements 

including a higher risk of developing kidney stones and myocardial infarction, particularly in 

women (28). Further studies however, are required to better understand the side effects of calcium 

supplements. In terms of vitamin D intake, the IOM recommends for men and women 51 to 70 

years of age 600 international units (IU) per day and 800 IU per day for people over 70 years old 

(27).  

1.2.3.2 Pharmacological treatments 

Current pharmacological treatments for osteoporosis include antiresorptive drugs which 

are designed to prevent bone resorption and anabolic agents that increase bone formation. 

Antiresorptive drugs include bisphosphonates, calcitonin, and selective estrogen receptor 

modulators (SERMs) while anabolic agents consist of parathyroid hormone analogues (PTH). 

Bisphosphonates are commonly used as a first line treatment for osteoporosis. Bisphosphonates 
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are chemically stable inorganic pyrophosphate analogues with extremely high affinity for the 

mineral component of bone (29). Once embedded into bone mineral, actively resorbing osteoclasts 

take up bisphosphonates which in turn inhibits farnesyl pyrophosphate synthase (FPPS) (30,31). 

Inhibition of FPPS induces lipid modification within osteoclasts, ultimately leading to apoptosis 

(30). Therefore, bisphosphonates prevent bone resorption by inducing osteoclast apoptosis and 

reducing their recruitment and activity (32).	Newer generation bisphosphonates have nitrogen side 

chains which allow them to adhere more tightly to the hydroxyapatite mineral than previous 

generations (29,33). Besides the beneficial effects of bisphosphonates, several studies have shown 

that long term use of bisphosphonates can increase the risk of osteonecrosis of the jaw (34). 

Calcitonin is a naturally produced hormone that inhibits osteoclast function (35). Calcitonin use is 

recommended for postmenopausal women who are at least five years beyond menopause and when 

other medicines are not suitable. Salmon calcitonin nasal spray was shown to decrease the risk of 

new vertebral fractures in postmenopausal women that already have osteoporosis (36). Despite 

these findings, calcitonin treatment does not appear to be as effective as bisphosphonates in 

preventing non-vertebral fractures and side effects including increase risk of cancer (37). SERMs 

such as raloxifene have tissue-specific effects and act either as an estrogen agonist in bone or as 

an estrogen antagonist in breast tissue. Raloxifene treatment may also increase the risk of venous 

thromboembolic disease and stroke (24). In addition, similar to calcitonin, raloxifene treatment 

does not prevent hip fractures (24,25). Teriparatide, a recombinant human PTH analogue, is the 

first anabolic agent approved for osteoporosis treatment. Subcutaneous, daily low doses of PTH 

promotes osteoblast differentiation and inhibits osteoblast and osteocyte apoptosis (38). However, 

the duration of teriparatide therapy is limited to two years due to the risk of development of 

osteosarcoma (26). Taken together, novel therapies against osteoporosis with limited side effects 

are necessary.  
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1.2.3.3 Emerging therapies for osteoporosis 

Many studies are currently investigating new approaches for the treatment of osteoporosis. 

These pharmacological approaches include: 1) humanized monoclonal antibodies to inhibit 

sclerostin. Sclerostin is secreted by the osteocytes and prevents bone formation by inhibiting 

osteoblasts activity. Romosozumab, a humanized monoclonal antibody that inhibits sclerostin 

decreased the risk of new vertebral fractures and increased bone mineral density in postmenopausal 

women after 12 months of treatment. Romosozumab treatment has recently been approved by the 

Food and Drug Administration (39); 2) selective inhibitors of cathepsin K. Cathepsin K is a 

protease released by osteoclast to degrade bone matrix. Cathepsin K inhibitors can potentially 

prevent bone loss by preventing bone resorption. However, in 2016 Merck discontinued the 

development of the cathepsin K inhibitor Odanacatib due to an increased risk of stroke (40); 3) 

integrin antagonists can prevent bone resorption by preventing the attachment of osteoclast to the 

extracellular matrix and therefore bone resorption (41); and 4) stimulators of osteoprogenitor cells 

(42,43). Non-pharmacological approaches include: stem cell therapy and probiotics. Stem cells 

can promote bone formation through their differentiation into osteoblast cells. Intravenously 

injected mouse mesenchymal stem cells into ovariectomized mice restored bone volume and 

prevented bone loss (44), demonstrating a beneficial effect of this treatment in bone regulation. 

Recently, several studies have demonstrated a beneficial effect of probiotic consumption in 

preventing bone loss. Probiotic treatment against osteoporosis is a promising therapeutic target 

due to the lack of side effects. Probiotics beneficial effects on bone density are described in section 

1.5.3.3. 

1.2.4 Risk factors for osteoporosis 

A number of factors have been linked to an increased risk of developing osteoporosis. 

Some of these factors can be controlled while most of them are uncontrollable. Controllable risk 



 20 

factors associated with osteoporosis include: a sedentary lifestyle, excessive drug consumption, 

and a diet low in calcium and vitamin D. Eating disorders can also lead to bone loss mainly due to 

the poor consumption of calcium and vitamin D. A study in South Korean postmenopausal women 

found that postmenopausal women that consumed alcohol 4 times a week had lower bone mineral 

density than non-drinkers (45). Uncontrollable factors include gender, family history of 

osteoporosis, age, certain medications, and ethnicity. Females are at a higher risk of developing 

osteoporosis after menopause. Lighter and thinner bones are more prone to osteoporosis. The 

chance of losing bone density also increases with age, which may be due in part to complications 

from secondary diseases that can affect bones. Having other medicals conditions including 

inflammatory bowel disease and diabetes (see section 1.3) can also increase the risk for 

osteoporosis. Certain medications such as glucocorticoids can lead to bone loss and increase the 

risk of fracture. In summary, many factors can contribute to bone loss and osteoporosis. 
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1.3. Bone loss in diabetes mellitus 

1.3.1 Types of diabetes mellitus 

 Diabetes mellitus is a chronic metabolic disease in which the body’s ability to produce and 

respond to insulin is affected, resulting in increased blood glucose levels. There are two main types 

of diabetes: type 1 diabetes (T1D) and type 2 diabetes (T2D). T1D is an autoimmune disease in 

which the pancreatic beta cells produce little or no insulin, leading to impaired glucose uptake in 

tissues and therefore increase in blood glucose (46–48). T1D can be controlled by insulin delivery 

and regulation of blood glucose. T2D is the most common type of diabetes and mostly develops 

in adulthood (49). T2D is characterized by insulin resistance. Insulin signaling and glucose uptake 

are also impaired in insulin-dependent cells. Both types of diabetes can result in complications 

such as neuropathy, nephropathy, cardiomyopathy, and retinopathy. In addition to these common 

complications, diabetes mellitus can also lead to secondary osteoporosis.  

1.3.2 Epidemiology of diabetes mellitus-induced bone loss  

 Studies in humans as well as in animals have shown that both types of diabetes can affect 

bone health however, the pathophysiology is different (50–54). T1D in animal models and humans 

is associated with bone loss. On the contrary, the effects of T2D on bone density are variable with 

some studies showing either no change, decreased or increased bone density (51,52,55). The 

discrepancy in these studies can be explained in part by the changes in bone load due to the increase 

in body weight seen in these patients (51,55). In addition, the increase in risk of fractures in people 

with T1D is higher when compared with T2D patients (56). T2D is associated with a 19% increase 

in risk fracture while T1D is associated with 30% (57,58). Women with T1D, between the ages 

40-49 had an 82% increased risk in having a fracture than women without diabetes. Similarly, men 

with T1D (ages 60-69) had double the risk of fracture than men without diabetes (59). In terms of 

bone mineral density (BMD), T1D patients (both sexes) had lower BMD when compared to 
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controls (60). In a study in pre-pubertal children, (5.8 months after T1D diagnosis) BMD was 

found to be lower in the T1D kids when compared to controls (61). In summary, both T1D and 

T2D can affect the bone, however T1D is mostly associated with bone loss while T2D is not. Since 

T1D is clearly associated with bone loss, in this study we will focus on understanding T1D effects 

on bone density. 

1.3.3 Mouse models of type 1 diabetes-induced bone loss 

Several animal models have been used to better understand the effect of T1D on bone 

density. These models consist of both spontaneous and pharmacologically induced T1D (62). The 

Ins2+/-Akita and non-obese diabetic (NOD) mice develop T1D spontaneously. The Ins2+/-Akita mouse 

has a point mutation in the insulin 2 gene that leads to incorrect folding of the insulin protein 

producing toxicity in pancreatic ß cells and resulting in pancreatic ß cell apoptosis and 

hyperglycemia. The Ins2+/-Akita mice develop insulin dependent diabetes within 4-6 weeks of life 

(63). T1D susceptibility in the NOD mice is not entirely understood, however, it has been 

suggested that a polymorphism in the cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) can 

play a role in this process. CTLA-4 is a member of the immunoglobulin superfamily that 

contributes to the suppressor function of regulatory T cells (64). Polymorphism in CTLA-4 is 

associated with autoimmune diseases such as lupus, rheumatoid arthritis, multiple sclerosis and 

diabetes (65–67). The pathogenesis in the NOD mice is characterized by leukocytic infiltration of 

the pancreatic islets that leads to impaired insulin release and hyperglycemia. Since these are 

spontaneous models that do not consistently develop diabetes; which is the case for the NOD mice 

in which only 60% of male mice develop diabetes (62,68), pharmacological treatments are also 

used. The most common pharmacological drug used to induce T1D phenotype in animals is 

streptozotocin (STZ). STZ is a drug derived from Streptomyces achromogenes that leads to 

pancreatic β cell apoptosis, impaired insulin secretion and consequent hyperglycemia (62). STZ is 
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taken up by pancreatic B cells via glucose transporter 2 GLUT2 (62). Despite the difference in 

these animal models, our lab and others have shown bone loss in both the genetic and 

pharmacological models of T1D (20). 

1.3.4 Mechanisms of type 1 diabetes induced-bone loss 

 There are several suggested mechanisms by which diabetes can affect bone health. Some 

of these mechanisms include the direct effect of hyperglycemia and insulin/ IGF-1 on osteoblasts, 

increase in bone marrow adiposity, and systemic and local (bone) increase in pro-inflammatory 

cytokines. Specifically, most of these mechanisms have been shown to regulate bone density by 

affecting osteoblasts. T1D animal models often present with a decrease in osteocalcin, osterix, 

RUNX2, osteoblast numbers, as well as bone formation (69–71). On the contrary, the effects of 

diabetes in bone resorption and in osteoclasts are variable. Several studies have shown no changes, 

increased or decreased levels of osteoclasts in T1D animal models (70,72,73). Clinical studies 

looking at osteoclast activity in the serum, by measuring c-terminal telopeptide of type 1 collagen 

(CTX), have shown no changes in diabetic patients (74–77), suggesting that in humans, osteoclasts 

are not the primary cells involved in diabetes-induced bone loss. 

1.3.4.1 Hyperglycemia and bone loss 

 Different mechanisms have been suggested to be involved in hyperglycemia-induced bone 

loss. These mechanisms include alterations in mesenchymal stem cells (MSCs) lineage selection, 

prevention of osteoblast maturation, as well as increased osteoblast death. Despite the fact that 

diabetes is mostly associated with osteoblast effects, hyperglycemia can also affect osteoclasts. In 

addition, high glucose conditions can increase advance glycation end products (AGEs) and 

oxidative stress which indirectly affects bone cells. 
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1.3.4.1.1 Effects of hyperglycemia in mesenchymal stem cells lineage selection  

Hyperglycemia can regulate bone density by promoting the differentiation of MSCs 

towards adipogenesis. MSCs can differentiate into osteoblasts and adipocytes, a process that is 

controlled by the canonical Wnt signaling (78). Activation of the Wnt signaling pathway induces 

MSCs differentiation towards osteoblasts while the peroxisome proliferator-activated receptors – 

γ (PPAR-γ) pathway promotes adipogenesis (79). In vitro, high glucose induces bone marrow 

MSCs differentiation towards adipocytes by suppressing the osteogenic transcription factors 

RUNX2 and osterix, and by increasing the levels of PPAR-γ (80,81). Among the Wnt ligands, 

Wnt10b is a major regulator of bone density and lineage selection. Wnt10b increases the 

expression of RUNX2 and osterix and promotes osteoblast differentiation (82). T1D mouse models 

present a decrease in Wnt10b expression and osteoblast number, together with an increase in 

adipocyte area and number (83). Indeed, Wnt10b transgenic mice are protected against T1D 

induced bone loss (83). 

1.3.4.1.2 Effects of hyperglycemia on osteoblast maturation and death 

High glucose levels can affect bone formation by preventing osteoblast maturation and 

inducing osteoblast death (84–86). T1D mouse models express low levels of osteocalcin, osterix, 

and RUNX2. Osteoblast numbers are also decreased in the bone of T1D mice (83,87). An increase 

in osteoblast TUNEL staining and pro-apoptotic factors in T1D mouse models has also been shown 

(19). In vitro, exposure of pre-osteoblast cell lines (i.e., MC3T3-E1 cells) to high glucose 

conditions (30 mM) decreased osteocalcin and alkaline phosphatase gene expression (85,88), 

inhibited osteoblast differentiation, and calcium deposition (89). Similarly, sustained exposure of 

human osteoblast-like cells (MG-63) to high glucose for 7 days inhibited cell proliferation in a 

concentration-dependent manner compared to cells cultured under normal glucose concentration 

(84). In addition, MC3T3-E1 cells cultured under conditions associated with T1D (high glucose 
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or pro-inflammatory cytokines such as TNFα) display reduced levels of RUNX2, osteocalcin, and 

Wnt10b (83,90). Together, these studies support the role of high glucose in affecting osteoblasts 

differentiation and bone formation in patients with T1D. 

1.3.4.1.2 Effects of hyperglycemia on osteoclasts 

Hyperglycemia can also affect osteoclasts by inhibiting their formation and function. In 

vitro, high levels of D(+)glucose inhibited osteoclast formation, ROS production (needed for bone 

resorption), caspase-3 activity (necessary for RANKL-induced differentiation), and migration of 

osteoclasts in response to RANKL (91). Monocytes isolated from the bone marrow of C57BL/6 

mice treated with 33.6mmol/L glucose for four days had less osteoclast cells and expressed lower 

levels of RANK and cathepsin K when compared to normal glucose-treated isolated monocytes. 

This study demonstrates that osteoclastogenesis can be suppressed in vitro under hyperglycemic 

conditions (92). On the contrary, in vivo, high doses of STZ in female mice increased TRAP5b 

levels in the serum but had no effects on osteoclast numbers (87), suggesting that high glucose 

effects on osteoclasts are variable.  

1.3.4.1.3 Role of AGEs and oxidative stress in hyperglycemia and bone  

 Other mechanisms by which hyperglycemia can affect bone density includes an increase 

in advance glycation end products (AGEs) and oxidative stress. During diabetes, there is an 

increase in AGE (93). AGEs can regulate both osteoblasts and osteoclasts by interacting with it is 

receptor (e.g., RAGE). This interaction can decrease osteoblast maturation, induce osteoblast 

apoptosis, and increase bone resorption by osteoclasts (94,95). An increase in oxidative stress by 

hyperglycemia can also inhibit osteoblast differentiation and promote osteoclastogenesis (96,97). 

1.3.4.2 Role of hyperlipidemia in type 1 diabetes-induced bone loss 

 Insulin is a major regulator of lipoprotein lipase (LPL). LPL is an enzyme that breaks down 

triglycerides from the blood and transfers them to the tissue to either to be used for fuel or re-
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assembled into triglycerides for storage. Insulin regulates LPL activity by increasing LPL gene 

transcription in adipocytes and by stimulating the levels of LPL mRNA through posttranscriptional 

and posttranslational mechanisms (98). In insulin deficient conditions, the activity of the 

lipoprotein lipases is decreased (99) which leads to an increase in serum lipids and hyperlipidemia. 

Hyperlipidemia has been associated with low bone mass. However, studies in humans are not 

consistent, mainly due to the sample size, gender, age and other diseases that can affect the 

outcome (100–102). An increase in serum lipids can promote mesenchymal stem cells to 

differentiate into adipocytes by activating PPARγ2 and thus could play a role in suppressing 

osteoblast activity. The effects of hyperlipidemia on bone density has also been shown in T1D 

conditions. One study done in T1D female patients found a significant correlation between 

increased serum lipid levels and decreased bone density (103). T1D mouse models have also 

shown an increase in bone marrow adipocyte number (69,83). However, inhibition of T1D-induced 

marrow adiposity in mice using a PPARγ antagonist did not prevent bone loss (103,104). In 

addition, vertebral bone loss is also seen in T1D conditions. However, T1D vertebral bone does 

not display increased adiposity like the marrow compartment of the femoral bone (105), suggesting 

that an increase in bone marrow adipogenesis is not the primary driver in T1D-induced bone loss. 

1.3.4.3 Insulin and IGF-1 signaling in the regulation of bone density  

 IGF-1 and insulin can both regulate osteoblasts. Osteoblasts express insulin receptors (70) 

and insulin increases transcription factor RUNX2 and promotes osteoblast differentiation (106). 

IGF-1 binds to its receptor (IGF1R) and promotes osteoblast maturation, proliferation, and matrix 

generation (107). Indirectly, insulin regulates osteoblasts by controlling blood glucose (108). IGF-

1have also been suggested to be involved in diabetes induced bone loss. Several studies have 

shown low serum IGF-1 levels in children and adolescents with T1D (109–111). In 

postmenopausal diabetic women, serum IGF-I levels were inversely associated with the number 
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of prevalent vertebral bone fractures (112). In addition, low levels of IGF-1 in T1D patients are 

linked to an increase in pro-inflammatory cytokines, which are known to negatively affect bone 

density (113).  

1.3.4.4 Cytokine dysregulation in type 1 diabetes and bone loss 

 While many factors are associated with diabetes-induced bone loss, cytokines have also 

been demonstrated to be involved in this effect. During diabetes, there is a systemic increase in 

pro-inflammatory cytokines (114–118). Studies in both human and diabetic murine models have 

demonstrated an increase in pro-inflammatory cytokines and a decrease in anti-inflammatory 

cytokines during diabetes (73,114–116,119). Changes in cytokines levels are well known to affect 

the bone (see section 1.4), and several studies in human and animal models have shown an 

association between pro-inflammatory cytokines and bone loss (17,120–123). In addition, not only 

are pro-inflammatory cytokines elevated in the serum of diabetic mice, but they are also expressed 

at high levels in the bone, suggesting a link between pro-inflammatory cytokines and diabetes-

induced bone loss.  

1.3.4.4.1 Role of pro-inflammatory cytokines in T1D-induced bone loss 

Several studies have tested the role of pro-inflammatory cytokines in diabetes-induced 

bone loss. One study looking at the effect of interferon gamma (IFN-γ) in T1D-induced bone loss 

demonstrated that absence of IFN-γ does not protect against bone loss, suggesting potential 

compensation by, or role for other cytokines in T1D effects on bone density (116). Tumor necrosis 

factor alpha (TNF-α) is well known to negatively affect osteoblasts and promote bone resorption 

(124,125). Since TNF-α levels are highly up-regulated in diabetes, many studies have assessed its 

role in diabetes-induced bone loss. An increase in TNF-α in T1D mice, induced by the bacterial 

antigen lipopolysaccharides (LPS), resulted in enhanced osteoclast differentiation and osteoclast 

bone resorption activity (126). During estrogen deficiency along with T1D, high levels of TNF-α 
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correlated with bone loss and osteoblast death in female mice (87). In addition, inhibition of TNF-

α during T1D can prevent a decrease in callus bone formation induced by T1D (127). Furthermore, 

inhibition of TNFa decreased osteoclast numbers and increased periodontal bone formation and 

osteoblasts in diabetes-induced periodontal bone loss (128). Diabetes can also decrease 

mesenchymal stem cell proliferation and increase their apoptosis, an effect that can be prevented 

by the TNF-α inhibitor pegsunercept (127). These findings demonstrated that pro-inflammatory 

cytokines contribute to the loss of bone density seen in T1D patients. 

1.3.4.4.2 Role of anti-inflammatory cytokines in T1D-induced bone loss 

Diabetes is also characterized by a decrease in the anti-inflammatory cytokine interleukin 

10 (IL-10). Circulating levels of interleukin 10 (IL-10) were markedly low prior to diabetes onset 

in the NOD mouse model (117). Similarly to NOD mice, diabetic patients exhibit significantly 

lower serum IL-10 levels compared to non-diabetic subjects (118). Interestingly, administration of 

IL-10 protected NOD mice from developing diabetes (129). Despite these findings, the role of IL-

10 in diabetes-induced bone loss is poorly understood. In chapter two of this thesis, we demonstrate 

that during early stages of T1D IL-10 deficiency exacerbates femoral and cortical bone loss.  

 In summary, diabetes can lead to bone loss, osteoporosis, and increased risk fracture. 

Several mechanisms have been demonstrated to be involved in diabetes-induced bone loss. 

However, more research needs to be done to further understand these mechanisms. In chapter two 

we add to the current knowledge by demonstrating an important role for IL-10 in the early stages 

of T1D- induced bone loss. 
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1.4. Immune regulation of bone density 

 One of the main modulators of bone remodeling is the immune system. Conditions in which 

the immune system is dysregulated such as in colitis and rheumatoid arthritis bone health is 

profoundly affected (17,123,130). B and T lymphocytes are well known to regulate bone density 

by altering osteoblasts and osteoclasts through the secretion of several pro and anti-inflammatory 

cytokines or via direct cell to cell contact (131–133). Other components of the immune system 

such as neutrophils, macrophages and dendritic cells can also modulate bone health. Cytokines 

such as IL-10, IFN-γ, TNF-α, interleukin 17A (IL-17A), and IL-6 have all been demonstrated to 

affect the bone remodeling processes (134–139) (Figure 1.5). Since the effect that these cells and 

cytokines have in the bone are distinct, we will discuss their role on bone density regulation 

individually.  
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Figure 1.5. Modulation of bone remodeling by immune cells. 

Some of the immune cells that regulate bone density include T and B lymphocytes, neutrophils, 

macrophages, and dendritic cells. Each one of these cells can modulate bone remodeling by 

directly interacting with bone cells or via the secretion of cytokines. Cytokines such as interleukin 

10 (IL-10), interleukin 6 (IL-6), interleukin 17 (IL-17), and tumor necrosis alpha (TNF-α) are well 

known modulators of bone remodeling. Each one of these cells/cytokines regulate bone density by 

acting on the osteoblasts and promoting bone formation or by preventing bone resorption by the 

osteoclasts. Abbreviations: receptor activator of nuclear factor kappa-Β ligand (RANKL), bone 

morphogenetic protein (BMP), osteoprotegerin (OPG), transforming growth factor beta (TGFβ), 

interferon gamma (IFN-γ). 
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1.4.1 Lymphocyte regulation of bone  

Several studies have highlighted the role of T and B lymphocytes in the regulation of bone 

density. Interestingly, not only can these cells individually affect bone density, they can also 

interact with each other to regulate the bone response. For example, T and B cell interaction 

through the CD40L/CD40 receptors enhances the secretion of osteoprotegerin (OPG), an inhibitor 

of bone resorption, by B cells (132). Under basal conditions, CD40L, CD40, and B cell deficient 

mice present lower bone density (132,140). On the contrary, after activation, T and B cells can 

secrete pro-osteoclastogenic cytokines which can increase bone resorption and lead to bone loss. 

1.4.1.1 T lymphocytes and bone regulation  

T lymphocytes are major components of the adaptive immune system and are crucial for 

recognizing antigens to mediate an immune response. T cells can express either αβ or γδ T cell 

receptor subunits. Most T cells express the αβ subunits while only a small fraction express γδ 

subunits. These cells can be classified as CD4 and CD8 positive T cells based on the expression 

of the CD4 or CD8 glycoproteins on their surfaces. CD4+ T cells can be further subdivided in T 

helper 1 (Th1), 2 (Th2), 17 (Th17), and T regulatory cells (Treg), all of which can produce different 

cytokines and can have a variety of effects on bone. Th1 cells are characterized by the secretion of 

TNF-α, IFNγ, and interleukin (IL)-2; Th2 cells can produce interleukins 4 (IL-4), 5 (IL-5), 6 (IL-

6), 9 (IL-9), 10 (IL-10), and 13 (IL-13) (141,142); Th17 can secrete IL-17A, IL-17F, IL-21, and 

IL-22 (143); and Treg can produce IL-10 and TGFβ.  

The role of T cells on bone density regulation has been tested in different mouse models. 

In 10 week old TCRβ deficient mice, a strain that is deficient in αβ T-cell receptor, total body bone 

mass density was reduced, but no changes were seen in the femoral bone, or osteoclasts and 

osteoblasts markers in the serum. Mechanical testing of the femoral bone did not show any 

significant differences (144). Similarly, in the nude mice, a strain that also lacks αβ T cells, no 
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changes in femoral trabecular bone volume or osteocalcin serum levels were noticed (144). In 

contrast, in a different study, 10 to 12 weeks old female nude and TCRα deficient mice presented 

lower bone mass density in the femur and tibia when compared to the wild type control, suggesting 

that T cells are required for the normal development of bone. However, one caveat of this last 

study is that the wild type and deficient mice were bought from different companies and were not 

littermates. Therefore littermates wild type controls from the same company are required to 

confirm these results (140). In a different study, 12-16 weeks old T-cell–deficient nude mice also 

presented decreased bone mass density due to a decrease in bone marrow osteoprotegerin 

production and increased bone resorption (132). The discrepancies in these results might be 

explained by the different ages of the mice used (10 vs 16 weeks). The role of T cells on bone 

density regulation in estrogen depleted conditions (OVX) has also been tested. TCRα deficient 

mice were not protected against OVX-induced bone loss, suggesting that bone loss in estrogen 

depleted condition is not mediated by T cells (140). Interestingly, T cell nude mice prevented the 

increase of total body and femoral bone density induced by intermittent parathyroid hormone 

(iPTH) treatment (144). Taken together, T cell regulation of bone density might be influenced by 

the age of the mice and the specific knockout model that was used.  

1.4.1.1.1 CD 4+ T cells 

 In healthy conditions, CD4+ T cells do not seem to play a role in bone density regulation. 

Reduction of CD4+ T cells in the class II MHC knockout mice does not show any bone phenotype. 

Trabecular femoral bone volume and serum osteocalcin levels in the class II MHC knockout mice 

are not different from wild type mice (144). However, CD4+ T cells that were activated with 

Actinobacillus actinomycetemcomitans antigens promoted bone loss in periodontitis (145), 

demonstrating a different response between naïve vs activated CD4+ T cells. Intermittent PTH 

treatment did not improve bone architecture in T cell deficient mice reconstituted with CD4+ T 
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cells, suggesting that these cells are not regulated by iPTH treatment (144). In vitro, CD4+ T cells 

can regulate osteoclast differentiation. Depletion of CD4+ T cells (in vivo), significantly increased 

the number of osteoclasts formed (in vitro) after stimulation with 1,25-(OH)2D3 (146). Subsets of 

CD4+ T cells (Th1, Th2, and Th17) can also regulate bone density through the secretion of 

cytokines such as TNF-α, IFNγ, and IL-10. 

1.4.1.1.2 CD 8+ T cells 

In vitro, CD8+ T cell prevents osteoclastogenesis. Co-culture of osteoclast precursors with 

activated CD8+ T cells in the presence of macrophage colony-stimulating factor (M-CSF) and 

RANKL prevent osteoclast differentiation (147). Depletion of bone marrow CD8+ T cells 

significantly increased the number of osteoclasts formed in bone marrow cell cultures stimulated 

with 1,25-(OH)2D3 for 7 days (146). CD8+ T cells can also regulate osteoblasts via increasing Wnt 

signaling. Treatment of mice with intermittent PTH was found to increase the production of 

Wnt10b by bone marrow CD8+T cells, which stimulates bone formation by activating Wnt 

signaling in osteoblasts (144). Indeed, Wnt signaling in pre-osteoblasts was diminished in T cell 

null mice and T cell null mice failed to increase total body and femoral bone density after 

intermittent PTH administration. However incorporation of CD8+ T cells prevented this effect 

(144), suggesting that the beneficial effect of intermittent PTH treatment on osteoblasts is mediated 

by CD8+ T cell stimulation of Wnt10b. In summary, CD8+ T cells benefit the bone by inducing 

osteoblast differentiation and preventing osteoclastogenesis. 

One subset of CD8+ T cells are the CD8+ Treg cells. These cells express CD25 and the 

transcription factor FoxP3 and similar to CD8+ T cells, Foxp3+ CD8+ Treg can also suppress bone 

resorption induced by osteoclasts (148). In estrogen depleted conditions (OVX), Foxp3+ CD8+ 

Tregs transferred into two weeks post-OVX mice prevented bone resorption and limited bone loss 

(149).  



 34 

1.4.1.1.3 T regulatory cells 

T regulatory cells (Treg) play a crucial role in suppressing the immune response in various 

immune conditions. Treg cells form when naive CD4+ cells are exposed to antigen in the presence 

of TGF-β. They express the transcription factor Foxp3, which is essential for Treg development. 

Treg can modulate the bone remodeling process, specifically osteoclast activity, via two 

mechanisms. First, Tregs inhibit osteoclast differentiation from peripheral blood mononuclear 

cells through the secretion of cytokines including TGFβ and IL-4 (150). Second, Treg regulates 

osteoclast differentiation via direct cell-to-cell contact through cytotoxic T-lymphocyte antigen 4 

(CTLA-4). CTLA-4 is expressed on Treg and inhibits osteoclast formation. Co-culture of bone 

marrow derived monocyte cells with activated Tregs inhibited osteoclast formation and bone 

resorption, an effect that was prevented when cell-to-cell contact was inhibited (151), suggesting 

a direct role of CTLA-4 in Treg effect on monocytes. Indeed, treatment of osteoclast precursor 

cells with CTLA-4 suppresses osteoclast formation in a dose dependent manner (151). In a 

collagen-induced arthritis model, transfer of activated Treg reduced the differentiation of 

splenocytes into osteoclasts and increased the expression of IL-10, which can further prevent 

osteoclast differentiation (152). Bone marrow transferred from Foxp3-transgenic (Foxp3tg) mice 

fully protected wild type mice from local bone erosion in a model of TNF-mediated arthritis. The 

bone protective effect by Treg cells was associated with reduced osteoclast numbers and bone 

resorption (153). In conclusion, Treg can benefit the bone through the secretion of cytokines and 

via direct interaction with osteoclast precursor cells. 

1.4.1.1.4 Gamma delta T cells 

The vast majority of T cells express the αβ subunits and only 1-10% of the human 

peripheral circulating T cells are γδ T cells (154). γδ T cells are mostly present in the columnar 

epithelium of the crypts in the intestine (154). Despite the well-known role of these cells in the 
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immune response, their role in bone biology is not completely known and needs to be studied 

further. One study demonstrated that anti- CD3/CD28-stimulated γδ T cells can inhibit osteoclast 

differentiation and resorptive activity in vitro via decreasing IL-17 levels (155). This effect was 

further supported by another study that showed inhibition of osteoclastogenesis by activated γδ T 

cells but not freshly isolated γδ T cells. Indeed, freshly isolated γδ T cells enhanced osteoclast 

generation and function (156). Other studies have also shown activation of γδ T cells by several 

drugs used to regulate bone density such as bisphosphonates (157), but the role of γδ T cells on 

bone health during this drug treatment is not entirely understood.  

1.4.1.2 B lymphocytes and bone regulation  

B cells differentiate from lymphoid progenitors and together with T cells, play an important 

role in the adaptive immune response. Like T cells, B cells can also influence the bone through the 

production of factors that are important for bone maintenance such as osteoprotegerin (OPG) and 

receptor activator of nuclear factor kappa-Β ligand (RANKL). OPG inhibits bone resorption via 

interacting with RANKL and preventing it from interacting with RANK in the osteoclasts. This 

interaction prevents osteoclast activation and differentiation. B cells have been demonstrated to be 

responsible for around 64% of total bone marrow OPG production, with 45% derived from mature 

B cells. B-cell knockout mice present a bone phenotype that is characterized by deficiency in bone 

marrow OPG production, stimulation of bone resorption via an increase in osteoclast activation, 

and lower total body bone mineral density (132).  

B cells have also been reported to have the ability to enhance osteoclastogenesis via the 

production of RANKL. Resting B cells are not known to produce high amounts of RANKL. 

However, activation of B cells with either IL-2 or IFN-γ can produce RANKL and induce 

osteoclast differentiation in vitro (158,159). B cells can also inhibit osteoclast formation indirectly 

via the secretion of TGFβ, a factor that induces osteoclast apoptosis (160).  
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In addition to the homeostatic role of B cell in bone health, these cells have also been shown 

to be involved in the regulation of bone density in several disease models. For example, in two 

mouse models of rheumatoid arthritis (RA): collagen- induced arthritis and the TNF-transgenic 

mice, bone marrow B lymphocytes prevented bone formation by inhibiting osteoblast 

differentiation (133). In addition, B cells isolated from peripheral blood from RA patients inhibited 

human mesenchymal stem cell (hMSC) differentiation into osteoblasts. B cells significantly 

inhibited osteoblast differentiation by reducing expression of RUNX2, a key transcription factor 

associated with osteoblast differentiation (133). HIV infection is also associated with low bone 

mass. In the HIV transgenic rat model, upregulation of RANKL by B cells, together with a 

decrease in OPG, was associated with bone loss seen in the HIV group (161,162). In estrogen 

depleted conditions, B cell-specific RANKL deficient mice were partially protected against 

ovariectomy-induced trabecular bone loss (163). In addition, B cells isolated from the bone 

marrow of early postmenopausal women express high levels of RANKL (164), suggesting that 

high levels of RANKL expressed by B cells contribute to bone loss. Together, these results 

highlight the important role of B cells in the regulation of bone density in physiological and 

pathophysiological conditions. 

1.4.2 Innate immune regulation of bone 

Cells of the innate immune system (especially neutrophils, macrophages and dendritic 

cells) can also regulate bone density.  

1.4.2.1 Neutrophils 

Neutrophils are the most abundant type of granulocytes and they play an essential role in 

the immune system. They differentiate from stem cells in the bone marrow. The role of neutrophils 

in the regulation of bone density is not completely understood, however it has been suggested that 

they can act on both osteoclasts and osteoblasts. In patients with rheumatoid arthritis (165) and 
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after ex vivo LPS stimulation (166), neutrophils express high levels of RANKL. Expression of 

membrane bound RANKL in neutrophils suggests that these cells can regulate bone resorption 

through neutrophil-osteoclast interaction (166). Indeed, coculture of LPS-stimulated neutrophils 

with human monocyte-derived osteoclasts and Raw 264.7 cells stimulated osteoclast activity and 

bone resorption (166). On the contrary, supernatant from LPS stimulated neutrophils did not have 

an osteoclastogenic effect, demonstrating that neutrophils do not express soluble RANKL and its 

effects on osteoclasts is mediated through cell to cell contact (166). Neutrophils can also affect 

osteoblast function by changing their morphology and preventing their interaction with the bone 

matrix. The effect of neutrophils on osteoblast is also mediated through cell to cell contact and 

results in decreased bone formation and increased bone resorption (167).  

1.4.2.2 Macrophages 

Macrophages play a crucial role in bone density as they share the same precursor cells with 

osteoclasts and can also differentiate into osteoclasts (168). There are three known distinct 

macrophage populations in the bone and bone marrow: bone marrow macrophages (erythroid 

island macrophages and hematopoietic stem cell macrophages), osteoclasts, and osteal 

macrophages or osteomacs. Erythroid island macrophages and hematopoietic stem cell 

macrophages are important in erythroid maturation and they can influence the hematopoietic stem 

cell niches (169). Osteomacs are bone tissue specific macrophages that constitute about one sixth 

of the total cells within the osteal tissue (170). Osteomacs are distinguishable from osteoclasts by 

the expression of the murine macrophage marker F4/80 and the absence of TRAP, a marker of 

osteoclast (171). They can be near osteoblasts and can support osteoblast function. Indeed, 

depletion of osteomacs from calvarial cultures significantly decreased osteocalcin mRNA and 

osteoblast mineralization in vitro (171). In human bone marrow-derived mesenchymal stem cells 

(MSCs) osteomacs induced MSCs differentiation into osteoblasts (172). Depletion of 
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osteomacs/macrophages (either using the Mafia transgenic mouse model or clodronate liposome 

delivery) in the mouse tibial injury model resulted in suppression of new bone formation and 

demonstrated that osteomacs are required for deposition of collagen type 1 matrix and bone 

mineralization (173). Human and murine macrophages also produce bone morphogenetic proteins 

2 and 6 (BMPs), which increased osteoblast differentiation. Treatment of macrophages with anti-

BMP-2 prevented the pro-osteogenic effects (174). These data suggest that contrary to osteoclasts, 

macrophages and bone specific macrophages are beneficial to the bone. However, macrophages 

are known to be an important source of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-

α, all of which can enhance osteoclast differentiation and activity and lead to bone loss. Despite 

these findings, the exact role of macrophages in osteoporosis is still not completely understood. 

1.4.2.3 Dendritic cells 

Under steady-state conditions, dendritic cells do not seem to play a role in bone remodeling 

(175). However, under conditions where high levels of pro-inflammatory cytokines are expressed, 

dendritic cells can indirectly regulate bone density by activating T cells or through the secretion 

of cytokines such as TNFα, TGFβ, and IL-10 (175). Both osteoclasts and dendritic cells are derived 

from monocyte/macrophage precursor cells and in the presence of MCSF and RANKL myeloid 

dendritic cells of human peripheral blood can transdifferentiate into functional osteoclasts (176). 

In a model of osteolysis, dendritic cells were recruited to the site of bone resorption and they 

express high levels of cathepsin K (marker of osteoclast and bone resorption) and enhanced bone 

resorption (177). In rheumatoid arthritis, dendritic cells can serve as osteoclast precursors and 

therefore contribute to bone loss (176). In general, these data suggest that under pro-inflammatory 

conditions dendritic cells regulate osteoclastogenesis and bone loss. 
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1.4.3 Regulation of bone remodeling by cytokines 

Bone remodeling is also regulated by pro and anti-inflammatory cytokines. These 

cytokines interact with both osteoblasts and osteoclasts. Some of the cytokines that are known to 

regulate bone density are tumor necrosis factor alpha, interferon-γ, interleukin 10, interleukin 6, 

interleukin 4, interleukin 17A, and transforming growth factor beta.  

1.4.3.1 Tumor necrosis alpha  

Macrophages are the major producers of tumor necrosis alpha (TNFα), although TNFα can 

also be produced by activated lymphocytes, natural killer cells, neutrophils, astrocytes, and adipose 

tissue (178). TNFα is a major pro-inflammatory cytokine involved in the inflammatory response 

through the regulation of cell functions such as cell proliferation, survival, differentiation, and 

apoptosis (178). The effects of TNFα on bone density are well described. TNFα can act on both 

osteoclasts and osteoblasts. TNFα upregulates the expression of RANKL and MCSF and therefore 

increase osteoclast differentiation (134,135). High levels of TNFα during menopause have been 

associated with bone loss (87) and TNF-α knockout mice are protected against ovariectomized 

(OVX) induced bone loss (179). Accordingly, treatment with a TNF binding protein inhibitor 

prevents bone loss in OVX mice (180). Inhibition of TNFα also prevents periodontal bone loss 

induced by diabetes (128). In vitro, TNFα promotes osteoclast differentiation (134,181), prevents 

osteoblast differentiation (182,183), and increase osteoblast apoptosis (184). Conversely, low 

levels of TNFα can induce osteogenic differentiation from MSCs via upregulation of the 

transcription factors osterix and RUNX2 (185), which suggests that low levels of TNFα can be 

beneficial to the bone, however more studies are needed to understand this effect. In general, TNFα 

has detrimental effects on bone density by promoting and increasing osteoclast differentiation, and 

by preventing osteoblast differentiation and enhancing osteoblast death. 
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1.4.3.2 Interferon gamma  

Interferon-γ (IFN-γ) is a pro-inflammatory cytokine that plays a crucial role in the innate 

and adaptive immune response. IFN-γ is produced predominantly by natural killer cells, natural 

killer T cells, and by Th1 CD4+ T cells and CD8 cytotoxic T lymphocytes once antigen-specific 

immunity develops (186). Unlike TNF-α, the effect of IFN-γ on bone density is more variable. In 

vitro, IFN-γ inhibited osteoclastogenesis (136) and prevented the effects of 1,25-dihydroxyvitamin 

D3, PTH, and IL-1 on stimulation of osteoclast formation in human bone marrow cells (187). On 

the contrary, IFN-γ can stimulate osteoclast resorptive activity by enhancing RANKL and TNFα 

production by T cells (188). Indeed, treatment of T cell-deficient nude mice with recombinant 

IFNγ did not affect bone density however, reconstitution of T cells in these animals induced 

vertebral bone loss (188). In rats, intraperitoneal injections of IFN-γ induced osteopenia via 

decreasing bone formation rate (189). In humans with osteopetrosis (dense bones), administration 

of IFNγ three times a week for six months stimulated bone resorption and significantly decreased 

trabecular bone volume (190). These results demonstrate the complexity of IFNγ effects on bone 

density. 

1.4.3.3 Interleukin 10 

IL-10 is an anti-inflammatory cytokine that inhibits the activity of Th1 cells, natural killer 

cells, and macrophages, all of which enhance the inflammatory response and contribute to tissue 

damage. Many different cell types such as macrophages, dendritic cells and activated T and B cells 

can produce IL-10 (191). Besides its anti-inflammatory role, IL-10 can also regulate bone density. 

Studies in IL-10 deficient mice have demonstrated accelerated alveolar bone loss, decreased 

trabecular number, and cortical bone area when compared to wild type controls (137–139). IL-10 

deficient mice also have lower expression of osteoblast and osteocyte markers in the periodontal 

tissue (138). In vitro, IL-10 prevents RAW264.7 cells and mouse bone marrow cells differentiation 
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into osteoclasts via suppressing c-Fos and c-Jun (192,193). IL-10 can also modulate osteoclast 

formation by increasing OPG and decreasing RANKL gene expression in dental follicle cells 

(194). Our studies also add to the current knowledge about IL-10 effects on bone density by 

demonstrating its role in type 1 diabetes and bone loss in vitro and in vivo (see chapter 2). 

1.4.3.4 Interleukin 6 

 Interleukin 6 (IL-6) can be secreted by many cells including macrophages, T and B 

lymphocytes, monocytes, fibroblasts, endothelial cells, and mesangial cells (195). The role of IL-

6 in bone remodeling is variable with studies showing stimulation of bone resorption, inhibition 

of osteoclast differentiation or no changes on bone density. This variability can be attributed to the 

differing effects that IL-6 has in different models. For example, under healthy conditions, IL-6 

deficient mice show no bone phenotype when compared to control mice (179), however, 

overexpression of circulating IL-6 in growing prepubertal mice resulted in lower trabecular and 

cortical bone volume due to an increase in osteoclast activity and decrease in osteoblast numbers 

(196). In both the glucocorticoid and OVX - induced osteoporosis model, administration of IL-6 

neutralizing antibody prevented bone loss (179,197,198). IL-6 and its soluble receptor (IL-6sR) 

can also indirectly control osteoblast proliferation and/or differentiation by stimulation of local 

factors such as IGF-1(199) and BMP-6 (200). Together with the osteogenic protein 1, IL-6 and IL-

6sR enhanced alkaline phosphatase activity in primary culture of rat osteoblasts (200). In 

conclusion, IL-6 effects on bone density are variable and more studies are needed to completely 

understand it is role in different bone conditions. 

1.4.3.5 Interleukin 4 

 Interleukin 4 (IL-4) is a cytokine produced by CD4+ T cells, mast cells and basophils. IL-

4 acts on a variety of cells including bone cells. In vitro, IL-4 inhibited bone marrow osteoclast 

precursor cell differentiation (201). In rheumatoid arthritis, IL-4 inhibited bone resorption by 
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inhibiting osteoclasts differentiation and activity (202). In contrast, overproduction of IL-4 in T 

cells in mice leads to trabecular and cortical bone loss (203). On the murine osteoblastic cell line 

MC3T3-E1, IL-4 together with IL-3 stimulated osteoblast proliferation but inhibited cell 

differentiation (204). 

1.4.3.6 Interleukin 17A 

TGFβ and IL-6 are responsible for the differentiation of T cells into Th17. Th17 are the 

primary producers of interleukin 17A (IL-17A), in addition, other cells such as CD8+ T cells, 

natural killer, and γδ T cells can also secrete IL-17A (205). IL-17A has numerous immune 

regulatory properties such as stimulation of chemokines and matrix metalloproteinases release and 

activation of neutrophils. In addition to these functions, IL-17A can also regulate bone cells. In 

vivo, IL-17A deficient mice show no bone phenotype. Trabecular bone and serum osteoclast and 

osteoblast markers in the IL-17A deficient group were not different from the wild type mice. 

However, in vitro IL-17A can act on both osteoblasts and osteoclasts. In humans peripheral blood 

monocytes IL-17A enhanced osteoclast differentiation, activation, and bone resorption (206). In 

primary calvarial osteoblasts, IL-17A inhibited the expression of alkaline phosphatase, RUNX2, 

and osteocalcin (207), suggesting a negative role of IL-17A on bone formation. Indirectly, IL-17A 

regulates bone density by recruiting and activating immune cells that can enhance the secretion of 

cytokines such as TNFα and RANKL (208). 

1.4.3.7 Transforming growth factor beta 

 TGFβ can be secreted by a variety of cells such as Treg, macrophages, and osteoblasts. 

TGFβ induces regulatory T cells, and in the presence of IL-6 promotes Th17 differentiation. In 

humans, three isoforms of TGF-β have been described, TGF-β1, TGF-β2 and TGF-β3. In the bone, 

TGFβ has been shown to regulate both osteoblasts and osteoclasts. In osteoclast precursor cells 

TGFβ can have both positive and negative effects on osteoclast differentiation. In vitro, TGFβ 
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induces osteoclast formation (209) and osteoclast apoptosis (210), suggesting that it acts via more 

than one mechanism. In cell culture of osteoblasts, TGFβ strongly decreases RANKL (209), 

suppresses osteoblast differentiation (211), prevents osteoblast apoptosis (212), and induces 

osteoblast proliferation (213). In vivo, the role of TGFβ on bone density seems to be positive. In 

the TGF-β1 knockout mice, alkaline phosphatase activity, collagen maturity, bone mineral content 

and bone mineral density decreased significantly when compared to the wild type (214,215). TGF-

β2 knockout mice also present bone development abnormalities such as a decrease in bone size 

(216). 
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1.5 Gut and bone axis 

This section is an edited version of the review article that was published in Understanding the Gut-

Bone Signaling Axis; Chapter: Epithelial Barrier Function in Gut-Bone Signaling  

Authors: Naiomy Deliz Rios-Arce, Fraser L. Collins, Jonathan D. Schepper, Michael D. Steury, 

Sandi Raehtz, Heather Mallin, Danny T. Schoenherr, Narayanan Parameswaran, and Laura R. 

McCabe 

The gastrointestinal (GI) epithelium play an essential role in maintaining host health 

through its ability to digest and absorb nutrients. At the same time, it is essential for providing a 

selective barrier that prevents translocation of harmful substances as well as pathogens and their 

products from the external environment to the blood stream. The intestinal epithelium is composed 

of a continuous single layer of intestinal epithelial cells (IECs) that are sealed together by tight 

junction (TJ) proteins (Figure 1.6). This epithelial layer allows the movement of materials from 

the mucosal side of the epithelium to the serosal side via transcellular and paracellular pathways. 

A mucus layer, secreted by specialized epithelial cells (goblet cells), is located on the surface of 

the epithelium and is important for limiting the ability of gut bacteria and pathogens to access host 

cells. The lumen of the GI tract also harbors a variety of commensal microorganisms referred to 

as the gut microbiota which accounts for 90% of the cells in the human body, approximately 1014 

bacteria total, in which the colon usually has the highest content with approximately 1011 CFU/ml 

(217). The intestine also secretes immunoglobulins, defensins, and other antimicrobial products 

that contribute to maintaining a healthy environment. Beneath the epithelial layer is the lamina 

propria which contains immune cells, fibroblasts and plasma cells.  

Disruption of the epithelial barrier can 1) affect efficient nutrient absorption, 2) facilitate 

pathogen translocation into the bloodstream and cause systemic inflammation, and 3) alter gut 

microbiota composition (218). As a consequence, barrier disruption can trigger the development 
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of GI diseases such as IBD, celiac disease, and colon cancer (219–222). Other systemic and 

metabolic diseases such as type I diabetes can also be influenced by barrier changes (223,224). 

However, whether barrier dysfunction is causal or a consequence of these systemic and metabolic 

diseases is controversial. Recent studies from our lab and others demonstrate that GI barrier 

dysregulation can critically affect bone health (225,226). Indeed, in diseases characterized by a 

malfunction of the GI tract such as in IBD, bone health is significantly affected resulting in bone 

loss (17). 

For many years, the interaction between the gut and the bone has been described. These 

interactions were mostly attributed to the role of the GI tract in the absorption of minerals such as 

calcium and phosphorous. However, the gut is also known to secrete endocrine factors that can 

signal to bone cells. In addition, the integrity of the gut epithelial layer, as well as it is immune 

response, can affect bone health. More recent studies from our lab and others have also shown a 

role of the gut microbiota in the regulation of bone density.  
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Figure 1.6. Schematic representation of the intestinal tight junction proteins and their 

location. 

 Tight junctions are protein complexes that span between epithelial cells to form a tight barrier. 

They are comprised of transmembrane proteins, such as occludin (red) and claudins (purple), and 

they are connected to the actin cytoskeleton via a zona occludens (ZO-1 and ZO-2 (gray)). The 

transmembrane receptor JAM (junctional adhesion molecule (blue)) is also found at tight junction 

complexes. Abbreviations: JAM junctional adhesion molecule, ZO zona occludens. 

  



 47 

1.5.1 Mineral absorption in gut-bone signaling 

 One well-characterized function of the gut is the absorption of minerals such as calcium 

and phosphorus. These two minerals are found in the hydroxyapatite in the bones and play a crucial 

role in bone formation and maintenance. Calcium absorption occurs in the small intestine via two 

routes: active transport (transcellular) and passive diffusion (paracellular). Transcellular calcium 

absorption occurs predominantly in the duodenum and is regulated by calcitriol, the active form 

of vitamin D. The importance of vitamin D in calcium absorption and bone health is emphasized 

by the consequences of vitamin D deficiency on bone which includes rickets in children and 

osteomalacia in adults (227). In addition, when the vitamin D receptor is specifically deleted in 

the intestine, this results in lower intestinal calcium absorption, inhibition of bone mineralization, 

and an increase in bone fractures (228). Conversely, paracellular calcium absorption is 

independent of vitamin D and occurs throughout the length of the intestine. Paracellular calcium 

absorption is a concentration-dependent diffusional process that occurs through the tight junctions 

and structures within intercellular spaces (229).  

1.5.1.1 Hormonal regulation of mineral absorption 

There are three well known calcium regulating hormones; parathyroid hormone (PTH), 

calcitriol, and calcitonin. PTH maintains the levels of calcium in the blood by regulating bone 

resorption and bone formation. Calcitriol, the active form of vitamin D, increases the level of 

calcium in the blood by increasing uptake of calcium from the gut into the blood, enhancing 

reabsorption of calcium by the kidneys, and increasing the release of calcium from the bone. 

Calcitonin, on the other hand, is secreted when calcium serum levels are high and prevents bone 

resorption. Calcitonin is produced by the parafollicular cells of the thyroid gland and reduces blood 

calcium levels by two main mechanisms; 1) prevents the activity of osteoclasts by mediating the 

loss of the ruffled osteoclast border; and 2) prevents reabsorption of calcium by the kidneys, which 
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together decreases blood calcium levels. The interaction between these hormones determines 

calcium levels in the bone and serum. For example, during vitamin D deficiency, circulating PTH 

increases leading to an increase in the activity of 1α-hydroxylase in the kidney. 1α-hydroxylase 

then converts vitamin D into calcitriol which them stimulates calcium absorption through its 

interaction with the vitamin D receptor. Indirectly, PTH can also stimulate calcium release from 

the bone by acting on osteoblasts and stimulating the release of RANKL which will induce bone 

degradation via osteoclasts. An uncontrolled increase in RANKL secretion by PTH can lead to 

osteopenia and osteoporosis. A negative feedback loop then regulates the levels of PTH; when 

blood calcium levels increase, calcium-sensing receptor in the parathyroid gland slows PTH 

synthesis and release by inhibiting vesicle fusion and exocytosis. One human study has shown a 

negative correlation between serum PTH and bone mineral density (BMD) (230). In another study, 

patients with hyperparathyroidism have the lowest BMD values (231).  

 Interestingly, low doses of intermittent PTH (iPTH) treatment is associated with bone 

anabolic effects. iPTH treatment increases BMD and reduces the risk of fracture in post-

menopausal women with osteoporosis (232). iPTH treatment increases bone density by promoting 

osteoblast differentiation. Daily PTH injections in mice with either normal bone mass or 

osteopenia increased bone formation by increasing the life-span of mature osteoblasts and 

preventing their apoptosis (233). iPTH can also induce Wnt10b production from bone marrow 

CD8+ T cells that then activates canonical Wnt signaling in preosteoblasts, activation of the Wnt 

signaling promotes osteoblast differentiation (144). In T1D, iPTH treatment suppressed osteoblast 

apoptosis and reversed preexisting bone loss from diabetes (234). Currently, iPTH is the only bone 

anabolic treatment approved by the Food and Drug Administration to treat osteoporosis. However, 

the duration of this treatment (teriparatide) is limited to two years due to the development of 

osteosarcoma (26).  
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1.5.2 Gut-derived endocrine factors and their effects on bone density regulation 

 Another mechanism by which the gut regulates the bone is through the secretion of 

hormones such as serotonin, incretins, and peptide YY. 

1.5.2.1 Serotonin as a regulator of bone density  

 Serotonin (5- hydroxytryptamine; 5-HT) is a neurotransmitter with a variety of 

physiological roles in the body including modulation of bone density. The vast majority of 

serotonin (around 95%) is secreted by the enterochromaffin cells in the GI tract and a small fraction 

is secreted in the brain (235,236). Serotonin can signal via as many as 15 different receptors. 

Osteoblasts express three serotonin receptors: Htr1b, Htr2a, and Htr2b (237). Interestingly, the 

effects of serotonin on bone modulation differ depending on whether it is secreted by the brain or 

by the GI tract (238).  

 When serotonin is produced in the brain, serotonin promotes bone formation and prevents 

bone resorption by acting on the Htr2c receptor in the ventromedial hypothalamic (VHM) neurons. 

This interaction inhibits the synthesis of epinephrine and decreases sympathetic tone. This 

decrease in sympathetic tone decreases beta 2 adrenergic receptor signaling in osteoblasts; beta 2 

adrenergic receptors are known to decrease osteoblast proliferation, and to increase bone 

resorption. Therefore, inhibition of the sympathetic activity by brain-derived serotonin increases 

bone formation and decreases bone resorption (238).  

When serotonin is produced peripherally, it inhibits bone formation by binding to the Htr1b 

receptor on the osteoblasts and decreases osteoblast proliferation. The role of gut-produced 

serotonin was first described in low-density lipoprotein receptor (Lrp5) family 5 knockout mice. 

Lrp5 inhibits the expression of tryptophan hydroxylase (Tph1), which is the rate limiting enzyme 

in the synthesis of serotonin, in the duodenum, in turn decreasing serotonin biosynthesis. In the 

absence of Lrp5, serotonin levels are high and there is a decrease in osteoblast differentiation and 
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bone density (237,239). In contrast, Tph1 deficient mice, which have decreased serotonin levels, 

have increased bone mineral density (240). In both the Lrp5-knockout and Tph1-knockout mice, 

changes in bone density are attributed to changes in osteoblast proliferation with no changes in 

osteoclasts. In addition, an association between the use of selective serotonin reuptake inhibitors 

(SSRIs), an increase in bone fracture, and a decrease in bone density in humans has been shown 

(241,242). One meta-analysis found that consumption of SSRIs increases the fracture risk by 70% 

(243). In another study, the risk of hip fracture was elevated in Australian people, over the age of 

65, that were taking SSRIs (244). In older women, over the age of 65, the use of SSRIs was 

associated with a higher risk of any non-spine fracture (245). These studies demonstrate that 

elevated serotonin levels can lead to bone loss. 

Another cell type that has recently been discovered to secrete serotonin is the osteoclast. 

One study found that in the presence of RANKL, osteoclast precursors can express Tph1 and 

synthesize serotonin. They also show a decrease in osteoclastogenesis in Tph1 knockout mice 

(246). However, the role of serotonin release from osteoclasts and its effects on bone density needs 

further study. Taken together, these studies suggest that secretion of serotonin from the gut or the 

brain can have different and opposite effects on the bone. 

1.5.2.2 Incretins and bone 

Incretins are a group of metabolic intestinal peptide hormones that are secreted in response 

to food ingestion. The most widely recognized incretins are gastric inhibitory polypeptide (also 

known as glucose-dependent insulinotropic polypeptide or GIP) and glucagon- like peptides-1 and 

2 (GLP-1, GLP2). GIP is secreted by the “K-cells” from the mucosa of the small intestine 

(duodenum and jejunum), while GLP-1 and GLP-2 are secreted by the “L-cells” located in the 

distal jejunum, ileum, and colon (247,248). These incretins act on the pancreas to regulate blood 

glucose by modifying the release of insulin. 



 51 

  In addition to its role in the secretion of insulin, GIP can also stimulate glucagon release 

and it can prevent pancreatic beta cell apoptosis. GIP receptors (GIPR) are widely expressed 

throughout the intestine and many other organs, and therefore, GIP can have a variety of effects. 

In the bone, GIPR is expressed in both osteoblasts and osteoclasts (249). In vitro, treatment of 

osteoblasts with GIP results in elevated expression of collagen type I messenger RNA as well as 

an increase in alkaline phosphatase activity, suggesting an increase in osteoblast activity (249). In 

vivo, the role of GIP on bone density is controversial. In one study, GIPR-deficient mice were 

found to have a significant increase in trabecular bone mineral density (250), while in a similar 

study GIPR-deficient mice had lower cortical thickness and higher osteoclast number (251). On 

the contrary, overexpression of GIP in mice resulted in higher trabecular bone mass, serum 

osteocalcin, and increased bone formation (252). In euglycemic humans, GIP infusion (4 

pmol/kg/min for 15 min, followed by 2 pmol/kg/min for 45 min) decreases c-terminal telopeptide 

of type I collagen, a marker of bone resorption, in the serum (253), suggesting that GIP can prevent 

bone resorption. 

Similar to GIP, GLP-1 and GLP-2 are released in response to food intake and they regulate 

blood glucose by the stimulation of insulin release. Both types of GLP work through their receptors 

(GLP-1R and GLP-2R) which are also widely expressed in many organs, but unlike GIP, in the 

bone GLP-1R and GLP-2R are only expressed in immature osteoblasts (254). The role of GLP-1 

in bone was first demonstrated in GLP-1 receptor knockout mice. In this model, absence of GLP-

1R led to a decrease in cortical bone mineral density, and an increase in bone fragility, bone 

resorption, and osteoclast cell numbers (255,256). However, this effect was only seen in the 

cortical bone and not in the trabecular bone. In a different study, administration of GLP-1 for 3 

consecutive days into STZ diabetic rats reversed hyperglycemia and up-regulated the expression 

of bone formation markers such as osteocalcin (257).  
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The role of GLP-2 on bone density has also been studied in postmenopausal women. A 

single dose of GLP2 in postmenopausal women significantly reduced markers of bone resorption 

in the serum, with a slightly increase in bone formation markers (258). Treatment with GLP-2 for 

four months in postmenopausal women resulted in a significant increase in total hip bone mineral 

density (259). Incretins can also indirectly regulate bone density by the regulation of insulin and 

insulin like growth factor (IGF-1) (Section 1.3.4.3). Together these studies demonstrate the role of 

incretins in the regulation of bone density. 

1.5.2.3 Peptide YY effects on bone 

 Peptide YY (PYY), a gut-derived satiety peptide of the neuropeptide Y family, is secreted 

by the endocrine L cells from the ileum and colon in response to feeding (260). This peptide binds 

with high affinity to receptors of the Y-receptor family Y1, Y2 and Y5 (261). Whereas Y1 and Y5 

receptors are shown to be involved in controlling feeding behavior (262), Y2 receptors have been 

shown to be involved in bone mineral density (BMD) regulation. Y2 receptor deficient mice 

present a two fold increase in trabecular bone volume, number, and thickness in response to an 

increase in osteoblast activity, bone mineralization, and formation (263). Both male and female 

PYY knockout mice present a significant increase in lumbar BMD, content, and femoral 

cancellous bone volume. Opposite results were seen in a different study in which PYY deficient 

mice presented a reduction in trabecular bone mass and bone strength (264). The discrepancy in 

results between these studies may be related to the different design of the targeting vector, 

variations in the genetic background, as well as the age at which the bone analysis was performed 

(6-9 months vs 3-4 months) (265). However, in women with anorexia nervosa, elevated levels of 

PYY were strongly associated with lower BMD in the spine (266). These results suggest that 

elevated levels of PYY can be detrimental to the bone, however more studies are required to further 

understand it is effects on bone density. 
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1.5.3 Regulation of bone density by gut microbiota  

The human gastrointestinal (GI) tract harbors a complex and dynamic population of 

microorganisms which includes bacteria, fungi and viruses. The intestinal microbiota is acquired 

at birth and evolves from low complexity into a highly diverse population. Fungi are generally 

considered to be a relatively minor component of the gut microbiota, accounting for approximately 

0.1% of the microbes, while bacteria account for 99% (267). The human intestinal microbiota 

comprises about 1200 bacterial species, in which the main phyla represented are Bacteroidetes, 

Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicrobia (268). A number of factors can 

alter intestinal microbial composition. These include medications such as antibiotics, 

psychological and physical stress, radiation, altered peristalsis and dietary changes (269–273). 

This can lead to alterations in bacterial metabolism as well as overgrowth of potential pathogenic 

bacteria (274). Changes to the gut microbiota during dysbiosis have now been linked to a myriad 

of diseases such as IBD, irritable bowel syndrome (IBS), obesity and rheumatoid arthritis (275–

278). Importantly, dysbiosis can also lead to disruption of epithelial barrier leading to unwanted 

consequences (279) (Figure 1.7). 

Altered gut microbiota can signal through pattern recognition receptors on gut epithelial 

cells, activating the NF-κB pathway and leading to changes in gut homeostasis (280). Epithelial 

cell NF-κB activation increases pro-inflammatory cytokines such as TNFa, IL-1, and INFγ (281). 

An increase in gut INFγ and TNFa protein levels have been shown to increase intestinal 

permeability (282,283). This altered protein composition decreases barrier properties and leads to 

leaky gut properties. The exact mechanism behind these effects is not well characterized (20). 

Dysbiosis has also been linked to increase in IL-1β, which has also been shown to increase 

permeability by decreasing TJ protein occludin expression (284).  
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Additionally, dysbiosis of the gut microbiota also influences other adaptations such as 

mucin production which in turn influences gut barrier function. Intestinal mucins can inhibit 

bacterial adhesion to the intestinal epithelial cells, limiting immune responses and maintaining 

barrier function. The commensal microbiota has been shown to regulate production of intestinal 

mucins (285). The abundance of mucolytic bacterium, which has the ability to degrade mucins, 

has been shown to increase 100 fold during dysbiosis observed in IBD (286). In addition, under 

dysbiosis pathogens can secrete proteases that have been shown to cleave MUC2, the main mucin-

component, thereby decreasing mucin levels (287). Decreases in the mucin layers have been shown 

to compromise the intestinal barrier function leading to increases in intestinal permeability and 

microbe penetration (288). All of the effects of dysbiosis on the gut barrier function can also lead 

to systemic changes in the body including bone loss (289–291).  
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Figure 1.7. Schematic representation of the gut epithelial layer in healthy gut vs dysbiosis. 

In the normal state, the mucus layer prevents the interaction between the gut microbiota and the 

intestinal epithelial barrier. Underneath the epithelial layer is the lamina propria. The lamina 

propria is composed of connective tissue and cells of the innate and adaptive immune system: mast 

cells, macrophages, dendritic cells, and lymphocytes (T and B). The composition of the intestinal 

epithelial layer can be influenced by many factors including antibiotic treatment, psychological 

and physical stress, radiation, age, and diet. This can lead to alterations in bacterial metabolism as 

well as overgrowth of potential pathogenic bacteria (dysbiosis). This dysbiosis is associated with 

increased levels of permeability, bacterial translocation and inflammation.  
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1.5.3.1 Models to study the role of gut microbiota on bone density 

Several approaches are used to study the role of gut microbiota on bone density. The most 

direct approach is germ-free (GF) mice which are devoid of microorganisms. Another approach 

involves the use of antibiotics to deplete the gut microbiota.  

1.5.3.1.1 Gut microbiota effects on bone density in germ free mice  

 One of the first studies that demonstrates the role of the gut microbiota on bone density 

used GF mice. In this study, GF female mice had higher femoral trabecular and cortical bone when 

compared to conventional raised (CONV-R) mice (291). However, a later study found no changes 

in femoral trabecular bone volume between GF and CONV-R female mice (225). To further 

understand the role of gut microbiota on bone density, GF mice were colonized with conventional 

specific pathogen-free (SPF) gut microbiota. Colonization of GF mice with SPF for one month 

induced bone loss, while colonization for eight months increased bone density in female mice, but 

no changes were seen in male mice (289). In a different study, colonization of GF mice with SPF 

decreased bone mineral density, bone formation, and mineral apposition rate (292). Our lab has 

shown that reconstitution of the gut microbiota in GF mice with human microbiota samples from 

different donors does not alter bone density (293), demonstrating that the effects of gut microbiota 

on bone density in GF mice are variable. This variation in results can be attributed to the 

differences in gut microbiota samples used, age, sex, and strain of the mice. In addition, one 

downside of using GF mice is the developmental defects that they present. Since GF mice lack 

intestinal microbiota, they can’t develop a normal immune system. Indeed, GF mice present 

extensive deficits in the development of the gut associated lymphoid tissue (GALT). GF mice have 

lower CD4+ T cells in the lamina propria, smaller Peyer’s patches and less germinal centres (294). 

In the bone, GF mice express lower levels of TNFα and RANKL (295). In summary, studies done 

in GF mice should be interpreted carefully due to the role that the immune system can play in the 
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bone. In Chapters 3 and 4 we demonstrate the importance of T and B lymphocytes in gut 

microbiota effects on bone density. 

1.5.3.1.2 Depletion of the gut microbiota by antibiotic treatment and its effects on bone 

density. 

Another approach to study the role of the gut microbiota on bone density is by using 

antibiotics. Antibiotics are antimicrobial agents that are used to kill bacteria. By using this 

technique, researchers study the role of gut bacteria in the host by 1) using broad-spectrum 

antibiotics to deplete the intestinal microbiota. 2) targeting specific bacteria population such as 

gram-positive or negative bacteria through the use of specific antibiotics. 3) induce gut microbiota 

dysbiosis. Interestingly, not only can antibiotics influence gut microbiota, but they can also 

influence bone homeostasis. 

Several studies have shown the effect that chronic antibiotic use can have on the bone. For 

example, early life (at weaning) exposure to subtherapeutic antibiotic treatment (penicillin, 

vancomycin, penicillin plus vancomycin, chlortetracycline, or all together) for three weeks 

significantly increased bone mineral density in female C57BL/6J mice, an effect that did not persist 

after 7 weeks of treatment (296). However, low doses of penicillin at weaning for 20 weeks 

increased bone mineral density and bone mineral content in female mice (297). Treatment of 2-

month old female BALB/c mice with a broad-spectrum antibiotic cocktail (ampicillin, 

vancomycin, metronidazole, and neomycin) or just vancomycin for one month increased bone 

mineral density with no changes in serum osteoclasts or osteoblasts markers (289). Female 

C57BL/6J mice that received three short courses of therapeutic-dose amoxicillin and tylosin, to 

mimic pediatric antibiotic use, presented larger bones than the control group one month after 

treatment. Increase in bone area and mineral content were most pronounced in the amoxicillin 

treated group than in the tylosin (298). These results suggest that early in life exposure to antibiotic 
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and chronic antibiotic treatment in female mice can modulate the bone. However, this effect does 

not always persist over time and it can depend on the type of antibiotics used and the duration of 

the treatment.  

In male mice, chronic antibiotics also affect bone density but is also variable. Continuous 

low dose of penicillin from birth or weaning for 20 weeks decreased total body bone mineral 

content significantly when compared to non-treated mice (297). Chronic antibiotic treatment 

(ampicillin and neomycin) from weaning until 16 weeks of age, decreased femoral cortical area 

and thickness (299). Interestingly, all of these studies were focused on the effect that chronic 

antibiotic use can have on the bone. Conversely, our lab has shown the effect that 4-weeks post-

antibiotic treatment have on the femoral and vertebral bones. In this study, twelve-week-old 

BALB/c male mice were treated with ampicillin and neomycin in the drinking water for two weeks. 

Depletion of the microbiota for two weeks did not affect femoral trabecular bone volume fraction. 

However, 4-weeks post-antibiotic induced gut microbiota dysbiosis and bone loss. Bone loss in 

the post-antibiotic group was associated with a significant decrease in femoral and vertebral 

trabecular thickness and an increase in trabecular spacing. In addition, osteoclast number, and 

serum levels of TRAP5b were increased in the post-antibiotic treated group, while serum 

osteocalcin, mineral apposition rate and bone formation rate were decreased. These data indicate 

that though microbiome depletion for 2 weeks does not affect bone volume, repopulation of the 

gut microbiota after antibiotic treatment can have detrimental effects on the bone (300). Together 

these studies demonstrate that antibiotics can be useful to study the contribution of the gut 

microbiota on bone density. However, one caveat of this approach is the effect that the antibiotics 

can directly have on the bone (301). Therefore, the use of antibiotics that are poorly absorbed in 

the gut should be considered. 
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1.5.3.2.1 Probiotic as a treatment to prevent bone loss 

 Probiotics are living microorganisms that when administered in adequate amounts confer 

a health benefit to the host (302). Probiotics effects in the host are strain specific. Therefore, strain 

identity is important to link a strain of bacteria to a specific health effect as well as to enable 

accurate epidemiological studies. Many genera of bacteria such as Bifidobacterium, Escherichia, 

Lactobacillus, Enterococcus and Bacillus have all been used as probiotics (303). Moreover, some 

yeast strains from the genus Saccharomyces are also commonly used in probiotic products. 

Probiotic products contain one or more selected microbial strains and are generally consumed as 

dietary supplements in the form of powder, capsules or tablets. They can also be in dairy products 

such as yogurt or as inoculants in milk-based foods. More recently, probiotic bacteria have also 

been added to unconventional products such as toothpaste, ice cream, and beer. Probiotic bacteria 

can also be found in the mucus membranes of our body. Probiotic consumption can bring numerous 

benefits to the host. They contribute to the host via improvement of intestinal health, restoration 

of the gut microbiota after antibiotic treatment, inhibition of pathogenic bacteria, modulation of 

the immune response, enhancement of vitamins and mineral absorption, and secretion of enzymes 

(304–306). Recently, probiotic strains have also been shown to be beneficial for bone health in 

both humans and animal models. 

1.5.3.2.1 Probiotic effects on bone density in healthy conditions 

 The earliest studies demonstrating a beneficial effect of probiotic consumption in bone 

health came from the poultry industry. The use of probiotics in the poultry industry began when 

probiotics administration improved egg-shell quality and egg laying performance. Later studies 

found that treatment of broilers with the probiotics Bacillus licheniformis and Bacillus subtilis 

significantly increased tibial thickness (307). Since these findings, many researchers have looked 

at the role of several probiotic strains in bone health in different animal models as well as in 
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humans. Treatment with Bifidobacterium longum by daily gavage for 28 days in intact male Wistar 

rats increased femoral fracture strength and calcium content (308). In C57Bl/6 healthy male mice, 

treatment with the probiotic Lactobacillus reuteri 6475 (L. reuteri) for four weeks enhanced 

femoral trabecular bone volume fraction, bone mineral density, number, and thickness. An 

increase in serum osteocalcin and bone formation rate, with no changes in serum osteoclast 

markers, were seen in the L. reuteri treated group, suggesting that the beneficial effects of this 

probiotic on bone density are mediated by bone formation. Interestingly, intact C57Bl/6 female 

mice treated with L. reuteri had no changes in either femoral or vertebral trabecular bone density 

(309). However, in BALB/c female mice with a moderate inflammatory status, induced by dorsal 

surgical incision, treatment with L. reuteri for eight weeks significantly increased femoral 

trabecular bone volume fraction, numbers, and mineral apposition rate (310), suggesting that this 

probiotic requires an inflammatory setting to increase bone density. Conversely, treatment of 

female mice with Lactobacillus rhamnosus GG (LGG) twice a week for four weeks increased 

femoral trabecular bone volume fraction and serum osteocalcin levels (311). Together, these 

studies demonstrate the beneficial effect that probiotic consumption can have on the bone.  

1.5.3.2.2 Probiotic effects on bone density in low estrogen conditions 

 Not only can probiotics improve bone health in healthy conditions, but they can also 

prevent bone loss in many conditions that are well known to induce bone loss such as low estrogen. 

The loss of estrogen due to menopause is the most important risk factor for osteoporosis in women. 

Therefore, many studies have look at the role of probiotics in preventing bone loss during 

ovariectomized (OVX) conditions in animals and menopause in women. Supplementation of 

conventional mice with Lactobacillus rhamnosus GG (LGG) or the probiotic supplement VSL#3 

for four weeks protected mice against OVX-induced bone loss. Importantly, nonpathogenic 

bacteria such as Escherichia coli DH5alpha did not provide any protection from bone loss, 
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suggesting strain specificity. The beneficial effects of LGG and VSL#3 on the bone were 

accompanied by an increase in serum osteocalcin and a decrease in pro-inflammatory cytokines in 

the bone marrow (225). In the same OVX model, treatment with L. reuteri for four weeks also 

prevented bone loss, but no changes in osteocalcin levels were noticed. L. reuteri beneficial effects 

on the bone were associated with regulation of bone resorption. L. reuteri treated mice had lower 

serum osteoclast marker and bone marrow cell differentiation towards osteoclasts was decreased 

in this group (312). A mixture of three different strains of probiotics (Lactobacillus paracasei 

DSM13434, Lactobacillus plantarum DSM 15312 and DSM 15313) also protected mice from 

OVX-induced cortical bone loss and bone resorption (313). OVX- mice treated with this mixture 

of probiotics for 6 weeks had higher trabecular bone mineral density, trabecular thickness and 

cortical bone mineral content than the OVX-non-treated group. Serum osteocalcin levels were also 

higher in the OVX-probiotic treated group (313). In humans, administration of L. reuteri for 12 

months, to women between the ages 75-80, prevented a decrease in bone mineral density (314). In 

postmenopausal women (mean age 65, range 50–78) milk fermented with Lactobacillus helveticus 

reduced serum parathyroid hormone and increased serum calcium compared to the control milk, 

however, no direct bone measurements were done in this study (315). Similarly, probiotic 

supplementation in osteopenic postmenopausal women with a multispecies probiotic supplement 

(7 different probiotic strain) decreased serum parathyroid hormone and cross-linked C-telopeptide 

(a marker of bone resorption) with no changes in bone density. The lack of changes in bone density 

in this study can be attributed to the short duration of the treatment (6 months) (316). Together 

these results demonstrate the beneficial effects of probiotics in preventing bone loss in low 

estrogen conditions. 
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1.5.3.2.3 Probiotic effects in type 1 diabetes and gut dysbiosis induced bone loss 

 The beneficial effects of probiotics in inhibiting bone loss is also shown in other animal 

models (317). In the STZ T1D-induced animal model L. reuteri supplementation for four weeks 

prevented bone loss by increasing mineral apposition rate, serum osteocalcin, osteoblast numbers, 

and Wnt10b gene expression. L. reuteri supplementation also significantly decreased adipocytes 

number in the bone marrow of T1D mice (83). Interestingly, L. reuteri also prevented bone loss 

induced by gut dysbiosis. This beneficial effect was mediated by an increase in bone mineral 

apposition rate, bone formation, serum osteocalcin, and a decrease in bone resorption markers in 

the serum (300). These results demonstrated that the probiotic L. reuteri can affect multiple 

mechanisms of bone remodeling under different pathophysiological conditions. 

1. 5.3.3 Mechanisms of gut microbiota regulation of bone density 

 The mechanisms through which probiotics or modulation of the gut microbiota exert it is 

effects on bone density has not been fully elucidated and is likely to be a complex communication 

between the gut microbiota, immune system, gut epithelial barrier, and bone cells. In addition, 

different probiotic bacterial strains will probably act via distinct and/or overlapping mechanisms. 

Some of the suggested and better described mechanisms include (1) enhancement of barrier 

integrity and mineral absorption; (2) modulation of the host immune system; (3) and changes in 

gut bacteria composition. 

1.5.3.3.1 Enhancement of barrier integrity and mineral absorption by gut microbiota and its 

effects on bone density  

 The integrity of the gut epithelial layer is crucial to maintain healthy bones. Several studies 

have shown that an increase in intestinal permeability, in diseases such as IBD, correlates with 

bone loss (226,318). Therefore, improvement of this barrier by probiotics has been suggested to 

be one of the mechanisms by which they benefit the bone. How an increase in intestinal 
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permeability can lead to bone loss? An increase in intestinal permeability will allow bacteria and 

their molecules to get in contact with the epithelial submucosa, which may initiate aberrant 

intestinal and systemic pro-inflammatory responses. This increase in pro-inflammatory cytokines 

can further lead to the secretion of osteoclastogenic cytokines, such as IL-17A and TNF-α that can 

promote bone resorption and therefore bone loss. Our lab has tested the direct role of intestinal 

barrier leak and bone loss by using the mucus supplement (MDY). MDY is a non-absorbed, non-

metabolized high molecular weight polyethylene glycol that has been shown to benefit the 

intestinal barrier by increasing mucus production and preventing barrier leaks (unpublished data). 

We have found that treatment of male mice with MDY for four weeks prevented the post antibiotic-

induced increase in intestinal permeability and bone loss, demonstrating the link between intestinal 

permeability and bone loss (300). Probiotics have also been shown to prevent an increase in 

intestinal permeability. Administration of the antibiotic ampicillin for 2 weeks in young male mice 

increased gut permeability and treatment with a probiotic cocktail of four Lactobacillus species 

(JUP-Y4) for four weeks prevented this effect. JUP-Y4 treatment reduced the levels of D-lactate 

and endotoxin (markers of intestinal permeability) in the serum and increased the expression of 

tight-junction proteins. JUP-Y4 treatment also reduced the expression of TNFα, IL-6, and IL-1b 

in the colon of antibiotic-treated group. Another study from our lab that demonstrates the link 

between gut permeability and bone loss used the probiotic L. reuteri. In this study, mature male 

mice were treated with an antibiotic mixture for two weeks followed by four weeks of no treatment 

(repopulation) or treatment with L. reuteri. Natural repopulation of the gut microbiota for four 

weeks increased intestinal permeability and decreased bone density, while treatment with L. 

reuteri completely prevented both effects (300). Treatment with LGG and the probiotic 

supplement VSL#3 for four weeks also decreased gut permeability and completely protected 
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against bone loss induced by estrogen depletion (225). Together, these studies demonstrate the link 

between probiotics regulation of intestinal permeability and bone loss. 

Another way that probiotics effects on the intestinal barrier can regulate bone remodeling 

is via nutrient absorption. Probiotics can produce short-chain fatty acids. Short-chain fatty acids 

can reduce the intestinal tract pH, subsequently increasing the absorption of minerals. Probiotics 

such as Bifidobacterium longum and Lactobacillus paracasei increased calcium content in the 

bone (308) and prevented urine excretion of calcium induced by ovariectomizing (313). 

Postmenopausal women treated with Lactobacillus helveticus fermented milk had an increase in 

serum calcium at the same time that they present healthier bones (315). However, calcium changes 

by probiotic treatment are not always observed. For example, in ovariectomized (OVX) rat the 

probiotic Bifidobacterium longum increased bone mineral density but failed to enhance calcium 

absorption (308). These results suggest that while calcium plays a crucial role in the regulation of 

bone density, changes in bone density by probiotics are not always mediated by an increase in 

calcium absorption and that other mechanisms are involved.  

1.5.3.3.2 Modulation of the host immune system by gut microbiota and its effects on bone 

density 

 As described in section 1.4, bone density is also regulated by the immune system. 

Probiotics are well known to regulate the immune system. Indeed, several studies have shown that 

the beneficial effect of probiotics on bone health is associated with changes in immune cell 

population and cytokine expression. Supplementation with the probiotic LGG or the probiotic 

supplement VSL#3 in OVX mice prevented bone loss and reduced the expression of the pro-

osteoclastogenic cytokines TNFα, IL-17, and RANKL from the small intestine and bone marrow 

(225). Furthermore, another study using LGG demonstrated that its beneficial effect on bone 

density in female mice is mediated via an increase in Treg cells in the bone marrow. LGG treatment 
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stimulates the production of butyrate. Butyrate is a short chain fatty acid that increases Treg cells 

in the gut and also in the bone marrow. An increase in Treg cells upregulates the expression of 

Wnt10b in the bone marrow and promote osteoblast differentiation and bone formation. In the 

absence of Treg cells, LGG treatment had no effect on bone density (311), demonstrating the 

important role of these cells on bone density regulation by LGG. Lactobacillus acidophilus (LA) 

also benefits bone density via regulation of Treg-Th17 cell balance. LA inhibits osteoclastogenic 

Th17 cells and promotes anti-osteoclastogenic Treg cells in bone marrow of OVX mice. In the 

serum, LA treatment also suppresses the expression of pro-osteoclastogenic cytokines IL-17, TNF-

α and RANKL and increases the expression of the anti-osteoclastogenic cytokine IL-10 (319). L. 

reuteri treatment in healthy male mice decreases TNFα levels in the small intestine at the same 

time that increases bone density (309). Correspondingly, in the absence of estrogen, L. reuteri 

suppressed CD4+ T (which are associated with bone loss) in the bone marrow of OVX mice (312). 

Interestingly, in the absence of T and B lymphocytes, L. reuteri does not enhance bone density, 

demonstrating that T and B lymphocytes are required for L. reuteri beneficial effects on the bone 

(Chapter 3). In general, regulation of the immune system by different probiotics is one of the 

mechanisms by which they can benefit the bone. 

1.5.3.3.3 Changes in gut microbiota composition and its effects on bone density 

 The direct contribution of gut microbiota composition on bone density is complicated and 

more studies are required to further understand this. A recent study demonstrated that LGG 

treatment benefits the bone via increasing the relative frequency of Clostridia in the gut of female 

mice. An increase in Clostridia leads to an increase in butyrate secretion and Treg cells in the 

intestine and in the bone marrow which enhances bone density through the secretion of Wnt10b 

(311). However, in the same study, the abundance of other bacteria also changed after probiotic 

treatment, suggesting that other bacteria can also contribute to this effect. A study from our group 
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shows that gut microbiota repopulation after antibiotic treatment can induce gut microbiota 

dysbiosis (as indicated by an increase in Firmicutes to Bacteroidetes ratio), enhance intestinal 

permeability, increase pro-inflammatory cytokines, and decrease bone density. Interestingly, 

treatment with L. reuteri prevented all of these effects and bone loss (300), demonstrating a role 

of L. reuteri in preventing gut microbiota disturbances and bone loss. However how modifications 

of different microbial communities contribute to regulation of bone density still unknown.  
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1.6. Summary 

 Bone remodeling is a highly regulated process and dysregulation of this process can result 

in low bone density and osteoporosis. Osteoporosis is characterized by an increase in bone fragility 

and fractures, therefore, proper function of the bone remodeling process is crucial for maintaining 

healthy bones. Numerous factors can regulate this process and one of these factors is the immune 

system. The immune system and its cytokines play a key role in the regulation of bone density 

under physiological and pathophysiological conditions such as in type 1 diabetes and gut 

microbiota dysbiosis. In addition, supplementation with probiotic bacteria exerts a beneficial effect 

on the bone, in part dependent on the immune system. However, more research is needed to 

understand the signaling pathways that link the gut microbiome, immune system and bone. 

Understanding the role of the immune system, its cytokines, and the gut microbiota in several 

osteoporotic conditions can lead to the development of new treatments against bone loss and 

osteoporosis.  
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1.7. Aims of the study 

Based on the knowledge gaps in the literature and the rationale provided in the introduction, 

the overall aim of this study was to investigate and identify the role of the immune system and its 

cytokines in different models of bone loss. First, in the T1D mouse model we hypothesized that in 

the absence of IL-10 bone loss will be exacerbated in T1D conditions. Second, we hypothesized 

that lymphocytes are important in mediating the bone effects induced by Lactobacillus reuteri as 

well as during gut dysbiosis. These hypotheses were tested in the following aims: 

Aim 1: Determine the role of IL-10 in T1D-induced bone loss. (Chapter 2) 

As previously mentioned, T1D is well known to induce bone loss. This study was 

designed to understand the contribution of the cytokine IL-10 in T1D- induced bone 

loss. We first evaluated the role of IL-10 in T1D induced bone loss in vivo by using 

a mouse model that is deficient in IL-10 (IL-10 deficient mice). Then, we used an 

in vitro approach to explore the specific role and mechanisms of IL-10 regulation 

of osteoblast gene expression during high glucose conditions.  

Aim 2: Identify the mechanism by which L. reuteri increases bone density in healthy 

male mice. (Chapter 3) 

Our lab has shown the beneficial effect of the probiotic L. reuteri in enhancing bone  

density and preventing bone loss in several animal models. This study was designed  

to investigate the role of T and B lymphocytes in mediating the beneficial effect  

of L. reuteri in regulating bone density in healthy, mature male mice. We used the 

Rag-deficient mouse model (lack mature T and B cells) to test the hypothesis that 

T and B lymphocytes are important for L. reuteri effects on bone density.  

Aim 3: Identify the mechanism by which gut dysbiosis induces bone loss in male mice. 

(Chapter 4) 
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This study aimed to investigate the role of lymphocytes in a mouse  

model of bone loss induced by gut microbiota dysbiosis. An antibiotic approach 

was used to induce gut microbiota dysbiosis and bone loss. Together with the Rag 

deficient mice we tested the hypothesis that absence of T and B lymphocytes 

prevents bone loss induced by gut dysbiosis. 
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2.1 Abstract 

Type-1 diabetes (T1D) increases systemic inflammation, bone loss, and risk for bone 

fractures. Levels of the anti-inflammatory cytokine IL-10 are decreased in T1D, however their role 

in T1D-induced osteoporosis is unknown. To address this, diabetes was induced in male IL-10 

knockout (KO) and wild-type (WT) mice. Analyses of femur and vertebral trabecular bone volume 

fraction (BVF) identified bone loss in T1D-WT mice at 4- and 12-weeks which in T1D-IL-10-KO 

mice was further reduced at 4 but not 12 weeks. IL-10 deficiency also increased the negative 

effects of T1D on cortical bone. Osteoblast marker, osterix was decreased while osteoclast markers 

were unchanged, suggesting that IL-10 promotes anabolic processes. MC3T3-E1 osteoblasts 

cultured under high glucose conditions displayed a decrease in osterix which was prevented by 

addition of IL-10. Together, our results suggest that IL-10 is important for promoting osteoblast 

maturation and reducing bone loss during early stages of T1D. 
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2.2 Introduction 

Diabetes mellitus is a chronic metabolic disease that occurs when the pancreatic b-cells do 

not produce sufficient insulin or when the body is unable to utilize the insulin. It affects millions 

of people in the US and worldwide and its prevalence is increasing at an alarming rate (1). While 

type 1 diabetes (T1D) is characterized by destruction of pancreatic b-cells by autoreactive T-cells, 

type 2 diabetes (T2D) is characterized by insulin resistance (2,3). The systemic hyperglycemia, 

metabolic derrangements and inflammation that occur in diabetes lead to a number of 

complications including nephropathy, cardiomyopathy, neuropathy, retinopathy and osteoporosis. 

Bone loss is an increasing concern for diabetic patients, especially T1D, which has been reported 

to increase the risk of hip fracture by 2-8 fold (4–7). T1D animal models also display reduced bone 

formation and bone loss similar to humans (8–14). T1D-induced bone loss can be exacerbated by 

factors such as estrogen deficiency (15), drug therapies (16,17) and inflammation (18).  

Bone remodeling is a highly-regulated process that requires precise balance between 

osteoblasts (bone forming cells) and osteoclasts (bone resorbing cells). Imbalance in this process 

can lead to bone loss. We and others have shown that T1D bone loss is associated with an anabolic 

defect characterized by decreased osteoblast lineage selection and differentiation as well as 

increased osteoblast death (9,18,19). Both T1D patients and mouse models exhibit decreased levels 

of serum osteocalcin (osteoblast marker). In addition, as a result of altered lineage selection and 

lower Wnt10B signaling, T1D mice display increased bone marrow adiposity (19–23). T1D effect 

on osteoclast activity however, is less clear and dependent on the specific animal model used and 

disease severity (19,24,25). Bone remodeling is also modulated by many factors including 

cytokines (15,18,26–28). A role for inflammatory cytokines in T1D bone pathology has been 

suggested by systemic and local increases in cytokines during the pathogenesis of T1D (18,29–

31). Circulating interferon gamma (IFN-γ) has been shown to be increased with age in the non-
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obese diabetic (NOD) animal model (31). However, IFN-γ deficient mice are not protected from 

T1D induced bone loss, suggesting potential compensation by, or role for other cytokines in T1D 

effects on bone density (18). Several studies including ours have shown that levels of tumor 

necrosis factor alpha ( TNF-α) are increased and play an important role in diabetes induced bone 

loss (15,18,32,33). Furthermore, we have also demonstrated an increase in expression of IFN-γ, 

interleukin-1 (IL-1) and interleukin-6 (IL-6) in the bone of T1D male mice (18). Also, during 

estrogen deficiency along with T1D, high levels of TNF-α correlated with bone loss and osteoblast 

death (15). Studies have also shown that inhibition of TNF-α during diabetes can prevent a 

decrease in callus bone formation induced by T1D (33). In contrast to increases in pro-

inflammatory cytokines, the anti-inflammatory cytokine IL-10 has been shown to be markedly 

decreased prior to diabetic onset in the NOD mice (31). Interestingly, administration of IL-10 

protected NOD mice from developing diabetes (34). Similar to NOD mice, diabetic patients exhibit 

significantly low serum IL-10 compared to non-diabetic subjects (35). In spite of these studies on 

IL-10 levels in diabetes, role of IL-10 in the bone during diabetes is not known. 

Previous studies have demonstrated an important role for IL-10 in bone homeostasis (36–

40). Studies have found that IL-10 KO mice, in addition to showing features of colitis, also 

demonstrate systemic skeletal disease with reduced bone mass, decreased bone formation and 

increased mechanical fragility (36–40). Bone loss in IL-10 KO mice was more severe in mice with 

colitis compared to mice without colitis (40). Similarly, 9-months old IL-10 KO mice have 

accelerated alveolar bone loss compared to age matched WT controls (36). While the mechanisms 

by which IL-10 regulates bone health is not completely understood, IL-10 has been shown to have 

direct effects on both osteoblasts (increase in osteoblast differentiation) and osteoclasts (inhibit 

osteoclast differentiation) (40–43). Even though past studies have shown that IL-10 levels are 

decreased during T1D and that IL-10 has direct effects on osteoblasts and osteoclasts, the role of 
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IL-10 in T1D-mediated bone pathology is not known. We demonstrate here that IL-10 regulation 

of osteoblasts plays an important role in T1D-induced bone loss during early but not later stages 

of disease.  
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2.3 Materials and Methods 

2.3.1 Animals and experimental design 

B6.129P2-Il10tm1Cgn/J mutant mice (IL-10-/-) and C57BL/6J male mice (6-7 weeks old) 

were purchased from Jackson Laboratories (Bar Harbor, Maine). Mice were allowed to acclimate 

to animal facility for 1-week prior to start of the experiment. After this period mice were randomly 

divided into four groups (8-10 per group): wild-type control, wild-type type 1 diabetes, IL-10-/- 

control and IL-10-/- type 1 diabetes. To induce diabetes, mice were injected (intraperitoneally) with 

65 mg/kg body weight streptozotocin (STZ) for 5 consecutive days. Control mice received 0.1 M 

sodium citrate buffer (vehicle) for the same time period. Insulin injections (0.1 unit) were given to 

mice that lost 15% of their body weight. Blood glucose was measured four weeks after the first 

injection with an AccuChek compact glucometer (Roche), by collecting a drop of blood from the 

pedal dorsal vein. Mice with a blood glucose of >250 mg/dL were considered diabetic. Mice (4 - 

5 per cage) were maintained on a 12-hour light/dark cycle at 23oC and provided food and water ad 

libitum. Tissues were collected at 1- and 3-months after the first injection. All animal procedures 

were approved by the Michigan State University Institutional Animal Care and Use Committee 

and conformed to NIH guidelines. 

2.3.2 μCT bone imaging 

At harvest, femur and vertebrate bones were fixed in 10% formalin for 24 hours. After 24 

hours, bones were transferred to 70% ethanol and scanned using a GE Explore Locus 

microcomputed tomography (μCT) system at a voxel resolution of 20 μm obtained from 720 views. 

The beam angle of increment was 0.5, and beam strength was set at 80 peak kV and 450 μA. Each 

run included bones from WT, KO (control and T1D groups), as well as a calibration phantom to 

standardize gray scale values and maintain consistency. Bone measurements were performed 

blind. On the basis of auto-threshold and isosurface analyses of multiple bone samples, a fixed 
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threshold (799) was used to separate bone from bone marrow. Femur trabecular bone analyses 

were performed from ~ 1% of the total length proximal to the growth plate, extending 10% of bone 

length toward the diaphysis and excluding the cortical bone. Trabecular bone mineral content 

(BMC), bone mineral density (BMD), percent bone volume fraction (% BVF), trabecular thickness 

(Tb. Th), spacing (Tb. Sp), and number (Tb. N) were computed using GE Healthcare MicroView 

software. Femoral trabecular isosurface images were taken from a region in the femur where 

analyses were performed measuring 1.0 mm in length and 1.0 mm in diameter. For vertebral 

analysis, the third lumbar vertebrae were used. Cortical measurements were performed in a 2x2x2 

mm cube centered midway down the length of the bone. 

2.3.3 Bone and colon RNA analysis 

Immediately after euthanasia, bone samples were cleaned of all muscle and connective 

tissue, snap frozen in liquid nitrogen and stored at −80°C until RNA extraction (15). Colon samples 

were flushed of their contents with 1X PBS and frozen in liquid nitrogen and stored at -80 C until 

further processing (44). Frozen tissues were crushed under liquid nitrogen conditions using the 

Bessman Tissue Pulverizer (Spectrum Laboratories, Rancho Dominguez, CA). TriReagent 

(Molecular Research Center, Cincinnati, OH) was used to isolate RNA and RNA integrity was 

verified by agarose-gel electrophoresis. cDNA was synthesized by reverse transcription using 

Superscript II Reverse Transcriptase Kit and oligo dT primers (Invitrogen, Carlsbad, CA). 

Complementary DNA was amplified by PCR using iQ SYBR Green supermix (Bio-Rad 

Laboratories, Hercules, CA). Real time PCR was carried out for 40 cycles (95o C for 15 seconds, 

60o C for 30 seconds, and 72o C for 30 seconds) using an iCycler thermal cycler and data evaluated 

using the iCycler software. Negative controls included primers without cDNA. RNA levels of the 

housekeeping gene hypoxanthine guanine phosphoribosyl transferase (HPRT) did not fluctuate 

with treatment and were used as an internal control. Primers used for real-time polymerase chain 
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reaction are listed in Table 2.1. 

2.3.4 In vitro cell culture system 

Preosteoblast MC3T3-E1 cells (CRL-2593; ATCC, Manassas, VA) (passages between 18 

to 24) were plated at a density of 3.9 x 103 cm2 with α–minimal essential media (α-MEM) 

containing 10% fetal bovine serum (FBS) (Invitrogen and Atlanta Biologicals, Atlanta, GA) and 

1% Penicillin-Streptomycin (Life Technologies). Cell media was changed every other day. After 

confluency, cells were treated with α-MEM with low (5 mM) and high (30mM) glucose for 3 days. 

Cells were then treated with 50 ng/ml recombinant murine IL-10 (Peprotech) for 24 hours. Cells 

were harvested with TriReagent (Molecular Research Center Inc.) and RNA extracted and 

analyzed as previously described. 

2.3.5 In vitro cell protein extraction and Western blotting 

Preosteoblast MC3T3-E1 cells (CRL-2593; ATCC, Manassas, VA) (passages between 18 

to 24) were treated with low (5 mM) and high (30 mM) glucose for 3 days. Cells were then 

stimulated with 50 ng/ml recombinant murine IL-10 (Peprotech) for the indicated time points. 

Cells were lysed with lysis buffer containing 1% Triton X-100, protease and phosphatase 

inhibitors. Protein concentrations were determined using Bradford and equivalent protein (50 µg) 

was loaded into the wells of SDS-PAGE gels for western blot analysis. Blots were probed with 

antibodies diluted in LiCor blocking buffer (LiCor) or 5% BSA. Primary antibodies were against 

pERK1/2, p-JNK1/2, JNK1/2, and p-P38 (Cell Signaling Technology Inc. (Danvers, MA)), ERK-

2 and tubulin (Santa Cruz). For immunoblotting, the secondary antibodies were IR-dye or HRP 

conjugated and analyzed by Licor's Odyssey or chemiluminescence respectively. The bands were 

quantified using Licor's Odyssey program (for IR dye) or densitometry (Image J for 

chemiluminescence). 
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2.3.6 Statistical Analysis 

Data are presented as mean ± standard error or as box-plots (5-95 percentile) as indicated. 

Statistical analysis was performed using Student’s t-test (two group comparisons) or ANOVA 

(more than 2 groups) with GraphPad Prism software version 7 (GraphPad, San Diego, CA, USA). 

Significant outliers (if present and indicated in figure legend) were removed using the ROUT test 

for outliers. A p-value < 0.05 was considered statistically significant.  
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Gene Forward (5'-3') Reverse (5'-3') 

HPRT AAGCCTAAGATGAGCGCAAG TTACTAGGCAGATGGCCACA 

TNFa AGGCTGCCCCGACTACGT GACTTTCTCCTGGTATGAGATAGCAA 

Osteocalcin AAGCAGGAGGGCAATAAGGT TAGGCGGTCTTCAAGCCAT 

Osterix CTGCGGAAAGGAGGCACA AAGAAG GGGTTAAGGGGAGCAAAGTCAGAT 

TRAP AATGCCTCGACCTGGGA CGTAGTCCTCCTTGGCTGCT 

Wnt10b AATGCGGATCCACAACAACA TTCCATGGCATTTGCACTTC 

aP2 GCGTGGAATTCGATGAAATCA CCCGCCATCTAGGGTTATGA 

RUNX2 GACAGAAGCTTGATGACTCTAAACC TCTGTAATCTGACTCTGTCCTTGTG 

IL-6 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT 

IFNg GGCTGTCCCTGAAAGAAAGC GAGCGAGTTATTTGTCATTCGG 

 

Table 2.1. List of genes measured and primer sequence for RT-PCR 
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2. 4 Results  

2.4.1 Wild type and IL-10 knockout mice exhibit similar blood glucose levels 

To induce T1D hyperglycemic conditions in mice, we used streptozotocin (STZ) a 

pharmacological compound (derived from Streptomyces achromogenes) that causes pancreatic β 

cell destruction and consequent marked hypoinsulinemia and hyperglycemia (45). Male mice, 7 to 

8-week-old wild type (WT) and IL-10 knockout (KO) (both in C57BL/6J background), were 

injected with 65 mg of STZ per kilogram body weight for 5 consecutives days. Control mice 

received equal volume of vehicle (sodium citrate buffer). To confirm diabetes, blood glucose was 

measured 1 month after the first STZ injection. Blood glucose was significantly increased in both 

WT and KO groups (p<0.0001), whereas WT and KO control mice maintained normal blood 

glucose levels <200 mg/dL. No differences in blood glucose levels were observed between T1D 

WT and KO groups (Figure 2.1 A). As expected, T1D WT mice had decreased body weight 

compared to corresponding control mice (p< 0.0001) (19). Although control WT and KO groups 

did not differ in body weight, T1D KO mice lost significantly more weight compared to T1D WT 

mice at this time point (p< 0.05) (Figure 2.1 B).  
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Figure 2.1. Induction of Type 1 diabetes with streptozotocin (STZ) in WT and IL-10 knockout 

mice. 

C57BL/6 (WT) and IL-10 knockout (KO) mice were treated with citrate buffer (vehicle control) or 

STZ (diabetic) for 5 consecutives days. (A) Blood glucose levels (mg/dL) and (B) body weight in 

grams (g) were measured 4 weeks after the first STZ injection. Whiskers in the box plot represent 5-

95 percentile values; n= 9-10 per group. *p<0.05, ****p<0.0001. Statistical analysis performed by 

One-way ANOVA followed by Fisher’s LSD post-test. WT=wild type, KO= IL-10 knockout mice. 
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2.4.2 IL-10 deficiency enhances T1D-induced trabecular and cortical bone loss.  

Bone density and structural parameters at the 1 month time point were assessed using 

microcomputed tomography (µCT). Distal femoral trabecular bone (Figure 2.2) and diaphyseal 

cortical bone (Figure 2.3) showed no significant differences between control WT and KO groups, 

suggesting that IL-10 is not essential for normal bone homeostasis in this age group. However, 

femur trabecular bone volume fraction (BVF corrected to body weight) was significantly decrease 

in T1D WT mice compared to control WT mice (p<0.01). Similarly, the KO diabetic group also 

displayed significant trabecular bone loss compared to KO control mice (p<0.01). When analyzed 

against the respective WT cohorts, trabecular bone loss in the T1D KO mice was significantly 

greater compared to the T1D WT mice (p<0.05; Figure 2.2 C). These results suggest that IL-10 

plays an important role in preventing femur trabecular bone loss during diabetes and that loss of 

IL-10 exacerbates T1D bone loss. Further analyses of bone trabecular micro-architecture indicated 

a decrease in bone mineral density, trabecular thickness, number and an increase in trabecular 

spacing in the WT diabetic group compared to WT control mice. These parameters were 

exacerbated in the KO diabetic compared to WT diabetic mice. (Figure 2.2 D-H, table 2.2). 

Deficiency of IL-10 also increased the negative effects of T1D on cortical bone. Specifically, KO 

mice displayed less cortical area (p<0.05; Figure 2.3 C), bone mineral content (p<0.001), density 

(p<0.001), and thickness (p<0.05) when compared to the T1D WT group (Figure 2.3 A-I, table 

2.2). To assess if these effects are bone site-specific we examined trabecular bone of the 3rd lumbar 

vertebrae using µCT analysis. Vertebrae from T1D WT mice showed a modest decrease in BVF 

compared to the WT controls (Figure 2.4 A-B). Importantly, the KO diabetic group exhibited a 

significant decrease in vertebral BVF compared to control KO mice vertebrae (Figure 2.4 A-B, 

table 2.2). When analyzed relative to the respective WT mouse groups, vertebral trabecular bone 

loss was significantly greater in the KO diabetic mice (Figure 2.4 C). Together, these data 
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demonstrate that lack of IL-10 can exacerbate T1D bone loss in femur and vertebrae. 
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Figure 2.2. IL-10 knockout exacerbates trabecular bone loss 1 month after diabetes induction.  
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Figure 2.2. (cont’d) 

Control and STZ treated WT and IL-10 knockout mice were euthanized 4 weeks after the first STZ 

injection. Femoral bones were collected and trabecular bone analyzed by uCT. (A) Representative 

micro-computed tomography isosurface images. (B) Bone volume fraction (corrected for weight loss). 

(C) Bone volume fraction (corrected for weight loss) from the KO group normalized to respective WT 

groups. * represent p<0.05 by T-test against WT diabetic group. (D) Bone mineral content (mg). (E) 

Bone mineral density (mg/cc). (F) Trabecular number (Tb. N, 1/mm). (G) Trabecular space (Tb. Sp, 

mm). (H) Trabecular thickness (Tb. Th, um). Bar graphs values are averages ± standard error; Whiskers 

in box plots represent 5-95 percentile values; n= 7-9 per group. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Statistical analysis performed by One-way ANOVA followed by Fisher’s LSD post-

test. WT=wild type, KO= IL-10 knockout mice. 
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Figure 2.3. IL-10 deficiency exacerbates T1D-induced cortical bone loss 1 month after diabetes 

induction.  
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Figure 2.3. (cont’d) 

Cortical bone analysis were performed using µCT, on femoral bones described in Figure 2. (A) 

Representative micro-computed tomography isosurface images. (B) Cortical area (mm2). (C) Cortical 

area from the KO groups normalized to respective WT groups. * represent p<0.05 by T-test against 

WT diabetic group. (D) Marrow area (mm2). (E) Bone mineral content (mg). (F) Bone mineral density 

(mg/cc). (G) Cortical thickness (mm). (H) Inner perimeter (mm). (I) Outer perimeter. Bar graphs values 

are averages ± standard error; Whiskers in box plots represent 5-95 percentile values; n= 7-9 per group. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical analysis performed by One-way ANOVA 

followed by Fisher’s LSD post-test. WT=wild type, KO= IL-10 knockout mice. 
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Figure 2.4. IL-10 knockout exacerbates vertebral trabecular bone loss 1 month after diabetes 

induction. 

Vertebral bones were collected from mice groups described in Fig 2.2 and µCT analysis performed 

from the third lumbar vertebral body to assess trabecular bone. (A) Representative micro-computed 

tomography isosurface images. (B) Percent bone volume fraction and (C) bone volume fraction from 

the KO groups normalized to respective WT groups. * represent p<0.05 by T-test against WT diabetic 

group. Bar graphs values are averages ± standard error; n= 5-7 per group. *p<0.05, **p<0.01. 

Statistical analysis performed by One-way ANOVA followed by Fisher’s LSD post-test. WT=wild 

type, KO=IL-10 knockout mice. 
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Table 2.2. Bone parameters after 1 month. 

Values represent mean ± standard error 

Abbreviations: BV/TV, bone volume/total volume; BMD, bone mineral density; BMC, bone mineral 

content, Tb.Th., trabecular thickness; Tb. N., trabecular number; Tb.Sp., trabecular space. Ct.Ar., 

cortical area; Ct.Th., cortical thickness; Ma.Ar., marrow area; Tt.Ar., total area. 

# p < 0.05 with respect to WT-C 

* p < 0.05 with respect to KO-C 

^ p < 0.05 with respect to WT-Diabetic 
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2.4.3 Long term T1D effects on bone density are not affected by IL-10 deficiency  

To determine if IL-10 KO diabetic mice continue to have excessive bone loss over-time 

(compared to WT diabetic mice), we examined mice 3 months after the first STZ injection. As 

seen in the 1 month experiments, blood glucose was similarly elevated in both T1D WT and KO 

mice (p<0.0001) (Figure 2.5 A). Compared to genotype controls, body weight was decreased in 

both WT and KO T1D mice (p<0.0001); however, unlike the 1 month time point, body weights 

were similar between the two genotypes (Figure 2.5 B). MicroCT analysis revealed that femur 

trabecular BVF was significantly decreased in the WT diabetic (p<0.0001) compared to WT 

control mice (Figure 2.5 C-D). Consistent with this, trabecular thickness (p<0.0001) and number 

(p<0.0001) were decreased and trabecular space (p<0.0001) increased markedly in the WT 

diabetic compared to WT control mice (Figure 2.5 D-J, table 2.3). Unlike the 1 month time point, 

when analyzed against the WT cohorts, KO diabetic showed similar trabecular bone loss compared 

to WT mice at the 3 months time point (Figure 2.5 E). In the cortical bone, T1D significantly 

decreased cortical area, bone mineral density and content, thickness and outer perimeter measures 

in both WT and KO diabetic mice compared to the respective control groups (Figure 2.6 A-I). 

When analyzed against the WT cohorts, IL-10 deficiency did not exacerbate T1D effects on 

cortical thickness (Figure 2.6 A-C, table 2.3). Measurment of vertebral trabecular BVF 

demonstrated no significant difference between any of the groups at this time point (Figure 2.7, 

table 2.3). Our results suggest that IL-10 plays an important role in inhibiting trabecular and 

cortical bone loss only during early diabetic time point but not at the later time point.  
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Figure 2.5. IL-10 knockout does not affect trabecular bone loss 3 months after diabetes 

induction. Control and STZ treated WT and IL-10 knockout mice were euthanized 12 weeks after the 

first STZ injection. 
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Figure 2.5. (cont’d) 

 

Femoral bones were collected and trabecular bone analyzed by uCT. (A) Blood glucose levels (mg/dL) 

and (B) body weight in grams (g); n=9-10. (C) Representative micro-computed tomography isosurface 

images. (D) Bone volume fraction (corrected for weight loss). (E) Bone volume fraction (corrected for 

weight loss) from the KO group normalized to respective WT groups. (F) Bone mineral content (mg). 

(G) Bone mineral density (mg/cc). (H) Trabecular number (Tb.N, 1/mm). (I) Trabecular space (Tb.Sp, 

mm). (J) Trabecular thickness (Tb.Th, um). Bar graphs values are averages ± standard error; Whiskers 

in box plots represent 5-95 percentile values; n= 5-9 per group. **p<0.01, ****p<0.0001. Statistical 

analysis performed by One-way ANOVA followed by Fisher’s LSD post-test. WT=wild type, KO=IL-

10 knockout mice.  
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Figure 2.6. IL-10 knockout does not exacerbate T1D-induced cortical bone loss 3 months after 

diabetes induction.  

Control and STZ treated WT and IL-10 knockout mice were euthanized 12 weeks after the first STZ 

injection. Femoral cortical bone analysis were performed using µCT. (A) Representative micro-

computed tomography isosurface images. (B) Cortical area (mm2).  
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Figure 2.6. (cont’d) 

 (C) Cortical area from the KO groups normalized to respective WT groups. (D) Marrow area (mm2). 

(E) Bone mineral content (mg). (F) Bone mineral density (mg/cc). (G) Cortical thickness (mm). (H) 

Inner perimeter (mm). (I) Outer perimeter. Bar graphs values are averages ± standard error; Whiskers 

in box plots represent 5-95 percentile values; n= 5-9 per group. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Statistical analysis performed by One-way ANOVA followed by Fisher’s LSD post-

test. WT=wild type, KO= IL-10 knockout mice. 
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Figure 2.7. IL-10 knockout does not exacerbate vertebral trabecular bone loss 3 months after 

diabetes induction.  

After 12 weeks of treatment vertebral bone was collected and the third lumbar vertebrae was analyzed 

via uCT. (A) Representative micro-computed tomography isosurface images. (B) Percentage bone 

volume fraction and (C) bone volume fraction from the KO groups normalized to respective WT 

groups. Bar graphs values are averages ± standard error; n= 5-7 per group. *p<0.05, **p<0.01. 

Statistical analysis performed by One-way ANOVA followed by Fisher’s LSD post-test. WT=wild 

type, KO=IL-10 knockout mice. 
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Table 2.3. Bone parameters after 3 months 

Values represent mean ± standard error 

Abbreviations: BV/TV, bone volume/total volume; BMD, bone mineral density; BMC, bone mineral 

content, Tb.Th., trabecular thickness; Tb. N., trabecular number; Tb.Sp., trabecular space. 

Ct.Ar.,cortical area; Ct.Th., cortical thickness; Ma.Ar., marrow area; Tt.Ar., total area 

# p < 0.05 with respect to WT-C 

* p < 0.05 with respect to KO-C 

^ p < 0.05 with respect to WT-Diabetic 
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2.4.4 T1D effects on osteoblast gene expression are exacerbated in IL-10 knockout mice  

To understand the mechanisms by which IL-10 regulates T1D bone loss, especially during 

early stages of T1D (4 weeks), we examined mRNA markers of bone formation (osteoblasts) and 

bone resorption (osteoclasts). For this, we extracted RNA from tibia of the two genotypes under 

control and diabetic conditions and then examined the expression of bone formation markers 

(osteocalcin and osterix) and bone resorption markers (tartrate-resistant acid phosphatase, TRAP). 

As shown in Figure 2.8 A, expression of both osteocalcin (osteoblast differentiation marker) and 

osterix (osteoblast transcription factor) were significantly decreased in WT T1D mice (p <0.05). 

Importantly, the KO diabetic mice displayed a significantly greater decrease in osterix than WT 

diabetic mice (Figure 2.8 A, p<0.05). KO diabetic mice also had lower osteocalcin levels compared 

to WT diabetic mice, however the difference did not reach statistical significance. Together, these 

results suggest that the presence of IL-10 reduces the negative effects of T1D on anabolic bone 

responses. In contrast, expression of TRAP was variable and did not significantly differ between 

the various groups suggesting that IL-10 likely does not regulate bone resorption in T1D mice 

(Figure 2.8 A).  

Previous studies have shown that T1D can affect osteoblast lineage selection (9,20). 

Therefore, we examined the expression of Wnt10b, a major enhancer of osteoblast differentiation 

(46). In addition, we assessed expression of aP2, a fatty acid adipocyte protein whose expression 

in bone is indicative of increase in marrow adiposity (47). In previous studies we identified that 

bone Wnt10b is decreased while aP2 is increased in T1D mice (15,21). Similarly, in the current 

study, we found Wnt10b expression was significantly decreased in the WT diabetic (p<0.05) 

compared to WT control mice. In contrast to the WT, there was no significant difference between 

the KO control and KO diabetic mice. Note however, that Wnt10b expression was already 

significantly decreased in the KO control compared to the WT control bones (Figure 8A). 
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Expression of aP2, on the other hand, was significantly enhanced in both T1D WT and KO mice 

compared to their respective control genotype mice (Figure 2.8 A, p<0.05). These data suggest 

that under T1D conditions IL-10 effects on bone density are likely independent of Wnt10b and 

adipocyte lineage selection. 

Since IL-10 is an important anti-inflammatory cytokine we next investigated the expression 

patterns of cytokines previously associated with T1D bone loss such as IFN-γ, TNF-α, and IL-6. 

Interestingly, our results showed no significant differences in expression of inflammatory 

cytokines in the bone between any of the groups (Figure 2.8 A). Unlike the bone, intestinal 

expression of TNFa was significantly enhanced in the KO group (p<0.01) (as expected (48)), 

suggesting an enhanced pro-inflammatory environment in the gut but likely not the bone.  
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Figure 2.8. Gene expression of osteoblast, osteoclast, adipocyte and inflammatory markers in the 

tibia from WT and IL-10 knockout mice. 

Control and STZ treated WT and IL-10 knockout mice were euthanized 4 weeks after the first STZ 

injection. Tibia and colon were collected, RNA extracted and mRNA analysis of indicated genes 

assessed by Q-RT-PCR. Genes were normalized to HPRT. (A) Bone data shown as heat map and 

osterix gene expression as a bar graphs. (B) Colon gene expression as bar graphs. 
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Figure 2.8. (cont’d) 

Values are averages ± standard error; n= 8-10 per group. *p<0.05, **p<0.01, ****p<0.0001. Statistical 

analysis performed by One-way ANOVA followed by Fisher’s LSD post-test. Outliers removed: OSX 

(1 outlier in the KO-C and WT-D),Wnt10b ( 1 outlier in the WT-D), RUNX2 (1 outlier in the WT-C 

and KO-D), TRAP (1 outlier in the WT-D), TNFA(1 outlier in the WT-C and WT-D), IL-6 (1 outlier 

in all of the groups), IFNY (1 outlier in the WT-C, WT-D, and KO-D), TNFA colon ( 2 outliers in the 

WT-control, 1 outlier in the KO-control). 
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2.4.5 IL-10 regulates osterix gene expression in osteoblasts via MAPK pathway  

To further understand the mechanisms by which IL-10 regulates osteoblast markers under 

diabetic conditions, we used MC3T3-E1 osteoblasts treated with or without IL-10, under normal 

and high glucose conditions. Previous studies have shown in vitro that high glucose treatment of 

osteoblasts inhibits expression of anabolic genes (49–52). Since our in vivo studies suggest a role 

for IL-10 in osterix gene expression in the tibia, we focused on regulation of expression of osterix 

in vitro. MC3T3-E1 cells were treated with normal (5 mM) or high glucose (30 mM) for 72 hours 

followed by stimulation without or with IL-10 for 24 hours. As expected, osterix gene expression 

was significantly reduced under high glucose in the absence of IL-10 (p<0.05). However, in the 

presence of IL-10 under high glucose conditions, osterix expression reversed to control levels. 

Interestingly, IL-10 did not significantly affect osterix expression in cells grown under normal 

glucose conditions (Figure 2.9 A).  

To understand the signaling mechanisms by which IL-10 regulates osterix gene expression, 

we focused on the MAPK pathways (JNK, p38 and ERK). Previous studies have shown that osterix 

expression is regulated by JNK, p38 or ERK depending on the stimulus (53,54). To understand the 

relationship between high glucose conditions and osterix in the context of these MAPK pathways, 

we first tested the effect of high glucose on the phosphorylation status of these three kinases. High 

glucose enhanced phosphorylation of JNK and p38 (as we have shown before (49)). Interestingly, 

high glucose decreased ERK phosphorylation (Figure 2.9 B, p<0.05). The ERK pathway is known 

to be a key stimulator of osteoblast differentiation. Consequently, we examined if IL-10 treatment 

prevents the high glucose suppression of ERK signaling. As expected, treatment with IL-10 

prevented high glucose suppression of ERK phosphorylation (Figure 2.9.B). These results indicate 

that IL-10 likely sustains osteoblast ERK signaling and osterix expression under T1D conditions.  
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Figure 2.9 IL-10 prevents high glucose-mediated suppression of osterix expression via the ERK 

pathway. 

 (A) MC3T3-E1 cells were treated with high glucose (72 hours) +/- IL-10 for 24 hours. RNA extracted 

and mRNA analysis of osterix (OSX) gene assessed by Q-RT-PCR and normalized to HPRT. (B) 

MC3T3-E1 cells were treated with high glucose (72 hours) +/- IL-10 for 15 minutes. Representative 

blots show protein levels analyzed by Western Blot as well as loading controls (ERK and Tubulin). 

Quantification of western blots for p-ERK/ERK, p-p38, and p-JNK. Values are averages ± standard 

error; n= 4-5 per group, *p<0.05, **p<0.01. Statistical analysis performed by One-way ANOVA 

followed by Fisher’s LSD post-test. 
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2.5 Discussion 

Studies in human and diabetic murine models have demonstrated changes in the levels of 

pro and anti-inflammatory cytokines with unmanaged diabetes (18,19,29,30,55). Several 

proinflammatory cytokines have been reported to be elevated in T1D patients and animal models. 

For example, serum IFN-y is increased with age in the non-obese diabetic mice (NOD) and it 

reaches the highest levels at the onset of diabetes (31). T1D patients also present with elevated 

TNF-α serum levels (32). Other cytokines such as IL-6 and interleukin 1 beta (IL-1b) are also 

elevated under diabetic conditions (56). Interestingly, not only are these cytokines increased in the 

serum of diabetic mice, they are also expressed at high levels in the bone (e.g. IFN-y and TNF-α 

(18,19)), providing a link between inflammatory cytokines and T1D-induced bone loss. 

Furthermore, proinflammatory cytokines such as TNFa, IL-1b and prostaglandin E2 have been 

shown to play an important role in diabetes-induced periodontal bone loss (57–59). Inhibition of 

cytokine activity/levels, especially TNFa, has been shown to decrease osteoclast numbers and 

increase osteoblast and periodontal bone formation in a diabetes-induced periodontal bone loss 

model (60).  

 Compared to pro-inflammatory cytokines, levels of the anti-inflammatory cytokine IL-10 

has been shown to be decreased in the serum and pancreas during diabetes progression in NOD 

mice (31). Remarkably, administration of recombinant IL-10 via daily subcutaneous injections or 

non-viral gene delivery protects NOD mice against the development of insulinitis and diabetes 

(34,61). Similar to NOD mice, diabetic patients also exhibit lower IL-10 serum levels compared 

to non-diabetic subjects (35). Given that other studies have shown a beneficial effect of IL-10 on 

bone mass (39,62) and that IL-10 levels are decreased during T1D (31,35), in the current report 

we investigated the importance of IL-10 in T1D-induced bone loss. Our results clearly demonstrate 

that during early stages of T1D-induced bone loss, IL-10 deficiency exacerbates bone loss in mice. 
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Thus reduced IL-10 levels during T1D in human patients may contribute to bone loss early on. 

However, our data also suggest that over time, IL-10 levels are not crucial to regulate bone density 

since by 6 months of age, diabetic IL-10 KO and WT mice exhibit similar levels of bone loss. 

These differences in time point response can be attributed to the rapid decline in bone density (60% 

decrease) in the absence of IL-10 at 1 month post-diabetes induction, while the wild type diabetic 

group only lost 39% bone volume. However, after 3 months of diabetes the decrease in bone 

density between the WT and IL-10 KO diabetic mice was similar, suggesting that bone loss in the 

IL-10 KO diabetic group is much faster and drastic but reaches a set point that is achieved by T1D 

WT mice at a later timepoint. Consistent with this, a progressive decline, over a 12-week period, 

in trabecular bone density, has been shown in T1D WT rats (63). Together, our results suggest that 

early decline in IL-10 during diabetes can be detrimental to the bone.  

Consistent with our findings that IL-10 can play a role in bone density, many studies have 

demonstrated the importance of IL-10 in regulating bone health in non-diabetic models. IL-10 has 

been shown to regulate alveolar bone loss in aged mice (~9 month) compared to younger mice (3 

months old) (36,38). In these studies, changes in bone density in the aged IL-10 KO mice were 

associated with down-regulation of osteoblast and osteocyte markers in the periodontal tissue (39). 

Another study looking at bone metabolism in IL-10 KO mice in the context of colitis development 

demonstrated a decrease in cancellous bone mass of the tibia as well as the trabecular bone surface 

and number, in the IL-10 KO mice compared to the WT group. Interestingly, these changes were 

most striking in IL-10 KO animals that showed colitis (40). Although these authors demonstrated 

this phenotype in 8 to 12 week old mice, in our studies we did not observe any signs of colitis in 

IL-10 KO mice (as demonstrated by equivalent body weight in control WT and KO mice at both 

time points tested). In addition, IL-10 KO mice in our facility did not display any overt clinical 

signs of colitis (such as diarrhea, bleeding etc). Because IL-10 KO mice in our study did not display 
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overt colitis, it is not surprising that non-diabetic IL-10 KO mice did not exhibit any bone 

pathology. It is important to note that a trend towards a lower femoral trabecular bone density in 

the IL-10 KO group was noted at the later time point (12 week treatment time @ which they are 6 

months old). Even though we did not observe any clinical signs of colitis, colons from the IL-10 

KO mice (non-diabetic and diabetic) showed markedly higher TNFa gene expression suggesting 

that the intestinal environment of these mice are skewed towards a pro-inflammatory state. This 

however, did not likely influence bone inflammatory environment since expression of 

inflammatory genes in the bone were similar between groups. These results suggest that the bone 

phenotype in the IL-10 KO diabetic group in this study is independent of changes in bone 

inflammation. Similar to our results, an increase in alveolar bone loss in IL-10 deficient mice was 

shown to be independent of changes in the inflammatory cytokines TNFa, IL1b, IL-6 and 

transforming growth factor beta (TGFb) (39). 

We and others have shown that T1D-induced bone loss is associated with suppression of 

osteoblast and an increase in adipogenesis (20,21). Similarly, we show here that T1D decreased 

markers of osteoblast maturation and increased markers of adipogenesis in the WT mice. In the 

IL-10 KO diabetic mice, although osteoblast markers were suppressed even further compared to 

the WT diabetic mice, expression of adipogenic markers were similar to that of the WT mice. A 

previous study using an in vitro model has shown that IL-10 can suppress lipid accumulation and 

adipogenesis in 3T3-L1 fibroblasts (64). However, in our in vivo T1D model, it appears that IL-10 

deficiency does not significantly influence T1D-induced adipogenesis markers. Thus, our results 

suggest that the effect of diabetes on bone density in the absence of IL-10 is likely independent of 

changes in adipocytes. 

IL-10 can also negatively influence osteoclastogenesis (39,42,43,62,65). Specifically, IL-

10 prevents the differentiation of osteoclast progenitors to preosteoclasts (41,43). In a co-culture 
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system of mouse bone marrow cells and primary osteoblastic cells, IL-10 treatment for 7 days 

prevented osteoclast differentiation (42). In contrast, in IL-10 deficient mice (8 and 12 weeks old) 

osteoclast cell number were not affected (40). Our results on TRAP (a marker of osteoclast) gene 

expression, suggests that neither T1D nor IL-10 significantly influence osteoclastogenesis. 

Although previous studies have demonstrated that proinflammatory cytokines can promote and 

enhance osteoclastogenesis (66–69), deficiency of IL-10 did not upregulate pro-inflammatory 

cytokines in the bone. Consistent with that IL-10 KO did not affect TRAP gene expression in the 

control or diabetic mice. Together, these results are consistent with our previous studies showing 

that T1D does not influence osteoclast markers and further adds that IL-10 is not an important 

regulator of osteoclastogenesis in T1D model (20,21).  

To understand the direct mechanisms by which IL-10 regulates osteoblasts, we examined 

the effects of IL-10 in osteoblasts cultured under normal and high glucose conditions. While 

studies looking at the role of IL-10 on osteoblast cells is limited, our results demonstrate a direct 

role for IL-10 in regulating osterix gene expression in osteoblasts especially under high glucose 

conditions. Previous studies have shown that high glucose can negatively influence osteoblast 

differentiation (70) and can decrease osteocalcin and osteoprotegerin gene expression is 

differentiated osteoblasts (50,71). Consistent with that, we found that high glucose exposure of 

pre-osteoblasts markedly decreases osterix gene expression. Osterix is an osteoblast-specific 

transcriptor factor that is required to induce preosteoblasts differentiation into mature osteoblasts 

(72). In addition, osterix null mice lack bone formation and have no trabeculae (73). Consistent 

with our findings, gene expression analysis of human osteoblastic cells, isolated from diabetic 

patients with osteoporotic fractures express significantly low levels of osterix (74). Our studies 

further demonstrate that IL-10 can directly reverse high glucose-mediated suppression of osterix 

expression. In an effort to identify signaling mechanisms, our studies further show that IL-10 
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increases in osterix expression via regulation of the ERK pathway. Regulation of ERK pathway 

by IL-10 have been shown in different models (75,76). In addition, previous studies using 

parathyroid hormone (PTH) and TNF-α have shown regulation of osterix gene expression via 

regulation of MAPK pathway (53,54). Thus, our results are consistent with these studies showing 

that ERK pathway is an important regulator of osterix under high glucose conditions in the 

presence of IL-10.  

 In summary, the present study demonstrates that IL-10 knockout mice are more susceptible 

to T1D bone loss, especially during the early disease process and therefore, decreases in IL-10 

observed in animal models and human patients with T1D may have a detrimental role to bone 

health. We identified that IL-10 is able to regulate osterix gene expression and influence bone 

effects during T1D primarily through the regulation of osteoblasts. Together, our studies suggest 

that IL-10 and its signaling pathways are potential therapeutic targets for T1D bone loss. 
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3.1 Abstract 

Probiotic bacteria have been shown to prevent bone loss in several mouse osteoporosis 

models. In previous studies we demonstrated that oral administration of Lactobacillus reuteri 

ATCC 6475 increased bone density in healthy male mice. The objective of this study was to 

understand the role of the immune system, especially the lymphocytes, in mediating the beneficial 

effects of L. reuteri on the male mouse skeleton. We administered L. reuteri in drinking water for 

4 weeks to wild type or Rag knockout (C57BL/6) male mice, which lack mature T and B 

lymphocytes. While L. reuteri treatment increased bone density in wild type mice, no significant 

increases were seen in Rag knockout mice, suggesting that lymphocytes are critical for mediating 

the beneficial effects of L. reuteri on bone density. Further analyses, revealed that orally 

administered L. reuteri translocated from the intestinal lumen to the mesenteric lymph nodes, 

where it can directly interact with immune cells. In ex vivo studies using whole mesenteric lymph 

node (MLN) as well as CD3+ T-cells, we established that live L. reuteri and its secreted factors 

have concentration-dependent effects on the expression of cytokines, including anti-inflammatory 

cytokine IL-10. Fractionation studies identified that the active component of L. reuteri is highly 

water soluble and small in size (<3kDa) and is negatively regulated by a RIP2 inhibitor, suggesting 

a role for NOD signaling. Finally, we show that T-cells from MLNs treated with L. reuteri 

supernatants, secrete factors that enhance osterix (transcription factor involved in osteoblast 

differentiation) in vitro. Together, these data suggest that L. reuteri secreted factors regulate T-

lymphocytes which play an important role in mediating the beneficial effects of L. reuteri on bone 

density. 
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3.2 Introduction 

Osteoporosis is a growing medical and socioeconomic issue that is characterized by 

systemic low bone mineral density, deteriorated bone microarchitecture and an increased risk of 

fracture (1,2). One in two women and one in four men over the age of 50 will experience an 

osteoporotic fracture in their lifetime; costing over $25 billion annually in the United States alone 

by 2025 (3). While numerous therapies are available for reducing bone loss, they are associated 

with side-effects or high costs (4,5). Therefore, some patients choose to either not start the course 

of treatment or do not see it through to conclusion, increasing their risk of having an osteoporotic 

fracture and further complications (6). For these reasons novel osteoporosis therapeutics that are 

low-cost and that have fewer side-effects are desired. 

In recent years the gut-bone axis has gained significant attention. Dysbiosis of the intestinal 

microbiota has been shown to be associated with pathogenesis of diseases including inflammatory 

bowel disease (IBD), diabetes, obesity and rheumatoid arthritis all of which are associated with 

bone loss and the development of osteoporosis (7–10). In contrast, supplementation with probiotic 

bacteria has been demonstrated to have beneficial effects on bone health. Our lab has previously 

shown  that administration of Lactobacillus reuteri (L. reuteri) 6475 to male mice for 4 weeks 

increased femoral trabecular bone density (11). Interestingly, the beneficial bone effect of L. 

reuteri was observed in female mice only under a mild inflammatory state or if they were 

ovariectomized, suggesting a role for inflammation and/or sex hormones in modulating probiotic 

activity (12,13). Probiotic bacteria have also been tested for their potential therapeutic effects in a 

number of diseases associated with adverse bone loss (14,15). Our lab has demonstrated that L. 

reuteri 6475 prevents bone loss associated with type 1 diabetes, low estrogen, as well as dysbiosis-

induced bone loss in mice (13,16–19). Still, the exact mechanism by which L. reuteri 6475 in the 

intestinal tract exerts a systemic effect to promote bone health remains to be fully elucidated. 
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The current paradigm for interaction between bacteria and the immune system in the 

intestine involves the uptake of bacteria by microfold cells (M cells) in the follicle-associated 

epithelium of Peyer’s patches, transfer of bacteria via channels in goblet cells, or paracellular or 

transcytotic transport across the epithelium (20). These bacteria are then taken up by antigen 

presenting cells (APCs) in the Peyer’s patches, lamina propria or mesenteric lymph nodes (MLNs) 

which then activate T-cells (20). Given that L. reuteri is administered orally, we wanted to examine 

whether the immune system, specifically the lymphocytes are involved in the beneficial effects of 

this probiotic bacteria on bone health. Using Rag knockout mice, deficient in mature T- and B- 

lymphocytes, we demonstrate that the benefits of L. reuteri on bone health require lymphocytes. 

We further show that L. reuteri translocates to the MLNs and interacts with cells in MLNs. In ex 

vivo studies, we demonstrate that live L. reuteri and its secreted components stimulate T-

lymphocytes to secrete factors that can benefit osteoblasts. Together, our studies provide potential 

host as well as bacterial mechanisms by which L. reuteri enhances bone density in male mice. 
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3.3 Materials and Methods 

3.3.1 Ethical approval 

All animal procedures were approved by the Michigan State University Institutional 

Animal Care and Use Committee and conformed to NIH guidelines. 

3.3.2 Animals and experimental design 

For all experiments, mice were purchased from Jackson Laboratories (Bar Harbor, ME) 

and housed in a specific pathogen free facility at Michigan State University. All mice were 

maintained on a 12:12-h light-dark cycle at 23°C in groups of up to 5 animals per cage for the 

duration of the studies. Mice shipped from Jackson laboratories were allowed to acclimate to the 

animal facilities for at least one week prior to the start of experimentation. 

For in vivo experiments, male mice at 12 weeks of age wild-type (C57BL/6) and Rag 

knockout (Rag1tm1Mom, C57BL/6 background) were randomly divided into four cohorts: WT (+/- 

LR) and KO (+/- LR). Both strains of mice were housed in the same room and on the same rack 

to ensure adaptation to identical housing environment and to prevent cage effect. L. reuteri treated 

mice received 3.3x108 cfu/ml of L. reuteri in drinking water for four weeks. Water bottles were 

changed every other day, and fresh L. reuteri added. Control mice received just water. Mice were 

given Teklad 7914 chow (Madison, WI) and water ad libitum. At the end of the experiment mice 

were sacrificed by overdose of anaesthesia (isoflurane) followed by cervical dislocation. 

3.3.3 Bacterial culture conditions  

L. reuteri ATCC PTA 6475 was initially cultured on deMan, Rogosa, Sharpe media (MRS, 

Difco) - agar plates and kept under anaerobic conditions at 37°C for a maximum of 1 week. For 

live bacteria, multiple colonies were picked and anaerobically cultured in 10 ml of MRS broth for 

16-18 h at 37°C. Bacteria were washed by centrifugation at 4000 RCF for 10 minutes and re-

suspended in 10 ml sterile PBS, twice, to remove all traces of MRS broth. Following the final 
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wash, bacteria were re-suspended in 10 ml RPMI (no serum or antibiotics). Bacterial concentration 

was calculated using the OD600 value. For heat killed bacteria, 1 ml of bacterial suspension was 

heated to 70°C for 50 minutes. Bacteria viability was confirmed by plating on MRS plates and 

culturing anaerobically overnight at 37°C. 

For in vivo experiments L. reuteri was cultured as above with a few modifications to 

produce a higher concentration of bacteria. After sub-culturing into 10ml of fresh MRS broth for 

16-18 hours the overnight culture was then sub-cultured anaerobically at 37°C in 800 ml fresh 

MRS broth and grown until log phase (OD600=0.4). L. reuteri was then pelleted by centrifugation 

at 4000 RCF for 10 minutes and washed 3 times with PBS. The final pellet was re-suspended in 

60 ml sterile PBS and one milliliter (ml) aliquots were made and stored at -80°C until use. Colony-

forming units per milliliter (cfu/ml) were calculated the day before treatment by plating 10 µl of 

the aliquots onto MRS agar plates overnight at 37°C. Mice were treated with 3.3x108 cfu/ml of L. 

reuteri in the drinking water. Drinking water was refilled with fresh water and/or probiotic 

3X/week. 

3.3.4 Generation of bacterial conditioned media 

For generation of conditioned media (CM) live bacteria were cultured as above.  Following 

re-suspension in RPMI, bacteria were incubated anaerobically on a rocker for 3 hours at 37°C. 

Bacteria was pelleted by centrifugation at 4000 RCF for 10 minutes and conditioned RPMI media 

collected, pH determined and sterile filtered (0.22µm). Control media was generated by adjusting 

the pH of RPMI media to that of the bacteria CM using lactic acid (Sigma, St Louis, MO, USA). 

Control media and CM were aliquoted and stored at -80°C for use in further experiments. 

3.3.5 Generation of <3kDa fraction of L. reuteri conditioned media 

L. reuteri conditioned media or RPMI control media was added to an Amicon Ultra-15 3K 

centrifugal filter unit (EMD Millipore, Billerica, MA, USA) and centrifuged at 4000 RCF for 30-
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60 minutes. Flow through containing the <3kDa fraction was collected, sterile filtered (0.22µm), 

aliquoted and stored at -80°C for use in further experiments. 

3.3.6 Solid-Phase extraction (SPE) fractionation of conditioned media 

Fractionation of L. reuteri conditioned media or RPMI control media based on solubility 

was performed using Oasis PRiME HLB extraction columns (Waters, Milford, MA, USA).  

Briefly, CM or RPMI was added to the column and flow through collected (load). Components 

retained in the column were collected by washing with dH20 (wash) followed by 90% acetonitrile 

/ 10% dH20 (elute). Solvents were removed from the fractions by evaporation via speed-vac until 

dryness. Samples were re-suspended in a comparable volume of RPMI, aliquoted and stored at -

80°C until further use. 

3.3.7 Carboxyfluorescein Succinimidyl Ester (CFSE) staining of bacteria and analysis of 

translocation to the mesenteric lymph nodes 

Live L. reuteri, generated as described, was stained with CellTrace CFSE cell proliferation 

kit according to manufacturer’s instructions (ThermoFisher Scientific, USA). Male C57BL/6 

mice, 14 weeks of age, were gavaged with 300 µl (approx. 1x109 cfu/ml) CFSE stained L. reuteri.  

Mice were sacrificed at 0 (n=2), 6 (n=2) and 24 (n=1) hours post gavage and the mesenteric lymph 

nodes isolated (21), homogenized and presence of CFSE+ bacteria analyzed by flow cytometry. 

3.3.8 Mesenteric lymph node stimulation 

MLNs were isolated from adult male mice (12 – 18 weeks) and homogenized in RPMI 

media. Whole MLN cultures were plated in a 96 well U-bottom plate at 1x105 cells per well. For 

CD3+ MLN cultures, CD3+ cells were isolated by magnetic cell sorting according to 

manufacturer’s instructions (Miltenyi Biotec, San Diego, CA, USA) and plated at 1x105 cells per 

well. Cells were cultured in the presence of live or heat killed (HK) L. reuteri 6475, at a multiplicity 
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of infection (MOI) of 1, 10 and 100, or conditioned media (+10% FBS) for 4 days at 37°C 5% 

CO2 followed by flow cytometric analysis for the respective cytokines. 

3.3.9 Isolation and treatment of naïve CD4+ T cells 

Spleens were isolated from male C57BL/6 mice (12 – 18 weeks), homogenized and re-

suspended in RPMI media. Naïve CD4+ T cells were isolated using a magnetic Naïve CD4+ T Cell 

Isolation Kit according to manufacturer’s instructions (Miltenyi Biotec). Isolated CD4+ T cells 

(1x105) were then cultured under non-polarising conditions in the presence of conditioned media 

(whole or fractionated) or live or heat killed (HK) L. reuteri 6475 at a multiplicity of infection 

(MOI) of 1, 10 and 100, for 4 days at 37°C 5% CO2 followed by flow cytometric analysis.  

3.3.10 Flow cytometry analysis 

For analysis, cells were pelleted and supernatant removed. Cells were incubated with Fc 

block (BD Pharmingen, CA, USA) for 15 min. Cells were stained with anti-mouse CD3-APC 

AlexaFluor 780 (500A2, eBioscience) and anti-mouse CD4-eF450 (RM 4–5, eBioscience) for 30 

minutes at 4°C. Cells were then washed three times in assay buffer (PBS, 0.5% bovine serum 

albumin (BSA), 5mM EDTA) followed by permeabilization in cytofix / cytoperm per 

manufacturer’s instructions (BD Pharmingen). Intracellular staining was performed with anti-

mouse IL-10 FITC (JES5-16E3, eBioscience), anti-mouse IL-17A PE (TC11-18H10, BD 

Bioscience), anti-mouse IFNγ APC (XMG1.2, eBioscience) and anti-mouse LAP (TGFβ) PerCP-

eF710 (TW7-16B4, eBioscience). Data were acquired on a BD LSRII (Becton Dickinson, Franklin 

Lakes, NJ) and analyzed with FlowJo (Version 10; FlowJo, LLC, Ashland OR). 

3.3.11 In vitro cell culture system 

Preosteoblast MC3T3-E1 cells (CRL-2593; ATCC, Manassas, VA) (passages between 18 

to 24) were kept incomplete α–minimal essential media (α-MEM) containing 10% fetal bovine 

serum (FBS) (Invitrogen and Atlanta Biologicals, Atlanta, GA) and 1% Penicillin-Streptomycin 
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(Life Technologies). For gene expression analysis, cells were plated at a density of 20,000 

cells/well in 96-well plates (Corning Incorporated, Corning NY) for 24 hours in complete α-MEM. 

Cells were treated as indicated for 6 hours. RNA extraction was completed as describe below. 

For cell viability assay, MC3T3-E1 cells were plated at a density of 10,000 cells/well in 

white walled 96-well plates (Corning Incorporated, Corning NY) for 24 hours in complete α-

MEM. Cells were treated as indicated for 6 hours. Cell viability (by assessing intracellular ATP 

levels) was measured by ApoSensor Cell Viability Assay kit (BioVision, San Francisco, CA) 

according to the manufacturer’s instructions. Luminescence was measured by Synergy/neo2 multi-

mode plate reader and calculated with Gen5 software (Bio-Tek). Duplicates wells were used for 

each condition and repeated at least three times. 

3.3.12 RNA extraction 

TriReagent (Molecular Research Center, Cincinnati, OH) was used to isolate RNA and 

RNA integrity was verified by agarose-gel electrophoresis. cDNA was synthesized by reverse 

transcription using Superscript II Reverse Transcriptase Kit and oligo dT primers (Invitrogen, 

Carlsbad, CA). Complementary DNA was amplified by PCR using iQ SYBR Green supermix 

(Bio-Rad Laboratories, Hercules, CA). Real time PCR was carried out for 40 cycles (95o C for 15 

seconds, 60o C for 30 seconds, and 72o C for 30 seconds) using an iCycler thermal cycler and data 

evaluated using the iCycler software. Negative controls included primers without cDNA. RNA 

levels of the housekeeping gene hypoxanthine guanine phosphoribosyl transferase (HPRT) did not 

fluctuate with treatment and were used as an internal control. Primers used for real-time 

polymerase chain were as follows: HPRT (Forward, 5’- AAGCCTAAGATGAGCGCAAG- 3’, 

Reverse, 5’- TTACTAGGCAGATGGCCACA), Osterix (Forward 5’- 

CTGCGGAAAGGAGGCACAAAGAAG- 3’, Reverse, 5’- 

GGGTTAAGGGGAGCAAAGTCAGAT-3’), Bax (Forward 5’ GACAGGGGGCTTTTTGCTA 
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3’, Reverse, 5’- TGTCCACGTCAGCAATCATC- 3’), Bcl-2 (Forward 5’- 

GACAGAAGATCATGCCGTCC- 3’, Reverse, 5’- GGTACCAATGGCACTTCAAG- 3’). 

3.3.13 Microcomputed tomography (μCT) bone imaging  

Femoral bones were collected at the day of harvest and fixed in 10% formalin for 24 hours. 

Bones were transferred to 70% ethanol and scanned using a GE Explore Locus microcomputed 

tomography (μCT) system at a voxel resolution of 20 μm obtained from 720 views. Each run 

included bones from all groups, as well as a calibration phantom to standardize gray scale values 

and maintain consistency. A fixed threshold (841) was used to separate bone from the bone 

marrow. Femur trabecular bone analyses were performed from 1% of the total length proximal to 

the growth plate, extending 2 mm toward the diaphysis, and excluding the outer cortical bone. 

Trabecular bone volume fraction (BVF), bone mineral content (BMC), bone mineral density 

(BMD), thickness (Tb. Th), spacing (Tb. Sp), and number (Tb. N) were computed using GE 

Healthcare MicroView software. Femoral trabecular isosurface images were taken from a region 

in the femur where analyses were performed measuring 1.0 mm in length and 1.0 mm in diameter. 

Cortical measurements were performed in a 2x2x2 mm cube centered midway down the length of 

the bone. 

3.3.14 DNA extraction from colonic and fecal samples, 16S rRNA gene amplification, and 

sequencing  

DNA was extracted from colonic and fecal samples as previously described (19). Briefly, 

fecal samples were transferred to Mo Bio Ultra Clean Fecal DNA bead Tubes (MoBio) containing 

360 μl of buffer ATL (Qiagen) and homogenized for one minute in a BioSpec Mini-Beadbeater. 

Forty μL Proteinase K (Qiagen) was added and samples were incubated for 30 minutes at 55°C, 

then homogenized again for one minute and incubated at 55°C for additional 30 minutes. DNA 

was extracted modified extraction with Qiagen DNeasy Blood and Tissue kits as described 
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previously (13,22). Bacterial 16S sequences spanning variable region V4 were amplified by PCR 

with primers F515/R806 with a dual indexing approach and sequenced by Illumina MiSeq 

described previously (23). Twenty µl PCR reactions were prepared in duplicate and contained 40 

ng DNA template, 1X Phusion High-Fidelity Buffer (New England Biolabs), 200 μM dNTPs 

(Promega or Invitrogen), 10 nM primers, 0.2 units of Phusion DNA Polymerase (New England 

Biolabs), and PCR grade water. Reactions were performed in an Eppendorf Prothermal cycler with 

an initial denaturation at 98 °C for 30 s, followed by 30 cycles of 10 s at 98 °C, 20 s at 51 °C, and 

1 min at 72 °C. Replicates were pooled and purified with Agencourt AMPure XP magnetic beads 

(Beckman Coulter). DNA samples were quantified using the QuantIt High Sensitivity DNA assay 

kit (Invitrogen) and pooled at equilmolar ratios. The quality of the pooled sample was evaluated 

with the Bioanalyzer High Sensitivity DNA Kit (Agilent). 

3.3.15 Microbial community analysis  

Sequence data was processed using the MiSeq pipeline for mothur using software version 

1.38.1 (24) as described previously (22). In brief, forward and reverse reads were aligned, 

sequences were quality trimmed and aligned to the Silva 16S rRNA gene reference database 

formatted for mother, and chimeric sequences were identified and removed using the mothur 

implementation of UCHIME. Sequences were classified according to the mothur-formatted 

Ribosomal Database Project (version 16, February 2016) using the Bayesian classifier in mothur, 

and those sequences classified as Eukarya, Archaea, chloroplast, mitochondria, or unknown were 

removed. The sequence data were then filtered to remove any sequences present only once in the 

data set. After building a distance matrix from the remaining sequences with the default parameters 

in mothur, sequences were clustered into operational taxonomic units (OTUs) with 97% similarity 

using the average-neighbor algorithm in mothur. 871 OTUs were identified across all samples with 

an average rarefaction depth of 54,791 reads per sample. Alpha and beta diversity analyses and 
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visualization of microbiome communities were performed with R, utilizing the phyloseq package 

(25,26). The Bray-Curtis dissimilarity matrix was used to describe differences in microbial 

community structure. Analysis of similarity (ANOSIM) was performed in mothur. 

3.3.16 Statistical Analysis 

All measurements are presented as the mean ± SEM or as box plots (whiskers indicate 

minimum to maximum values). Significance was tested using either Student’s t test (2 groups) or 

ANOVA (more than 2 groups) with the indicated post-hoc test. Statistical analysis was performed 

using GraphPad Prism software version 7 (GraphPad, San Diego, CA, USA). Significant outliers 

(if present and indicated in figure legend) were removed using the ROUT test for outliers. A p-

value of <0.05 was considered significant. 
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3.4 Results 

3.4.1 L. reuteri requires lymphocytes to exert beneficial effects on bone 

Previous studies have revealed that supplementation with the probiotic L. reuteri ATCC 

6475 can have a beneficial effect on bone health (11–13,16,19) though the exact mechanisms are 

currently unknown. We and others have shown that L. reuteri has immuno-regulatory properties 

in vitro and in vivo, suggesting a role for the immune system in modulating the effects of L. reuteri 

on bone density (11,13,27). Although previous studies have shown that L. reuteri can modulate 

the immune system, the specific role of different immune cells in mediating effects on bone are 

not well known. To address this, we utilized male mice that are deficient in mature T and B 

lymphocytes (Rag1 knockout) and wild type (WT) controls. WT and KO mice were administered 

L. reuteri in their drinking water for 4 weeks. Control mice received water without the probiotic. 

After 4 weeks, L. reuteri administration had no significant effect on body weight or weights of 

organs including liver, muscle (tibialis), kidney, thymus and spleen (Figure 3.1). As expected, a 

significant decrease in thymus and spleen weights was observed in the KO group compared to the 

WT mice (Fig 1E and F). As we reported earlier (11), oral L. reuteri treatment significantly 

increased trabecular femoral bone density by 37% in the WT mice (Figure 3.2, p<0.05). In contrast, 

L. reuteri treatment did not enhance trabecular femoral bone density in the KO mice (Figure 3.2), 

suggesting that L. reuteri requires lymphocytes to increase trabecular bone density. Consistent 

with our findings, bone mineral density (BMD, p<0.05) and trabecular thickness increased (Tb. 

Th, p<0.05), while trabecular spacing decreased (Tb. Sp, p<0.05) in the L. reuteri treated WT mice 

(Table 3.1). Analysis of the cortical regions of the femur (diaphyseal region) showed that marrow 

area was decreased and outer perimeter increased by L. reuteri in the WT mice but not in the KO. 

Other parameters did not demonstrate any significant differences between the groups (Table 3.1). 
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Figure 3.1. General body parameters. 

12 weeks old C57BL/6 and Rag KO male mice were supplemented with water (n=11) or L. reuteri 

(n=10) for 4 weeks. General body parameters were measured the day of harvest. Body, liver, 

tibialis, kidney, thymus, and spleen weight in grams (g). L. reuteri treatment had no effect on 

general body parameters. Data presented as box plots with Whiskers using Tukey method. 

Statistical analysis performed by One-way ANOVA with Holm-Šídák correction for multiple 

comparisons. *=p<0.05, **=p<0.01 
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Figure 3.2. L. reuteri requires lymphocytes to exert beneficial effect on bone. 

Twelve week old C57BL/6 and Rag KO male mice were supplemented with water (n=11) or L. 

reuteri (n=10) for 4 weeks. Femoral bone was collected, and trabecular and cortical bone analyzed 

by µCT. Representative micro-computed tomography isosurface images by uCT. Bone volume 

fraction (BV/TV) quantitative data obtained from the distal femur trabecular bone of control and 

L. reuteri treated mice. Statistical analysis performed one-way ANOVA with Dunnett’s post-test. 

*=p<0.05 
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Table 3.1 General mouse bone parameters. 

Values represent mean ± standard error  

Abbreviations: BV/TV, bone volume/total volume; BMD, bone mineral density; BMC, bone 

mineral content, Tb.Th., trabecular thickness; Tb. N., trabecular number; Tb.Sp., trabecular 

space # p < 0.05 with respect to WT-C * p < 0.05 with respect to KO-C  
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3.4.2 Effect of L. reuteri on a and b diversity in gut microbiota in male mice 

To assess if probiotic administration significantly modulated intestinal microbiota diversity 

in male mice and whether a difference in microbiota diversity could account for the lack of effect 

of L. reuteri in the Rag KO mice, we extracted DNA from colonic microbiota and performed 16S 

rRNA sequencing. Diversity metrics that utilize species richness and evenness (Bray-Curtis) 

showed no significant separation between the groups (WT±LR and KO±LR) (Figure 3.3B). Also, 

no significant differences were found in a diversity both in terms of OTUs and Shannon index 

(Figure 3.3A). These data suggest that L. reuteri treatment in either WT or Rag KO mice does not 

cause broad changes in bacterial communities in male mice. This result does not rule out changes 

in microbiota function or changes in specific bacterial species that may be impacted by L. reuteri 

supplementation. Given the absence of mature lymphocytes in Rag KO mice, we reasoned that the 

lymphocytes likely play an important and direct role in L. reuteri effects on bone.  

3.4.3 L. reuteri translocates to mesenteric lymph node (MLN)  

Because our in vivo studies were performed with L. reuteri administered orally, we 

reasoned that lymphocytes in MLNs would be one of the sites of L. reuteri interaction with 

lymphocytes. Therefore we examined if L. reuteri could be detected in MLNs in L. reuteri treated 

mice. C57BL/6 mice were gavaged with L. reuteri labelled with fluorescent CFSE (5(6)-

Carboxyfluorescein N-hydroxysuccinimidyl ester). Mice were euthanized, and MLNs harvested at 

various time points (0, 6 and 24 hours). Isolated MLNs were then processed and analyzed by flow 

cytometry for CFSE labelled L. reuteri. The CFSE positive bacterial counts in the MLN increased 

~32 fold at the 6 hour time point but returned to control levels by 24 hours after gavage. These 

results suggest that L. reuteri is able to translocate from the intestinal lumen to the MLNs early 

after oral administration and therefore could interact with cells in the lymph node (Figure 3.4). 
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Figure 3.3. L. reuteri effects on gut microbiota. 

Twelve week old C57BL/6 and Rag KO male mice were supplemented with water or L. reuteri 

for 4 weeks as indicated in Figure 3.2. Fecal samples were collected at the day of harvest and 

analyzed by 16S rRNA sequencing as described in the methods. A) Plots of alpha-diversity metrics 

of observed operational taxonomic units (OTUs) (richness) and Shannon diversity (richness and 

eveness) of the different treatment groups. B) Principle coordinate analysis of beta-diversity based 

on Bray-Curtis (richness and eveness) of the different treatment groups. WT/C = wild-type control, 

WT/LR = wild-type L. reuteri treated, KO/C = Rag1 KO control, KO/LR = Rag1 KO L. reuteri 

treated. n = 9-10/group.  
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Figure 3.4. Translocation of CFSE-labeled L. reuteri from the intestinal lumen to the MLN. 

Male C57BL/6 mice (14 weeks) were gavaged with CFSE-labeled L. reuteri. After 0, 6 and 24 

hours mice were sacrificed and MLNs collected and analyzed by flow cytometry. Representative 

scatter plots of CFSE-labeled with L. reuteri isolated from MLNs at 0, 6 and 24 hours, CFSE-

labeled bacteria are present in the top-left quadrant. 

  



 162 

3.4.4 Effect of live L. reuteri on cytokine expression in whole MLN ex vivo cultures 

Our data thus far suggests that the bone effects of L. reuteri requires lymphocytes and that 

L. reuteri is able to translocate to MLNs upon oral administration. To examine the effect of L. 

reuteri on expression of cytokines in MLNs, we treated MLNs ex vivo with L. reuteri for 4 days 

and assessed expression of cytokines that have been shown to regulate bone health. We focused 

on IL-10 and TGFb (can enhance bone health)(28–32) as well as IFNg (negatively influences bone 

health) and IL-17A (has both negative and positive effects on bone) (33–35). These cytokines were 

assessed using flow cytometry. Treatment of MLN cultures with live L. reuteri significantly 

increased expression (as indicated by median fluorescent intensity; MFI) of IL-10 and IFNg in a 

concentration-dependent manner (p<0.01). In addition, the number of IL-10+ and IFNg+ cells also 

increased significantly (p<0.01). In contrast, TGFb expression showed minimal change with live 

L. reuteri. However, TGFb+ cell numbers were differentially modulated at different MOI, with an 

MOI of 1 causing an increase (p<0.05), and higher MOIs showing no difference. While expression 

of IL-17A increased only at the highest MOI, IL-17A+ cell numbers were not affected by live L. 

reuteri (Figure 3.5A). Gating within the CD4+ T cell population also revealed similar expression 

and +cell profiles, except for TGFb which showed a biphasic response with both MFI for TGFb 

as well as TGFb+ cell numbers (Figure 3.5B). Compared to live L. reuteri, effect of heat killed L. 

reuteri was not consistent and in some cases showed a modest response only at high concentrations 

(p<0.05) (Figure 3.5B). Together, these results demonstrate that live but not heat killed L. reuteri 

can significantly induce concentration-dependent effects on the MLN immune cell cytokine 

profiles and the majority of these effects are similar between the whole MLN and the MLN CD4+ 

T cell population. 

Mesenteric lymph nodes contains a multitude of different cells types including antigen 

presenting cells (APCs). To identify whether the effects of L. reuteri on the CD4+ T cells was 
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indirect via APCs or direct on the T cells, CD3+ cells were isolated from whole MLNs and cultured 

with either live or heat killed L. reuteri. As with the whole MLN cultures, addition of live L. reuteri 

to CD3+ MLN cells had a profound effect on cytokine expression (Figure 3.6A). Live L. reuteri 

significantly increased expression of IL-10, IL-17A, TGFb and IFNg in a concentration-dependent 

manner as determined by flow cytometry. Similarly, number of CD3+ cells expressing these 

respective cytokines was also significantly increased by live L. reuteri treatment. Compared to 

this, heat killed L. reuteri had no significant effect on expression of any of the cytokines examined. 

When gated within the CD4+ T-cells, the results were similar to that of CD3+ T cells (Figure 

3.6B). 

Having revealed that L. reuteri directly modulates MLN CD4+ T cell cytokine expression, 

we next sought to determine the effects of live L. reuteri on naïve CD4+ T cells. CD4+ T cells were 

isolated from spleens by magnetic isolation and treated with either live or heat killed L. reuteri 

under non-polarising culture conditions. Comparable to the responses of isolated CD3+ MLN 

cultures, CD4+ splenic T cells exhibited a concentration-dependent response to live L. reuteri for 

both IL-10 and IL-17A expression (p<0.01) (Figure 3.7). IFNγ expression increased significantly 

only at an MOI of 100 (p<0.01) while no effect was observed for TGFβ. Heat killed L. reuteri 

increased IL-10 (p<0.05) and IL-17A (p<0.01) expression modestly, only at an MOI of 100 

(Figure 3.7). Together, these data suggest that live L. reuteri is able to stimulate T-cells directly 

and can modulate cytokine expression in cells that have potential modulatory effects on bone 

health. 

 



 164 

 

Figure 3.5. Effect of live and heat Killed L. reuteri 6475 on cytokine expression in whole MLN 

cultures. 

Mesenteric lymph nodes were isolated from male C57BL/6 mice (12-18 weeks), homogenized and 

cultured with live or heat killed L. reuteri 6475 at an MOI of 1, 10 or 100 for 4 days. Cells were 

analyzed using flow cytometry for expression of IL-10, INFg, IL-17 A and TGFb.  
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Figure 3.5 (cont’d) 

Results for MFI and % positive cells were analyzed as (A) the whole MLN or (B) gated on the 

MLN CD4+ T cells. Statistical analysis performed by 2-way ANOVA with Dunnett’s post-test and 

multiple t-tests corrected for multiple comparisons with Holm-Šídák method. *=p<0.05, 

**=p<0.01 compared to control. n=5 
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Figure 3.6. Effect of L. reuteri 6475 on cytokine expression in CD3+ lymphocytes isolated 

from MLNs. 

Mesenteric lymph nodes were isolated from male C57BL/6 mice (12-18 weeks), homogenized and 

CD3+ cells obtained by magnetic separation. CD3+ cells were cultured with live or heat killed L. 

reuteri 6475 at an MOI of 1, 10 or 100 for 4 days. Cells were analyzed using flow cytometry for  
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Figure 3.6 (cont’d) 

expression of IL-10, INFg, IL-17 A and TGFb. Results for MFI and % positive cells were analyzed 

as (A) CD3+ cells or (B) gated on the MLN CD4+ T cells. Statistical analysis performed by 2-way 

ANOVA with Dunnett’s post-test and multiple t-tests corrected for multiple comparisons with 

Holm-Šídák method or by unpaired t-test. *=p<0.05, **=p<0.01 compared to relevant control. 

n=5. 

  



 168 

 

Figure 3.7. Effect of L. reuteri on naïve splenic CD4+ T cells cytokine expression. 

Spleens were isolated from male C57BL/6 mice (12-18 weeks) and naïve CD4+ T cells obtained 

by magnetic separation. Cells were cultured under non-polarising conditions with live or heat 

killed L. reuteri 6475 at an MOI of 1, 10 or 100 for 4 days and cytokine expression (IL-10, INFg, 

IL17A and TGFb) analyzed by flow cytometry. Statistical analysis performed by 2-way ANOVA 

with Dunnett’s post-test and multiple t-tests corrected for multiple comparisons with Holm-Šídák 

method or by unpaired t-test. *=p<0.05, **=p<0.01 compared to control. n=10. 
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3.4.5 Effect of L. reuteri secreted factors on T-lymphocyte cytokine expression  

To identify whether the effects of live L. reuteri required direct cell-cell contact or whether 

the effects are induced by secreted factor(s), whole MLN cultures were treated ex vivo with L. 

reuteri conditioned media (CM). L. reuteri CM significantly elevated expression of all the 

cytokines assessed (IL-10, IFNg, TGFb and IL-17A) (Figure 3.8A). When gated within the CD4+ 

T-cells, expression of cytokines showed similar pattern (Figure 3.8A). Percentage of cytokine 

positive cells mostly followed a similar pattern to that of the MFI (data not shown). To determine 

whether L. reuteri secreted factor(s) were responsible for the observed direct effect of L. reuteri 

on T-lymphocytes, we further treated isolated CD3+ T-cells from MLNs with L. reuteri CM. 

Similar to the effects on whole MLN cultures, L. reuteri CM treatment of isolated T-cells 

significantly increased CD4+ T cell expression of all four cytokines (Figure 3.8B) as well as 

increased numbers of CD4+ cytokine+ cells (data not shown). Similar to MLN cultures, treatment 

of CD4+ T cells (spleen) with L. reuteri CM also significantly increased the expression of all 

cytokines assessed (Figure 3.8C). Together, these results suggest that secreted component(s) of L. 

reuteri are able to directly stimulate T-cells and significantly modulate expression of cytokines. 

3.4.6 RIP2 negatively regulates expression of IL-10 and IL-17A in lymphocytes 

Probiotic bacteria and Lactobacillus bacteria in particular have previously been shown to 

induce their beneficial effects through toll-like receptor (TLR) signaling, specifically TLR2 

(36,37). Furthermore, bacteria are able to induce a signaling cascade through activation of the 

Nucleotide-binding Oligomerization Domain (NOD) pathway (38). To determine whether L. 

reuteri secreted factors induce their modulatory effects through TLR or NOD signaling we 

inhibited MyD88 or RIP2 tyrosine kinase in splenic CD4+ T cells prior to L. reuteri stimulation. 

To determine if L. reuteri was acting through a TLR in a MyD88-dependent manner, we used a 

MyD88 peptide inhibitor (Figure 3.9A). MyD88 inhibitor failed to block the effects of L. reuteri 
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on IL-10 and IL-17A. To further investigate whether L. reuteri signaled via the NOD pathway we 

utilized Gefitinib, a RIP2 tyrosine kinase inhibitor which inhibits RIP2 tyrosine phosphorylation 

and NOD2-induced NF-κB activation and cytokine release (39). L. reuteri CM significantly 

increased expression of IL-10, and IL-17A as expected; however, pretreatment of the cells with 

Gefitinib significantly augmented  the expression of IL-10 (p<0.01), and IL-17A (p<0.01) 

suggesting that RIP2 negatively regulates expression of these cytokines in T-cells induced by L. 

reuteri CM (Figure 3.9B). 

3.4.7 Fractionation of L. reuteri conditioned media 

To identify the active components secreted by L. reuteri that influences T-cell cytokine 

expression, the conditioned media was subjected to a series of fractionations based on size and 

water solubility. Fractionation based on size revealed that the component in question is less than 

3kD in size (Figure 3.10A). Treatment of splenic CD4+ T cells with the <3kD fraction of L. reuteri 

CM significantly increased expression of IL-10 (p<0.01) and IL-17A (p<0.01) compared to 

control. To further define the active component in the L. reuteri CM, whole supernatants were 

fractionated based on water solubility using a solid-phase extraction (SPE) column and the 

resulting fractions (load, wash and elute) tested (Figure 3.10B). Normal RPMI media and L. reuteri 

CM were processed through the speed-vac (SV) to control for any effects the evaporation process. 

Analysis of cytokine expression in CD4+ T cells revealed significantly increased expression of IL-

10 (p<0.05) with the L. reuteri CM load sample over the control load sample. A modest increase 

in IL-17A was also observed. The wash and elute fractions of the L. reuteri CM failed to induce 

any cytokine response over the control suggesting that the active molecule in L. reuteri CM is 

highly water soluble. 
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Figure 3.8. Effect of L. reuteri conditioned media on cytokine expression in T-cells. 

Mesenteric lymph nodes and spleens were isolated from male C57BL/6 mice (12-18 weeks), 

homogenized and cultured with L. reuteri 6475 CM or control media for 4 days. Expression of 

cytokines (IL-10, IFNg, TGFb and IL-17A) was assessed using Flow cytometry. A) whole MLN 

cultures, B) CD3+ T cells, and C) naïve CD4+ T cells. Statistical analysis performed by unpaired t-

test. *=p<0.05, **=p<0.01 compared to control. Whiskers in the box plots represent minimum to 

maximum values. n=5. 
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Figure 3.9. Effect of L. reuteri on CD4+ T cells is negatively regulated by NOD pathway. 

Spleens were isolated from male C57BL/6 mice (12-18 weeks) and naïve CD4+ T cells obtained 

by magnetic separation. CD4+ T cells were pre-treated with either A) MyD88 inhibitor (100 µM) 

or B) gefitinib (20 µM) for 24 hours before culture with L. reuteri CM for 4 days and cytokine 

expression (IL-10 and IL-17A) analyzed by flow cytometry. M = MyD88 inhibitor; P = control 

peptide; V = DMSO vehicle control; G = Gefitinib; LR = L. reuteri conditioned media. Statistical 

analysis performed by One-way ANOVA with Dunnett’s multiple comparison post-test. 

*=p<0.05, **=p<0.01 compared to control; ^=p<0.05 compared to LR treated P. n=5. 
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Figure 3.10. Effect of L. reuteri conditioned media fractions on naïve CD4+ T cell cytokine 

expression. 

Spleens were isolated from male C57BL/6 mice (12-18 weeks) and naïve CD4+ T cells obtained 

by magnetic separation. CD4+ T cells were cultured with either A) whole or <3kD CM or B) SPE 

fractionated CM and expression of cytokines analyzed by flow cytometry. SV=Speed-vac. 

Statistical analysis performed by unpaired t-test. *=p<0.05, **=p<0.01 compared to comparable 

control. n=4-5. 
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3.4.8 MLN and bone link 

Data thus far suggest that oral L. reuteri administration likely interacts with MLNs and 

stimulates expression of multiple cytokines that have either osteoblastogenic or anti-

osteoblastogenic activities. To determine the net effect of L. reuteri stimulation of T-cells on 

osteoblasts, we treated MC3T3-E1 pre-osteoblasts with T-cell supernatants (treated with or 

without L. reuteri stimulation). CD4+ T cells were isolated from MLNs and treated with L. reuteri 

CM or vehicle for 4 days. The supernatants from the T-cell cultures were then collected and added 

to osteoblast cultures for 6 hours. To rule out any residual activity of L. reuteri in the T-cell 

supernatant, the control L. reuteri CM was left in the incubator for 4 days (without any T-cells) 

similar to the T-cell treatment. Only the supernatants from T-cells treated with L. reuteri stimulated 

osteoblast ATP levels (Figure 3.11A). Importantly, L. reuteri CM, incubated without any cells for 

4 days did not have any activity, suggesting that the ATP inducing effect of T-cell supernatants 

(treated) is due to secreted factors from T-cells. Consistent with this, Bcl2/Bax ratio was also 

significantly enhanced by L. reuteri treated T-cell supernatant (p<0.05), suggesting that T-cell 

secretory factor (stimulated by L. reuteri) is likely able to enhance the survival of osteoblasts 

(Figure 3.11A). Similarly, osterix expression (transcription factor important for osteoblast 

differentiation) was also induced by the L. reuteri treated T-cell supernatant (p<0.05) (Figure 

3.11B). Together these data suggest that L. reuteri is able to stimulate T-cells in MLNs that can 

indeed beneficially affect osteoblasts. 

Taken together, these results suggest that L. reuteri-induced bone responses are dependent 

on lymphocytes and that L. reuteri is able to stimulate T-lymphocytes to increase expression of 

cytokines and other factors that have potentially osteoblastogenic activity. In addition, our studies 

reveal that the active fraction that elicits these effects is in the <3KD fraction in the L. reuteri 

secreted component.  



 175 

 

Figure 3.11. Secretory factors from L. reuteri CM treated T cells enhances osteoblast osterix 

gene expression. 

Mesenteric lymph nodes were isolated from male C57BL/6 mice (12-18 weeks), homogenized and 

CD4+ cells obtained by magnetic separation. CD4+ T-cells were cultured with L. reuteri CM for 4 

days. Supernatants from these cultures (secreted factors) were collected after 4 days and used to 

treat osteoblast cells for 6 hours. A) cell viability was measured by intracellular ATP levels and 

BCL2/BAX gene expression ratio. B) osterix gene expression. Ctrl= control, LR-Ctrl= L. reuteri 

CM with no cells, T-cell sup= T cells with no treatment. Statistical analysis performed one-way 

ANOVA with Tukey’s post-test. *=p<0.05, ****=p<0.0001, ^ =p <0.05 by T test. n=5-6 
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3.5 Discussion 

In recent years growing evidence from murine models has highlighted the benefit of 

probiotic bacteria in treating adverse bone pathology associated with numerous conditions, 

including estrogen-deficiency and type 1 diabetes (13–18). Furthermore, results from a recent 

randomized, double-blind placebo-controlled clinical trial have demonstrated that L. reuteri 6475 

is able to reduce bone loss in older women (40), further demonstrating its potential as a novel 

therapeutic. Although different probiotic bacteria have been shown to have beneficial effects on 

bone health, the host and bacterial mechanisms that mediate these effects are not well understood. 

Our lab has shown that treatment with the probiotic L. reuteri ATCC 6475 can enhance femoral 

trabecular bone volume fraction, bone mineral density and bone mineral content in intact healthy 

male mice (11). Building upon these previous findings, in this study we have elucidated host as 

well as the bacterial mechanisms that enhance bone density in healthy male mice.  

The intestine is residence to a significant population of immune cells that are in constant 

interaction with the intestinal microbiota. Immune cells present within the gut-associated lymphoid 

tissue (GALT), especially the mesenteric lymph nodes, play a critical role in inducing and 

maintaining tolerance to food proteins and commensal bacteria (41); these immune cells can then 

re-enter the blood stream and circulate throughout the body (42). Of the immune cells, T-

lymphocytes are key players in maintaining the balance of bone remodeling and can exert an effect 

on both the bone forming osteoblasts and the bone resorbing osteoclasts. T cell-derived cytokines 

such as IL-10 and IL-17A have been demonstrated to inhibit / stimulate osteoclast differentiation 

as well as enhance mesenchymal stem cell proliferation and osteoblast differentiation (33–35,43). 

These data suggest that intestinal probiotics could exert systemic bone effects through the 

modulation of T cell cytokine expression. In this context, we have identified that the presence of 

lymphocytes is crucial for the beneficial effect of L. reuteri on bone health. Consistent with our 



 177 

studies demonstrating that Rag KO mice do not respond to L. reuteri treatment, Dar et al suggested 

that the effect of L. acidophilus in preventing OVX-induced bone loss is dependent on T-reg-Th17 

balance (44). Similarly, other probiotics such as LGG and the VSL#3 can decrease intestinal and 

bone marrow inflammation (18) that could potentially benefit bone.  

Even though our recent studies suggest that L. reuteri is able to alter the microbial 

communities in a model of ABX-induced dysbiosis (19), our results here suggest that under healthy 

conditions, L. reuteri does not modify broad bacterial communities. These results prompted us to 

examine direct effects of L. reuteri on the host (versus indirect effects via microbiota 

modifications). Interestingly, we find that orally administered L. reuteri is able to translocate from 

the intestinal lumen to the mesenteric lymph nodes. Although this may only explain part of the 

mechanism by which lymphocytes are involved in L. reuteri effects on bone, we show that the 

bacteria, and its conditioned media and fractions thereof, affect MLN cytokine profile by 

increasing IL-10 expression and numbers of IL-10+ cells as well as other cytokines including 

TGFb, IFNg and IL-17A. Intriguingly we also find that both L. reuteri and its secreted components 

have an immunomodulatory effect on CD4+ T cell cytokine profile and that these actions of L. 

reuteri on CD4+ T cells is negatively regulated by NOD signaling.  

The most widely acknowledged paradigm of bacteria-immune cell interaction in the 

intestine involves the sampling of bacteria by dendritic cells and the presentation of these antigens 

to and subsequent programming of T cells (20). Recent studies however, have suggested that 

bacteria can cross the intestinal barrier independent of APCs. In cirrhotic patients with ascites, 

increased bacterial DNA has been detected in the serum (45) while in a murine model of social 

stress, DNA from commensal Lactobacilli have been detected in the spleen (46). In addition to 

these disease models of bacterial translocation, a study by Schultz et al (21) demonstrated that a 

green fluorescent protein (GFP) probiotic E. coli strain Nissle 1917 was able to translocate from 
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the intestinal lumen to the Peyer’s patches and MLNs in a time-dependent manner, with peak levels 

detected 6 hours post-gavage. These data support the results from the current study where we find 

that orally gavaged L. reuteri is able to translocate to the MLNs, in a time-dependent manner, 

where it can potentially exert its immunomodulatory effect through direct contact with immune 

cells.  

Based on the observations of translocation, we examined the direct effect of L. reuteri on 

cells in the MLNs and find that several cytokines including IL-10 and IL-17 are significantly 

modulated by probiotic bacteria and its secreted products. This observed immunomodulatory 

effect of L. reuteri is comparable to that reported with other species of lactobacilli; L. rhamnosus 

Lcr35 (47), L. casei, L. fermentum Lb20, L. plantarum (Lb1 and 299v), L. johnsonii La1 (48) and 

L. gasseri SBT2055 (49), have all been demonstrated to have concentration-dependent effects on 

dendritic cells. While the results from the whole MLN cultures suggested that the L. reuteri effects 

could be driven by APCs, the results from the CD3+ MLN cultures raised the possibility that these 

probiotic bacteria could act directly on the T cells. This direct action of L. reuteri on T cells was 

further confirmed in the CD4+ T cells where, as with the MLN cultures, L. reuteri had a 

concentration-dependent effect on cytokine expression. Perhaps the most interesting finding in this 

study however, is the discovery that soluble factors released by L. reuteri are able to modulate 

MLN and naïve CD4+ T cell cytokine profile at levels comparable to that observed in the whole 

live bacteria cultures. The identity of these molecules is currently under active investigation. This 

finding provides a potential mechanism by which oral administration of L. reuteri could have 

systemic effects and modulate T cells, which is critical for the beneficial bone effects as 

demonstrated in the Rag knockout mice. 

Dendritic cells, as well as other immune cells, recognize components of bacteria known as 

pathogen-associated molecular pattern (PAMPs), using specific pattern-recognition receptors 
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(PRRs) which are present on the host cell surface and in the cytosolic compartment (38,50). Of the 

extracellular PRRs, the family of toll-like receptors (TLRs) have been demonstrated to respond to 

a large variety of PAMPs and activate the innate immune system. Of the cytosolic PRRs, the 

nucleotide binding and oligomerization domain (NOD)-like receptor family members NOD1 and 

NOD2 are the most well understood (51). Studies have suggested that Lactobacillus species 

potentially interacts with the immune system and induces a response through TLR-2 (36,49,52), 

TLR-4 and DC-specific intracellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) (53). 

Furthermore, studies utilizing NOD1 and NOD2 knockout mice have identified that these receptors 

play a key role in the regulation of bone mass by the intestinal microbiota (54). Interestingly, TLR 

and NOD2 expression has been reported in T cells, suggesting that L. reuteri or its components 

could potentially act directly on the T cells, independent of APCs (55–57). Our results however, 

suggest that NOD signaling negatively affects L. reuteri-induced cytokine expression. Further 

studies however are needed to delineate L. reuteri-stimulated signaling pathways in lymphocytes. 

Probiotic bacteria, including lactobacilli, are known to secrete many factors that can 

potentially modulate the immune system including extracellular proteins (58), short chain fatty 

acids (SCFA) (59) and soluble peptides (60). To try and identify the active molecules produced by 

L. reuteri, we fractionated the conditioned media. The active molecule was observed to be highly 

water soluble and within the <3kD fraction, suggesting either a non-protein molecule or a very 

small extracellular bacterial peptide. The characteristics of the L. reuteri active component in the 

present study had similar hallmarks to the active molecule(s) produced by the lactic acid bacteria 

Bifidobacterium breve and Streptococcus thermophiles (61); a non-protein molecule <3kD in size. 

Interestingly however, the authors suggest that the effects observed by B. breve and S. 

thermophiles may not be caused by the same active metabolite as some discordance was observed 

between experiments. Furthermore, the authors ruled out the SCFA butyrate and lactic acid as the 
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metabolites responsible; as concentrations were too low and no inhibitory effect of LPS-induced 

TNFα secretion was observed at the levels present, respectively (61). Butyrate is not a major 

component of lactobacilli fermentation; with different species and strains producing either very 

low levels or none at all (62–64). In contrast, acetate is produced at much higher concentrations 

(63). This could be of potential importance in suggesting a possible mechanism by which L. reuteri 

modulates T cell cytokine profile; treatment of CD4+ T cells upon initiation of differentiation with 

acetate has been demonstrated to promote IL-10 expression in all T cell polarized conditions (T 

helper (Th)17 and Th1) and non-polarized T cells, without affecting expression of Foxp3 (65). 

In summary we have identified that the beneficial effects of the probiotic bacteria L. reuteri 

6475 on bone are dependent on mature lymphocytes and that it is able to directly stimulate T-cells 

in the mesenteric lymph nodes and spleen. We also demonstrate that L. reuteri secretes active 

metabolites that are able to directly modulate CD4+ T cell cytokine profile and that this mechanism 

is negatively regulated by NOD signaling pathway. Furthermore, we have demonstrated that 

secreted factors from L. reuteri treated T cells can be beneficial to osteoblasts providing a link 

between the effect of bacteria on lymphocytes and its beneficial bone effects. These findings 

highlight the potential mechanism by which L. reuteri is able to exert its beneficial systemic bone 

effect and highlight potential targets for future therapeutic research. 
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4.1 Abstract 

Recent studies in mouse models have shown that gut microbiota significantly influences 

bone health. Our lab recently demonstrated that 2-week oral treatment with broad spectrum 

antibiotic followed by 4 weeks of natural repopulation of gut microbiota results in dysbiosis 

(microbiota imbalance)-induced bone loss in mice. Because gut microbiota is critical for the 

development of the immune system and since both microbiota and the immune system can regulate 

bone health, in this study, we tested the role of the immune system in mediating post-antibiotic 

dysbiosis-induced bone loss. For this, we treated wild-type (WT) and lymphocyte deficient (Rag-

KO) mice with ampicillin/neomycin (ABX) cocktail in water for 2 weeks followed by 4 weeks of 

water without antibiotics to allow for natural repopulation. This led to a significant bone loss (31% 

decrease from control) in WT mice. Interestingly, no bone loss was observed in the Rag-KO mice 

suggesting that the lymphocytes are required for dysbiosis-induced bone loss. Bray-Curtis 

diversity metrics showed similar microbiota changes in both the WT and Rag-KO post-antibiotic 

treated groups. However, several operational taxonomic units (OTUs) classified as Lactobacillales 

were significantly higher in the repopulated Rag-KO when compared to the WT mice, suggesting 

that these bacteria might play a protective role in preventing bone loss in the Rag-KO mice after 

antibiotic treatment. To test this, we induced dysbiosis in WT mice in the presence or absence of 

oral Lactobacillus reuteri treatment for 4 weeks (post-ABX treatment). While the vehicle treated 

group exhibited significant bone loss, L. reuteri treated group did not demonstrate any bone loss, 

suggesting a bone protective role for this group of bacteria. Taken together, our studies elucidate 

an important role for lymphocytes in regulating post-antibiotic dysbiosis-induced bone loss. 
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4.2 Introduction  

Osteoporosis is characterized by low bone mass and altered bone architecture (1). 

Worldwide, this disease is estimated to affect more than 200 million people (2). In the US, 

osteoporosis accounts for over 2 million bone fractures with an estimated $17 billion treatment 

cost (3). By 2025, the annual costs associated with osteoporosis are estimated to increase by ~50% 

(4). Osteoporosis enhances the risk for bone fractures that can lead to morbidity, mortality, loss of 

independence and decreased quality of life. Around 30% of people with hip fractures die during 

the first year and 50% have permanent disability (4). Many factors such as diet, age, sex, and 

certain medications can affect bone remodeling and lead to osteoporosis (5–9). Despite the 

development of new treatments against osteoporosis, patients are still concerned about drug 

effectiveness and unwanted side effects.  

During the last decade the gut microbiota has emerged as an important regulator of host 

physiology including bone health. The intestinal microbiota comprises of ~1000 bacterial species 

of which the main phyla represented are Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, 

and Verrucomicrobia (10). The intestinal microbiota is composed of both beneficial and harmful 

bacteria and thus, gut bacteria can be beneficial to the host as well as contribute to disease. For 

example, beneficial bacteria such as probiotics can increase bone density in multiple animal 

models (11–18) while pathogenic bacteria induce bone loss in male mice (19). Recent clinical 

studies further highlight the beneficial skeletal effects of ingesting probiotic bacteria (20–22). 

Studies have also shown that imbalance in gut microbiota (dysbiosis) is involved in the 

pathogenesis of several diseases including diabetes, and obesity (23,24).  

Direct effects of the gut microbiota in regulating bone density was tested by Sjogren K et. 

al., who found higher femoral trabecular and cortical bone in germ free female mice compared to 

conventionally raised mice, suggesting a negative effect of the gut microbiota on bone density 
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(25). More recent studies in different animal models (age, sex, strain) have shown opposite effects 

or no changes in gut microbiota effects on bone density (14,26–28), demonstrating the complexity 

of this communication. This variation in results can be attributed to the duration of treatment, age 

(young vs mature), sex, and the different strains of mice used in the studies. In addition, studies in 

germ free mice are complicated due to the undeveloped immune system present in this model 

(25,29). Another important contributor, that can explain the discrepancies in results between gut 

microbiota and its effects on bone, is the source and composition of the gut microbiota used to 

conventionalize the germ-free mice. The composition of the mouse gut microbiota can be different 

between facilities, age, and mouse strain and thus can affect host functions differentially. 

 To better understand the role of the gut microbiota on bone density, our lab and others have 

used antibiotics to deplete commensal microbiota. Our lab recently demonstrated that 

administration of the broad spectrum antibiotics (ampicillin and neomycin) followed by natural 

gut microbiota repopulation for four weeks leads to dysbiosis and reduced trabecular femoral bone 

density (30). This experimental approach is especially useful to understand gut dysbiosis effects 

on bone density and is different from other studies that have used germ-free mice or have focused 

on chronic antibiotic treatment and its effects on skeletal health (26,31–33). The gut-bone signaling 

mechanisms that account for microbiota regulation of bone density are not fully understood but 

are thought to involve: improvement of intestinal barrier function (30), alteration of metabolic 

hormone levels (26), changes in nutrient absorption (34), regulation of the immune system 

(15,17,35,36), and microbial byproduct regulation of host cell functions (37). Our lab and others 

have shown that oral treatment with probiotics can influence the immune system as well as increase 

bone density in several different mouse models (14,15,17,36,38). In fact, recent studies have 

shown that microbiota metabolites can enhance bone health via regulation of T-regulatory 
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lymphocytes (36). These data suggest a critical role for the immune system in gut microbiota 

regulation of bone density.  

In this study, we aimed to identify the requirement of T and B lymphocytes in dysbiosis-

induced bone loss in the antibiotic-induced dysbiosis model in mice. Using mice deficient in 

mature T and B lymphocytes (Rag-KO), we demonstrate an important link between the gut 

microbiota and the lymphocytes in the modulation of bone density following antibiotic-induced 

dysbiosis. 
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4.3 Materials and Methods 

4.3.1 Animals and experimental design 

Wild-type (C57BL/6) and Rag knockout (Rag2tm1Mom, C57BL/6 background) male mice 

were originally purchased from The Jackson Laboratory (Bar Harbour, Maine) and bred in-house. 

Both strains of mice were housed in the same room and on the same rack to ensure adaptation to 

identical housing environment and to prevent cage effect. At 12 weeks of age male mice were 

randomly divided into 4 experimental groups: 1) WT and 2) KO control groups that received water 

and 3) WT and 4) KO antibiotic groups that received antibiotics in water. The antibiotics ampicillin 

1.0 g/L (Sigma, St. Louis, MO) and neomycin 0.5 g/L (Sigma, St. Louis, MO) were used to deplete 

the gut microbiota (30,39,40) and were given in the drinking water for 2-weeks. The drinking 

water, with or without antibiotics, was renewed every week. Antibiotic depletion of the gut 

microbiota was confirmed by the lack of fecal bacterial growth on agar plates as explained below. 

After 2-weeks, the antibiotic treatment ceased, and mice were treated for 4-weeks with water alone 

(WT and KO groups) or containing 3.3 x 108 cfu/ml of Lactobacillus reuteri 6475 (LR) (WT 

group). Mice were euthanized 4-weeks after cessation of antibiotic treatment (at age 18 weeks). 

During the study mice, were given Teklad 7914 chow (Madison, WI) and water ad libitum. Mice 

were housed in a 12:12-h light-dark cycle at 23°C in groups of up to 4 animals per cage. All animal 

procedures were approved by the Michigan State University Institutional Animal Care and Use 

Committee (IACUC) and conformed to NIH guidelines. 

4.3.2 Bacterial culture  

Lactobacillus reuteri ATCC PTA 6475 was cultured in deMan, Rogosa, Sharpe media 

(MRS, Difco) agar plates and kept under anaerobic conditions overnight at 37°C. The next day, 1 

µl full loop of bacteria were sub-cultured into 10 ml of fresh MRS broth for 16-18 hours 

anaerobically at 37°C. The overnight culture was then sub-cultured anaerobically at 37°C in fresh 
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MRS broth and grown until log phase (OD600 =0.4). L. reuteri 6475 was then pelleted by 

centrifugation at 4000 RCF for 10 minutes and washed 3 times with 1 X sterile phosphate-buffered 

saline (PBS). The final pellet was re-suspended in 60 ml sterile PBS and one milliliter (ml) aliquots 

were made and stored at -80°C until use. Colony-forming units per milliliter (cfu/ml) were 

calculated the day before treatment by plating 10 µl of the aliquots into MRS agar plates overnight 

at 37°C. Mice were treated with 3.3x108 cfu/ml of L. reuteri 6475 in the drinking water. Three 

times per week the drinking water was refilled with fresh water and/or probiotic. 

4.3.3 Bacterial cultivation of feces 

After two weeks of antibiotic treatment, fresh fecal samples were collected, weighed and 

then resuspended in 1 ml sterile PBS. Several dilutions were performed and 10 µl of the fecal 

suspension was plated-on Luria broth base agar plates (LB, Invitrogen). Plates were then incubated 

aerobically and anaerobically at 37° C for 24 hours. At the end of the incubation period, the number 

of colonies on the plates were counted, and the number of bacteria per gram of feces was 

calculated.  

4.3.4 Microcomputed tomography (μCT) bone imaging  

Femoral bone was collected at the day of harvest and fixed in 10% formalin for 24 hours. 

Bones were transferred to 70% ethanol and scanned using a GE Explore Locus microcomputed 

tomography (μCT) system at a voxel resolution of 20 μm obtained from 720 views. Each run 

included bones from mice of each experimental condition, as well as a calibration phantom to 

standardize gray scale values and maintain consistency across analyses. A fixed threshold (841) 

was used to separate bone from the bone marrow. Femur trabecular bone analyses were performed 

from 1% of the total length proximal to the growth plate, extending 10% of bone length toward 

the diaphysis, and excluding the outer cortical bone. Trabecular bone volume fraction (BVF), bone 

mineral content (BMC), bone mineral density (BMD), thickness (Tb. Th), spacing (Tb. Sp), and 
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number (Tb. N) were computed using GE Healthcare MicroView software. Femoral trabecular 

isosurface images were taken from a region in the femur where analyses were performed 

measuring 1.0 mm in length and 1.0 mm in diameter. Cortical measurements were performed in a 

2- x 2- x 2 mm cube region of interest centered midway down the length of the bone. All bone 

analyses were done blinded to the experimental conditions. 

4.3.5 Serum measurements  

Sterile blood was collected at the end of the study and was allowed to clot at room 

temperature for 5 minutes and then centrifuged at 5000g for 10 minutes. Serum was removed and 

30 µl were aliquoted and snap frozen in liquid nitrogen and stored at -80°C. Serum samples did 

not go through more than 1 freeze/thaw cycle. Serum osteocalcin (OC) and tartrate-resistant acid 

phosphatase (TRAP5b) were measured using a mouse OC and TRAP5b assay kits (BT – 470, 

Biomedical Technologies Inc., Stoughton, MA, and SB-TR103; Immunodiagnostic Systems Inc., 

Fountain Hills, AZ) respectively by the manufacturer’s protocol. 

4.3.6 DNA preparation of fecal samples  

As previously described (30) fecal samples were transferred to Mo Bio Ultra Clean Fecal 

DNA bead Tubes (MoBio) containing 360μl of buffer ATL (Qiagen) and homogenized for one 

minute in a BioSpec Mini-Beadbeater. 40μL proteinase K (Qiagen) was added and samples were 

incubated for 30 minutes at 55°C, then homogenized again for one minute and incubated at 55°C 

for additional 30 minutes. DNA was extracted with Qiagen DNeasy Blood and Tissue kit.  

4.3.7 DNA extraction from mouse fecal samples, 16S rRNA gene amplification, and 

sequencing  

DNA for microbial sequence analysis was extracted from mouse fecal samples by bead-

beating and modified extraction with Qiagen DNeasy Blood and Tissue kits as described 

previously (17,28). Bacterial 16S sequences spanning variable region V4 were amplified by PCR 
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with primers F515/R806 with a dual indexing approach and sequenced by Illumina MiSeq 

described previously (41). PCR reactions (20 µl) were prepared in duplicate and contained 40ng 

DNA template, 1X phu-sion high-fidelity buffer (New England Biolabs), 200 μMdNTPs (Promega 

or Invitrogen), 10 nM primers, 0.2 units of Phu- sion DNA Polymerase (New England Biolabs), 

and PCR grade. Reactions were performed in an Eppendorf Pro thermal cycler with an initial 

denaturation at 98 °C for 30 s, followed by 30 cycles of 10 s at 98 °C, 20 s at 51 °C, and 1 min at 

72 °C. Replicates were pooled and purified with Agencourt AMPure XP magnetic beads (Beckman 

Coulter). DNA samples were quantified using the QuantIt High Sensitivity DNA assay kit 

(Invitrogen) and pooled at equilmolar ratios. The quality of the pooled sample was evaluated with 

the Bioanalyzer High Sensitivity DNA Kit (Agilent). 

4.3.8 Microbial community analysis  

Sequence data was processed using the MiSeq pipeline for mothur using software version 

1.38.1 (42) as described previously (28). In brief, forward and reverse reads were aligned, 

sequences were quality trimmed and aligned to the Silva 16S rRNA gene reference database 

formatted for mother, and chimeric sequences were identified and removed using the mothur 

implementation of UCHIME. Sequences were classified according to the mothur-formatted 

Ribosomal Database Project (version 16, February 2016) using the Bayesian classifier in mothur, 

and those sequences classified as Eukarya, Archaea, chloroplast, mitochondria, or unknown were 

removed. The sequence data were then filtered to remove any sequences present only once in the 

data set. After building a distance matrix from the remaining sequences with the default parameters 

in mothur, sequences were clustered into operational taxonomic units (OTUs) with 97% similarity 

using the average-neighbor algorithm in mothur. 871 OTUs were identified across all samples with 

an average rarefaction depth of 54,791 reads per sample. Alpha and beta diversity analyses and 

visualization of microbiome communities were performed with R, utilizing the phyloseq package 
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(43,44). The Bray-Curtis dissimilarity matrix was used to describe differences in microbial 

community structure. Analysis of similarity (ANOSIM) was performed in mothur. 

4.3.9 Mechanical Testing  

Via microCT imaging the IA/P and c were determined at the site of fracturing as described 

above. Mechanical properties of the mouse tibias were determined under four-point bending using 

an EnduraTech ELF 3200 Series (Bose®, MA) (45). The base support span was 9mm with a load 

span of 3mm. The tibia was positioned in the loading device so the medial surface was in tension 

by placing the most distal portion of the tibia and fibula junction directly over the left-most support. 

Each tibia was loaded at 0.01 mm/s until failure, while the load and displacement were recorded. 

The force-deflection curve then used to calculate the structural-level properties, while tissue-level 

properties were estimated using the following beam-bending equations: Stress = σ = f·a·c / 2·IA/P; 

Strain = ε = 6·c·d / a (3·L – 4·a). In each equation, f is the applied force, d is the resulting 

displacement, a is the distance between the inner spans (3mm), L is the distance of the outer spans 

(9mm), IA/P is the moment of inertia about the anterior/posterior axis, and c is the distance from 

the neutral axis to the medial surface under tension. The yield point was determined from the 

stress-strain relationship using a 20% offset method (46). Analyses were done blind to the 

experimental condition of the sample. 

4.3.10 Statistical analysis 

All measurements are presented as the mean ± standard error. To determine statistical significance 

between the groups One-way ANOVA followed by Tukey post hoc test (more than 2 groups) and 

T-test (for two groups) was performed using GraphPad Prism software version 7 (GraphPad, San 

Diego, CA, USA). Significant outliers (if present and indicated in figure legend) were removed 

using the ROUT test (Q=0.1%) for outliers. A p-value ≤ 0.05 was considered significant and <0.01 

highly significant.  
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4.4 Results  

4.4.1 Two week-broad spectrum antibiotic treatment depletes fecal microbiota in mice 

Our lab and others have shown that treatment with the broad-spectrum antibiotics (ABX) 

ampicillin and neomycin can deplete the gut microbiota (30,39,40,47–49). We have chosen these 

two specific antibiotics because of their poor bioavailability in mice, thereby limiting extra-

intestinal effects (50–52). Twelve-week-old WT and KO male mice were treated for two weeks 

with ABX (ampicillin: 144 mg /kg/day and neomycin: 72.46 mg/kg/day) in the drinking water. 

Microbiota depletion in the ABX groups was confirmed by plating fecal samples on Luria broth 

agar plates and incubating for 24 hours under aerobic and anaerobic conditions. Our results 

demonstrated no colony formation in any of the ABX treated groups (Figure 4.1B). ABX treated 

mice were allowed to repopulate for 4 weeks, following the 2-week ABX treatment (Figure 4.1A). 

General body parameters were assessed at this 4-week post-ABX time point when mice were 

euthanized and various organs harvested. Cecum weights in both WT and KO groups were 

increased in the post-ABX groups compared to the control groups (Table 4.1). As expected, a 

significant decrease in spleen weight was observed in the KO group compared to the WT mice. 

Other parameters such as body weight, liver, and kidney weights did not statistically differ between 

the various groups (Table 4.1). 

4.4.2 Post-ABX dysbiosis-induced bone loss is abrogated in Rag KO mice 

We recently demonstrated that natural gut microbiota repopulation for four weeks after 

broad spectrum ABX treatment causes dysbiosis and decreases bone density in BALB/c male mice 

(30). To examine if these effects are mouse strain specific as well as to determine the role of 

lymphocytes in post-ABX dysbiosis-induced bone loss we used Rag knockout (deficient in T and 

B lymphocyte) and their corresponding wild type mice, both in C57BL/6 background. We first 

determined the microbiota composition following repopulation to confirm dysbiosis in post-ABX 
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groups of both genotypes. Microbiota composition in colonic fecal samples was examined by 16S 

rRNA bacterial analysis. Similar to our previous study, antibiotic treatment increased gut 

microbiota dysbiosis (as described by increased Firmicutes to Bacteroidetes ratio) in both WT and 

KO groups (Figure 4.2A, p<0.05). Femoral bone showed a significant decrease (31%) in trabecular 

bone density in WT-ABX mice compared to non-ABX group (Figure 4.2B, p<0.05). Compared to 

the WT mice, gut microbiota repopulation did not affect trabecular femoral bone density in the 

KO-ABX group, suggesting that lymphocytes are important in microbiota-induced bone loss 

(Figure 4.2B). Consistent with these findings, trabecular thickness decreased (Tb. Th, p<0.05), 

while trabecular space increased (Tb. Sp, p<0.05) in the WT-ABX treated group compared to the 

WT untreated mice (Figure 4.2C, Table 4.2). No significant changes in these parameters were 

observed in the Rag KO groups. We also analyzed the diaphyseal region of the femur and did not 

find any significant differences between the groups (Table 4.2) indicating that post-ABX 

microbiota repopulation does not affect cortical bone at this timepoint in either of the genotypes. 

To determine whether the post-ABX microbiota affects catabolic or anabolic bone 

parameters we measured serum markers of bone remodeling. Levels of tartrate-resistant acid 

phosphatase (TRAP5b), a marker of bone resorption, were not different between the groups 

(Figure 4.2D). However, osteocalcin (OC) levels, a marker of osteoblast activity/bone formation, 

were significantly lower in the WT-ABX treated group (Figure 4.2D, p<0.05). No changes in the 

KO-ABX group were noticed. Taken together, our results suggest that gut microbiota repopulation 

following ABX treatment regulates bone density by affecting bone anabolic processes in C57Bl/6 

mouse strain and this effect requires the presence of T and B lymphocytes.  
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Figure 4.1. Two weeks antibiotic treatment decreases fecal microbiota composition.  

12-week-old C57BL/6 and Rag-KO male mice were treated with water or the antibiotics (ABX) 

ampicillin and neomycin in the drinking water for 2-weeks followed by 4 weeks of no treatment 

(repopulation). A) Experimental design. B) Fecal samples were plated in agar dishes for 24 hours under 

anaerobic conditions to determine number of colony forming units per gram of feces (cfu/g) after 2-

weeks ABX treatment. Control samples were diluted 1:7 while ABX were undiluted. Whiskers in the 

box plot represent 5-95 percentile. n=9-14 per group. Statistical analysis performed by 1-way ANOVA 

with Tukey post-test. C: control, ABX: antibiotic treated for 2 weeks. WT: wild type, KO: Rag-KO.  
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Table 4.1 General mouse body parameters assessed at 4-week post-ABX. 

Values represent mean ± standard error 

# p < 0.05 with respect to non-treated control 

*p < 0.05 with respect to WT 
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Figure 4.2. Gut microbiota repopulation effects on femoral trabecular bone density require the 

T and B lymphocytes. 

12-week-old C57BL/6 and Rag-KO male mice were treated with water or antibiotics (ABX) 

for 2-weeks followed by 4 weeks of no treatment (repopulation). 
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Figure 4.2. (cont’d) 

 

Colonic fecal samples were collected from these mice and analyzed by 16S RNA assay. A) Relative 

abundance of Firmicutes:Bacteroidetes ratio. B) Representative micro-computed tomography 

isosurface images by uCT and percentage of femoral bone volume fraction (%BVF); n=9-17 per group. 

C) Trabecular number (Tb. N (1/mm)), trabecular thickness (Tb. Th (mm)), and trabecular space (Tb. 

Sp (mm)). D) Serum tartrate- resistance acid phosphatase levels (TRAP 5b(U/L)) and serum 

osteocalcin levels (OC (mg/mL)); n=5-17 per group. Values represent mean ± standard error. Statistical 

analysis performed by 1-way ANOVA with Tukey post-test. ****p<0.0001, **p<0.01, *p<0.05. C: 

control, Post-ABX: antibiotic treated for 2 weeks followed by 4 weeks of no treatment. WT: wild type, 

KO: Rag-KO. Outliers removed by the ROUT test (Q:0.1%): Serum OC; one in the KO-C and one in 

the KO-Post ABX. Serum TRAP; one in the WT-C. None of the outliers removed affected the 

significance of the results.  
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Table 4.2 General bone parameters. 

Values represent mean ± standard error 

Abbreviations: BV/TV, bone volume/total volume; BMD, bone mineral density; BMC, bone mineral 

content, Tb.Th., trabecular thickness; Tb. N., trabecular number; Tb.Sp., trabecular space. Ct.Ar., 

cortical area; Ct.Th., cortical thickness; Ma.Ar., marrow area; Tt.Ar., total area. 

* p < 0.05 with respect to WT-C 

^ p < 0.05 with respect to WT- Post-ABX 
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4.4.3 Gut dysbiosis does not alter mechanical bone properties 

Gut microbiota manipulations can lead to changes in structural and tissue levels properties. 

Therefore, we investigated whether 4-week post-antibiotic WT and KO mice display differences 

in tibia bone mechanical properties. Comparisons across all the groups showed no significant 

changes in structural (Figure 4.3A) and tissue level mechanical properties (Figure 4.3B). These 

results suggest that natural repopulation after ABX does not affect the overall strength and tissue 

properties of the cortical bone in C57BL/6 male mice.  

4.4.4 Antibiotic-induced dysbiosis leads to differential abundance of bacteria class in WT 

and KO mice 

To further examine if differences in microbiota between WT and KO mice can explain part 

of the mechanisms underlying the different phenotype, we analyzed bacterial DNA from colonic 

fecal samples. We analyzed specific bacterial OTUs at the phylum, class, order, and family levels, 

to assess differences between the various groups/treatments (Figure 4.4). While the trends were 

similar, the post-ABX induced OUT shift, in terms of the relative abundance of several bacteria, 

was significantly different between the WT versus the KO groups. At the phylum level our data 

show a significant decrease in the relative abundance of Bacteroidetes in WT-ABX groups (Figure 

4.4A, p<0.001) that was further decreased to almost undetectable levels in the KO-ABX group 

(Figure 4.4A, p<0.0001). This pattern was seen for bacteria in the class (Bacteroidia, 4.4B), order 

(Bacteroidales, 4.4C) and family (Porphyrormonadaceae, 4.4D). The other commonly altered 

phylum, Firmicutes, showed no changes after ABX treatment in any of the groups (Figure 4.4A), 

however, the KO-ABX group showed dramatic increases in bacteria in the class (Bacilli, p<0.0001, 

4.4B) and order (Lactobacillales, p<0.0001, 4.4C). Additionally, the relative abundance of 

Verrumicrobia phylum was higher in WT-ABX treated groups and further higher in the KO-ABX 

mice (Figure 4.4A, p<0.0001), with bacteria in the class (Verrumicrobiae, 4.4B), order 
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(Verrucomicrobiales, 4.4C), and family (Verrucomicrobiaceae, 4.4D) following this pattern. The 

phylum Actinobacteria composed a small part (<1%) of the total bacteria composition and was 

decreased by ABX treatment. Together, these data suggest that while we don’t see significant 

changes in broad bacterial community diversity (data not shown), the abundance of several OTUs 

is different between the WT-ABX and KO-ABX groups.  

4.4.5 Lactobacillus reuteri administration prevents post-antibiotic dysbiosis-induced bone 

loss in wild type mice 

As indicated in figure 4.4C, the relative abundance of Lactobacillales is markedly increased 

in the KO-ABX compared to WT-ABX treated mice. To test if this lack of increase in 

Lactobacillales in WT-ABX group is the reason for the distinct bone responses between the two 

genotypes, we supplemented WT-ABX mice with Lactobacillus reuteri 6475 (or water) for four 

weeks. As shown in figure 4.2, Post-ABX gut microbiota repopulation decreased bone density in 

the WT male mice by 31% (Figure 4.5A). Treatment with L. reuteri however, prevented this bone 

loss in WT mice (Figure 4.5A, p<0.05). Consistent with BVF results, treatment with L. reuteri 

decreased trabecular space (Figure 4.5B, p<0.05) and increased trabecular number (Figure 4.5B, 

p<0.05). An increase in osteocalcin levels in the serum was also evident in the post-ABX L. 

reuteri-treated group (Figure 4.5C, p<0.05). We also examined the relative abundance of L. reuteri 

and found a significant increase in the post-ABX L. reuteri treated group (Figure 4.5D, p<0.05). 

These data suggest that: 1) changes in post-ABX gut microbiota composition between WT and 

KO, specifically an increase in Lactobacillales in the KO-ABX group, can contribute to the 

difference in bone response, and 2) four weeks of post-antibiotic treatment with L. reuteri prevents 

bone loss in C57Bl/6 strain, similar to BALB/c (30). 
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Figure 4.3. Microbial manipulation does not alter mechanical bone properties.  

Analysis of tibia mechanical properties from mice described in figure 2 were performed by four-point 

bending test. A) Structural levels properties. B) Tissue level properties. Values represent mean ± 

standard error. n= 12-18 per group. C: control, Post-ABX: antibiotic treated for 2 weeks followed by 

4 weeks of no treatment. WT: wild type, KO: Rag-KO. 

  



 208 

 

Figure 4.4. Relative abundance of specific bacteria post-antibiotic treatment. 

Colon fecal samples from C57BL/6 and Rag-KO treated mice (ABX for 2 weeks and repopulation for 

4 weeks) were collected and analyzed. A) Analysis of operational taxonomic units (OTUs) classified 

to the phylum, B) class, C) order, and D) genus level. Values represent mean ± standard error. n > 7 

per group. Statistical analysis performed by 1-way ANOVA with Tukey post-test. ****p<0.0001, 

**p<0.01, *p<0.05. C: control, Post-ABX: antibiotic treated for 2 weeks followed by 4 weeks of no 

treatment. WT: wild type, KO: Rag-KO. Outliers removed by the ROUT test (Q:0.1%): Class 

Actinobacteria; three in the WT:C, one in the WT-Post-Abx and one in the KO-Post-ABX. Order 

Lactobacillales; one in the WT-C and three in the WT-Post-Abx. Family Lactobacillaceae; one in the 

WT-C, three in the WT-Post-Abx and one in the KO-Post-ABX. 
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Figure 4.5. Supplementation with Lactobacillus reuteri 6475 prevents bone loss in post-antibiotic 

treated C57BL/6 male mice. 

After treatment with ABX for two weeks WT male mice were untreated (natural repopulation) or 

treated with L. reuteri 6475 for four weeks. A) Representative micro-computed tomography isosurface 

images by uCT. Percentage bone volume fraction expressed as percentage change from control 

(%BVF). B) Trabecular thickness (Tb. Th (mm)), trabecular number (Tb. N (1/mm)), and trabecular 

space (Tb. Sp (mm)) expressed as percentage change from control. C) Serum osteocalcin levels (OC 

(mg/mL)) expressed as percentage change from control. D) Analysis of operational taxonomic units 

(OTUs) of L. reuteri 6475. Values represent mean ± standard error. n > 7 per group. Statistical analysis 

performed by T-test or 1-way ANOVA with Tukey post-test. ****p<0.0001, **p<0.01, *p<0.05. C: 

control, Post-ABX: antibiotic treated for 2 weeks followed by 4 weeks of no treatment., LR: L. reuteri 

6475 treated for 4 weeks after 2 weeks of ABX treatment.  
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4.5 Discussion 

Antibiotics are widely prescribed for the treatment and prevention of bacterial infections. 

Several studies have shown that antibiotics can also deplete the commensal flora in the host, 

leading to bacterial disturbances and long-term changes that can have sustained negative impact 

on the host (53–58). We recently demonstrated that gut microbiota repopulation for 4 weeks 

following 2-weeks of antibiotic treatment (post-ABX) led to microbial dysbiosis and significantly 

decreased femoral trabecular bone density in BALB/c male mice (30). Our model to assess the 

role of the gut microbiota on bone density uses the antibiotics ampicillin and neomycin. These 

antibiotics were chosen because they are poorly absorbed in the rodent intestine (50–52) and they 

can also deplete the intestinal microbiota (39,40). Importantly, our lab has shown that two weeks 

treatment with these antibiotics does not significantly affect trabecular bone density (30), 

suggesting that these antibiotics do not have direct effects on bone density. In the present study we 

identify lymphocytes as one of the key players involved in post-ABX dysbiosis-induced bone loss 

in C57BL/6 male mice. We also identify supplementation with Lactobacillus as a possible 

approach for preventing adverse bone effects following ABX-induced gut dysbiosis. Our studies 

in C57BL/6 strain also confirm previous findings in BALB/c strain, suggesting that gut dysbiosis-

induced bone loss may not be mouse strain-specific.  

 The effect of T and B lymphocytes and their cytokines on bone density is well known. 

These cells regulate bone density through the secretion of cytokines or direct cell-cell contact with 

osteoblasts or osteoclasts (59–61). Cytokines such as IFN-γ, TNF-α, and interleukin 17 (IL-17) are 

mostly associated with bone loss, mainly by their effect on promoting osteoclastogenesis and 

preventing osteoblast differentiation (62–66). In contrast, T regulatory cells (Treg) and interleukin 

10 (IL-10) modulate bone density by regulating osteoblast gene expression and inhibiting 

osteoclast differentiation (67–69). We and others have demonstrated that different probiotic 
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bacteria can regulate the immune system which is associated with beneficial effects on bone. For 

example, in vivo, the probiotic L. reuteri decreases TNFα gene expression in the jejunum and 

ileum, and CD4+ T cells in the bone marrow and these effects are associated with increased bone 

density (15,17). Intriguingly, in female mice L. reuteri requires an elevated inflammatory status to 

enhance bone density (18). Other probiotics such Lactobacillus rhamnosus (LGG) and VSL#3 can 

decrease intestinal and bone marrow inflammation and can also enhance bone density (14). 

Interestingly, in a recent study LGG effects on bone density were demonstrated to be mediated by 

the Treg cells (36). An increase in Treg by LGG was shown to enhance CD8+ T cells which 

promote bone formation via the Wnt pathway (36). A study by Dar et. al. suggests that the effect 

of Lactobacillus acidophilus (LA) in increasing bone density in OVX mice is via regulation of 

Treg-Th17 cell balance by inhibiting osteoclastogenic Th17 cells and promoting anti-

osteoclastogenic Treg cells (38). Owing to the fact that different bacteria can regulate the immune 

system with associated benefits on bone, in this study we were interested to see if the negative 

effects on post-ABX dysbiosis on bone density were mediated by lymphocytes. Our studies clearly 

demonstrate that absence of T and B lymphocytes inhibits post-ABX dysbiosis-induced bone loss. 

Antibiotics have been used previously to study their effects on bone in different animal 

models. However, unlike our model, these studies were mainly done in young mice and used 

chronic antibiotic treatment. Cho et al showed that female mice (C57BL/6J) treated chronically 

with antibiotics for three weeks exhibited a significant increase in BMD, while long term use of 

the antibiotics (7 weeks) did not have any effect (31). Other studies have also shown that chronic 

treatment (20 weeks) with low dose of penicillin at birth or at weaning in C57BL/6J female mice 

increases BMD. Intriguingly, male mice treated with the same low dose of penicillin presented a 

decrease in bone mineral content when the treatment began at birth (32). Guss et al showed that 

male mice (C57BL/6J) treated with ampicillin and neomycin from weaning until skeletal maturity 
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(16 weeks old) exhibit a decrease in femoral cortical area, thickness, and bone bending strength 

(33). In contrast, 2-month old female BALB/c mice treated with antibiotic for one month showed 

an increase in bone density (26). Together, these studies suggest that antibiotic use can have an 

effect on bone density and this effect is variable depending on several factors such as class of 

antibiotic, dose, treatment duration, sex, age, and strain of the animal. While our model utilized 

antibiotics to deplete gut bacteria, the effect on bone density was observed in response to changes 

in gut repopulation, rather than direct effect of antibiotics per se. Because we examined bone 

responses 4 weeks following cessation of ABX treatment, our results likely rule out direct effect 

of ABX on bone.  

Several studies have shown that antibiotic use can lead to changes in gut microbiota 

composition (dysbiosis), which in some cases can take years to revert to the original configuration 

(70–73). Previously, using the same model but different strain of mice we found that antibiotic 

treatment leads to microbial dysbiosis (30). In this study using a different strain of mice, treatment 

with ABX led to microbial dysbiosis that appeared similar (based on Firmicutes:Bacteriodetes 

ratio) between WT and Rag-KO mice. Interestingly, by Bray-Curtis analysis we did not see 

significant differences in gut microbial composition between the WT and KO group after ABX 

treatment (data not shown). However, when we looked at specific OTUs, the relative abundance 

of several bacteria was expressed differentially between the WT and KO mice following post-

ABX repopulation. This data is consistent with other studies that have shown that different bacteria 

are present in the WT and KO mice (74,75). One result that should be underscored was the increase 

in the relative abundance of Lactobacillales in the KO-ABX treated group. Lactobacillales belongs 

to the Firmicutes phylum which compromise one of the most common phylum of bacteria in the 

gut. In addition, several studies from our group and other have shown beneficial effects on bone 

density by treatment with different species of Lactobacillales (14,17,18,30,76,77). Indeed, when 
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we treated WT mice with L. reuteri 6475 for four weeks after antibiotic treatment we were able to 

prevent the decrease in bone density induced by gut microbiota repopulation. These results suggest 

that Lactobacillales repopulation in the KO ABX group might be protective and could explain the 

lack of bone loss in the KO mice. It should however be noted that the relative abundance of other 

bacteria also changed between the groups and further extensive studies are needed to confirm the 

contribution of each one of these bacteria in protecting against bone loss in the wild type mice.  

Previous studies in germ free mice suggest that gut microbiota can influence bone health. 

However, the specifics of the regulation is dependent on the source of microbiota for 

conventionalization as well as the strain, sex and age of the mice. Interestingly, 

conventionalization of female C57BL/6 germ-free mice with microbiota resulted in loss of femoral 

trabecular and cortical bone and this was associated with an increase in osteoclastogenic CD4+T 

cells in the bone marrow, suggesting a link between microbiota, immune system and bone (14). In 

our studies here, we provide further demonstrative evidence using knockout mice that lymphocytes 

are critical in mediating microbiota effects on bone. Although our studies are consistent with these 

studies in germ-free mice, comparing our results with the studies in germ-free mice should be done 

with caution as germ-free mice do not have a fully mature immune system and these differences 

can directly affect bone formation (14,78).  

In summary, in this study we demonstrate a role for lymphocytes in mediating microbiota 

effects on bone density following ABX-induced dysbiosis. How microbiota repopulation is 

influenced by the immune system, especially the lymphocytes and the specific cell types 

involved in this process will be the subject of future studies. 
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5.1 Specific aims and novel findings 

As described in Chapter 1, bone remodeling is a highly dynamic process that is regulated 

by several systems and factors. Extensive studies have demonstrated immune system regulation of 

bone density, yet there is still a lack of understanding of the mechanisms involved in this 

communication. The overall objective of my thesis work was to understand the role of the immune 

system, especially lymphocytes and cytokines in the regulation of bone health in multiple models 

of bone loss. I hypothesized that in our models, the immune system would play a crucial role in 

the regulation of bone density. In Chapter 2, we demonstrated that interleukin 10 (IL-10) regulates 

early type 1 diabetes (T1D)-induced trabecular and cortical bone loss. We also identified the 

mechanism by which IL-10 can regulate osteoblasts during diabetic conditions. In Chapter 3 and 

4, we demonstrated the role of T and B lymphocytes in L. reuteri beneficial effects on bone density 

and in the regulation of dysbiosis-induced bone loss. The work performed in this dissertation offers 

mechanistic insight into how the immune system and its cytokines are involved in the modulation 

of bone health in different models. A summary of the research objectives and the novel findings 

are presented below: 

Objective 1: To identify the role of the cytokine IL-10 in type 1 diabetes-induced bone loss in 

vivo and to determine its regulatory effects on osteoblasts under high glucose conditions (Chapter 

2).  

Key findings:  

 1. IL-10 deficiency enhances early T1D-induced trabecular and cortical bone loss.  

 2. Long term effects of T1D on bone density are not affected by IL-10 deficiency. 

 3. Absence of IL-10 exacerbates T1D decrease in osterix gene expression.  

4. In vitro, IL-10 regulates osterix gene expression in osteoblasts via MAPK pathway.  
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Objective 2: To characterize the role of lymphocytes in mediating the beneficial effects of L. 

reuteri on bone density in healthy male mice and to determine the mechanisms behind these effects 

(Chapter 3).  

Key findings:  

1. L. reuteri requires T and B lymphocytes to exert a beneficial effect on bone density in 

healthy male mice. 

2. Ex vivo, L. reuteri and L. reuteri conditioned media regulate the expression of several 

cytokines (IL-10, TGFb, IFNg, and IL-17A) in mesenteric lymph nodes (MLNs) and in 

isolated CD3+ T-cells, indicating that L. reuteri directly affects T-lymphocytes cytokine 

expression. 

3. CD4+ T cells stimulated with L. reuteri conditioned media promoted osteogenesis in a 

T-cell-osteoblast co-culture system.  

Objective 3: To identify the role of lymphocytes in post-antibiotic dysbiosis-induced bone loss 

(Chapter 4).  

Key findings:  

1. Antibiotic treatment followed by natural repopulation leads to gut dysbiosis and bone 

loss in male mice. 

2. Post-antibiotic dysbiosis-induced bone loss is dependent on lymphocytes as 

demonstrated using Rag knockout mice. 

3. Post-antibiotic treated wild type and lymphocyte deficient mice express different 

microbiota profiles, characterized by low levels of Lactobacillales in wild type compared 

to Rag knockout mice. 

4. Administration of a Lactobacillus probiotic to wild type mice prevents post-antibiotic 

dysbiosis-induced bone loss.  
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5.2 Study outcomes 

 My research investigated the role of the immune system and cytokines in the regulation of 

bone density in different mouse models. The data presented in this dissertation demonstrates a link 

between cytokines, T and B lymphocytes, and gut microbiota in the regulation of bone density in 

male mice. Although further studies are needed to understand this communication entirely, I have 

demonstrated that these factors play a key role in the regulation of bone density in three different 

conditions: type 1 diabetes, probiotic treatment, and dysbiosis. Taken together, the studies 

described here support the overall hypothesis that the immune system contributes to the regulation 

of bone density in healthy and pathological conditions. 

 The first aim was designed to assess the role played by the anti-inflammatory cytokine IL-

10 in bone loss induced by T1D in male mice (Chapter 2). IL-10 levels are markedly decreased in 

T1D mouse models (1) and in T1D patients (2). IL-10 also directly regulates both osteoblasts and 

osteoclasts (3–6). Despite these findings, no studies have assessed the role of IL-10 in T1D-

mediated bone pathology. Our study is the first to demonstrate that IL-10 regulates femoral bone 

density in male mice during T1D. Using genetically modified mice (IL-10 knockout) and a 

pharmacological approach to induce diabetes, we observed that in the absence of IL-10, bone loss 

was exacerbated during early stages of T1D. Interestingly, at a later time point (12 weeks post T1D 

induction), absence of IL-10 did not further enhance bone loss, suggesting that IL-10 likely inhibits 

bone loss during early T1D pathogenesis. These differences in kinetic response may be explained 

by an exacerbated response in the T1D IL-10 knockout group vs T1D wild type group at 4 weeks, 

as suggested by changes in body weight at 4 weeks but not 12 weeks. This data provides new 

insight in the understanding of how dysregulation of IL-10 during diabetes can affect bone density.  

Our studies further show that absence of IL-10, during early stage of T1D, results in the 

negative regulation of osteoblasts by suppressing osterix gene expression. We also show that IL-
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10 does not influence osteoclasts. These findings are consistent with previous studies from our lab 

and others showing that T1D bone loss is associated with suppression of osteoblast activity without 

changes in osteoclast (7,8). Importantly, the exacerbated bone loss in the T1D IL-10 deficient 

group was independent of local changes in other cytokines. Specifically, gene expression analysis 

of several pro-inflammatory cytokines in the bone did not show significant changes. It is however, 

possible that other cytokines could be potentially dysregulated at earlier time points.  

In vitro, we show that high glucose decreases osterix gene expression in osteoblasts and 

treatment with IL-10 reversed this effect. Upon further investigation, we were able to identify a 

potential pathway that is involved in IL-10 effects on osteoblasts and bone density. Our data 

revealed that high glucose conditions decreased ERK phosphorylation and IL-10 prevented this 

effect. Previous studies have shown that osterix gene expression can be regulated by ERK 

phosphorylation (9), suggesting that ERK phosphorylation by IL-10 is the mechanism by which 

IL-10 prevents decrease in osterix expression in high glucose conditions. Other MAP-kinase 

pathways associated with osterix regulation such as JNK and p38 were not affected by IL-10 

treatment. Our data not only highlights the importance of IL-10 in bone regulation during 

diabetes in vivo but also elucidates the mechanism behind IL-10 effects on osteoblasts and bone 

density regulation. 

The second aim was designed to investigate and understand the mechanisms by which L. 

reuteri increases bone density in healthy male mice (Chapter 3). In the past decade, many studies 

have demonstrated the beneficial effects of probiotics in the regulation of bone health (10–16). 

However, as the consumption of probiotic increases, understanding the mechanisms involved in 

mediating their beneficial effects is crucial to further validate their therapeutic potential. Here, we 

assessed the role of the T and B lymphocytes in L. reuteri enhancement on bone density by using 

Rag-KO mice deficient in mature T and B lymphocytes. Our data show that in the absence of T 
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and B lymphocytes the beneficial effects of L. reuteri on bone are ablated, demonstrating that 

lymphocytes are important for bone responsiveness to L. reuteri. Further studies demonstrate that 

L. reuteri and L. reuteri conditioned media enhance the expression of cytokines known to regulate 

bone remodeling and bone density in MLNs. Lastly, we found that factors secreted from T-cells 

isolated from MLNs treated with L. reuteri conditioned media regulate osteoblast gene expression. 

This demonstrates that regulation of T-cell cytokine production by L. reuteri secreted factors is a 

potential mechanism by which L. reuteri enhances bone density in vivo. The work performed in 

this aim offers a mechanistic insight into how the probiotic L. reuteri is beneficial for bone 

health and suggests that T-lymphocytes play an important role in mediating its beneficial bone 

effects.  

 Lastly, the third aim explored the role of T and B lymphocytes in bone loss induced by gut 

dysbiosis after antibiotic treatment (Chapter 4). Previously, our lab reported that gut microbiota 

repopulation after antibiotic treatment induces dysbiosis and bone loss (17). Therefore, this aim 

was designed to determine whether lymphocytes are also important in this model of bone loss. 

Through these studies we observed that in the absence of T and B lymphocytes, bone density was 

not affected by dysbiotic gut microbiota, suggesting the requirement of lymphocytes for bone loss 

in this model. Moreover, we also show that repopulation of the gut microbiota in the Rag knockout 

group is characterized by higher levels of Lactobacillales when compared to wild type mice, 

suggesting a protective effect of this bacteria. Indeed, treatment with L. reuteri prevented bone 

loss induced by dysbiosis in the wild type mice. These data suggest that not only the T and B 

lymphocytes can be beneficial to the bone, but they can also have an adverse effect on bone 

density in response to gut microbiota changes after antibiotic use.  
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5.3 Limitations of the study 

Although these studies provide many important insights, some limitations of the models 

must be acknowledged: 

1. The dose of streptozotocin used in this experiment was higher compared to other studies, 

including several from our lab. However, the proper controls (same streptozotocin dose in the WT 

group) were used and previous studies from our lab have demonstrated comparable bone loss with 

both low and high doses of streptozotocin (18,19). 

 2. Insulin injections were given to T1D IL-10 knockout mice due to the rapid decrease in 

body weight. Insulin is known to benefit bone density (section 1.3.4.3). However, we don’t see 

correlations between insulin injections and bone effects, which suggest that insulin injections did 

not affect our results. In addition, this is the group with more bone loss. In fact, our lab and others 

use insulin injections to prevent further weight loss and distress to the mice (19).  

 3. The mice used in the IL-10 studies were 7-8 weeks old, at this stage they have not 

developed a mature bone, and therefore early changes in bone density can be affected by bone 

modeling (growth) versus remodeling (adult skeleton). However, we did not observe any major 

differences in bone growth as determined by bone length. 

 4. In vitro work was done using the pre-osteoblast cell line MC3T3E1. These cells are 

commonly used in the bone field, however, as these cells are not a primary cell line and have been 

transformed, they can potentially react differently and do not completely reflect the in vivo 

environment.  

 5. In the antibiotic dysbiosis model we used a cocktail of the antibiotic ampicillin and 

neomycin. These broad-spectrum antibiotics are not commonly prescribed together in humans. 

However, this study was designed to induce microbiota depletion and allow repopulation to yield 

dysbiotic microbiota. This was done to understand the role of gut dysbiosis on bone and not to 
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assess the direct effects of antibiotics per se on bone health. In fact, these antibiotics are poorly 

absorbed (20–22), limiting their effects to the gut. In addition, we examined the bone four weeks 

after cessation of antibiotic treatment. 
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5.4 Future directions 

 The current studies offer insight into the role of IL-10 as well as T and B lymphocytes in 

the regulation of bone density in different mouse models. These studies will guide future research 

that aims to further validate and understand the role of the immune system as a potential target to 

prevent bone loss.  

 Our results suggest IL-10 as a possible target for the prevention of bone loss induced by 

diabetes (Chapter 2). It will be important to next identify the cells that are responsible for the 

secretion of IL-10 and how these cells are affected during diabetes. These studies will give us a 

better insight into how IL-10 is regulated during diabetes and bone loss. Macrophages, B cells, T 

cells, and epithelial cells are some of the cells that can secrete IL-10 (23). We can isolate the 

immune cells from lymphoid organs such as the spleen, mesenteric lymph nodes and bone marrow 

in diabetic conditions and look at the expression of IL-10 by flow cytometry. Treatment to increase 

IL-10 levels in T1D conditions can be used to test the benefits of IL-10 in reducing T1D induced 

bone loss. Administration of adeno-associated virus (AAV) encoding IL-10 increased the levels 

of circulating IL-10 in mice (24). This treatment has been shown to be effective in preventing the 

development of rheumatoid arthritis in the collagen induced arthritis mouse model as well as to 

reduce the development of colitis (24,25). However, gene therapy strategies associated with IL-10 

supplementation have not been approved for clinical trial due to side effects associated with pre-

anemic condition (23). Intragastric administration of IL-10–secreting genetically engineered 

bacterium (Lactococcus lactis) into T1D IL-10 deficient mice can also be used (26). Lastly, our in 

vitro data show that IL-10 enhances osterix gene expression in high glucose conditions. However, 

we do not know what an increase in osterix by IL-10 means to the cell. For example, osterix 

expression is essential for osteoblast differentiation (27). Therefore, experiments designed to look 



 231 

at osteoblast differentiation in vitro during IL-10 treatment can be done to further understand the 

role of osterix regulation by IL-10. 

Our experiments identified T and B lymphocytes as an important component in the 

regulation of bone density. We found that T and B lymphocytes are not only involved in promoting 

bone density by L. reuteri, but their absence can prevent bone loss induced by post-antibiotic gut 

dysbiosis. However, the relative individual contributions of T and B cells in driving these bone 

effects in both models remains unclear. Therefore, future experiments will need to identify which 

one of these cells is mediating the bone effect. T and B cell specific knockout mouse models could 

be utilized to provide insight into their respective contributions to the regulation of bone density 

by L. reuteri and by post-antibiotic dysbiosis. After determining which lymphocytes (T or B) are 

involved, we can use more specific knockouts such as CD4+ T cell knockout mice to further 

characterize the specific cell population involved in these effects. In Chapter 3 we only focused on 

understanding the role of L. reuteri on T cells in vitro. We decided to focus on T cells due to our 

previous data that show changes in CD4+ T cells by L. reuteri (28). However, it will also be 

interesting to assess if B cells, isolated from the spleen and mesenteric lymph nodes, can respond 

similarly to L. reuteri treatment in vitro. Our in vitro data also shows that L. reuteri conditioned 

media can regulate CD3+ T cells similarly to live bacteria. However, our knowledge in terms of 

the molecule that is responsible for this effect is limited. Therefore, future studies designed to 

identify these molecules (e.g. by HPLC) will contribute to our knowledge in terms of the 

mechanism by which L. reuteri conditioned media can benefit the bone. Furthermore, the impact 

of L. reuteri conditioned media in vivo is unclear. New experiments need to be designed to identify 

the dose and mode of delivery of L. reuteri conditioned media in our different models, i.e. is gut 

delivery important for the observed effects.  
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In the post-antibiotic dysbiosis model (Chapter 4) a significant increase in the relative 

abundance of the order Lactobacillales in the lymphocytes deficient mice was noted. To test the 

hypothesis that an increase in Lactobacillales contribute to the prevention of bone loss in this 

group, we treated wild type mice with L. reuteri. Our findings show that L. reuteri treatment can 

prevent post-antibiotic dysbiosis-induced bone loss. However, other studies can be done to further 

confirm if Lactobacillales in general are protective against dysbiosis-induced bone loss. This can 

be addressed in several ways: 1) different species of probiotics, one that belongs to the 

Lactobacillales order (e.g. Lactobacillus acidophilus) and one that is not derived from 

Lactobacillales (e.g. Bifidobacterium longum), can be used to repopulate the microbiota for four 

weeks (as we did with L. reuteri). By doing this we can determine if the effect that we see in the 

bone is specific to L. reuteri or if other Lactobacillales or bacteria from a different order can have 

the same effect; 2) repopulation of the gut microbiota with the gut microbiota from post-antibiotic 

lymphocyte deficient mice (increased Lactobacillales) by doing fecal microbiota transplant will 

also help understand the contribution of Lactobacillales together with other bacteria; 3) promote 

the repopulation of only Lactobacillales by using antibiotics such as vancomycin that will prevent 

the growth of other bacteria, as some lactobacillus species are resistant to vancomycin (29). 

Interestingly, in our studies the expression of other bacteria also changed between the groups, 

therefore new studies need to assess the contribution of each one of these bacterial species in 

protecting against bone loss in the wild type mice. Our preliminary data (data not shown) also 

demonstrated that post-antibiotic dysbiosis-induced bone loss is sex-specific since antibiotic 

treated female mice did not lose bone. Therefore, future studies should focus on identifying why 

female mice are protected against post-antibiotic treatment induced bone loss. 

Our studies demonstrate that changes in microbiota composition after antibiotic treatment 

induces bone loss. However, we have not identified how these changes in microbiota contribute to 
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bone loss. For example, are these bacteria secreting specific metabolites that can be driving the 

bone effect? To test this, we could perform fecal and serum metabolomic analysis from four weeks 

post-antibiotic treated mice to further determine how these changes in bacteria affect bone loss. 

After identifying possible metabolites, in vitro and in vivo studies should be done to determine 

their role in bone regulation. In vivo studies can include the use of germ-free mice to identify the 

role of specific metabolites in bone density without the contribution of gut bacteria. After 

identifying the mechanism by which these metabolites regulate bone cells in vitro, inhibition of 

those specific pathways in vivo can further determine their role in bone density regulation. 
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5.5 Conclusions 

Osteoporosis is a growing public health issue. Worldwide, this disease is estimated to affect 

more than 200 million people and in the US it accounts for over 2 million bone fractures (30,31). 

Current treatments for osteoporosis have side effects and reduced patient compliance. Therefore, 

it is important to identify additional novel therapeutic targets with fewer side effects. The immune 

system has been known for decades to influence bone health, however, we still have a lot to learn. 

Many studies have demonstrated the beneficial effects of probiotic consumption on the immune 

system and bone health in humans and animal models. However, the mechanisms of these effects 

are not completely understood. Our data shows key role for probiotics and lymphocytes in the 

regulation of bone density. In addition to their direct effects on bone, L. reuteri also regulates 

immune cells to impact bone indirectly. In summary, my thesis work has uncovered the 

mechanisms linking the immune system and probiotic effects to bone health. These studies identify 

therapeutic strategies to treat osteoporosis specifically by regulation of the immune system. 
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