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Abstract 

 Hematopoiesis is the process by which mature cells of the hematopoietic system 

are replenished.  Hematopoietic stem and progenitor cells (HSPCs) are responsible for 

the maintenance and generation of blood cells in circulation.  HSPCs primarily reside 

within the bone marrow (BM) in distinct niches that secrete soluble cytokines, growth 

factors, or utilize cell-to-cell interaction to regulate HSPC activity.  The bone marrow 

niche is comprised of multiple cell lineages including endothelial cells, mesenchymal 

stromal cells (MSCs), and marrow adipose tissue (MAT).  Previous reports on the 

influence of age and diet on the BM suggest a role for lifestyle factors in modulating 

hematopoiesis and HSPC function, creating a more dysregulated environment more 

conducive to malignant disease.  Exercise training influences the BM architecture and 

HSPCs; and however, a paucity of data exists detailing how exercise may be utilized as 

a potential therapeutic option in disease models, such as cancer.  Thus, the purpose of 

this thesis was to investigate the role of exercise in modulating the BM niche and 

HSPCs in disease models of cancer.    

 This dissertation is divided into four sections.  First, we review the literature 

available pertaining to exercise, BM microenvironment, and hematopoiesis. 

Subsequently, for our first experiments we determined whether an acute bout of 

exercise bout of exercise was sufficient to influence the BM compartment.  To establish 

the influence of exercise, we measured the proliferation of HSPCs and BM MSCs via 

bromo-deoxydurine (BrdU) incorporation and utilized cytokine arrays to determine if the 

stromal cell secretome.  We observed that an acute bout of exercise stimulated the 

proliferation of both HSPCs and BM MSCs, and altered the secretome of MSCs to 
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promote factors that stimulated proliferation and mobilization of HSPCs.  Following our 

establishment that exercise modulates the bone marrow compartment, we next moved 

to characterize if exercise could be used as a therapeutic intervention in a cancer 

model.  Colorectal cancer (CRC) is characterized by skewing of HSPCs down myeloid 

lineages that increase the progression of CRC, and the progression is exacerbated in 

obesity.  We utilized exercise training as a therapeutic intervention in an AOM model of 

CRC following consumption of a high fat diet, and measured if the exercise training 

minimized the hematopoietic burden.  We observed that CRC and obesity conferred 

long-term deficits to primitive HSPCs, and these biases were mostly reversed with 

exercise training.  More importantly, we observed that exercise training drastically 

remodeled the bone marrow compartment and reversed the pro-inflammatory 

environment associated with obesity and CRC, thereby attenuating the persistent 

inflammatory stress to HSPCs.  In the final section, we wished to establish if exercise 

would protect the BM and HSPCs from more direct stressors, and modulate risk for 

secondary malignancy.  We utilized a mouse model of leukemia by exposing CBA mice 

to a sub-lethal bout of ionizing radiation. We observed the protective effects of exercise 

training by increasing, as measured by increased hematopoietic recovery following IR.  

More importantly, we observed exercise protected the BM niche and resident stromal 

cell population while increasing the accumulation of BM fat.  Finally, we observed that 

exercise training, in the presence of obesity, decreases the inflammatory contributions 

of stromal cells to the BM niche, reducing BM stress and pre-leukemia associated 

cytokines.   
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 In summary, we show that exercise training influences the bone marrow 

microenvironment and hematopoiesis in disease.  Moreover, we show that obesity and 

exercise training directly influence the bone marrow microenvironment, and for the first 

time, exercise training reduces inflammation of the bone marrow.  In turn, these data will 

assist in the development of how exercise reduces cancer risk and development of 

exercise based interventions. 
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Chapter 1: Introduction 

The hematopoietic system is responsible for the delivery of nutrients and oxygen to 

tissues within the body and protection via the immune system.  Normal hematopoietic 

function relies on the daily turnover of millions of cells.  The repopulation of the 

hematopoietic system relies on a small pool of hematopoietic stem cells (HSCs), 

constituting less than 0.001% of cells within the bone marrow (14).  HSCs are the most 

primitive cells atop the hematopoietic hierarchy; that proliferate and differentiate into 

most mature cells within peripheral circulation.  HSCs primarily reside within the bone 

marrow compartment and are tightly regulated by the bone marrow niche.  Previous 

reports have demonstrated that host factors, such as obesity and fitness level, can 

modulate the bone marrow microenvironment and HSCs. The following chapter will offer 

a brief overview of the hematopoietic system, examine the history behind HSC 

research, and concisely detail how host factors modulate hematopoietic function.  

Finally, we will cover the purpose of the experiments contained within this thesis.  

1.1 Overview of the Hematopoietic System 

 Hematopoiesis is a complex and tightly coordinated process by which mature 

cells of the hematopoietic system are replenished by HSCs (49, 75).  Maintenance of 

the hematopoietic system involves the daily turnover of millions of cells including 

erythrocytes, megakaryocytes, and platelets to cells of the immune system including 

monocytes, neutrophils, and lymphocytes such as T-, and B-cells. Cells of the immune 

system are responsible for protection against invading microorganisms and are 

comprised of two primary systems: the innate and adaptive immune systems. Cells of 

the innate immune system are the first responders in the inflammatory response, and 
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ensure a rapid response to physiological insult such as acute infection (2). This rapid 

response, while not specific, is effective at recognizing non-host microbes.  The 

adaptive immune system is slower responding, but yields high specificity and is effective 

at responding to a wide variety of foreign pathogens (41).  The coordinated interaction 

between the innate and adaptive immune systems ensures protection from 

microorganisms, ability to heal from trauma, and recovery following exercise (4, 41, 65). 

The functional maintenance and repopulation of the innate and adaptive immune 

systems is primarily supplied by the HSC residing within the bone marrow.  The 

mechanisms underlying HSC regulation are continuously being elucidated; yet, much 

remains unknown. Further discerning HSC regulatory pathways, or modalities to 

influence hematopoiesis, provide the opportunity to develop therapeutic modalities to 

combat hematological malignancies. 

1.1.1 Abridged History on HSC Research  

 The concept of a ñstem cellò were first postulated by German biologist Ernst 

Haeckel in 1868, describing how multi-cellular organisms arise from a single fertilized 

cell (38).  Almost half a century later, Artur Papenheim further refined this hypothesis 

and proposed a type of precursor cell capable of generating downstream lineages of red 

and white blood cells (62) that eventually culminated in the ñunifying hypothesis for 

hematopoiesisò in 1905 (8). Although the technology of the early 20th century limited the 

scientific communityôs ability to definitively characterize these populations, eventually 

known as HSCs, it is nevertheless remarkable that this reasonably accurate model of 

hematopoiesis was constructed; thereby providing the framework for which 

hematopoietic hierarchy that would eventually arise.  
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 Indeed, this hypothesis would remain debated until the prodigious works of 

James Till and Ernest McCulloch in the 1960s.  Till and McCulloch made the astute 

observations of macroscopic colonies cells from various hematopoietic lineages within 

the spleen of recipient mice (52, 53). Follow up collaborations with Andrew Becker 

elegantly demonstrated the generation of colonies from single cells (11).  Utilizing a 

mouse bone marrow transplant model, Becker et al. sub-lethally irradiated bone marrow 

cells to induce chromosomal changes, and transplanted these cells into recipient mice 

(11). The researchers evaluated the karyotype of cells in each splenic colony and 

observed the same genetic alterations within cells of individual colonies.  These studies 

were the first to highlight the capacity of individual bone marrow cells rapidly divide to 

build large colonies of cells belonging to diverse hematopoietic lineages.  

The importance of these studies cannot be overstated; as they established the 

foundation for which hematopoiesis is currently understood and the first to describe the 

hall mark characteristics by which stem cell populations are defined: the capacity for 

self-renewal and differentiation (Figure 1.1). Following these seminal studies, research 

has been directed into further identifying HSCs based upon their cell-surface 

phenotype, internal transcriptome, and further delineating their regulatory mechanisms 

within the bone marrow niche.  The future field of HSC research is bright and exciting, 

as regulatory mechanisms and avenues of application are continuously being unveiled.  

More recent research will be more extensively reviewed in Chapter 2. 
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Figure 1.1 

 
 
 
 
 
Figure 1.1. Self-renewal vs. differentiation. Stem cells contain the hallmark 
characteristics of self-renewal and differentiation. 1) Cells undergoing self-renewal will 
symmetrically divide and produce two daughter cells identical to the parent cell (A). 2) 
Differentiation involves a parent cell undergoing asymmetric cell division and producing 
one daughter cell identical to the parent (A) and one different daughter cell (B).  3) 
Symmetric, non-self-renewing divisions where one stem cell becomes two more 
differentiated progenitor cells.  Within the stem cell hierarchy, more differentiated 
progenitor cells have a higher capacity for proliferation and a smaller capacity for self-
renewal.  More primitive cells have a higher capacity for self-renewal. These two 
properties allow a small pool of stem cells to stay quiescent and more differentiated 
progenitors to maintain mature cells throughout the lifespan. 
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1.2 Hematopoietic Stem Cells ï A Brief Overview 

Hematopoietic stem cells (HSCs) are the most primitive cells of the 

hematopoietic system, and primarily reside within the bone marrow (55). HSCs can be 

further divided based upon their mitotic activity and cell surface phenotype (Further 

discussed in Chapter 2). The hematopoietic system is maintained by a relatively small 

HSC pool (14).  The HSC hierarchy is a step-wise progression from the mostly 

quiescent, multi-potent HSCs with a high self-renewal capacity, to lineage committed 

progenitors that possess an increased proliferation potential, and eventually the mature 

cells of the hematopoietic system (Figure 1.2). Normal hematopoiesis is essential for 

maintaining the delicate balance between mature immune cells and longevity of an 

organism.  These processes are regulated by environmental cues secreted by the bone 

marrow microenvironment.  Endothelial cells, mesenchymal stromal cells (MSCs), and 

marrow adipose tissue are major constituents of the BM niche. Targeted disruption of 

stromal cells, or alterations that occurs during aging and obesity disrupts steady state 

hematopoiesis (6, 35, 39, 58). Thus, normal hematopoietic function is incumbent on the 

environmental milieu present within the bone marrow niche. 
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Figure 1.2 

Figure 1.2.  Traditional overview of the hematopoietic hierarchy.  The 
hematopoietic system is maintained by a relatively small pool of multi-potent stem cells 
with a high capacity for self-renewal.  The mostly quiescent hematopoietic stem cells sit 
atop the hematopoietic hierarchy and differentiate into hematopoietic progenitor cells.  
Hematopoietic progenitors possess a limited self-renewal ability, are capable of rapid 
proliferation, and begin commitment to specific lineages within the hematopoietic 
system.  Hematopoietic progenitors differentiate into the mature cells of the myeloid and 
lymphoid lineages.  Steady state hematopoiesis is primarily regulated by the bone 
marrow microenvironment through the secretion of various paracrine factors. 
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1.2.1  The Bone Marrow Niche 

Within the bone marrow, HSCs reside in a complex niche that consists of a 

variety of cell types that regulate hematopoiesis including epithelial, mesenchymal 

stromal, adipocytes, and other hematopoietic cells (9). The complex microenvironment 

is designed to balance HSC quiescence and activity, preventing pre-mature exhaustion. 

HSC regulation is balanced through the environmental signals, such as paracrine 

factors (19, 28, 35) (Figure 1.3). Paracrine signals and environmental cues induce self-

renewal, differentiation, or mobilization of HSCs into peripheral circulation (7, 28, 29). 

Furthermore, HSC activity is associated with localization within the bone marrow 

compartment.  Quiescent HSCs are located near arterioles closer to the endosteal 

surface; whilst more active HSCs are located near sinusoids (40). Disruption of the 

bone marrow environment can lead to skewed hematopoiesis and compromised 

immune function.  Host factors including obesity, age, and fitness level influence the 

composition of the bone marrow compartment, archietecure, and HSCs. 
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Figure 1.3 
 

 
 
Figure 1.3. Overview of the bone marrow microenvironment. The bone marrow 
niche regulates HSC activity through the secretion of paracrine factors from major 
regulatory cells including: endothelial, mesenchymal, adipocytes, and other mature 
hematopoietic cells.  Quiescent HSCs are located closer to the endosteal surface near 
arterioles while more active HSCs are located near sinusoids.  Quiescent HSCs will 
either undergo self-renewal or activation, and move towards sinusoids.  Activated HSCs 
will subsequently move into peripheral circulation via sinusoidal openings or 
proliferate/differentiate into progenitor and subsequently mature hematopoietic cells.  
The processes are regulated by the paracrine factors secreted by the resident cells 
within the bone marrow compartment.  Abbreviations: mesenchymal stromal cell (MSC), 
quiescent hematopoietic stem cell (Q-HSC), activated hematopoietic stem cell (A-HSC), 
Mature hematopoietic cell (Mature-HC). 
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1.3  Impact of Lifestyle Factors on the Hematopoietic System 

Host factors modulate the function of the immune system.  For instance, increasing 

age results in a decreased repertoire of immune functioning cells, resulting in an 

immunocompromised state.  Decreased function and quantity of dendritic (1, 36, 37), 

CD4+ and CD8 T-cells (56, 59, 66, 72) are present during advanced age.  The 

disruption of normal immune cell homeostasis has been linked to increased DNA 

damage HSC (70) and an alteration in the bone marrow microenvironment (44).  

Advanced aging represents a host factor that is inevitable for all individuals.  The 

following sections will review the interactions of the hematopoietic system, focusing on 

modifiable life-style factors: obesity and exercise. 

1.3.1 Obesity and Exercise 

 Obesity is an ever-expanding worldwide concern.  Obesity rates have increased 

in countries across the globe (85) and obesity-related disorders are a major economic 

burden (32, 43). Specifically, within the U.S., nearly 60% of the US population is 

classified as overweight/obese (61).  Obesity is associated with a low-grade chronic 

inflammatory state; resulting in an in overly active immune system and increased 

leukocyte production.  Higher level of circulating leukocytes, especially of the myeloid 

lineage have been observed in obese individuals (26, 45, 57, 71). The increased 

number of active immune cells, along with cytokines released from adipose tissue 

creates a pro-inflammatory milieu and positive feedback loop that perpetuates the 

inflammatory state (18, 64).  Long-term alterations to immune cell homeostasis may 

lead to higher rates of infections and complications from vaccine inoculation (31, 73, 

78). Within the bone marrow compartment, obesity propagates detrimental changes to 
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the microenvironment, drives hematopoiesis, and propels HSCs down the myeloid 

lineage (12, 77). While the underlying mechanisms by which obesity induces changes to 

the bone marrow compartment are not fully understood (Further expanded upon in 

Chapter 2), the increased cycling of HSCs in response to the systemic changes that 

occur during obesity risk pre-maturely exhausting the HSC pool.  The complete 

interaction between obesity and hematopoiesis is not completely understood; however, 

the chronic low-grade inflammation associated with DIO remains a contributing in 

hematopoiesis disruption.  

 Obesity, and other diseases associated with chronic inflammation, often shape 

arguments and opinions of ñpro-inflammatory/pro-inflammationò in a negative 

connotation, as the persistent-low grade inflammation is associated with systemic 

dysfunction.  However, it is important to note the primary function of inflammatory 

responses are in recognition, response, and regenerative pathways.  In regard to 

exercise, an acute exercise bout represents a physiological challenge.  For instance, 

skeletal muscle undergoes a pro-inflammatory response following a novel exercise 

bout, resulting in the secretion of pro-inflammatory cytokines and influx of leukocytes 

(20, 33).  This initial inflammatory process depends on the novelty and intensity of the 

exercise bout, but typically last 24 hours (4). Resolution of the inflammation is an 

essential component of exercise-induced remodeling and adaptation; therefore, 

representing a key difference between the persistent low-grade inflammation present in 

obesity and inflammation induced by exercise. Typically, after a novel bout of exercise, 

the immune system phenotype switches from pro- to anti-inflammatory, resulting in the 

secretion of anti-inflammatory and pro-angiogenic factors such as interleukin 10 (IL-10) 
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tumor growth factor-ɓ, vascular endothelial growth factor (VEGF), and stromal derived 

factor-1 (SDF-1) (21, 30). These factors promote tissue remodeling, and through 

repeated bouts lead to the subsequent adaptions induced by exercise.  

Over the long-term, exercise training elicits a response that is drastically different 

that obesity. Exercise induces numerous systemic benefits including increased 

cardiovascular function (84), cognitive function (79), bone health (83), immune function 

(34), and skeletal muscle remodeling (54). Exercise training is widely considered anti-

inflammatory; thus an inverse relationship exists between exercise and circulating 

inflammatory markers (47).  The alleviation of inflammation by exercise has been 

observed in a multitude of pro-inflammatory conditions including aging (60, 81), 

metabolic disease (46), and obesity (27, 63).  The benefits of exercise training extend to 

the bone marrow.  Exercise has been observed to increase the quantity of HSPCs 

within the bone marrow without compromising the self-renewal capacity (10, 23, 24).  

Furthermore, exercise-induces beneficial remodeling of the bone marrow 

microenvironment (10) even in obesity and pro-adipogenic conditions (76, 77).  Taken 

together, exercise training elicits responses that differ functionally from obesity and 

highlight exercise training as a potential paradigm to combat systemic deficiencies 

incurred by chronic inflammation. 

1.4 Lifestyle Factors and Cancer 

Epidemiological studies have linked obesity as a major risk factor for the 

incidence of cancer.  Obesity has been observed to increase the risk of gastrointestinal, 

colorectal, endometrial, breast, kidney, prostrate, and bladder cancer (22, 48).  

Furthermore, obesity is associated with a worse treatment prognosis and poorer 
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outcomes following surgery (80).  Of interest to our lab group, obesity increases the risk 

of developing hematological malignancies.  Obesity has been linked to the risk of 

developing non-Hodgkinôs lymphoma, (5) chronic myeloid leukemia (50, 67), acute 

lymphoblastic leukemia (3), and developing secondary cancers following radiation 

therapies (16, 51).  While the underlying mechanisms are not fully understood, 

numerous consensusô have highlighted weight-reduction as a means to reduce cancer 

risk (69, 80, 85).  Further research is critical into lifestyle factors that reduce cancer risk, 

but also investigations into paradigms enhancing quality of life in the growing cancer 

patients and survivor populations. 

The combination of diet and exercise has been observed to modulate weight 

management (25, 68).  Exercise has been observed to decrease the risk of developing 

breast, colon, and prostate cancer (15, 82); furthermore, regular exercise training has 

been observed to increase the outcomes of treatment, and quality of life of cancer 

patients and survivors in some (13, 42), but not all protocols (17, 74).  It is likely that 

differences in exercise paradigms, and the attempted use of home-based programs with 

low adherence rates contributed to these observations.  Thus, further research is 

necessary utilizing more standardized exercise protocols, characterizing the pathways 

by which exercise reduces cancer risk, and develop appropriate exercise programs.  

However, the majority of previous research highlights exercise as a therapeutic option 

to combat deficiencies induced by obesity and reduce cancer risk.   

1.5  Purpose of Thesis 

The purpose of this thesis was to determine if acute exercise and exercise 

training modified HSPC-niche interactions in models of obesity and cancer. Studies 
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have previously detailed the impact of exercise and diet on HSPCs; however, limited 

data exists detailing how exercise modulates the surrounding bone marrow 

compartment.  To this end; the following chapter evaluates the existing literature 

concerning how exercise and high fat diet/obesity modulates the HSPCs and the 

regulatory bone marrow niche.  The subsequent chapters will further explain recent 

research conducted within our laboratory detailing how exercise modulates the bone 

marrow compartment in an acute setting and two separate models of cancer.  Together, 

these studies provide a better understanding of the role of host factors, such as obesity 

and exercise, on the regulation of hematopoiesis in cancer. 
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Chapter 2: Hematopoiesis with Obesity and Exercise: Role of the Bone Marrow 

Niche1 

Abstract 

Hematopoietic stem and progenitor cells (HSPC), the most primitive cells of the 

hematopoietic system responsible for maintaining all mature blood cells, display the 

hallmark characteristics of self-renewal and multi-potent differentiation into mature cell 

lineages.   HSPC activity is directed by the bone marrow niche, a complex environment 

composed of heterogeneous cell populations that regulate HSPC function through the 

secretion of a wide array of cytokines and growth factors. Diet induced obesity results in 

a dramatic remodeling of the bone marrow niche, skewing HSPC function resulting in a 

compromised immune system. Exercise is a viable treatment option for deficits imposed 

by obesity and to combat immune dysfunction; however, the impact of exercise on the 

bone marrow niche is not well defined. This review summarizes the available 

information on how obesity disrupts the normal bone marrow niche and HSPC function. 

In addition, we review the limited data available detailing how exercise may be used to 

combat obesity induced bone marrow dysfunction, and discuss future directions for 

research in this field. 

Keywords: Exercise training, MSC, HSC, diet-induced obesity 

 

 

                                                           
1 Reprinted with permission from Exercise Immunology Review. Emmons R, Niemiro 

GM, De Lisio M. Hematopoiesis with obesity and and exercise: role of the bone 
marrow niche. Exercise Immunology Review 23:82-95, 2017 
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2.1 Introduction 

Physical inactivity and a sedentary lifestyle along with caloric over-consumption 

are major contributors to the global obesity epidemic. The World Health Organization 

estimates that obesity rates have rapidly increased in recent decades, resulting in 39% 

of adults being classified as overweight and 13% as obese in 2014 (181).  The obesity 

epidemic is even more prevalent in more developed countries.  For example, over 36% 

of adults in the United States are obese (109). Obesity is associated with an increased 

risk of health complications including type II diabetes (25, 157), cancer (21, 96, 124), 

and cardiovascular disease (118, 124). In addition, obese individuals are more 

susceptible to infection (94, 112, 141, 154) and have worse disease prognosis (147); 

suggesting impaired immune competence results from obesity. Indeed, obesity is 

characterized by an increased quantity of innate immune cells (42), and decreased 

repertoire of functional adaptive immune cells (57) resulting in decreased immune 

surveillance. Interestingly, these changes to the hematopoietic system mirror the 

phenotype observed with aging suggesting that obesity may be inducing a premature 

aging phenotype. The altered production of mature immune cells in obesity merits 

closer investigation into the precursors of leukocytes: hematopoietic stem and 

progenitor cells (HSPCs).  

  HSPCs are the most primitive cells of the hematopoietic system from which all 

cells in the myeloid, lymphoid, and erythroid lineages are derived.  The bone marrow is 

the primary site of HSPC maintenance and differentiation. Within the bone marrow, the 

ñstem-cell nicheò or bone marrow niche is characterized as a specialized 

microenvironment that maintain HSCs throughout the lifespan (131). The bone marrow 
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niche tightly regulates HSC function through direct cell to cell contact, sympathetic 

stimulation, and the secretion of autocrine and paracrine factors. Chronic disease 

states, such as obesity and cardiovascular disease, as well as advancing age, 

dramatically remodel the bone marrow microenvironment and corresponding milieu 

resulting in altered HPSC function (34, 35, 110, 136, 169). The increasing number of 

individuals becoming obese and entering advanced age necessitates further 

investigations into interventions aimed at attenuating or mitigating detrimental changes 

to the hematopoietic system.  

Exercise bestows numerous benefits that extend the quality and quantity of life in 

both healthy and diseased individuals.  For instance, exercise has been demonstrated 

to reduce the accumulation of body fat (158), mitigate low-grade chronic inflammation 

(161), improve cognitive function in healthy (10, 28) and diseased individuals (62, 72), 

and increase bone density (107).  While the complete pleiotropic impacts of physical 

activity and exercise in healthy and diseased populations are still being determined, it 

nevertheless remains a low cost, easily implementable, and effective method for 

attenuating deficits resulting from disease states such as obesity.  Although exercise 

does appear to be a promising therapy, a paucity of data exists examining the impact of 

exercise on HSPCs and the bone marrow niche. Thus, the purpose of this review will be 

to unravel how the combination of obesity and exercise impact the hematopoietic 

system via modulation of the HSPC niche. The following sections will define HSPCs and 

their regulation by the bone marrow niche, the impact of obesity and exercise on 

HSPCs and the bone marrow niche, and describe possible mechanisms responsible for 

altered hematopoietic function. 
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2.1.1 Defining HSPCs 

HSPCs are the pluripotent precursors to all mature cells of the hematopoietic 

system. HSPCs constitute a small fraction, <0.001%, of the total bone marrow cell 

population, and yet maintain the entirety of the hematopoietic system by undergoing 

self-renewal divisions to maintain the more primitive populations and differentiation to 

lineage committed cells (15). HSPC migration, proliferation and fate decisions are 

regulated by autocrine and paracrine factors from within the bone marrow, as well as 

systemic cues. Indeed, HSPC mobilization and function is affected by circadian rhythms 

(91), acute infection (71), psychological stress (125), ischemia (129), tissue damage 

(114), and energy status (30, 88). The hematopoietic system turns over between 1011 ï 

1012 cells daily. To maintain this constant demand throughout the lifespan, a portion of 

HSPCs remain quiescent for protection against DNA damage or premature exhaustion 

while more differentiated progenitors maintain mature lineages (69, 100, 146).  

 Characterization of distinct HSPC populations remains difficult due to a lack of 

specific known markers.  Additionally, difficulty in obtaining HSPC samples from 

humans has led to most functional research being conducted in murine models. While 

the murine model is efficient for modeling HSPCs and the bone marrow niche, special 

considerations must always remain due to differences between species. Indeed, human 

and murine HSPCs exhibit different cell surface phenotypes. Within mice, the broad 

HSPC pool is identified by the expression of surface antigens cKit and Sca-1 while 

lacking the expression of committed lineage markers (LSK) (48). The identification of 

the SLAM family allowed for phenotypic characterization of HSPC sub-populations that 

related to reconstitution ability in serial transplant assays (77). Similar HSPC 
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populations have been determined in humans based upon the expression of CD34 (33, 

153) and CD38 (152). Traditionally, HSPCs have been divided into different sub-

populations of long-term hematopoietic stem cells (LT-HSC,), short-term hematopoietic 

stem cells (ST-HSC), and multi-potent progenitors (MPP) before terminally committing 

to myeloid and lymphoid lineages (63, 83) (Figure 2.1). Functionally, the self-renewal 

capacity is highest among the primitive LT-HSCs while the proliferative capacity is 

highest among the more differentiated multi-potent progenitors.  

Currently, technical challenges make determination of self-renewal and 

proliferative capacity of HSCs difficult.  The ñgold standardò for measuring HSPC 

functionality relies on the serial transplant assay, whereby bone marrow cells are 

serially transplanted into lethally irritated mice to determine reconstitution potential 

(122).  This is a time-consuming assay that lasts at least 8 months.  Additionally, 

transplantation into lethally irradiated recipients may not be directly related to HSPC 

functionality in steady state conditions. Similarly, due to the lack of single, specific 

markers for tracing HSPC subpopulations, HSPC proliferation and the relative 

contribution of each subpopulation to steady state hematopoiesis remains challenging.  

Recent techniques permitting HSPC lineage tracing via ñbarcodingò (146), and the 

development of artificial 3-dimensional bone marrow niches for the evaluation of HSPC 

self-renewal and differentiation in vitro over a much shorter timespan (31) will allow for 

significant advancements in our understanding of HSPC biology. 
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Figure 2.1 

Figure 2.1. Traditional view of hematopoietic stem and progenitor cell (HSPC) 

hierarchy. HSPCs (left) have the capacity to self-renewal to maintain primitive cell 

populations or differentiate into mature hematopoietic cells. The lineage- SCA1+ cKit+ 

(LSK) phenotypic markers are used to identify the whole stem cell pool within mice.  

Additional phenotypic markers are outlined that identify distinct HSPC subpopulations in 

humans and mice. Abbreviations: Long-Term (LT), Short-Term (ST), Hematopoietic 

Stem Cell (HSC), Multi-Potent Progenitor (MPP), Common Myeloid Progenitor (CMP), 

(Granulocyte/Macrophage Progenitor), Ertythroid (Er), MegaKaryocyte (MK), Mo 

(Monocyte), Granulocyte (Gr), Common Lymphoid Progenitor (CLP), Lymphocyte (Ly).  
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2.2 Obesity, Exercise, and HSPCs 

The process of hematopoiesis produces all blood and immune cells and occurs 

within the bone marrow and, under certain conditions, in peripheral tissue 

compartments such as the spleen throughout the lifespan (8, 166). Diseases associated 

with chronic inflammation, including obesity, cancer, heart disease, and other chronic 

inflammatory conditions, such as the late effects of cancer therapy, have all been linked 

to alterations in immune function (108, 120, 164).  Moderate intensity exercise has been 

shown to be a powerful mediator of immune function (180). Acute exercise increases 

the quantity of circulating monocytes and induces an acute inflammatory response that 

is dependent on exercise intensity (105, 113).  Exercise training increase erythrocyte 

content within peripheral circulation (61), is generally thought to be anti-inflammatory, 

and enhances tissue regeneration (116, 160).  However, the effect of obesity and 

exercise on hematopoiesis itself remains less well-characterized.  

2.2.1 Obesity and HSPCs 

Obesity is well documented to increase the quantity of circulating white blood 

cells in humans (46, 103, 119, 167) and mice (149). Within the bone marrow, diet-

induced obesity (DIO) causes an expansion in bone marrow cellularity and mature 

immune cells (22, 35, 155). This expansion is likely due to the activation and increased 

cycling of HSPCs. Mice fed a 60% high fat diet (HFD) for 12 weeks experienced an 

increase in the number of HSPCs and monocyte progenitors (135). This differentiation 

bias towards myelopoeisis was also observed in a serial transplantation assay (135). 

Similarly, a shift towards increase myeloid cells and reduction in lymphoid cells was 

observed in mice after 6 weeks of consuming a 60% HFD (2). On the other hand, mice 
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fed a 45% HFD for 18 weeks experienced a decrease in the most primitive HSPCs and 

increase in MPPs (14). Additionally, serially transplanted HSPCs displayed a reduced 

capacity for hematopoietic reconstitution (14). While differences in fat content of the 

diets used (45% vs 60%) may influence the degree of phenotypic response, the 

available data suggests DIO stimulates hematopoiesis with a bias towards 

myelopoiesis, and cycling of HSPCs with exhaustion of the most primitive population. 

Indeed, DIO appears to stress the HSPC populations risking premature exhaustion and 

is similar to the phenotype observed in aging. 

2.2.2 Acute Exercise and HSPCs 

Currently, only a few studies have examined the effects of acute exercise on 

hematopoiesis. Acute aerobic exercise stimulates HSPCs in the bone marrow as 

evidenced by an increase in cycling HSPCs and colony forming-unit (CFU) capacity (50, 

90, 97). Mooren and Kruger observed an increase in progenitor cells 24 hours following 

a novel bout of treadmill exercise 24 hours in while exercise trained mice experienced 

no change in HSPCs (97). Together, these data suggest that an acute bout of exercise 

is a potent physiological stressor, which induces proliferation of the HSPC populations. 

The effects of acute exercise on hematopoiesis in humans is lacking due to the difficulty 

of sampling bone marrow tissue. Nevertheless, Wu and colleagues did examine the 

amount of hematopoietic cells from bone marrow aspirates after an acute bout of 

exercise in bone marrow donors (171). The authors found that following exercise, while 

the volume of bone marrow aspirate, number of collections required, and collection pain 

were improved in the exercise group, no differences were seen in the relative proportion 

of CD34+ cells (171). However, the total quantity of HSPCs was not evaluated, and 
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more specific markers of HSPCs were not used.  Additionally, Wu and colleagues 

collected bone marrow aspirate 15 minutes after the exercise bout, rather than previous 

rodent studies that have analyzed bone marrow 24-48 hours after exercise.  Together, 

these data suggest that an acute bout of exercise is sufficient to stimulate proliferation 

of HSPCs; however, it may take 24-48 hours for changes in HSPC content to be 

detected.  

 A larger body of human data exists detailing the mobilization of HSPCs into 

circulation following acute exercise (39, 49). While the majority of these studies suggest 

that exercise increases HSPC mobilization in humans, a couple of recent studies have 

shown that colony forming capacity is decreased in the peripheral blood following acute 

exercise suggesting decreased function. Kroepfl et al (78) showed that HSPCs collected 

10 minutes post exercise had a decreased functional capacity, and confirmed these 

results in a later study investigating the relationship between HSPCs and exercise-

induced norepinephrine increase (78). It is possible that during or after acute exercise, 

more differentiated HSPCs are recruited to peripheral tissues, such as muscle, to 

participate in tissue repair (114). The mechanisms responsible for acute exercise-

induced HSPC mobilization remain to be elucidated. Acute exercise results in an acute 

inflammatory response that may contribute to the mobilization of HSPCs from the bone 

marrow. G-CSF and IL-6 have been observed to increase following acute exercise and 

may influence HSPC mobilization (17, 148, 163, 173). However, no correlations 

between mobilized HSPC content and cytokines concentrations have been determined 

following acute exercise (17). This suggests that circulating cytokines may not be the 

primary signal inducing HSPC mobilization from the bone marrow in response to 
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exercise.  Our lab recently observed an increase in G-CSF, SCF, IL-3 and 

thrombopoeitin from bone marrow stromal cells after an acute exercise bout in mice that 

may contribute to shuttling HSPCs into peripheral circulation (50). Furthermore, 

vascular endothelial growth factor-a (VEGF-a) has been observed to be elevated 

following exercise in circulation (17) and skeletal muscle (50), suggesting that tissue 

damage or ischemia may play a role in homing HSPCs to peripheral tissues. Taken 

together, these data suggest that tissue damage or local factors within the bone marrow 

are primarily responsible for mobilizing HSPCs following acute exercise. 

2.2.3 Exercise Training and HSPCs 

  Similar to acute exercise, little data exists examining the effects of prolonged 

exercise training on hematopoiesis. Chronic exercise training increases blood volume, 

red cell volume, blood hemoglobin content, and immune function. Additionally, some 

studies have shown that exercise trained individuals have increased amounts of HSPCs 

at rest in both the bone marrow and peripheral blood (8, 17, 38). Baker and colleagues 

investigated HSPC content using CFU assays following chronic exercise training and 

found that increased hematopoiesis was apparent in both the peripheral blood and the 

bone marrow (8). These data were confirmed and extended by De Lisio and colleagues 

who demonstrated that progressive treadmill exercise training increase HSPC content 

collected from the central bone marrow cavity (or ñvascular nicheò) but not the quantity 

of HSPCs associated with the inner lining of the bones (the ñendosteal nicheò) (38). 

Importantly, no difference in the repopulating ability of HSPCs was detected between 

exercise trained and sedentary mice in a bone marrow transplantation assay (38), 

suggesting that benefits to HSPCs from exercise training may be due to cell-extrinsic 
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factors, possibly due to alterations in the bone marrow niche. In summary, both acute 

and chronic exercise seem to stimulate hematopoiesis. More research is needed to fully 

characterize the effects of exercise on hematopoiesis, as well as to delineate the 

potential mechanisms responsible for these effects. Additionally, future research is 

necessary to determine if exercise can offset phenotypic skewing within HSPC 

populations that occurs in chronic diseased states such as obesity and aging.  

2.3 The Bone Marrow Niche  

The concept of a niche, or distinct microenvironment specialized to support the 

maintenance and differentiation of HSPCs during steady-state or stress hematopoiesis, 

was first introduced by Schofield in 1978 (131).  Since then, important discoveries by a 

variety of groups have increased our understanding of the cell-types and molecular 

signals comprising the HSPC niche within the bone marrow.  Several excellent reviews 

have been recently published outlining the cellular and molecular components of the 

HSPC niche, and the reader is directed to these reviews for a more comprehensive 

overview of the niche (4, 16, 58).  The bone marrow is comprised of multiple, distinct 

niches that regulate HSPC function and are continuously being redefined with the 

advent of more precise visualization and identification techniques.  Previous data 

indicated two main stem cell niches within the bone marrow: the endosteal and 

perivascular niches (77, 137, 172).  The endosteal niche was viewed as a site for 

quiescent HSPCs due to increased homing following transplantation experiments and 

because osteoblasts were shown to secrete growth factors that regulate HSPC 

quiescence (5, 142, 172, 178). However, repeated experiments finding low associations 

of HSPCs contacting osteoblasts and conditional depletion of mature osteoblasts not 
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effecting HSPC quantity have questioned the essential role of the endosteal niche under 

homoestatic conditions (further reviewed in (98)). 

The conditional deletion of stem cell factor (SCF) from endothelial cells which 

decreased HSPC quantity and the frequent association of HSPCs with blood vessels 

and sinusoids within the bone marrow shifted the focus to the perivascular niche (77, 

142). Furthermore, subsequent reports emphasized perivascular and endothelial cells 

as the primary site for modulating HSPC quiescence via CXCL12, SCF, and notch 

ligands (20, 45, 67, 142).  Recently, several studies further refined the perivascular 

niches and observed quiescent HSPC are localized closely to arterioles while more 

active HSPCs are located near sinusoidal openings (66, 79).  The hypoxic nature of the 

arteriole niche, due to low perfusion (165) and increased vascular wall integrity of 

arterioles, results in decreased generation of reactive oxygen species (ROS) within 

HSPCs (66).  Furthermore, the hypoxic nature also implicates hypoxic inducible factor-1 

(HIF-1) in maintaining HSPC quiescence as increased oxygen content increases stem 

cell proliferation and mitotic activity (51). Indeed, HIF-1 expression which is upregulated 

in ischemic tissues partially regulates CXCL12 expression in these tissues, and may be 

involved in drawing progenitor cells into peripheral tissues (24). Hypoxic culture 

maintains HSPC reconstitution potential in vitro (68), and conditional deletion of HIF-1Ŭ 

within HSPCs results in decreased ability to fully regenerate the hematopoietic system 

in serial transplant assays (150). The most primitive HSPCs are maintained near the 

endosteum where HIF-1 expression is the highest (82) whilst its expression is lower the 

central marrow cavity (77).  While this lends credence to the hypothesis that HIF-1 may 

be leading to increased HSPC retention within the bone marrow, Levesque et al 
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observed an increase in HIF-1Ŭ and VEGF-a within bone marrow lysates following G-

CSF mediate mobilization of HSPCs (82).  Given they used whole bone marrow lysates, 

it is impossible to determine which specific cell population was responsible for increased 

HIF-1, and whether HIF-1 directly resulted in HSPC mobilization, or if it worked 

indirectly via increasing VEGF-a which is a potent mobiliser of HSPCs (82). Overall, 

these data demonstrate that increased HIF-1 is necessary for long term maintenance of 

HSPCs in vivo and in vitro, however, the role in mobilization still needs further 

delineation. Conversely, HSPCs located near ñleakyò sinusoids have an increased 

production of ROS, are actively cycling, and are readily able to enter peripheral 

circulation in response to signals from circulation (66).  Likewise, HSPCs have been 

observed to localize near megakayrocytes (19, 179) while erythropoiesis occur in 

erthroblastic islands (80, 123).   

In addition, a variety of stromal cell populations have been identified using 

genetic labeling approaches that express either leptin (44, 45) Prx1 (55) nestin (64, 92), 

platelet derive growth factor-Ŭ (117) or CXCL12 (111, 143).  All of these cell populations 

are enriched to varying degrees for osteogenic and adipogenic differentiation capacity 

and contain fibroblast colony forming cells suggesting they consist of mesenchymal 

stromal cells (MSCs), and that these populations overlap to some yet unknown extent.  

These MSC populations have all been shown to directly associate with HSPCs and to 

secrete paracrine factors that regulate HSPC cell fate decisions (16, 58).  Thus, through 

their capacity to signal directly to HSPCs, or to form mature cellular components of the 

HSPC niche such as osteoblasts and adipocytes via their differentiation, MSCs are an 

important, heterogeneous cellular component of the HSPC niche. Taken together the 
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localization of HSPCs impacts their functional status, and disruption of niche 

homeostasis can disrupt normal hematopoiesis. 

2.3.1 Obesity and Exercise Induced Remodeling of the HSPC Niche 

The architecture of the bone marrow influences HSPC activity as the bone 

marrow niche tightly regulates HSPCs in a dynamic balance between quiescence, self-

renewal, and differentiation. MSCs, and their progeny, are particularly important 

modulators of HSPC function.  MSCs contribute to bone turnover by differentiating into 

osteoblasts and remodel the central marrow cavity through adipogenic differentiation in 

addition to secreting growth factors to support HSPC maintenance (55, 111).  Recent 

evidence suggests a reciprocal relationship between osteogenic and adipogenic 

differentiation of MSCs.  In mice, diet induced obesity (DIO) disrupts the bone marrow 

compartment, skewing MSC differentiation towards adipogenic lineages resulting in 

increased marrow adipose tissue (MAT). This reciprocal relationship is also supported 

by the accumulation of MAT in both obese humans and mice. In humans, increased 

MAT is negatively correlated with a decrease in bone density (168), bone mineral 

density, and bone formation (134).  In mice, 8 weeks of 45% HFD induction led to an 

increase in marrow adipose tissue (MAT) and decrease in trabecular bone density (35). 

Similar results were observed in mice fed similar HFD for 6 (2, 139, 140), 12 (47), 18 

weeks (176), or 6 months; however, not all studies have observed a concurrent 

decrease in bone density (47, 139, 140).  The differential response of bone mineral 

density is likely due to different study designs as Styner and colleagues used a 45% 

HFD for 6 weeks in female mice (139, 140) compared to a 60% HFD for 6 weeks in 8-

week-old male mice (47). Thus, the relative proportion of fat in the diet may impact 
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observed results in bone marrow remodeling. MAT accumulation negatively impacts the 

bone marrow compartment as adipocytes will physically occupy red marrow space and 

MAT potently secretes adipokines, pro-inflammatory cytokines, such as IL-6, and TNF-

Ŭ, as well as free-fatty acids, affecting cells throughout the bone marrow including 

HSPCs (56). Indeed, MAT is a negative regulator of hematopoiesis as the quantity and 

repopulating capacity of HSPCs collected from areas of high MAT was decreased 

compared to HSPCs collected from areas of low MAT (104). The skewed MSC 

differentiation towards the adipogenic lineage, and increased MAT in obese mice and 

humans mirror changes to the bone marrow compartment observed with aging (101), 

suggesting that obesity causes a premature aging phenotype in the bone marrow 

compartment.  

The effect of exercise on bone marrow niche is less well investigated.  Forced 

treadmill exercise training was demonstrated to remodel the bone marrow by 

decreasing MAT, and possibly priming MSC towards the osteogenic lineage (8, 159).  

Mice exercised via wheel running also experience a decrease in bone marrow adiposity 

even in the presence of a high fat diet (140) or in the presence of PPARɔ agonist (139), 

emphasizing that both forced (8, 36, 159) and voluntary (139, 140) exercise attenuate 

the accumulation of MAT within the bone marrow.  Furthermore, chronic exercise 

improves the bone architecture via increased mineral density in combination with 

decreasing MAT (133, 140), supporting the hypothesis that exercise directs MSCs down 

osteogenic lineages and a more healthy bone marrow environment (104). Interestingly, 

exercise training donor mice prior to bone marrow transplant (BMT) did not impact 

homing, engraftment, or reconstitution in recipient mice (38), suggesting that 



37 
 

ñpreconditioningò HSPCs within donors does not have a large impact on the 

hematopoiesis upon transplantation.  However, HSPC transplant into exercise trained 

recipient mice resulted in increased reconstitution without affecting homing (36).  De 

Lisio and colleagues also demonstrated decreased MAT accumulation, and decreased 

apoptosis within the bone marrow after recipients were preconditioned with exercise 

with no enhanced preservation of CD45+ hematopoietic cells suggesting enhanced 

survival of non-hematopoietic cells in the bone marrow with exercise were contributing 

to enhanced reconstitution (36). The decreased apoptosis following BMT observed by 

De Lisio and colleagues, could be due to an increased production of antioxidant 

enzymes in the marrow in response to exercise (40). These data suggest that the 

effects of exercise on HSPCs are likely cell non-autonomous versus cell-autonomous.   

2.4 Potential Mechanisms Regulating Bone Marrow Remodeling in Obesity and 

Exercise 

 The effects of obesity and exercise on the bone marrow microenvironment are 

likely not due to one specific mechanism, but rather a multitude of changes to systemic 

and bone marrow environments with the respective conditions. Several signaling 

pathways have been implicated in the reciprocal differentiation of MSCs towards 

osteogenic or adipogenic lineages that may contribute towards age and chronic disease 

related deficits to bone density (12, 13, 26, 59, 99, 138, 174).  Cytokines secreted by 

the bone marrow stroma including transforming growth factor ɓ (TGF-ɓ), bone 

morphogenetic proteins (BMPs), insulin-like growth factor (IGF), and fibroblast growth 

factors activate transcription factors Runx2 and Osterix, increasing osteogenic 

differentiation (81, 95, 102, 177).  On the other hand, adipogenic differentiation is 
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supported by the transcription factors CCAT/enhancer binding protein alpha (C/EBPŬ) 

and PPAR  (32, 75). The following sections will discuss the research available 

pertaining to how exercise and obesity impact the bone marrow architecture. 

2.4.1 Pro-inflammatory Cytokines 

 Obesity is characterized by systemic low-grade inflammation, and an increase in 

the circulating levels of leptin (52), IL-1ɓ (130), Tumor Necrosis Factor Ŭ (TNFŬ) (56, 

151), IL-6 (9, 56), and monocyte chemoattractant protein-1 (MCP-1) (73), all of which 

may have implications on bone marrow homeostasis. TNFŬ has been previously been 

demonstrated to inhibit osteoblastic differentiation of MC3T3-E1 pre-osteoblastic and 

fetal calvaria precursor cells (53). Additionally, TNFŬ has been observed to activate NF-

kɓ which prevents osteogenic differentiation via the subsequent inhibition of Runx2 and 

Osterix (74, 86, 87). Furthermore, TNFŬ-/- mice displayed increased femoral bone 

density and decreased MAT following an 18 week 60% HFD.  Together, these data 

suggest an integral role for TNFŬ signaling and pre-osteoblast cell differentiation. IL-1ɓ 

and MCP-1 have also been demonstrated to reduce the osteoblastic differentiation 

potential of MSCs and decrease bone density (144, 145).  These data support the 

potential role of inflammatory cytokines on skewing MSC differentiation from osteogenic 

towards adipogenic lineages. IL-6 and TNFŬ have also been implicated to increase 

osteoclastgenesis, increasing bone breakdown and inhibiting osteoblastgenesis (1, 170, 

175). Within the bone marrow, HFD increases the expression of pro-inflammatory 

cytokines TNFŬ, IL-1ɓ, and IL-6 in whole mouse bone marrow isolates (14, 56) and 

isolated rat MSCs (35). Overall, the available data suggests that both systemic and 

bone marrow specific elevations in inflammatory cytokines results from obesity. Given 
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the role inflammatory cytokines have in directing MSC differentiation, it is likely these 

cytokines are contributing to the increases in MAT and subsequent bone marrow niche 

remodeling observed with obesity.   

 Chronic exercise training is generally considered anti-inflammatory. Exercise 

training has been shown to decrease the expression of TNFŬ, IL-1ɓ while increasing the 

expression of anti-inflammatory cytokine IL-10 in obese rats and mice (18, 54, 85). 

Additionally, exercise stimulates the release of IL-10 and IL-1Ra, which have been 

observed to decrease IL-1ɓ and TNFŬ production (3, 120). Currently, there is limited 

research available investigating the role of inflammatory cytokines in response to 

exercise and obesity in the bone marrow. We have previously observed an acute bout 

exercise alters the secretome of bone marrow stromal cells (50). Other disease models, 

such as osteoporosis in rats, have observed an increase in bone mineral density 

following exercise via wheel running (84). Exercised OVX rats also had decreased 

levels of IL-1ɓ and IL-6 within bone marrow cells compared to sedentary rats (84). 

These data support the notion that exercise training may mitigate disease associated 

decreases in osteoblastogensis, bone mineral density, and the increase in pro-

inflammatory cytokines.  However, further research is necessary to define the 

relationship between exercise and inflammatory cytokine mediated remolding of the 

bone marrow architecture, and its role in hematopoiesis.  Additionally, studies 

specifically characterizing changes to the MSC secretome following exercise training in 

the presence, and without obesity are needed.  
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2.4.2 Oxidative Stress and Reactive Oxygen Species (ROS) 

 Reactive oxygen species (ROS) are formed during cellular respiration and are 

mainly produced by the mitochondria. Physiological levels of ROS play a key role in 

regulating stem cell fate decisions.  Obesity has been associated with increased 

oxidative stress and the generation of ROS (60).  MSC are particularly sensitive to the 

presence of supra-physiological levels of ROS as seen in chronic inflammation and 

diseased states (further reviewed in (6)). Several studies have indicated that increased 

presence of ROS inhibits markers of osteogenic differentiation, increases DNA damage, 

and spurs adipocyte differentiation of MSCs in vitro (7, 121, 132).  Indeed, the increased 

presence of ROS has been observed to shift MSC differentiation towards adipogenic 

lineages in advanced aging (70, 76).  In addition to their effects on MSCs which likely 

have indirect effects on hematopoiesis, ROS have also been shown to directly influence 

HSPC function.  Increasing endogenous ROS production in HSPCs by TNF-Ŭ exposure 

decreased the reconstitution ability in serial transplant assays that was recovered by 

blocking ROS production (65).  Whole body radiation in vivo has been shown to have 

negative long-term effects on primitive HSCs by decreasing their content and colony 

forming capacity in vitro (27).  These effects may be due to increased HSPC 

senescence (93) induced by persistent oxidative stress (162).  Together, ROS may 

negatively impact hematopoiesis indirectly by promoting MSC adipogenic differentiation, 

or directly by inducing HSC senescence and prolonged oxidative stress. 

 Few studies exist characterizing the impact of exercise and the generation of 

ROS within the bone marrow. De Lisio and colleagues observed exercise training 

reduced DNA damage and apoptosis signaling within the bone marrow of mice exposed 
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to an acute challenge radiation exposure (40). These results suggest that exercise 

training confers protection within the bone marrow to the exogenous generation of ROS.  

These results are further supported by increased protection of circulating lymphocytes 

to irradiation from exercise trained individuals (156) and skeletal muscle of exercise 

trained mice (37). While it is tempting to speculate that exercise training may stimulate 

the production of anti-oxidant enzymes within the bone marrow similar to that seen in 

skeletal muscle (37), no data are available to confirm this hypothesis.  However, the 

reduction of DNA damage within the bone marrow of exercise trained mice following 

irradiation does support this hypothesis and may contribute to exercise induced MSC 

biasing towards osteoblast lineages.  Further research will be needed to fully 

characterize this response. 

2.4.3 Other Potential Factors 

Exercise and obesity may also influence cell-intrinsic mechanisms regulating 

MSC differentiation. PPAR  signaling promotes MSCs differentiation down the 

adipogenic lineage at the cost of osteogenic lineage.  Mechanical strain induced by 

exercise has been observed to decrease PPAR  expression in MSCs, favoring 

osteogenesis over adipogenesis in vivo (89) and in vitro (23, 29, 127, 133).  PPAR  

expression is activated by long-chain fatty acids (126), suggesting that hyperlipidemia 

induced by high fat diet stimulates MSCs adipogenesis.  Interestingly, these signals 

seem to be overridden by exercise in the presence of a PPAR  agonist (139).  Metabolic 

stress has been linked to changes within the bone marrow stromal tissues.  Bone 

marrow stromal cells incubated in the serum of overweight individuals promoted 

adipogenic differentiation over osteoblastic differentiation (43). While the underlying 
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mechanism remain undetermined, this does suggest that unknown circulating factors 

may be influencing MSC fate determination within the bone marrow MSCs.  

Overall, obesity and exercise seem to elicit functionally opposite results within 

the bone marrow (Figure 2.2).  Obesity skews MSCs towards adipocyte lineages, 

increases the accumulation of MAT, and creates a more pro-inflammatory phenotype 

similar to aging. These changes in the niche are associated with altered HSC 

differentiation that favors increased myeloid biased progenitors, increased HSPC 

cycling, and mobilization leading to exhaustion of primitive HSPC populations (11, 106, 

135, 155). Exercise and physical activity decrease the accumulation of MAT even in the 

pro-adipogenic conditions, suggesting that exercise may be a potent therapy to combat 

obesity induced changed to the bone marrow environment.  However, further 

investigations are needed to fully delineate the multi-faceted responses of exercise in 

the context of the bone marrow stroma.  Only a few studies have elucidated the impact 

of exercise on the HSPC populations (36, 38), none exist characterizing the impact on 

changes in MSCs, endothelial cells, or HSPC localization. 
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Figure 2.2 

 

Figure 2.2. Factors influencing mesenchymal stromal cell differentiation (MSC). 
Systemic and bone marrow specific factors influence the differentiation of MSCs down 
adipogenic or osteogenic lineages.  Obesity is associated with an increase in bone 
marrow adiposity likely due to increases of these factors.  Exercise decreases marrow 
adipose tissue and increase bone marrow density, indicating that MSCs may be 
stimulated down an osteogenic lineage by decreasing reactive oxygen species and 
inflammatory cytokines while increasing mechanical strain within the bone marrow.  
Abbreviations: Mesenchymal stromal cell (MSC), Reactive oxygen species (ROS), and 
Marrow adipose tissue (MAT). 
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2.5 Conclusion and Future Directions 

 Obesity has a direct impact on the fate of hematopoietic system (135), 

distressing normal immunological function (112) and phenotype (103). This dysfunction 

extends to HSPCs resulting in expansion of the less primitive progenitor cell pool, at the 

cost of self-renewal leading to premature exhaustion.  The altered phenotype and 

function of HSPCs is likely due to modulations within the bone marrow niche.  HSPC 

function is carefully regulated by niche localization, and disruption of cellular 

constituents can disrupt HSPC homeostasis.  Although evidence does suggest that 

bone marrow niche disruption contributes to altered HSPC function in obesity, the 

systemic disruptions including elevated levels of pro-inflammatory cytokines associated 

with obesity, negates the ability to definitively characterize the primary suspect in 

altered HSPC function. 

 Chronic exercise directly combats the systemic effects of obesity by improving 

body composition (41), improving immune function (115), and decreasing chronic low 

grade inflammation (128).  The pleiotropic responses of exercise extend to the bone 

marrow, inducing beneficial bone marrow remodeling and expanding the HSPC pool 

without compromising self-renewal.  Although these preliminary data are promising, 

many questions remain unanswered pertaining to the mechanisms responsible for the 

effects of exercise on the bone marrow compartment and HSPC function.  An in-depth 

analysis determining the extent to which exercise expands the whole HSPC pool or 

specific sub-populations still does not exist.  In addition, although exercise has been 

identified to decrease overall bone marrow adiposity and alter the inflammatory status of 

the bone marrow; alterations in the individual cell populations making up distinct niches 



45 
 

within the bone marrow still needs to be characterized.  Furthermore, defining the 

molecular pathways by which exercise influences HSCPs, MSCs, and the bone marrow 

niche may highlight potential therapeutic pathways to combat obesity and other 

hematological malignancies.  Overall, the effects of exercise on the hematopoietic 

system need further characterization; however, exercise still remains a viable and 

feasible method of combatting obesity induced changes to the hematopoietic system. 
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Chapter 3: Acute Exercise Mobilizes Hematopoietic Stem and Progenitor Cells  

and Alters the Mesenchymal Stromal Cell Secretome2 

Abstract 

 Transplantation of hematopoietic stem and progenitor cells (HSPC), collected 

from peripheral blood, is the primary treatment for many hematological malignancies; 

however, variable collection efficacy with current protocols merits further examination 

into factors responsible for HSPC mobilization.  HSPCs primarily reside within the bone 

marrow and are regulated by mesenchymal stromal cells (MSC). Exercise potently and 

transiently mobilizes HSPCs from the bone marrow into peripheral circulation.  Thus, 

the purpose of the present study was to evaluate potential factors in the bone marrow 

responsible for HSPC mobilization, investigate potential sites of HSPC homing, and 

assess changes in bone marrow cell populations following exercise.  An acute exercise 

bout increased circulating HSPCs at 15 minutes (88%, P<0.001) that returned to 

baseline at 60 minutes. Gene expression for HSPC homing factors (CXCL12, vascular 

endothelial growth factor-a, and angiopoietin-1) were increased at 15 minutes in skeletal 

muscle and HSPC content was increased in the spleen 48 hours post-exercise (45%, 

p<0.01). Acute exercise did not alter HSPCs or MSCs quantity in the bone marrow; 

however, proliferation of HSPCs (40%, p<0.001), multi-potent progenitors (40%, 

p<0.001), short-term hematopoietic stem cells (61%, p<0.001), long-term hematopoietic 

stem cells (55%, p=0.002) and MSCs (20%, p=0.01) increased post-exercise. Acute 

exercise increased the content of the mobilization agent granulocyte-colony stimulating 

                                                           
2 Reprinted with permission from the Journal of Applied Physiology. Emmons R, Niemiro 
GM, Owolabi O, De Lisio M. Acute exercise mobilizes hematopoietic stem and 
progenitor cells and alters the mesenchymal stromal cell secretome. Journal of Applied 
Physiology 120: 624ï632, 2016. 
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factor, as well as stem cell factor, interleukin-3, and thrombopoeitin in conditioned 

media collected from bone marrow stromal cells 15 minutes post-exercise. These 

findings suggest that the MSC secretome is responsible for HSPC mobilization and 

proliferation; concurrently, HSPCs are homing to extra-medullary sites following 

exercise. 

Key Words: Hematopoietic stem cell, paracrine factors, secretome, mesenchymal 

stromal cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

3.1 Introduction 

Hematopoietic stem and progenitor cells (HSPCs) are a rare population of stem 

cells that are responsible for the maintenance and regeneration of the hematopoietic 

system across the life span (30). Their capacity for regeneration allows for their 

transplantation into patients to enhance hematopoietic recovery following myeloablative 

treatment regimens targeting certain cancers (4). HSPCs used for transplantation are 

obtained from the bone marrow, peripheral blood, or umbilical cord; however, additional 

focus has been placed into HSPC collection from peripheral blood due to decreased 

invasiveness of procedure for obtaining circulating HSPCs (35), and increased 

engraftment when compared to HSPCs obtained from bone marrow (41). Effective 

HSPC collection from peripheral blood relies on the use of pharmacological agents 

including granulocyte-colony stimulating factor (G-CSF) (15) and AMD3100 (37) to 

mobilize HSPCs and to enhance HSPCs concentration in peripheral blood. However, 

limitations to pharmacological approaches ranging from long dosing protocols to rare, 

but negative drug side effects such as adult respiratory distress syndrome and 

pyoderma (19). Additionally, not all patients respond sufficiently to mobilizing agents 

and require multiple round of mobilization therapy (2). Thus, further investigations into 

alternative or complementary interventions to current pharmacological treatments are 

necessary.  

Exercise has been previously shown to mobilize HSPCs into peripheral blood. 

Intense bouts of acute exercise have been observed to transiently increase the content 

of HSPCs in peripheral blood in humans (24, 28). The exercise-induced increase in 

HSPC content is similar in magnitude to that induced by G-CSF stimulated 
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pharmacological intervention (7, 17, 28, 29). The primary limitation to the widespread 

adoption of exercise as an adjuvant therapy to pharmacological mobilization is the 

transient nature of the increase in HSPC quantity (17). It is most likely HSPCs are 

homing to sites of inflammation to contribute to repair/remodeling following exercise or 

migrating to other extramedullary sites. Developing a better understanding of the 

mechanisms responsible for HPSC mobilization into, and removal from peripheral blood 

in response to exercise may allow for the identification of key factors that can be 

targeted to increase the duration that HSPCs remain in circulation following exercise. To 

elucidate the mechanisms responsible for exercise induced HSPC mobilization, Morici 

and colleagues sought to evaluate changes in stem cell factor (SCF), GCSF, and 

CXCL12 in plasma following an acute exercise bout. Although they observed an 

increase in mobilized HSPCs resulting from exercise, no changes were detected in 

HSPC mobilization or growth factors following exercise (29). This suggests that further 

investigations should be directed towards the primary sites where HSPCs reside, as 

local paracrine factors released in the bone marrow are likely responsible for 

mobilization and are not detected once HSPCs enter peripheral circulation.  

 HSPCs primarily reside within the bone marrow and are tightly regulated by their 

local microenvironment or niche (38). As such, evaluating factors within the HSPC niche 

in the bone marrow may provide more precise clues as to their regulation in response to 

exercise. In mice, HSPCs content is enriched in the population of cells within the cell 

surface characteristics of Lineage- Sca-1+ c-Kit+ (LSK) (14). The LSK population can be 

further enriched for long-term hematopoietic stem cells (LT-HSC: LSK-CD48-CD150+), 

short-term hematopoietic stem cells (ST-HSC: LSK-CD48-CD150-), and multi-potent 
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progenitor cells (MPP: LSK-CD48+CD150-) (9). These HSPC sub-populations are 

functionally divided by mitotic activity and reconstitution ability in bone marrow 

transplant assays (9). Mesenchymal stromal cells (MSCs) in the bone marrow are key 

regulators of HSPC quiescence, proliferation, homing, and mobilization (6, 20, 32). 

MSCs represent a heterogeneous population of cells; however, a purified population 

has been identified by the phenotypic marker platelet derived growth factor receptor 

alpha (PDGFRŬ) (43), as well as a lack of lineage committed markers (13).  

 The purpose of the present study was to establish a time course of HSPC 

mobilization in mice, characterize factors in the bone marrow and peripheral tissues that 

might be responsible for HSPC mobilization and removal from circulation. We 

hypothesized that an acute bout of exercise would transiently stimulate HSPC 

mobilization and proliferation, alter the secretome of MSCs in the bone marrow 

compartment, and increased expression of HSPC chemoattractants in mouse skeletal 

muscle.  
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3.2 Materials and Methods 

Mice 

All protocols were approved by the Illinois Institutional Animal Care and Use Committee. 

Male and female C57Bl/6 (Jackson Laboratories, Bar Harbor, ME) mice were housed at 

2 per cage and maintained in a 12:12h light-dark schedule with food and water provided 

ad libitium. Mice were received at 10 weeks of age and were 14-18 weeks for 

experiments. 

Exercise protocol 

 Male and female mice were equally and randomly divided between exercise (EX) or 

non-exercised controls (CNT) groups. For the experiments, 8 mice (4 female and 4 

male) per CNT and EX groups at 15 minutes, and 10 (5 female and 5 male) were 

assigned to the CNT and EX at 60 minutes. Two weeks before the exercise protocol, 

both EX and CNT mice were acclimated to the treadmill by a brief exposure 3 times 

every other day (M/W/F) consisting of 5 min at 8 m/min, 5 min at 10 m/min, and 5 

minutes at 8 m/min. EX mice completed an intense acute exercise bout on a treadmill 

(Columbus Instruments, Columbus, OH) previously shown to induce stress on the bone 

marrow compartment (11). Briefly, the exercise protocol began at 0% grade for 8 m/min 

that increased 2 m/min every 10 min until a speed of 16 m/min was reached. Mice 

exercised at 16 m/min for 30 min, and then 18 m/min for 20 min. CNT mice were placed 

into a control apparatus with the same lane specifications and placed on top of the 

treadmill to mimic the stress of handling and treadmill exposure.  
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HSPC quantification in peripheral blood 

Peripheral blood was analyzed at 15 and 60 minutes post-exercise for quantification of 

HSPCs in circulation. Peripheral blood was collected via submandibular facial bleed into 

0.2 ml PBS/Heparin solution. After, red blood cells were lysed in lysing buffer (BD 

Biosciences, San Jose, CA), cell suspensions were incubated in the following 

antibodies: biotinalyated linage panel (BD Biosciences, San Jose, CA), anti-mouse Sca-

1 PE (1:200, Life Technologies, Benicia, CA), anti-mouse c-Kit PE-CY7(1:200, Life 

Technologies, Benicia, CA) and FITC Strep-avidin (1:800, BD Biosciences, San Jose, 

CA). Cells were analyzed with an Attune Acoustic Focusing Flow Cytometer (Life 

Technologies, Benicia, CA). Unstained and single stain controls were used for 

compensation and gating. Data was analyzed as percentages Sca-1 and c-Kit positive 

from lineage negative populations.  

HSPC and PDGFRŬ quantification in bone marrow 

Mouse bone marrow cells were analyzed at 48h post-exercise to detect changes in 

stem/progenitor cell quantity within the bone marrow compartment. Mice were 

euthanized via C02 asphyxiation followed by cervical dislocation. Both femurs and tibias 

were quickly removed and cleared of muscle and connective tissue. Marrow was 

flushed in 1 mL sterile PBS through a 22-gauge needle. Flushed bones were 

mechanically and enzymatically digested as previously described (1). Briefly, femurs 

and tibias were gently crushed using mortar and pestle in Dulbeccoôs modified Eagleôs 

Medium (DMEM). Bone fragments were further processed by cutting with scissors and 

suspended into a 0.2% collagenase solution for 1 hour at 37oC. Cells obtained were 

recombined with cells previously flushed and placed through magnetic cell sorting 
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(MACS): EasySep Mouse Hematopoietic Progenitor Cell Enrichment Kit (Stemcell 

Technologies, Vancover, BC, Canada) per manufacturerôs instruction. Cells were 

stained using the following antibodies for HSPC and MSC markers respectively: Sca-1 

PE (1:200, Life Technologies, Benicia, CA), c-Kit (1:200, Life Technologies, Benicia, 

CA), CD150 Brilliant Violet 421 (1:200, Life Technologies, Benicia, CA), CD 48 Brilliant 

Violet 521 (1:200, Life Technologies, Benicia, CA) and PDGFRŬ PE (1:200, BD 

Biosciences, San Jose, CA).  

Spleen analysis 

Spleens were obtained from mice 48 hours post-exercise following euthanasia and 

stored on ice until processing. Spleen cells were isolated by cutting the spleen on both 

ends and gently milking the cells out using forceps into PBS. Red blood cells were lysed 

and stained for HSPC markers as described above.  

5ô-bromo-2ô deoxyurdine (BrdU) incorporation 

A subset of EX and CNT mice were used for detecting cell proliferation in the bone 

marrow. 10 mice from the CNT (5 male and 5 females) and EX (5 male and 5 female) 

were used. The average weights for each group were CNT: 22.38 ± 4.12 g, and EX: 

23.95 ± 2.78 g. Mice were injected (i.p.) with a sterile 2% BrdU solution (Sigma) at 0.5 

mg/g body weight in PBS once a day for 10 days prior to the exercise bout. The final 

injection was given the morning of the exercise bout. The exercise bout was performed 

as described above. Cells obtained from the bone marrow were obtained following 

MACS as described above and processed using the BD Pharminigen BrdU Flow Kits 

(BD Bioscience, San Jose, CA) following the manufactureôs procedures. Briefly, cells 

were fixed, permabilized, and stained using anti-BrdU FITC (1:50). Cells were analyzed 
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with an Attune Acoustic Focusing Flow Cytometer (Life Technologies, Benicia, CA). 

Unstained and single stain controls were used for compensation and gating. Data was 

analyzed as percentages Sca-1 and c-Kit positive (HSPCs) and PDGFRŬ positive.  

Fluorescent activated cell sorting (FACS) of bone marrow stromal cells  

A subset of cells obtained following MACS/FACS was used to characterize changes in  

the bone marrow stromal cell secretome. Cells were stained with CD45 FITC (BD 

Biosciences, San Jose, CA) and separated using BD Facs Aria II Sorter (BD 

Biosciences, San Jose, CA). Following FACS, cells were placed into a 96-well cell 

culture plate (Stemcell Technologies, Vancouver, BC, Canada) and cultured for 24 

hours in 150 ul of 5% FBS/DMEM at 50,000 cells/well.  

Conditioned media analysis  

Conditioned media (CM) was collected from cells separated by FACS after 24 hours 

and stored at -80°C. CM was pooled between the EX and CNT groups, respectively, 

and analyzed using a C-series Mouse Cytokine Assay C1 (RayBiotech, Norcross, GA) 

following the manufacturerôs protocol. Assays were imaged using ChemiDoc XRS 

camera (Biorad, Hercules, CA) and analyzed using ImageJ (National Institutes of 

Health).  

Gene expression analysis 

The extensor digitorum longus (EDL) was obtained from previously euthanized mice 

and stored at -80°C. RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, 

Germany) following the manufacturerôs protocols. Total RNA was quantified using a 

Nanodrop 1000 spetrophotometer (Thermoscientific, Waltham, MA). RNA to cDNA 

reverse transcription was done using the High Capacity cDNA RT Kit (Life 
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Technologies, Benicia, CA). Quantitative real-time polymerase chain reaction (qPCR) 

was done using Taqman ABI 7900 real time PCR machine (Life Technologies, Benicia, 

CA) and analyzed using SDS software (Life Technologies Benicia, CA). Changes in 

gene expression were calculated using the 2-ȹȹCT method (27) normalized to 

housekeeping genes. The following housekeeping genes: ɓ-actin, SDHA, and MRPL14 

were averaged and used for calculations due to stability pre- and post-exercise. Due to 

variations in housekeeping genes between 15 minutes and 48 hours post-exercise time 

points, gene expression for the two-time points were analyzed independently.  

Statistical Analysis 

Shapario-Wilk tests (SPSS) were used to test for normality within data sets and 

observed for cell quantities in circulation and cell quantities in the bone marrow. Cell 

quantities in peripheral circulation were analyzed using a 2 way ANOVA in GraphPad 

Prism 6 (GraphPad Software, Inc., La Jolla, CA) and cell quantities in the bone marrow 

were analyzed using t-tests in Microsoft Excel (Microsoft, Redmond, WA). Gene 

expression and LSK+ quantity in the spleen was analyzed using Mann-Whitney-

Wilcoxon test in GraphPad Prism 6 (Graphpad Software, Inc., La Jolla, CA). Data 

presented as mean ± SD with p<0.05 considered significant.  
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3.3 Results 

3.3.1 Acute Bout of Exercise Transiently Mobilizes LSK cells into Peripheral 

Blood.  

Representative flow plots for LSK HSPCs are shown in Figure 3.1A. The 

percentage of circulating HSPCs was significantly increased 15 min post-exercise EX 

group vs. CNT (0.66±0.27% vs. 1.24±0.47%, p<0.001) and no significant difference in 

EX vs. CNT mice at 60 minutes (Figure 3.1B).  

3.3.2 Acute Exercise Upregulates Expression of Factors Conducive to HSPC 

Homing and Migration to Spleen.  

 Exercise has been shown to increase mobilization of HSPCs to skeletal muscle 

(34) and spleen (1). Thus, we evaluated HSPC quantity in the spleen and gene 

expression of HSPC homing factors in skeletal muscle 15 minutes post-exercise and 48 

hours post-exercise. A significant increase in HSPCs was detected in the spleen 48 

hours post-exercise (CNT 2.46 ± 0.28%vs. EX:  3.53 ± 0.78%, p=0.01) (Figure 3.2A). 

The expression of SCF (35 fold, p=0.001, Figure 3.2B) CXCL12 (28 fold, p=0.001, 

Figure 3.2C) VEGFa (17 fold, p=0.001 Figure 3.2D) and ANG1 (31 fold, p=0.01, Figure 

3.2E) were all significantly elevated in the skeletal muscle from EX vs. CNT mice. No 

significant differences were detected at 48 hours post-exercise for SCF (Figure 3.2F), 

CXCL12 (Figure 3.2G), VEGFa (Figure 3.2H), and ANG1 (Figure 3.2I).  
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3.3.3 Acute Exercise Stimulates HSPC Proliferation with No Effect on Total 

Quantity.  

Gating strategy for HSPC, LT-HSC, ST-HSC, and MPP is shown in 

representative flow plots in Figure 3.3A. An acute bout of exercise did not significantly 

increase the percentage of total HSPCs (LSK; Figure 3.3B), MPPs (Figure 3.3C), ST-

HSC (Figure 3.3D), or LT-HSCs (Figure 3.3E) in the bone marrow 48 hours post-

exercise.  

To evaluate the effects of an acute bout of exercise on HSPC proliferation, we 

evaluated the quantity of HSPCs, MPPs, ST-HSCs, and LT-HSCs expressing BrdU. An 

acute bout of exercise significantly increased the percentage of LSK BrdU+ (55.38 ± 

6.44% vs. 77.79 ± 3.80%, p<0.001, Figure 4.4A), MPP BrdU+ (55.18 ± 10.29% vs. 79.04 

± 7.23% , p<0.001, Figure 3.4B), ST-HSC BrdU+ (40.37 ± 7.23% vs. 65.13 ± 10.21%, 

p<0.001, Figure 3.4C), and LT-HSC BrdU+ (40.64 ± 5.68% vs. 62.9 ± 10.03%, p=0.002, 

Figure 3.4D) 

3.3.4 An Acute Bout of Exercise Stimulates Proliferation of Lin- PDGFRŬ+ Cells in 

Bone Marrow and Alters Stromal Cell Secretome.  

 Representative flow plots for PDGFRŬ+ are shown in Figure 4.5A following MACs 

sorting. An acute bout of exercise did not significantly affect the total number of 

PDGFRŬ+ cells within the bone marrow (Figure 3.5B, p>0.05). An acute bout of exercise 

stimulated the proliferation in the MSC populations (Figure 3.5C). The number of 

PDGFRŬ+ BrdU positive cells was increased the EX group, 68.43 ± 4.43%, compared to 

CNT, 57.02 ± 8.00% (p=0.01).  
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 To determine if an acute exercise bout altered paracrine factor secretion in bone 

marrow stromal cells, Lin- CD45- cells were isolated using a combined MACS/FACS 

isolation technique. Lin- CD45- MSCs were cultured for 24 hours in serum depleted 

media (5% FBS/DMEM) for evaluation of paracrine factor secretion in conditioned 

media (CM). The concentration of G-CSF (1.89 fold), SCF (1.63 fold), IL-2 (1.52 fold), 

fold), IL-17 (1.56 fold), sTNFRI (1.35 fold), IL-3 (1.26 fold) and Thrombopoeitin (1.15 

fold) were increased in all cells isolated from EX vs. CNT. IL-5 (0.73 fold) and INF-ɔ 

(0.80 fold) were decreased in cells isolated from EX vs. CNT (Figure 3.5D). All other 

paracrine factors evaluated were not changed (Figure 3.5D).  

3.4 Discussion 

 Developing a more complete understanding of the mechanisms governing HSPC 

mobilization following acute exercise is necessary to devise complimentary therapies to 

current pharmacological interventions used in stem cell transplant. In pursuit of this aim, 

the present paper used a murine model to establish a time course for HSPC 

mobilization following exercise and identified, for the first time, exercise-induced 

paracrine factors released by MSCs in the HSC niche, including granulocyte-colony 

stimulating factor (G-CSF) and stem cell factor (SCF), and determine that gene 

expression for chemokines necessary for HSPC homing including CXCL12 and 

Angiopoeitin-1 (ANG1) were upregulated in skeletal muscle. Additionally, we observed 

that a single bout of exercise stimulated HSPC and MSC proliferation within the bone 

marrow. These observations support our hypothesis that exercise stimulates HSPC 

mobilization due to paracrine factors released within the bone marrow compartment by 



76 
 

MSCs in the HSPC niche, and that chemoattractants produced in skeletal muscle draw 

HSPCs out of circulation.  

 Acute exercise has long been known to transiently increase HSPC content in 

peripheral blood. In the present study, HSPCs peaked 15 minutes after an acute 

exercise bout, and returned to levels similar to non-exercised mice by 1 hour post-

exercise. This timeline is consistent with previous human studies showing peak HSPC 

quantity in circulation 15 minutes after an acute exercise bout and returning to baseline 

levels within 60 minutes of cessation of exercise (28, 29). A similar time course was 

established by Heal and Brightman, who utilized stair running as an acute bout of 

exercise and observed an increase in circulating progenitor cells after exercise that 

returned to baseline by 1 hour post-exercise. Taken together, these data highlight a 

parallel time course for HSPCs mobilization into peripheral blood between human and 

murine subjects when exposed to an intense acute bout of exercise, supporting the use 

of the murine model to elucidate underlying factors responsible for HSPC mobilization.  

 A major clinical limitation in the application of acute exercise as a stimulus to 

mobilize HSPCs for hematopoietic stem cell transplant is the short duration of increased 

HSPC continent in circulation. Thus, developing a better understanding of the 

underlying mechanisms responsible for exercise-induced mobilization into, and removal 

from peripheral blood could increase the efficacy of exercise as an adjuvant therapy to 

HSPC mobilization. Previous research has demonstrated that acute aerobic exercise 

bouts induce stress responses from skeletal muscle (31) and bone marrow derived 

stem cells contribute to skeletal muscle repair following eccentric exercise (34), 

highlighting skeletal muscle as a potential target for HSPC migration. The expression of 
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the chemokines CXCL12, ANG1, vascular endothelial growth factor (VEGF), as well as 

the cytokine stem cell factor (SCF), which is necessary for HSPC maintenance and 

proliferation (12), were all elevated following an acute exercise bout in skeletal muscle. 

These results are consistent with previous research that has demonstrated an 

upregulation of SCF and VEGF to promoting repair and revascularization of the skeletal 

muscle from stem cell populations (18). Injection of CXCL12, which interacts with 

CXCR4 on HSPCs, directly into skeletal muscle has been shown to increase skeletal 

muscle repair and regeneration as a result of mechanical trauma; primarily due to the 

increased influx of CD34+ CXCR4+ progenitor cells (8). In another model of skeletal 

muscle damage, Bobadilla et al. utilized cardiotoxin injection to induce skeletal muscle 

damage which lead to an upregulation of CXCL12 and enhanced skeletal muscle repair 

resulting from increased homing of stem cell populations (5). Within the bone marrow, 

ANG1 is necessary for HSPC retention and long-term maintenance (40). However, 

Hattori et al. demonstrated that elevated levels of both VEGF and ANG1 stimulated 

hematopoiesis, vasculature remodeling and capillary development (16). Given that 

these factors have been shown to facilitate HSPCs migration, retention, proliferation 

and the contribution of bone marrow derived stem cells to skeletal muscle repair, our 

data supports our hypothesis that chemoattractants produced by skeletal muscle may 

be involved in removal of HSPCs from circulation to support skeletal muscle 

remodeling/repair following exercise.  

 The spleen is a secondary site of extramedullary HSPC residence. HSPCs 

migrate to the spleen during embryonic development and are maintained there in small 

quantities throughout life (42). Disruption of the bone marrow compartment, such as 
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during chemotherapy treatment, increases the quantity of circulating progenitor cells 

that are likely entering the spleen or other extramedullary sites (36). Previous research 

has shown that as a result of an acute physiological challenge from infection, the 

quantity of HSPCs within the spleen increases (22). We also observed an increase of 

LSK+ HSPCs within the spleen 48 hours post-exercise, further suggesting that exercise 

is mobilizing HSPCs out of the bone marrow and into extramedullary sites, perhaps due 

to acute stress in the bone marrow compartment.  

 A decrease in HSPCs within the bone marrow may be expected with exercise 

induced HSPC mobilization into circulation. However, in the present study, the content 

of HSPC sub-populations analyzed was not different between exercised and non-

exercised mice. We did observe increased proliferation of all HSPCs populations within 

the bone marrow, including MPPs, ST-HSCs, and LT-HSCs as measured by BrdU 

incorporation, 48 hours after exercise. These data suggest that acute exercise induced 

HSPC proliferation in order to replace that cells that had emigrated as a result of 

exercise. Chronic exercise training has been previously observed to alter the fate 

determination of MSCs (1) and increase the quantity of LSK+ population within the bone 

marrow (10). Thus, our data suggest that increases in HSPC and MSC differentiation in 

response to an acute exercise bout are likely the initial steps towards long-term 

increases in content seen with chronic exercise training.  

 Previous exercise studies in humans have attempted to correlate changes in 

various cytokine concentrations in peripheral blood to alterations in HSPC content. 

These data have been mostly inconclusive, with no associations shown between HSPC 

and cytokine content (29). HSPCs reside within a complex, but tightly regulated, niche 
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within the bone marrow. MSCs are key cellular components of the HSPC niche that 

regulate HSPC cell fat decisions via a variety of surface antigens and secreted 

cytokines (23). Our data are the first to demonstrate that an acute bout of exercise 

increased Lin-PDGFRŬ+ MSCs proliferation within the bone marrow. Further, MSCs 

isolated from mice 15 minutes after exercise, the time point corresponding to peak 

HSPC mobilization, demonstrated increased secretion of G-CSF, SCF, IL-3 when 

compared to non-exercise mice. G-CSF, SCF, and IL-3 are thought to induce the 

secretion of matrix metallopeptidase-9 (MMP9) from cells in the bone marrow (35). 

MMP9 cleaves CXCL12, thereby freeing HSPCs and allowing for entrance into 

peripheral circulation (21, 26). It is likely these factors are being upregulated to stimulate 

mobilization of the HSPCs into the periphery. SCF and thrombopoeitin are also involved 

with stimulating self-renewal and proliferation of HSPCs (39). We observed an increase 

of these factors from the CM of exercised mice. These data suggest that an acute bout 

of exercise stimulated self-renewal/proliferation of HSPCs and it is likely caused by 

changes in the secretome of stromal cell populations within the bone marrow.  

 Gender may play a role in the response of the hematopoietic system following 

exercise. Sex has been implicated in the effectiveness of pharmacological stimulation of 

HSPC mobilization. Administration of G-CSF to men elicits a greater increase in HSPCs 

in peripheral circulation compared to women (3, 25). Conversely, Nakada and 

colleagues demonstrated that an ovariectomy decreased HSPC proliferation but not 

castration (33). In addition, HSPCs proliferation can be increased in mice through the 

administration of oestradiol, a female sex hormone (33). In the present study, we did not 

observe any significant difference in the HSPC mobilization or proliferation (data not 



80 
 

shown). Male and female mice were equally divided between the CNT and EX groups; 

however, the small sample size for each gender may limit the ability to identify 

differential responses to exercise. Future studies will be needed to delineate the 

response of the hematopoietic system following exercise. 

 In conclusion, our data demonstrates that an acute bout of exercise 

stimulates the transient release of HSPCs into peripheral circulation as well as 

stimulating proliferation of HSPCs and MSCs within the bone marrow. The transient 

nature of the increased HSPC content in peripheral blood is likely due to increased 

production of chemoattractants in extramedullary tissues, such as skeletal muscle and 

the spleen, that facilitate HSPC homing to those tissues to participate in repair. The 

acute alteration in HSPC content and proliferation in the bone marrow are likely 

mediated by MSC expansion, and alterations in the MSC secretome of the bone 

marrow. These data are the first to identify key paracrine factors produced by MSCs in 

the bone marrow following an acute exercise bout, and chemoattractants in the skeletal 

muscle involved in HSPC homing, thus providing mechanistic targets to enhance the 

efficacy of exercise as an adjuvant therapy for HSPC mobilization and collection for 

HSCT. 
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3.7  Figures 

 

Figure 3.1 

 

 

Figure 3.1. Acute bout of exercise transiently mobilizes LKS cells into peripheral 

blood. (A) Representative flow plots of LSK cells in peripheral blood. (B) Percentage of 

LSK cells in peripheral circulation at 15 minutes and 60 minutes post-exercise. Data are 

presented as mean ± SD, from CNT15 n=8 (4 female and 4 male), EX15 n=8 4 (female 

and 4 male), CNT60 n=10 (5 female and 5 male), EX60 n=10 (5 female and 5 male), 

with * indicating p<0.01.  

 

 


