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Abstract

Diabetes is the greatest risk factor for the development of cardiovascular disease, which, in turn, is 

the most prevalent cause of mortality and morbidity in diabetics. These patients have elevations in 

inflammatory monocytes, a factor consistently reported to drive the development of 

atherosclerosis. In preclinical models of both type 1 and type 2 diabetes, studies have 

demonstrated that the increased production and activation of monocytes is driven by enhanced 

myelopoiesis, promoted by factors, including hyperglycemia, impaired cholesterol efflux, and 

inflammasome activation, that affect the proliferation of bone marrow precursor cells. This 

suggests that continued mechanistic investigations of the enhanced myelopoiesis and the 

generation of inflammatory monocytes are timely, from the dual perspectives of understanding 

more deeply the underlying bases of diabetes pathophysiology and identifying therapeutic targets 

to reduce cardiovascular risk in these patients.
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Diabetes and cardiovascular disease

Type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) are both significant 

risk factors for the development of cardiovascular disease (CVD), and CVD is the most 

prevalent cause of mortality and morbidity in diabetic patients.1,2 Over the past 30 years, the 

global burden of diabetes has increased significantly, from 30 million in 1985 to 382 million 
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in 2014, with these numbers expected to rise.3 While the rates of both T1DM and T2DM are 

growing, T2DM, comprising 90% of diabetic cases, has a disproportionately greater 

contribution to the rising prevalence of diabetes. Compared to non-diabetics, the relative risk 

of fatal and nonfatal CVD events in men and women with diabetes are 2- to 3-fold and 3- to 

4-fold higher, respectively.4–6 The mechanisms that contribute to this heightened risk are 

poorly understood. Both T1DM and T2DM are characterized by hyperglycemia, impaired 

insulin secretion, an enhanced inflammatory state, and, often, dyslipidemia and insulin 

resistance, especially in the case of T2DM, but also in some T1DM individuals who become 

obese. Each of these co-morbidities likely contributes to the increased CVD risk observed in 

these patients. Emerging evidence indicates that a primary factor that contributes to the 

development of CVD in diabetic patients is the interplay of hyperglycemia and 

hypercholesterolemia and their impact on the hematopoietic stem and progenitor cells 

(HSPCs) in the bone marrow (BM) niche. Here, we explore the mechanisms of HSPC 

expansion in the setting of diabetes and how myelopoiesis amplifies inflammation and is 

likely a contributor to heightened CVD risk in those with pre-diabetes, T1DM, and T2DM.

Leukocytosis is associated with the prevalence of CVD

Epidemiological studies and clinical evidence suggest that peripheral blood leukocyte 

counts, especially monocyte and neutrophil levels, and their inflammatory status are 

predictive of future CVD risk.7–11 The mechanisms by which leukocytosis promotes 

atherosclerosis development are generally poorly understood; however, preclinical models 

have linked hypocholesteremia to increased levels of circulating monocytes, especially 

inflammatory Ly6-Chi CCR2+ monocytes12,13 and neutrophils.14 These cell types are known 

to enter into plaques and promote lesion progression,12 with additional contributions to 

plaque biology further highlighted by plaque regression studies.15,16 Reductions in plasma 

low-density lipoprotein (LDL) cholesterol levels in humans and mice lead to decreased 

circulating white blood cell counts and retarded atherosclerotic lesion progression, and in 

many cases initiation of plaque regression.17 Both T1DM and T2DM patients have increased 

circulating leukocyte levels and are less responsive to lipid-lowering therapies, factors that 

are likely contributors to impaired regression of atherosclerosis in diabetic patients when 

their plasma lipid levels are controlled.16,18,19 We have used preclinical mouse models in 

which plasma levels of atherogenic lipoproteins were acutely lowered to carry out 

mechanistic studies of atherosclerosis regression.20,21 In these models, diabetic mice show 

markedly impaired regression compared with controls, despite similar plasma lipid 

lowering;16 however, the underlying mechanisms were incompletely defined.

Circulating blood cells are produced via tightly regulated hematopoiesis, a process that 

generates billions of new leukocytes and erythrocytes each day. The classical hematopoietic 

ontogeny has been described as a hierarchical system originating in the hematopoietic stem 

cell (HSC), which differentiates in the bone marrow (BM) into myeloid, lymphoid, and 

erythroid–megakaryocytic lineages. Despite HSCs being a small population in the BM, 

accounting for around 0.01% of cells, they fulfill all characteristics of stem cells (i.e., the 

capacity for self-renewal and the ability to give rise to all types of blood cells). The 

remaining cells in the HSC BM niche are hematopoietic progenitors at various stages of 

maturity, nearly mature blood cells, and cells that provide key regulatory signals in the 
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hematopoietic niche (e.g., macrophages and stromal cells that provide direct or indirect 

binding of stem cells and produce retention factors (e.g., CXCL12), along with 

hematopoietic chemokines, including thrombopoietin (TPO), stem cell factor, and colony-

stimulating factors).

Within the BM, a subset of HSCs resides in a quiescent state for prolonged periods of time, 

a property thought to protect HSCs from functional exhaustion and cellular insults to enable 

lifelong hematopoietic cell production. The cell cycle is characterized by four primary 

phases; G1 (interphase), S (DNA synthesis phase), G2 (interphase), and M (mitosis phase). 

Cells that proceed past the restriction point in the G1 phase enter the S phase, whereas those 

that do not remain undivided. These undivided cells can withdraw from the cell cycle and 

enter the G0 phase, a state in which cells are quiescent or dormant.22 Such non-cycling cells 

in the G0 phase can either reversibly re-enter the cell cycle and divide23 or remain dormant, 

losing the potential to cycle and, in some cases, becoming senescent.24,25 Quiescence is thus 

a property that often characterizes tissue-resident stem cells and allows them to act as a 

dormant reserve that can replenish tissues during homeostasis. The transition from 

quiescence to activation and the mobilization of HSPCs from BM to blood are highly 

regulated by a range of intrinsic factors, extrinsic factors, HSPC receptors, and surrounding 

cells in the niche (Fig. 1).

Mobilization and differentiation of HSPCs in the BM has been traditionally been associated 

with adaptive immune responses, such as bacterial infections, or acute stresses, such as 

myocardial infarction; however, there is increasing appreciation for the role of chronic 

inflammatory stresses as modulators of HSPCs. The role that the BM plays in the etiology of 

metabolic diseases has been largely overlooked. Recent studies, however, suggest that 

pathological changes associated with metabolic dysfunction and inflammation can have 

repercussions on HSPC number and functional properties in the BM and thus, in turn, on 

production of cells released to the peripheral blood.26,27 Mounting evidence demonstrates a 

role for hypercholesterolemia and hyperglycemia as factors that can independently regulate 

HSPC function or alter the phenotype of cells within the BM niche that influence HSPC 

proliferation and maturation.

Myelopoiesis and metabolic disorders

Hypercholesterolemia

Before reviewing myelopoiesis and diabetes, we will review the literature concerning the 

contribution of hypercholesterolemia to myelopoiesis, as much of our understanding of 

myelopoiesis in the setting of diabetes is influenced by studies that first characterized HSPC 

expansion and differentiation in the presence of elevated cholesterol in the setting of CVD.

Classical monocytes, elevated in the hyperglycemic state, are derived from HPSCs in the 

BM. Lineage-restricted differentiation of cells begins after the multipotent HSC stage of 

development. Clonogenic progenitors that specifically differentiate into myeloid lineages are 

referred to as common myeloid progenitors (CMPs), which give rise to both 

megakaryocyte–erythrocyte progenitors (MEPs) and granulocyte–macrophage progenitors 

(GMPs).28 MEPs give rise to all erythroid lineage cells, including megakaryocytes and 
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erythroid cells, whereas the commitment step to GMPs is essential for the development of 

myeloid lineage cells, including granulocytes, monocytes, macrophages, and dendritic 

cells.29 A specific clonogenic macrophage and dendritic cell progenitor (MDP) is essential 

for the production of monocytes.30,31 The development of blood monocytes from these 

progenitors depends on the growth factor macrophage colony-stimulating factor (M-CSF). In 

mice, the egress of classical Ly6-Chi monocytes from the BM to the blood is dependent on 

the C-C chemokine receptor 2 (CCR2) and its ligands monocyte chemoattractant protein-1 

(CCL2) and monocyte chemoattractant protein-3 (CCL7).

Preclinical research into the field of HSCs and chronic inflammatory diseases has provided 

mechanistic insights into monocyte production during diseases, such as atherosclerosis, in 

which hypercholesterolemia is common. Cholesterol homeostasis in HSPCs has been shown 

to be dependent on the cholesterol transporters ATP-binding cassette transporter (ABCA1), 

ATP-binding cassette transporter subfamily G member 1 (ABCG1), scavenger receptor type 

B-1 (SR-B1), and the efflux factor apolipoprotein E (ApoE) on the surface of HSPCs. 

Deficiency of one or more of these receptors can promote HSPC proliferation and 

differentiation in the BM and subsequent leukocytosis in the peripheral blood.32–34 Seminal 

mechanistic work by Yvan-Charvet and colleagues demonstrated that a global knockout of 

ABCA1 and ABCG1 led to cholesterol accumulation in lipid rafts on the membrane of 

HSPCs, leading to increased expression of the β subunit of the IL-3/granulocyte–

macrophage colony-stimulating factor (GM-CSF) receptor and enhanced proliferative 

responses to IL-3 and GM-CSF.34

In support of this cholesterol-dependent mechanism for HSPC proliferation, Murphy et al. 
found that deficiency of ApoE, a known positive regulator of cholesterol efflux, also resulted 

in increased membrane cholesterol accumulation and increased expression of the receptor 

for IL-3 and GM-CSF on HSPCs.32 Additionally, Gao et al. found that SR-B1 deficiency 

increased the number and proliferative capacity of HSPCs and of monocyte and macrophage 

progenitors in mice on a high-fat diet (HFD).33 In each of these cases, HSPC proliferation 

associated with deficiency of ABCA1, ABCG1, SR-B1, or ApoE could be restored to basal 

levels by providing cholesterol efflux factors apolipoprotein A-I (ApoA-I) or high-density 

lipoprotein (HDL), which at high levels can unload cells of cholesterol in a transporter-

independent manner, demonstrating the importance of cholesterol homeostasis to the 

maintenance of HSPC quiescence. A mechanism was identified by Murphy et al.35 in 

ABCG4-deficient mice that present with thrombopoiesis. Following TPO binding to its 

receptor c-MPL, there was a failure to activate the E3-ubiquitin ligase c-CBL, key in 

targeting c-MPL for degradation, likely due to a trapping of the upstream LYN kinase in the 

cholesterol-rich plasma membrane. Importantly, this defect could be overcome by 

modulating cellular cholesterol levels.

Hypercholesterolemia has also been reported to increase HSPC proliferation by epigenetic 

regulation of pathways associated with cell proliferation.36 In an atherosclerotic model with 

Ldlr−/− mice, Seijkens and colleagues found that hypercholesterolemia induced loss of 

HSPC quiescence and suppressed expression of retinoblastoma protein (Rb). Rb is a tumor 

suppressor protein that plays an essential role in the regulation of cell cycle growth and is 

expressed in HSPC populations to control proliferation and differentiation by inhibiting cell 
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cycle progression and maintaining HSC quiescence.37 When compared to HSPCs from 

normocholesterolemic mice, HSPCs from hypercholesterolemic mice had increased 

expression of genes that directly modulate HSPC proliferation, namely cyclins B1, C1, and 

D1. In competitive BM transplantation studies, they elegantly demonstrated that the 

hypercholesterolemic environment primes HSPCs for activation and skews their 

development toward myeloid lineages. Transplantation of hypercholesterolemia-primed 

HSPCs in a normocholesterolemic environment resulted in the increased generation of 

granulocytes and Ly6-Chi monocytes and promoted atherosclerosis development.36

The generation of reactive oxygen species (ROS) within the BM niche is also hypothesized 

to be a contributing factor to HSPC expansion under conditions of hypercholesterolemia. 

Under basal conditions, the hypoxic BM microenvironment is responsible for low ROS 

production in HSPCs, which is a significant contributing factor to the maintenance of HSPC 

quiescence and self-renewal, but not differentiation.38 Hypercholesterolemia causes 

increased ROS production in HSPCs,39 and hypercholesterolemia-induced HSPC expansion 

has been shown to be suppressed by treatment of mice with the ROS scavenger N-acetyl-L-

cysteine (NAC). In the absence of changes to a hyperlipidemic plasma profile, NAC 

treatment suppresses HSPC proliferation, leukocytosis, and atherosclerosis progression in 

Srb1 knockout and Ldlr Apoa1 double-knockout mice.33

Overall, these studies highlight the interplay between hypercholesterolemia and ROS to 

promote HSPC hyperproliferation and differentiation and the subsequent generation of 

monocytes.

Diabetes

T1DM

Elevated white blood cell counts have been observed clinically in obese prediabetic and 

diabetic patients, as well as in mouse models of these diseases.40–47 Changes to the 

hematopoietic environment in patients with T1DM, T2DM, and obesity may be a unifying 

factor in each of these conditions, leading to the expansion and differentiation of HSPCs and 

subsequent leukocytosis. Diabetes-mediated changes to BM-derived progenitors implicated 

in maintaining cardiovascular homeostasis may also be a bridging mechanism linking 

diabetes to heightened CVD risk.

Preclinical studies performed by our lab in collaboration with others have attempted to 

identify the origin of leukocytosis in both diabetes and obesity and its contribution to CVD. 

Wild-type (C57Bl/6) mice, even when on an atherogenic diet, do not develop complex 

atherosclerotic plaques; thus, to study CVD in the context of diabetes, it is necessary to use 

atherogenic mouse models. The two most common models used for CVD research are the 

LDL receptor–deficient mouse (Ldlr−/−) and the ApoE-deficient mouse (Ldlr−/−),48–50 each 

deficient in a factor important for the clearance of cholesterol and triglyceride-rich 

lipoprotein particles. Ldlr−/− and Ldlr−/− mice develop complex plaques with hallmarks 

common to advanced human lesions (foam cells, necrotic cores, and the accumulation of 

smooth muscle cells), with the exception of fibrous cap thinning and spontaneous plaque 

rupture.51 When these models are made diabetic, atherosclerosis progression is typically 
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accelerated, but the plaques still do not rupture. Wild-type C57BL/6 mice have low total 

plasma cholesterol levels, with the majority carried on HDL particles. When compared to 

C57Bl/6 mice, the lipoprotein profile of Ldlr−/− and Ldlr−/− mice is more similar to that of 

humans in that most of the plasma cholesterol is carried on non-HDL particles 

(chylomicrons, very-low-density lipoprotein (VLDL) and LDL particles).52 Furthermore, 

when diabetes is induced in these models, there is a change to their lipoprotein profiles 

similar to that observed in diabetic patients: high plasma triglycerides, low HDL, and 

increased small, dense LDL particles.53 However, it is important to note that no current 

mouse model accurately reflects all components of human T1DM and T2DM.

In a mouse model of T1DM, we first showed that hyperglycemia impaired atherosclerosis 

regression,16 consistent with the clinical finding that the CVD risk of diabetics does not 

decrease as much as expected from lipid lowering. To explore whether this was related to 

leukocytosis, we then established that T1DM mice, like patients, exhibit this phenotype. We 

found the leukocytosis to be driven by the neutrophil-derived S100A8/A9 calgranulin 

heterodimer, an inflammatory factor previously identified to be upregulated in diabetic 

mice.16 Among other receptors, S100A8/A9 is a ligand for the receptor for advanced 

glycation end products (RAGE). The stimulation of RAGE on CMPs and macrophages in 

the BM mediated activation of the transcription factor NF-κB, and induced M-CSF and GM-

CSF production. These cytokines are known to mediate both CMP and GMP proliferation 

and subsequent leukocytosis.15

Notably, the increased production of neutrophil S100A8/A9 and the ensuing monocytosis 

was dependent on hyperglycemia. Reduction of hyperglycemia by blocking renal glucose 

reabsorption with a sodium–glucose cotransporter 2 (SGLT2) inhibitor, a clinically approved 

intervention for diabetic patients,54 reduced myelopoiesis, and monocytosis in diabetic 

mice.15 With regard to our original observations on atherosclerosis regression,16 

hyperglycemia-induced monocytosis was also found to be a significant factor in the impaired 

regression in diabetic mice, as, during the lipid-lowering phase, there was a relative increase 

in entry of inflammatory Ly6-Chi monocytes into the plaques of diabetic mice. Both the 

monocytosis and the increased entry were reversed by reducing hyperglycemia with SGLT2 

inhibitor treatment, thereby improving regression. This may represent the clinical scenario in 

diabetics whereby lipid reduction therapies are less efficacious in stabilizing pre-existing 

plaques.18,19

Additionally, we recently found that the T1DM milieu suppresses the expression of the 

cholesterol transporters ABCA1 and ABCG1 on GMP and CMP populations within the 

BM.55 This reduction is akin to ABCA1 and ABCG1 reduction on circulating monocytes 

and macrophages from diabetic patients.56–58 Given that studies in normoglycemic mice 

indicate that these ABC factors play critical roles in the regulation of HSPC expansion and 

proliferation,34 we assessed the feasibility and outcome of restoring their expression. 

MicroRNA (miR)-33 is a negative regulator of ABCA1 and ABCG1, and antagonism of this 

miR leads to the upregulation of these targets.59 We found that the restoration of Abca1 and 

Abcg1 expression on CMPs and GMPs in diabetic mice corrects the increased 

hematopoiesis in diabetic mice.55 As a consequence, miR-33 antagonism also reduces 

diabetes-mediated circulating leukocytosis and promotes regression of atherosclerotic 
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lesions after lipid lowering, as inhibition suppresses the production and abundance of 

inflammatory Ly6-Chi monocytes, resulting in decreased entry of these cells into the 

plaques.

The suppression of leukocytosis in diabetic mice by antagonism of miR-33 may, however be 

multifaceted, given the multiple in vivo targets and the fact that miR-33 has been linked to 

an increase in plasma membrane lipid rafts and enhancement of TLR signaling in 

macrophages.60 Unpublished work from our laboratory has also shown that overexpression 

or infusion of ApoA-I can restore myelopoiesis in diabetic mice to that of control 

nondiabetic mice, highlighting the likely dependence of impaired cholesterol efflux in BM 

precursors to heightened hematopoiesis in the setting of diabetes. Relevant to this is the 

recent work by Daffu and co-workers linking the RAGE signaling axis with the suppression 

of macrophage ABCA1/ABCG1 expression in the setting of diabetes.61 In vivo macrophage 

reverse cholesterol transport (RCT) studies reveal that diabetes significantly impairs this 

process; however, efflux is restored when the RAGE gene is deleted.61 Given that RAGE is 

expressed on monocyte progenitors and macrophages in the BM, this new study supports the 

hypothesis that diabetes-associated leukocytosis is, in part, due to impaired cholesterol 

efflux within the BM niche, and attempts to correct myelopoiesis to basal levels by elevating 

the availability of efflux factors merit further research. Furthermore, in diabetic mice, the 

downregulation of ABCA1/ABCG1 leads to lower levels of the major cholesterol efflux 

factor HDL in diabetic mice, which can be corrected by deletion of the RAGE gene.61 

Impaired cholesterol efflux by virtue of reduced HDL levels and the generation of 

dysfunctional HDL in diabetic patients have also been repeatedly observed clinically62,63 

and represents a yet to be explored mechanism for increased myelopoiesis in diabetic 

patients.

T2DM and obesity

Obesity-associated inflammation is widely regarded as one of the major factors driving 

insulin resistance (IR) and the onset of T2DM. There are strong associations between 

obesity, T2DM, and leukocytosis,43,45 and clinical evidence indicates that obesity can have 

profound impacts on the BM niche.27 Preclinical studies from our lab and others indicate 

that metabolic diseases and obesity are also associated with an increased production of 

HSPCs and provide, in part, contributory mechanistic insight into the elevated white blood 

cell counts in individuals with various metabolic disorders. For example, in a mouse model 

of obesity, we found that chronically inflamed visceral adipose tissue (VAT) can signal to 

BM HSPCs to proliferate, expand, and increase the production of myeloid cells.64 Similar to 

the situation in T1DM, we find that S100A8/A9 plays a critical role in the maintenance of 

hyperproliferative HSPCs. In this case, the details diverge, in that our findings are consistent 

with a mechanism whereby S100A8/A9 induces adipose tissue macrophage (ATM) Toll-like 

receptor 4 (TLR4)/MyD88 signaling to induce the expression of the IL-1β gene, which is 

then processed by the NLRP3 inflammasome to produce mature IL-1β. The IL-1β then 

travels to the BM to induce the proliferation of hematopoietic progenitor cells via IL-1R, 

ultimately resulting in monocytosis and neutrophila.64
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Activation of NLRP3 under diabetic conditions is not restricted to murine macrophages. In 

the porcine model of diabetic atherosclerosis, Cohen et al. demonstrated that cleavage 

processing of sterol regulatory element binding (SREBP)-1 and SREBP-2 and expression of 

their target genes were increased in infiltrating macrophages of both fatty streaks and of 

advanced lesions with fibrous caps, necrotic cores, and cholesterol crystals.65 Furthermore, 

NLRP3 activation has been found to not be restricted to plaque macrophages, as endothelial 

cells and smooth muscle cells from advanced lesions have transcriptomic upregulation of 

NLRP3 mediated by increased SREBP-1a expression. These changes were also observed in 

coronary atherosclerosis samples from diabetic human patients.66 In diabetic patients, IL-1β 
has been implicated as an effector molecule of inflammatory β cell destruction in the 

pancreas, leading to apoptosis and inhibition of their insulin-producing function.67,68 

Antagonism of the IL-1β receptor has been shown to protect human β cells from glucose-

induced impairment and apoptosis.68 A recent clinical trial using the IL-1β receptor 

antagonist Anakin improved glycemic control in T2DM patients, which is hypothesized to 

be due to enhanced β cell secretory function.69 In contrast to the T1DM model, glucose 

reduction failed to correct leukocytosis, confirming that a different process drives leukocyte 

production in this model of obesity/T2DM.15

An alternate mechanism for changes to leukocyte production in patients with T2DM or 

obesity may be associated with modifications to the microbiome. Obese mice and humans 

display microbiota alterations and low-grade inflammation,70 and such changes may 

modulate functional properties of the hematopoietic system and the immune cell function in 

tissues.71 A recent study by Luo and colleagues explored the possibility that the microbiota 

from obese mice could regulate HSC differentiation by altering the BM niche.72 To assess 

the effect of a high-calorie diet on HSPCs, mice were fed a high-fat diet (HFD) for 6 weeks. 

They found that those on a high-calorie diet had an increased abundance of HSCs in the BM 

compartment and that there was a shift in their differentiation pattern to favor the myeloid 

lineage at the expense of the lymphoid lineage. An increase in CMPs and a decrease in 

common lymphoid progenitor cells were observed. This shift was mediated by changes to 

the cell types located within the BM—mesenchymal stem cells, osteoblasts, and adipocytes

—which were all more abundant as a result of increased Gram-positive bacteria in the 

microbiome following the HFD. In a similar model of HFD feeding, obesity was shown to 

alter the BM, leading to an expansion of the HSC population and increased production of 

myeloid precursors (GMPs), which promoted the production of proinflammatory 

macrophages.73 In both studies, the authors found that the quantitative expansion of HSCs is 

reversible upon termination of HFD exposure; however, Singer et al found that the increased 

capacity of HSCs to generate activated myeloid cells is sustained upon change of diet.73 

This suggests that obesity may have long-term effects on inflammatory responses by altering 

HSC and HSPC function at an epigenetic level, or more likely that IL-1β from the obese 

VAT is the main driver of monocytosis in diabetes.

Epigenetic modifications have been documented in inflammation and have been shown to 

regulate downstream immune mediator expression in monocyte-derived macrophages.74 

Diabetic conditions elicit epigenetic changes in a variety of cell types, including HSPC BM-

derived monocytes and macrophages.75,76 Epigenetic changes to the cells within the BM 

during diabetes are likely an additional mechanism by which it promotes the inflammatory 
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status of BM-derived monocytes and macrophages isolated from diabetic plaques, 

contributing to enhanced CVD.77 In a model of insulin resistance, Gallagher et al. found that 

a repressive histone methylation mark (H3K27me3) is decreased at the promoter of the 

IL-12 gene in BM progenitors, and this epigenetic signature is passed down to 

macrophages.77 Macrophages can be broadly separated into two major phenotypes: activated 

(M1) or proresolving (M2). In preclinical models of diabetes, macrophages isolated from 

atherosclerotic plaques are predominantly of the M1 subset, which is in contrast to 

macrophages isolated from nondiabetic atherosclerotic lesions,15,16,55 and the enrichment in 

M2 characteristics we typically observe in regressing plaques78 is also not observed.16

In contrast to these studies, however, is a recent publication in which HFD feeding of mice 

leads to a shift of HSPCs from quiescent to differentiating; this loss of self-renewing 

characteristics and decrease in proliferation results in impaired multilineage reconstitution.79 

Similar to other studies, the authors find that HFD feeding induces leukocytosis; however, 

they report that HFD feeding induces long-term alterations in the hematopoietic system, 

including losses of stemness and self-renewal, which may result in a depletion of the most 

primitive HSPCs. Given that the diets differed in terms of carbohydrate and fat content 

between the studies, the contribution of each of the macronutrients to the divergent finding 

on HSPC maintenance and myelopoiesis would be interesting modifiers to explore.

Glucose flux: an emerging concept as a contributor to diabetes-mediated myeloid 
expansion

Postprandial glucose. While tight glycemic control has been demonstrated to reduce the risk 

of future cardiovascular events in young patients with T1DM (DCCT/EDIC),80 for patients 

greater than 45 years old with childhood-onset T1DM, the risk of developing CVD is 

significantly increased when compared with those without diabetes.2 Furthermore, when 

T1DM patients who had on-target glycemic control were matched with appropriate age and 

sex controls, their risk of death from any cause and the risk of death from CVD were twice 

that of the general population.81 In T2DM patients, hyperglycemia is the principal risk factor 

for microvascular complications; however, it represents a weak risk factor the for the 

development of CVD, and interventional studies that have focused on reducing plasma 

glucose in T2DM only report minor improvement to CVD risk.82 In one trial (EMPA-REG 

OUTCOME) in which there was significant improvement, this was mainly related to heart 

failure, suggesting unanticipated, potentially non-glycemic effects of the drug.83

In contrast to the relative paucity of evidence for hyperglycemia as a CVD risk factor, there 

is accumulating evidence that blood glucose variability contributes to chronic complications, 

including cardiovascular complications, in prediabetic and diabetic patients.84–86 Individuals 

with impaired glucose tolerance, the hallmark of prediabetes, are reported to have elevated 

white blood cell counts,45 and repetitive fluctuations in blood glucose or glucose excursions 

have been shown to activate monocytes and enhance monocyte adhesion to 

endothelium.87–89 Furthermore, recent epidemiological data have suggested postprandial 

hyperglycemia as a risk factor for atherosclerotic disease90–92 and a contributor to plaque 

rupture.93.94 A recent study in mice showed that repetitive glucose spikes can accelerate 

atherosclerotic lesion progression; however, the molecular mechanisms associated with these 
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observations were not explored.95 However, given clinical evidence that glucose fluctuations 

are positively associated with classical (i.e., inflammation-prone) CD14brightCD16+ 

monocytes, underlying changes to HSCs in the BM may be a significant contributor.94

Cellular uptake of glucose. To date, the majority of research assessing the effect of either 

hyperglycemia or hypercholesterolemia has focused on elucidating the roles of cytokines 

and the microenvironment in the proliferation, mobilization, and commitment of HSPCs in 

diabetic and atherosclerotic models. However, recent studies indicate that intracellular 

glucose metabolism may be a significant contributor to myeloid cell activation under acute 

and chronic settings96,97 and that glucose transporter 1 (GLUT1) may play a role.

A recent study by Sarrazy and colleagues considered the importance of HSPC metabolism 

on their function, specifically of GLUT1, which may of significance in the context of 

diabetes or metabolic disorders.98 The role of GLUT1 was assessed given clinical evidence 

that glucose utilization can determine HSC myeloid lineage commitment99,100 and that 

mouse studies indicate that HSC bioenergies can influence their stemness.101,102 The 

authors found that, by reducing the expression of GLUT1 in BM cells via BM transplant 

studies, expansion of HSCs in hypercholesterolemic mice is limited. Deficiencies in GLUT1 

inhibit the activation of the β subunit of the IL-3/GM-CSF receptor on HSPCs in the BM, 

thereby reducing glucose utilization by the mitochondria. This reduction in glucose use was 

found to not only reduce HSPC proliferation and differentiation but also to lead to a 

resultant decrease in macrophage activation and a reduction in atherosclerosis in mice.98 

Furthermore, increased glycolysis induced by overexpression of GLUT1 promotes 

inflammatory cytokine secretion;103 however, in a mouse model of atherosclerosis, increased 

glucose uptake by myeloid cells did not affect the development of atherosclerosis.104 This 

result is perhaps not surprising given the relatively high expression of GLUT1 on myeloid 

cells and the fact that the enzymes in the downstream metabolic pathways are rate limiting. 

The relevance of these findings has yet to be determined in the setting of diabetes, although, 

given that cellular glucose flux can change the physiological role and phenotype of cells 

under the condition of hyperglycemia, this study potentially provides a new mechanism for 

myeloproliferation in situations of inadequately controlled glycaemia.

Concluding remarks

Hypercholesterolemia and hyperglycemia both promote leukocytosis, particularly of 

neutrophils and monocytes. As reviewed above, there are both overlapping and distinct 

mechanisms for this at the BM level. The monocytosis directly contributes to adverse effects 

in atherosclerosis by promoting leukocyte entry into plaques.

Our mechanistic studies have recently focused on the diabetic state in which leukocytosis is 

conserved between the clinical and preclinical situations. Preclinical evidence demonstrates 

that diabetes promotes the mobilization and differentiation of HSPCs in the BM, and this 

process represents a major contributor to diabetes-mediated leukocytosis. The process by 

which myeloproliferation occurs appears to be multifaceted and may be dependent on the 

type of diabetes (i.e., T1DM or T2DM) and additional risk factors (e.g., hypercholesteromia, 

obesity, insulin resistance) (Fig. 2). In preclinical models, persistent or transient elevations in 

Barrett et al. Page 10

Ann N Y Acad Sci. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glucose are consistent drivers of HSPC expansion and proliferation, mediated by changes to 

factors that regulate cell quiescence and proliferation. Furthermore, emerging evidence 

indicates that epigenetic mechanisms or metabolic memory may permanently alter the 

functionality and inflammatory status of HSCs in diabetic patients whose glucose levels are 

inadequately controlled.105–107

Studies in healthy and diabetic human populations have attempted to establish the direct 

relevance of the preclinical mouse studies. Peripheral blood CD34+ cells (predominantly 

HSCs and a small subset of endothelial progenitor cells) are often used in clinical studies as 

a marker of stem cell mobilization or proliferation. In healthy individuals, a mild elevation 

of circulating CD34+ progenitor cells, considered to be a reflection of HSPC expansion, is 

associated with adiposity and future metabolic deterioration in healthy individuals.108 

However, diabetes has been associated with poor mobilization of CD34+ cells from the BM, 

with decreased circulating levels positively associated with adverse CVD outcomes.109–111 

Because diabetes causes sympathetic neuropathy in the BM,111 this is likely to prevent HSC 

release, making the level of circulating CD34+ cells an unreliable marker of HSPC 

expansion. Furthermore, we have discovered in preclinical models that HSCs are largely 

unaffected, making their circulating levels not relevant.

Despite the need for improved diagnostic markers to bridge the preclinical mechanisms to 

the clinical arena, the concordance of the changes in circulating leukocyte populations in 

diabetic mice and humans, nevertheless, strongly (and indirectly) suggests that both 

enhanced myelopoiesis and elevated inflammatory status are plausible explanations for the 

heightened risk of CVD in diabetic patients. Further investigations in both species will likely 

amplify the connections and clarify the relationships between the mouse and human 

findings, thereby ultimately pointing to new therapeutic strategies.
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Figure 1. 
Circulating blood cells are produced via tightly regulated hematopoiesis. Before entry into 

the cell cycle, a subset of BM hematopoietic stem cells (HSCs) reside in a quiescent state 

(G0). The transition from quiescence to activation (long-term (LT) HSC) to intermediate 

(IT), and short term (ST) HSCs is a highly regulated process. Lineage-restricted 

differentiation of cells begins after the multipotent HSC stage of development. Clonogenic 

progenitors that specifically differentiate into myeloid lineages are referred to as common 

myeloid progenitors (CMPs), which give rise to both megakaryocyte-erythrocyte progenitors 

(MEPs) and granulocyte–macrophage progenitors (GMPs). MEPs give rise to all erythoid-

lineage cells, including megakaryocytes and erythroid cells, whereas the commitment step to 

GMPs is essential for the development of myeloid-lineage cells, including granulocytes, 

monocytes, macrophages, and dendritic cells. A specific macrophage and dendritic cell 

progenitor (MDP) is essential for the production of monocytes.
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Figure 2. 
Diabetes-mediated effects on myeloid progenitors and their consequences. In the setting of 

hyperglycemia, plasma levels of S100A8/A9 increase. In the bone marrow, this provides 

more S100A8/A9 to interact with RAGE on the surface of macrophages and common 

myeloid progenitors (CMPs), triggering the production of M-CSF and GM-CSF and 

increasing CMP and granulocyte–macrophage progenitors (GMPs). This subsequently 

accelerates the production of monocytes and neutrophils. In the setting of obesity and insulin 

resistance, S100A8/A9 interacts with TLR4 on adipose tissue macrophages and induces 

IL-1β production. Mature IL-1β then travels to the bone marrow and binds the IL-1 receptor 

on CMPs and GMPs, stimulating myelopoiesis. Both pathways result in the circulation of 

inflammation-prone monocytes (in mice, the Ly6-Chi subset), which enter the plaque in 

greater numbers and become macrophages. The glucose transporter GLUT1 may be a novel 

regulator of myelopoiesis in the diabetic state via reducing glucose utilization by 

hematopoietic stem and progenitor cells, thereby suppressing their proliferation and 

differentiation.
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