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Session 1: Bone Marrow Structure, Function, and Cell Biology—More Than Just the Basics

Introduction

Acute stresses are typically consequent to foreign body intru-
sion (e.g., puncture wounds), internal injury (e.g., muscle 
strain), or by infection (e.g., bacterial or viral). However, diet-
induced obesity induces a chronic, low-grade, systemic inflam-
matory condition. This chronic inflammatory state has 
far-reaching consequences with long-term health effects, 
including an increased risk of developing high blood pressure, 
heart disease, type 2 diabetes, and many cancers. Immune cells 
comprise white blood cells that originate from the bone mar-
row. Inflammatory cells of the innate immune system include 
monocytes, macrophages, and granulocytes. These cells are a 
part of the myeloid cell lineage that is one of two lineages that 
develop from rare, primitive hematopoietic stem cells (HSCs). 
HSCs are located in the bone marrow and are responsible for 
the formation of all blood cells, a process termed hematopoie-
sis. HSCs proliferate and differentiate when subject to stressed 
conditions to replenish the blood system. Under chronic inflam-
matory conditions, HSCs proliferate and differentiate more 
quickly than they would during steady-state conditions. This 
leads to preemptive HSC pool exhaustion and myeloid-skewed 
hematopoiesis (i.e., myelopoiesis), resulting in the overproduc-
tion of inflammatory cells.1-3

Whereas obesity induces a chronic inflammatory condition 
that promotes myeloid cell development, exercise promotes 

opposing effects. Previous work from our lab showed that exer-
cise reduces myelopoiesis within a high-fat, diet-induced 
(HFD) obesity mouse model, where peripheral monocyte popu-
lations decreased.4-7 These effects were seen independent of 
weight loss, suggesting the effects were specific to exercise. 
Obesity and exercise also have opposing impacts on the bone 
marrow environment. Obesity promotes marrow adipose tissue 
formation that physically replaces the space available for red 
marrow, where hematopoiesis occurs.5 Adipocytes also secrete 
pro-inflammatory cytokines, including tumor necrosis factor-α 
(TNF-α), interleukin-6 (IL-6), and free fatty acids, thereby pro-
moting HSC differentiation into myeloid cells.8 Exercise can 
reverse these effects by offsetting leptin signaling in the mar-
row and promoting HSC quiescence factor signaling through 
leptin receptor-positive (LEPR+) mesenchymal stromal cells.9

The opposing effects obesity and exercise impart on the 
bone marrow environment are consequent to altered intra- and 
intercellular signaling. Most of the literature to date has focused 
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on the role of soluble proteins (i.e., cytokines, growth factors, 
and neurotransmitters) as the language for intercellular com-
munication in the bone marrow.5 Although important insights 
have been derived from these studies, the role of other media-
tors of intercellular communication, such as extracellular vesi-
cles (EVs), has received relatively less attention. EVs are small, 
membrane-bound nanoparticles (<1000 nm) that often contain 
cell-specific cargo, including proteins and microRNAs (miRs). 
When irradiated mouse donor EVs are injected into healthy 
mice, subsequent sample analysis shows hematopoietic injury 
similar to those seen in the irradiated mice.10 Similarly, EV 
injection from healthy donor mice into irradiated mice pro-
motes hematopoietic recovery.11 Furthermore, an emerging 
body of literature has described the EV response to acute exer-
cise and exercise training with these studies, implicating exer-
cise-induced EVs as potential mediators of the systemic effects 
of exercise.12 These data demonstrate a role for EVs in affecting 
HSC activity; however, the role of exercise-induced EVs in 
regulating hematopoiesis has not been previously explored. The 
purpose of this review is to provide an updated overview of the 
current literature describing the role of obesity and exercise on 
hematopoiesis and the bone marrow microenvironment and 
introduce exercise-induced EVs as novel potential mediators of 
these effects.

Obesity and Systemic Inflammation

Obesogenic conditions promote systemic inflammation that 
persists in a chronic, low-grade fashion. During chronic 
caloric excess, adipocytes respond by undergoing hypertro-
phy and hyperplasia.13 Lowered vascular density surrounding 
the enlarged adipocytes can eventually lead to hypoxia and 
increased inflammatory cytokine release (i.e., IL-6 and TNF-
α).14,15 In response to the inflammatory environment, circu-
lating monocytes enter the tissue and differentiate into 
macrophages through C-C chemokine ligand type 2 (CCL2) 
chemokine interactions with its receptor, CCR2, on the 
monocyte cell surface.16,17 Of these macrophages, pro-
inflammatory macrophages (M1) propagate the inflammatory 
condition through IL-6 and TNF-α cytokine release.18,19 
Together, adipocyte and M1 macrophage cytokine release 
promote a positive feedback loop.20,21 Interestingly, adipose 
tissue in lean individuals contains a greater proportion of 
anti-inflammatory macrophages (M2) that act as a mediator 
for resolving inflammation.22 Nevertheless, the chronic low-
grade inflammatory state seen in obesity has far-reaching 
effects on multiple organ systems, where TNF-α and IL-6 
affect nuclear factor kappa B (NF-κB) and Janus kinase-sig-
nal transducer and activator of transcription proteins (JAK-
STAT) signaling.23,24 Chronic inflammation, characterized by 
both an upregulation of pro-inflammatory cytokines and 
overproduction of myeloid lineage cells, including macro-
phages, termed myelopoiesis has detrimental effects on sev-
eral tissues that contribute to the long-term health effects of 
obesity.

Bone Marrow—The Home for 
Hematopoiesis

All erythrocytes, leukocytes, and thrombocytes originate from 
a select set of cells termed HSCs. The majority of these cells 
reside in the bone marrow and represent the most primitive 
cells in the hematopoietic hierarchy.25-28 HSCs were originally 
discovered by Ernest McCullogh and James Till in 1961 by 
their unique capability to self-renew and produce pluripotent 
progenitors.29,30 They make up a rare cell population, account-
ing for approximately 1 in every 10,000 bone marrow cells.30,31

As a foundational cell for the entire blood system, mainte-
nance of HSC genetic and functional integrity is critical for 
proper immune system health. Consequently, HSCs largely 
remain quiescent, with less than 5% activated at a given time.32 
Cell population maintenance occurs through the asymmetric 
division of HSCs, with the division rate occurring once per year 
up to a rate of once every three months.32 This asymmetric divi-
sion gives rise to HSC subpopulations, including long-term 
HSCs (LT-HSCs) that give rise to short-term HSCs (ST-HSCs), 
which further differentiate into multipotent progenitor cells 
(MPPs).33 Of the HSC subpopulations, LT-HSCs have the great-
est self-renewal capacity, and the MPPs the lowest. Conversely, 
LT-HSCs contain the lowest proliferative capacity and MPPs 
the highest. HSCs can be identified through specific cell sur-
face markers. In mice, HSCs can be identified through the pres-
ence or absence of the lineage, Sca-1, and c-kit (LSK) surface 
markers. The LT-HSCs, ST-HSCs, and MPPs can be individu-
ally identified by the signaling lymphocytic activation mole-
cule (SLAM) markers cluster of differentiation 48 (CD48), 
CD150, CD229, and CD244.28 The interplay between these cell 
populations underlies the importance of hematopoietic mainte-
nance throughout the life span, leading to complex bone mar-
row organization, where distinct locations for each cell type can 
be found.34,35

The MPPs are set in a juxtaposition for differentiation into 
either the myeloid or lymphoid lineages. Myeloid cells form 
most blood cell populations, including erythrocytes, megakary-
ocytes, dendritic cells, and cells that form the innate immune 
system (granulocytes, monocytes, and macrophages). Lymphoid 
cells are responsible for adaptive immunity, whose cells include 
T lymphocytes, B lymphocytes, and natural killer (NK) cells.

Bone Marrow—Regulation of 
Hematopoiesis by the HSC Niche

Hematopoiesis is affected by the local tissue microenvironment 
in the bone marrow, termed the HSC niche, where all compo-
nents required for HSC function and regulation are located.36 
The HSC niche is a highly complex organization of many cell 
populations that work together to give rise to all mature blood 
cells. These other cell groups include, but are not limited to, 
mesenchymal stem cells (MSCs), osteoblasts, adipocytes, 
endothelial cells, and mature hematopoietic cells. With respect 
to hematopoiesis, two distinct HSC niches have been described: 



860 Toxicologic Pathology 50(7)

the arteriolar and sinusoidal regions. Quiescent HSCs are found 
in close proximity to arterioles, whereas less-quiescent HSCs 
are found close to sinusoids.37,38

Common secreted factors affecting the HSC pool involve 
complex interplay between C-X-C motif chemokine ligand 4 
(CXCL4), CXCL12, transforming growth factor beta 1 (TGF-
β1), and stem cell factor (SCF).38-41 The MSCs, similar to 
HSCs, are relatively rare cells capable of self-renewal and dif-
ferentiation into chondrocytes, adipocytes, and osteoblasts.42-44 
They are located in the vicinity of arterioles and sinusoids38,45-47 
and can be identified as nestin+, CXCL12-abundant reticular 
(CAR), platelet-derived growth factor receptor-α (PDGFR-α), 
and LEPR+ cells.48,49 The importance of these cells in HSC 
maintenance was shown through the ablation of CXCL12+ 
bone marrow cells in mice, which led to HSC pool and osteo-
genic cell reductions.50,51 Osteoblasts were once thought to play 
a direct role in hematopoietic control, but recent developments 
suggest their role may be indirect.52,53 Unlike osteoblasts, adi-
pocytes appear to directly affect HSC regulation. Adipocytes 
are derived mainly from LEPR+ cells and can alter the HSC 
niche by producing marrow adipose tissue.54 Throughout life, 
progressive marrow adipose tissue accumulation has a demon-
strated effect on lowering hematopoietic activity and bone 
regeneration.55-57 Marrow adipose tissue accumulation nega-
tively affects hematopoiesis through physical replacement of 
red marrow, thereby decreasing the space available for hemato-
poiesis.55 Adipocytes also promote premature HSC exhaustion 
through pro-inflammatory cytokine secretion, including TNF-
α, IL-6, and free fatty acids.8,58,59

Mature leukocytes also influence HSC activity. Macrophages 
can regulate MSC CXCL12 expression through liver X recep-
tor (LXR) when clearing aged neutrophils within the bone mar-
row, thereby promoting HSC retention.60 Neutrophils affect 
osteogenic cells through prostaglandin E2 to reduce HSC 
release from the marrow into the circulation.61 Lymphocytes 

are widely distributed within the HSC niche and appear to play 
several roles in HSC maintenance.62 Natural killer cells may 
play an inhibitory role in HSC differentiation through NK cell-
derived colony-inhibiting activity soluble factor.63 The CD4+ 
regulatory T cells deletion similarly depresses HSC myeloid 
differentiation in addition to reduced HSC colony growth.64 
However, regulatory T cells may also provide a protective 
effect on HSC survival through IL-10.65-67 Finally, endothelial 
cells surrounding sinusoids play a pivotal role in HSC mainte-
nance as Butler and colleagues68 found an expansion of the 
HSC pool following the disruption of vascular endothelial 
growth factor 2 (VEGFR2) and vascular endothelial (VE)-
cadherin-dependent angiogenic signaling both in vivo and in 
vitro through notch signaling. Coculture experiments have fur-
ther demonstrated a promotional effect of arteriolar and sinu-
soidal endothelial cells on HSC maintenance, with arteriolar 
endothelial cells being the major producer of SCF.69 Altogether, 
the HSC niche undergoes complex cell intercommunication to 
control HSC production and differentiation. Exercise and obe-
sity affect this cell communication to induce downstream 
changes in myeloid and lymphoid cell production and, by 
extension, alterations to systemic inflammatory responses.

Bone Marrow—Obesity and Exercise’s 
Effects on Bone Marrow Structure and 
HSC Function
Chronic inflammation, as seen in obesity, has a demonstrated 
role in affecting hematopoiesis, the HSC niche, and circulating 
blood cell populations, whereas exercise opposes these effects 
(Figure 1).5 Chronic inflammatory conditions are linked to mar-
row adipose tissue accumulation and elevated circulating leu-
kocyte content in humans.2 Under obesogenic conditions, these 
leukocytes are predominantly myeloid in origin.3 The observed 
alterations to blood cell populations are consequent to 

Figure 1. Exercise training reverses aberrant myelopoiesis in obesity. In obesity, hematopoietic stem cell (HSC) differentiation skews toward 
myelopoiesis, resulting in an overproduction of pro-inflammatory myeloid lineage cells in circulation and HSC exhaustion. Exercise reverses 
these effects by promoting HSC maintenance and inhibiting aberrant myelopoiesis. Green lines indicate the effects of obesity and red lines 
indicate the effects of exercise. Figure created with BioRender.com.
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upregulated HSC proliferation that can lead to HSC pool 
exhaustion and myeloid cell overproduction.6,70 In mice, 
myeloid skewing has been documented to occur at as early as 6 
weeks following a HFD regimen.71 Within the bone marrow, 
obesity promotes the inflammatory state.72 Even following sub-
sequent weight loss, the chronic inflammatory state placed on 
the HSC niche leads to the accumulation of myeloid progeni-
tors and LT- and ST-HSC depletion.4,73,74 However, exercise 
mitigates these alterations in HSC activity. Circulating HSC 
concentrations have a noted increase following acute and 
endurance exercise training in mice.75-77 These elevations have 
also been observed in healthy, well-trained humans following 
an acute exercise bout.78 In mice, treadmill exercise increases 
bone marrow HSC proportion in healthy mice,79 whereas 
exposing mice to voluntary wheel running did no change in 
bone marrow HSC frequency in healthy mice.9 Discrepant find-
ings in healthy mice may be due to the exercise model used. 
Although voluntary wheel running is generally considered less 
stressful, increases in stress hormones have been observed.80 
Furthermore, given that mice provided with a running wheel 
will run 8 to 15 km/day9 while treadmill exercise allows for a 
translatable dose of exercise to be administered, the treadmill 
exercise intervention is more relevant to human populations. In 
disease models, atherosclerotic mice exposed to a running 
wheel have reduced HSC frequency.9 Similarly, in adults with 
obesity, exercise training reduces the content of inflammatory 
primed-HSCs in circulation.81 Furthermore, exercise training in 
previously obese mice who had undergone weight loss and 
were at increased risk of carcinogenesis restored the HSC fre-
quency to levels in never obese mice.4 Thus, the effects of exer-
cise appear to be dependent on exercise dose and model in 
healthy conditions and to reduce aberrant HSC expansion in 
disease.

Functionally, Baker and colleagues82 reported increased 
HSC colony-forming unit capacity with exercise training. In 
vivo, exercise training does not reduce HSC activity in a trans-
plantation assay79 but improves hematopoietic recovery in 
stress hematopoiesis7 and in response to infection.9,83 
Importantly, this increased hematopoietic activity in exercise-
trained mice in the context of stress hematopoiesis does not 
appear to result in increased risk of hematological malignan-
cies; however, the risk of hematological malignancies is 
increased in experimental models of obesity.84 With respect to 
HSC fate decisions, exercise training induces a notable decrease 
in HSC myeloid-skewing under obesogenic conditions4 and an 
increase in lymphopoiesis.83 Collectively, these results suggest 
that, regardless of the effects of exercise training on HSC con-
tent, exercise training improves the functional capacity of HSCs 
to respond to hematopoietic stress and may restore HSC lineage 
commitment to reverse the inflammatory phenotype in obesity.

New technologies have allowed for dissection of molecular 
alterations induced by exercise that may explain the effects of 
exercise training on hematopoiesis at the single-cell level. 
Using single-cell RNA-sequencing, Liu and colleagues charac-
terized molecular changes in bone marrow, following 5 weeks 
of voluntary wheel running.85 The authors found that HSCs had 

the fewest number of differentially expressed genes in response 
to wheel running, whereas mature monocytes had the greatest 
number and that this effect was diminished in aged animals.85 
Interestingly, a separate study, also using 4-weeks of wheel run-
ning as their exercise model, observed an increase in common 
lymphoid progenitors in aged animals with no effect on HSCs 
or other hematopoietic progenitor cell subsets.86 Perhaps unsur-
prisingly, pathways involved in oxidative phosphorylation were 
among the most upregulated by exercise, whereas cytokine sig-
naling pathways were among the most downregulated.85 These 
findings aligned with cellular analyses, which indicated that 
exercise directs immune cell composition toward an anti-
inflammatory profile.85 Combined, these findings led the 
authors to conclude that wheel running led to anti-inflamma-
tory adaptations in hematopoietic cells.85

Within the HSC niche, chronic elevations of IL-6 and TNF-
α in obesity promote MSC differentiation away from the osteo-
genic lineage and toward the adipogenic lineage, thereby 
enhancing marrow adipose tissue formation.87-89 In a TNF-α 
knockout mouse model, there was an increase in bone density 
and a reduction in marrow adipose tissue despite being on a 
long-term HFD regimen.88,89 There was also a decrease in bone 
density and a tendency toward adipogenic differentiation of 
MSCs with elevated monocyte chemoattractant protein-1 
(MCP-1) content, an inflammatory chemokine that is elevated 
in obesity.90,91 Combined, these results suggest a strong rela-
tionship between the content of pro-inflammatory markers and 
detrimental effects on homeostasis in individuals with obesity. 
Exercise, however, increases bone mineral density and 
decreases marrow adipose tissue formation, even in conditions 
where peroxisome proliferator-activated receptor gamma 
(PPARγ) agonists are provided to promote marrow adipose tis-
sue formation.6 Exercise decreases TNF-α and IL-1β signaling 
in the bone marrow, which may be responsible for mitigated 
marrow adipose tissue formation and increase bone density 
compared with sedentary obesogenic conditions.23 In addition, 
exercise preconditioning of the HSC niche prior to bone mar-
row transplantation accelerates hematopoietic recovery in 
mice92 and perhaps also in humans.93 These effects are due, in 
part, to preservation of the HSC niche (Figure 2).92,94

Several groups have investigated the effects of exercise 
training on the HSC niche. It has been well-established that 
exercise training reduces marrow adipose tissue content.4,6,7 
These effects can be traced back to exercise-induced alterations 
in cell fate decisions of bone marrow-MSCs that favor osteo-
genic over adipogenic differentiation.6,82 Bone marrow-MSCs 
proliferate in response to acute exercise75 and recent work has 
demonstrated that chronic wheel running increased the content 
of osteoprogenitors in the bone marrow of aged mice, whereas 
unloading reduced their content.86 Furthermore, chronic wheel 
running increases the expression of Cxcl12 in LepR+ bone mar-
row-MSCs through reducing leptin release from adipocytes.9 
Recently, Peng and colleagues used a 5-week treadmill exercise 
intervention to determine that exercise training increased osteo-
blast and common lymphoid progenitor cell content.83 
Mechanistically, mechanical stimulation induced by running 
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resulted in reticulocalbin-2 (RCN2) release from bone marrow 
macrophages that stimulated fatty acid release from marrow 
adipocytes that fueled osteogenic and lymphopoietic fate deci-
sions by mesenchymal stromal cells and HSCs, respectively.83 
Collectively, these reports suggest cells within the marrow alter 
their communication in response to obesity- and exercise-
induced stressors. A full understanding of mediators of this cell 
communication within the bone with obesity and exercise, 
however, is lacking.

Extracellular Vesicles—An Overview

First discovered in 1946, EVs were initially thought of as pro-
coagulant particles due to their release from platelets.95 EVs are 
now appreciated to be membrane-bound particles released by 
cells for intercellular communication and waste.96,97 The term 
“EV” is an umbrella term for membrane-bound particles that 
are most commonly referred to as exosomes and microvesicles, 
among other less-commonly used names.97-100 Exosomes are 
small EVs that form within multivesicular endosomes, whereas 
microvesicles are larger than exosomes and are a product of 
direct budding of the cell membrane. To address inconsistent 
nomenclature in the literature, a group of EV experts formed 
the International Society for Extracellular Vesicles (ISEV) 
along with an all-encompassing document in 2014 titled, 
Minimal Information for Studies of Extracellular Vesicles 2014 

(MISEV2014), which outlined rationale for EV isolation rec-
ommendations and established standards that should be met for 
a sound study design.101 These recommendations were updated 
and refined in 2018.99

Challenges remain in identifying EVs from other particles 
due to unknown surface marker characteristics.102,103 Defining 
EV presence in a solution has therefore been commonly attrib-
uted to particle size and ubiquitous protein expression. The first 
step in identifying EV presence is to isolate them from a tissue 
sample. When choosing an EV isolation method, important 
considerations must be made regarding recovery capabilities, 
sample purity, volume, and protocol duration.104 Four isolation 
methods are typically used: ultracentrifugation, immunoaffinity 
capture, ultrafiltration, and precipitation, each with their own 
drawbacks and advantages.104,105 Once isolated, EVs can be 
identified by high-resolution flow cytometry, nanoparticle 
tracking analysis, transmission electron microscopy, and west-
ern blot. Cargo can be analyzed by transcriptomics and pro-
teomics techniques.106

Extracellular Vesicles—Vehicles for Cell-
Cell Communication in the Bone Marrow

The EV release from cells is a highly conserved cell-cell 
communication method that is present in all cells of the 
body.107 Wen and colleagues11 examined the role of bone 

Figure 2. Exercise training remodels the HSC niche. Exercise training reduces marrow adipose tissue and stimulates osteogenic differentiation 
of MSCs. Furthermore, exercise training promotes the expression and release of HSC retention factors (i.e., CxCl12), specifically from LepR+ 
MSCs, and reduces leptin production from peripheral adipose tissue. A relatively unexplored mechanism of the effects of exercise involves the 
release of EVs from other sources that contribute to the restoration of hematopoiesis in obesity. Green lines indicate the effects of exercise 
training. Figure created with BioRender.com. CxCl12, C-X-C motif chemokine ligand; EV, extracellular vesicle; LepR+, leptin receptor-positive; 
MSC, mesenchymal stem cell.
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marrow-derived EVs on irradiated hematopoietic cell injury 
recovery in vitro. Specifically, exosomes, microvesicles, and 
their combination were introduced to murine HSCs following 
irradiation. The microvesicle-exosome collection showed a 
6-fold increase in cell proliferation compared with the vehi-
cle control, suggesting a positive role for EVs in radiation 
injury hematopoietic recovery.11 When observed individu-
ally, exosomes doubled cell proliferation compared with con-
trol, whereas microvesicles quadrupled cell proliferation 
compared with control.11 These results suggest microvesicles 
substantially facilitate hematopoietic cell recovery from 
injury, whereas exosomes have a relatively minor effect on 
recovery. Despite these findings, discriminating possible dif-
ferences between exosome and microvesicle-driven influ-
ences in cell activity across the literature remains a challenge 
due to nomenclature inconsistencies. However, growing evi-
dence suggests EVs can invoke HSC activity alterations, 
which may be useful for understanding disease development 
and creating therapeutic options.107-109

Studies are continually finding that EVs carry cell-specific 
contents originating from the source cell, which may be used to 
understand the influence of specific cell populations on their 
surroundings.110,111 These findings extend to pathological or 
healthy cells.112,113 For example, Haraszti and colleagues110 
examined the surface content and cargo of exosomes and 
microvesicles of U87 glioblastoma cells, Huh7 hepatocellular 
carcinoma cells, and healthy human bone marrow-derived 
MSCs. They found similar proteomes in U87- and Huh7-derived 
EVs, whereas healthy MSC cell-derived EV proteomes were 
significantly different, suggesting cells curate their cargo based 
on internal cues.110 The ability for EVs to bind and release cargo 
into a target cell is dependent upon surface adhesion protein 
expression on both the EVs and the target cells. Understanding 
the interplay between pathological cell EV release, target cell 
adhesion and uptake, and target cell activity alterations will pro-
vide great insight in mitigating or halting negative effects.

Within the context of exercise, EV cargo and release from 
skeletal muscle has been primarily studied with little informa-
tion available for other tissues. In general, exercise alters circu-
lating blood EV content. For example, Whitham and 
colleagues114 showed a single 1-hour cycling exercise bout 
altered circulating EV protein content and increased total circu-
lating EV count, thereby corroborating the findings of others.115 
In muscle-derived EVs, there have been notable alterations to 
EV cargo in response to exercise. For example, miR-486 is 
downregulated in muscle-derived EVs following an acute bout 
of exercise.116 The miR-486 has been linked to promoting ery-
throid cell differentiation, indicating a potential role for exer-
cise-induced EV signaling in affecting distant hematopoietic 
cells.117 Furthermore, downregulated miRNA linked to inhib-
ited mesenchymal stromal cell osteogenic differentiation has 
been observed in circulating blood of rats following exer-
cise,118,119 suggesting that exercise-induced EVs may alter the 
HSC niche. Collectively, these data suggest exercise alters EV 
cargo in a manner that can affect cell activity of distant tissues. 
However, the impacts of exercise on bone marrow-derived EV 

release and cargo, and their role in hematopoiesis, have not 
been directly investigated.

Conclusions and Future Directions

Obesity and exercise have opposing effects on hematopoiesis 
and the bone marrow microenvironment that contributes to 
their divergent effects on health. Obesity skews hematopoie-
sis to favor myelopoiesis, increases marrow adipose tissue, 
creates a pro-inflammatory HSC niche, and impairs HSC 
regenerative potential, whereas these effects are generally 
reversed by exercise. However, the effects of exercise training 
on the HSC niche do not appear to be durable, suggesting that 
consistent participation in exercise training interventions is 
necessary. The role of other signaling factors as regulators of 
hematopoiesis, including but not limited to EVs and their 
cargo, are beginning to be appreciated; however, their role in 
regulating hematopoiesis in the context of obesity and exer-
cise remains understudied. Furthermore, the exercise pre-
scription that can be translated to humans, which induces the 
beneficial effects of exercise on bone marrow remodeling in 
obesity remains unknown. Making progress toward these two 
key gaps in literature will improve both our understanding as 
well as application of exercise training in the context of obe-
sity-associated pathologies.
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