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Summary

Endothelial injury is a characteristic finding in chronic kidney disease and is associated with both 

markedly increased cardiovascular risk and chronic kidney disease progression. The past decade 

has seen a remarkable surge of interest in the role of bone marrow– derived cells for the 

protection, repair, and regeneration of injured endothelium. In particular, despite controversies 

regarding their mechanisms of action, endothelial progenitor cells have garnered considerable 

attention, with multiple reports suggesting that these cells exhibit remarkable pro-angiogenic 

effects. Recent advances in our understanding of how the bone marrow responds to endothelial 

injury now suggest that multiple bone marrow cell populations, including both endothelial 

progenitor cells and a novel group of cells called early outgrowth cells, promote endothelial repair 

and regeneration through different, yet complementary, mechanisms. Moreover, certain subsets of 

bone marrow– derived cells also appear to have novel, potent, angiogenesis-independent tissue-

protective properties. The bone marrow should thus now be viewed not only as a hematopoiesis 

organ, but also as a rich reservoir of cells capable of protecting and even regenerating 

nonhematopoietic tissues such as the kidney. To harness the prognostic and therapeutic potential of 

the bone marrow, the renal community must be aware of recent advances in our understanding of 

the nature and therapeutic potential of these cells.
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Chronic kidney disease (CKD) is a major cause of hospitalization, premature death, and 

impaired quality of life.1 Despite its increasing prevalence and associated disease burden, 

the mechanisms underlying CKD progression and its complications are still being worked 

out. It increasingly has become recognized that the endothelium plays an important role in 

maintaining homeostasis of not only the cardiovascular system but also the normal 

functioning kidney. Indeed, damage and dysfunction of the endothelium has been associated 
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with not only increased cardiovascular risk, but also with acute renal injury2 and progression 

of chronic kidney disease.3 The shared effects of endothelial dysfunction on cardiovascular 

and renal health suggest a central role for endothelial disease as a mediator of both kidney 

damage and cardiovascular injury.

In 1997, Asahara et al4 described a population of bone marrow– derived angiogenic cells 

that had the ability to regenerate new blood vessels in ischemic tissue. They called these 

cells “endothelial progenitor cells” (EPCs), sparking a wave of interest in bone marrow 

progenitor cell populations that had the ability to replace injured or lost endothelial cells. 

This seminal report was followed by reports of benefit using both endogenous and 

exogenously administered bone marrow– derived cells (BMDCs) in various ischemic disease 

models, such as myocardial infarction,5–8 peripheral arterial disease,9,10 pulmonary 

hypertension,11 and ischemia-reperfusion renal injury.12 In all these reports, BMDC therapy 

appeared to enhance neovascularization of ischemic tissue, reduce tissue damage, and 

preserve organ function. Investigators focused on the ability of BMDCs to engraft and trans-

differentiate into resident endothelial cells in ischemic organs, a process termed 

vasculogenesis and reminiscent of embryonic vascular development. Given the importance 

of microvascular damage in mediating the progression of renal injury and the pathogenesis 

of the vascular injury associated with CKD, these reports suggested a possible new tool in 

the treatment of CKD and its vascular complications.

Because many different BMDC populations with tissue-protective properties have been 

described to date, a comprehensive discussion of all such cells is beyond the scope of this 

review. This article therefore aims to critically re-examine the EPC literature from a renal 

perspective, highlighting more recent advances that have shed light on bone marrow– 

derived cells with angiogenic properties that are relevant for the renal research community.

ENDOTHELIAL PROGENITOR CELLS AS A NOVEL CELL POPULATION 

THAT DIRECTLY REGENERATE THE INJURED OR LOST ENDOTHELIUM: 

THE ENGRAFTMENT HYPOTHESIS

The initial report by Asahara et al4 described the existence of adult bone marrow–derived 

cells that had the ability to contribute to new vessel formation in ischemic tissue. In support 

of their claim that these cells were endothelial progenitor cells, they found that these cells 

expressed genes that are expressed in mature endothelium, and at least a portion of the cells 

appeared to incorporate into vessels along the inner lining as one would expect of mature 

endothelial cells. Importantly, these cells improved blood flow to the ischemic leg of mice 

with surgically induced limb ischemia following intracardiac cell infusion.9 Hints also came 

from the work of others, as a host of studies showed that bone marrow–derived cells 

appeared to contribute to endothelialization of left ventricular assist devices13 and to 

neovascularization of other ischemic tissues, such as the infarcted heart,5–8 the ischemic 

retina,14 and the ischemic brain.15 In the kidney, bone marrow–derived cells were shown to 

accelerate endothelial cell recovery in a model of Thy1 nephritis,16 and to maintain capillary 

density in a model of unilateral renal artery stenosis.17 We and other groups also have shown 
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that bone marrow– derived cells could be used to attenuate the glomerular and peritubular 

capillary rarefaction that occurs in experimental chronic kidney disease.18–20

Mechanistic studies also began to tease out the manner in which these cells are mobilized 

from the bone marrow and subsequently home to areas of ischemia. Angiogenic chemokines 

such as vascular endothelial growth factor-A (VEGF-A) and stromal cell–derived factor-1α 
were shown to activate bone marrow cell mobilization through matrix metalloproteinase–

dependent mechanisms.21–23 Moreover, these same chemokines, the expression of which is 

regulated by ischemia through stabilization of hypoxia-inducible factor 1α,24,25 also were 

shown to play critical roles in attracting mobilized bone marrow-derived cells to sites of 

ischemia and vascular injury.26 Accordingly, exogenous delivery of stromal cell– derived 

factor-1, either via plasmid-mediated gene transfer27 or via direct protein injection,28 

enhanced bone marrow cell–mediated vasculogenesis in models of ischemic peripheral 

vascular disease. Similarly, ectopic up-regulation of VEGF-A in either the liver or the heart 

efficiently recruited bone marrow–derived cells that promote neo-vascularization.26

These reports lead to the theory that a bone marrow–based population of EPCs responds to 

ischemic stimuli by migrating from the bone marrow to areas of ischemia, after which they 

transdifferentiate into mature endothelial cells, either replacing injured cells, or even 

forming new vessels through vasculogenesis.4 The resulting progeny endothelial cells were 

thought to help maintain perfusion to the ischemic tissue, leading to improvements in 

structure and function.

PROBLEMS WITH THE ENGRAFTMENT HYPOTHESIS

Despite the excitement generated by these reports, lingering concerns have persisted 

regarding the mechanisms by which these so-called EPCs mediated their benefits. Careful 

review of the literature revealed a growing discrepancy between the consistent and often 

dramatic structural and functional benefits seen with bone marrow cell–based therapies, and 

the highly variable retention rates of these cells in the injured organs being targeted, with 

reports ranging from 0% to 80% retention.29,30 Moreover, careful tracking studies of either 

exogenously infused cells or endogenous bone marrow– derived cells questioned whether 

retained cells actually could be found in significant numbers lining the inner wall of blood 

vessels.31–34 Indeed, these studies showed that recruited bone marrow– derived cells were 

located more commonly in perivascular areas rather than in an intraluminal location.31–35 

Along similar lines, it was recognized that expression of proteins characteristic of 

endothelial cells such as VEGF receptor-2 or CD31 (platelet and endothelial cell adhesion 

molecule-1) does not necessarily infer transdifferentiation into mature functional endothelial 

cells.31,36

NOT ALL EPCs ARE EPCs

The earlier-described studies raised important questions regarding how precisely to define 

what an endothelial progenitor cell is. In the strictest sense, an EPC must have the ability to 

self-renew, and also must give rise to progeny endothelial cells that can form a functional 

endothelium in vivo.36 Although multiple bone marrow–derived cell populations can exert 
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potent pro-angiogenic effects both in vitro and in vivo,36,37 how these cells promote new 

endothelial formation is a critical issue with important mechanistic and therapeutic 

implications. Cells that are recruited to areas of ischemia and that promote local 

neovascularization, but do not engraft as endothelial cells themselves, are not true EPCs 

because they do not give rise to progeny endothelium. Likewise, by this definition, cells that 

are not found in significant numbers in ischemic tissue despite a profound 

neovascularization response also should not be termed EPCs. To add to the complexity of 

this issue, the cell populations being studied often are heterogeneous groups of cells, the 

cellular constituents of which may play different, yet complementary, roles in promoting 

neovascularization.

With these issues in mind, despite the fact that many bone marrow– derived cell populations 

induce potent angiogenic and tissue-protective responses, very few of them truly qualify as 

EPCs. Further complicating matters, various groups studying EPCs have assigned them 

different names in the literature, identifying them variously as “late outgrowth EPCs,”38 

“blood outgrowth endothelial cells,”39 or “endothelial colony forming cells.”40,41 

Importantly, because no unique identifying cell surface markers have yet been described to 

identify these cell populations, these cells have been defined jointly by the culture 

techniques used for their generation, and their ability to incorporate into endothelial 

networks both in vitro and in vivo.36 In short, late outgrowth EPCs, blood outgrowth 

endothelial cells, and endothelial colony forming cells are different names for the same EPC 

cell type generated by culturing blood mononuclear cells on an extracellular matrix protein 

such as collagen or fibronectin in an endothelial differentiation medium. Adherent cell 

colonies emerge after either 5 to 7 days of culture (if using umbilical cord blood–derived 

mononuclear cells), or 10 to 24 days of culture (if using adult peripheral blood–derived 

mononuclear cells).42 It is not clear whether culturing bone marrow cells in a similar manner 

produces the same EPC phenotype. True EPCs have remarkable clonal proliferative 

potential, express endothelial-like proteins, and give rise to functional blood vessels in vivo 

in preclinical animal models.41,43–46 The major function of these cells, at least in preclinical 

studies, appears to be their ability to incorporate into new vascular networks in areas of 

ischemia. Whether these cells exert other tissue-protective effects beyond their ability to 

integrate into vascular networks as endothelial cells is not clear.

EARLY OUTGROWTH CELLS

More recent studies have clearly shown that some bone marrow–derived cells previously 

labeled as EPCs, although not meeting the earlier-mentioned criteria of an endothelial 

progenitor cell, show significant pro-angiogenic properties. Commonly used techniques to 

generate these non-EPC pro-angiogenic cells involve the culture of peripheral blood 

mononuclear cells or unfractionated bone marrow on collagen or fibronectin for shorter 

culture times (4–10 days) than those used to generate EPCs.47,48 In contrast to EPCs, these 

cells appear to be a heterogeneous mix of hematopoietic cells including monocytes and 

lymphocytes that show angiogenic properties.41,49,50 Because unfractionated, uncultured 

bone marrow cells also have been shown to have pro-angiogenic effects,51 it is possible that 

this short ex vivo culture period enriches the resulting cell population with hematopoietic 

cells that have a pro-angiogenic phenotype. More recently renamed “circulating angiogenic 
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cells”36 or “early outgrowth cells” (EOCs),38 this heterogeneous group of cells expresses 

some endothelial-like proteins,36 but importantly does not incorporate into blood vessels in 

significant numbers either in vitro or in vivo.52 Although it is difficult to compare between 

cell populations given their heterogeneous composition and because different investigators 

have prepared their cells in different ways, the common emerging theme is that early 

outgrowth cells release soluble factors that promote angiogenic and/or vasculogenic 

processes such as EPC and endothelial cell survival,53 migration,54 proliferation,44 and tube 

formation.52,55,56 Many such factors have been identified, and include VEGF-A, stromal 

cell–derived factor-1α, and basic fibroblast growth factor, among others.54,57

In various preclinical models of ischemic injury, including both ischemic acute16 and 

chronic17–20 kidney injury models, EOC infusion has been associated with a robust 

preservation of microvascular density and associated improvements in tissue function, 

despite being found only rarely in a classic intraluminal endothelial location.26,31,32,35 More 

commonly, early outgrowth cells appear to be found at least transiently in perivascular 

locations in ischemic tissue,31–35 leading some investigators to suggest that these cells may 

act in a paracrine manner to promote angiogenesis.54,58 Interestingly, other studies have 

reported much higher early outgrowth cell retention in reticulo-endothelial organs such as 

the liver and spleen, suggesting that these cells may be inducing their pro-angiogenic effects 

from remote locations.18,59 Taken together, these results suggest that early outgrowth cells 

create an environment that promotes other cell types to participate in endothelial network 

formation.

THE CLINICAL RELEVANCE OF EPCS AND EARLY OUTGROWTH CELLS

Despite the great interest in both EPCs and early outgrowth cells in the preclinical world, 

relatively little is known about their utility in the clinical setting. Indeed, despite the 

theoretical importance of EPCs in mediating endothelial repair, to our knowledge, there have 

been no clinical reports showing the utility of these cells as a therapeutic agent to date, 

although this may reflect the fact that this cell population only recently was precisely 

defined.

In contrast, preliminary findings in clinical studies have suggested important roles for 

various EOC populations in the setting of vascular injury. An early report, for example, 

showed an inverse correlation between circulating EOC number and cardiovascular risk in 

patients with coronary artery disease,47 suggesting a possible role for these cells in 

mediating vascular repair, although the exact reason for this association has not yet been 

elucidated. Furthermore, several clinical trials, as described later in this review, have 

examined the therapeutic efficacy of various early outgrowth cell populations in the 

treatment of human disease, showing encouraging but somewhat conflicting results.

Although no published clinical trials have tested early outgrowth cells as a treatment for 

acute or chronic kidney injury, a number of studies have tested EOC infusion for the 

treatment of ischemic vascular disease, a common complication of CKD. For the most part, 

these clinical trials have used freshly isolated, uncultured bone marrow cells that were not 

enriched by ex vivo culture, or fractionated into homogenous cell populations, meaning that 
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an unselected, heterogeneous cell population was used. Tateishi-Yuyama et al,60 for 

example, showed that injection of such freshly isolated cells into the gastrocnemius muscle 

of patients with refractory ischemic peripheral vascular disease of the leg was associated 

with significant improvements in ischemic leg vascular density, perfusion, and function 

when compared with either saline or freshly isolated peripheral blood mononuclear cells, a 

remarkable finding given the relative paucity of effective medical therapies for this 

devastating disease.

Similar studies of such freshly isolated bone marrow cells have been performed in the 

setting of ischemic heart disease. Early post-myocardial infarction, intracoronary EOC 

infusion has yielded conflicting results, with several studies showing modest 

improvements,61,62 whereas others reported no significant change63,64 in left ventricular 

infarct remodeling and systolic function several months after cell therapy. In the chronic 

ischemic heart disease setting, studies testing infusion of either freshly isolated bone marrow 

cells or GCSF-mobilized CD34+ cells have demonstrated modest yet significant benefits in 

left ventricular function65 and anginal control66 when compared with standard-of-care 

therapy.

This variation in reported EOC efficacy may be related in part to differences in cell 

preparation and/or differences in patient selection, suggesting that our understanding of what 

cell types are most effective, and which patients are most responsive to therapy, needs 

further refinement. Taken together, however, these preliminary results suggest the exciting 

possibility that at least certain human early outgrowth cell populations may harbor the 

ability to promote vascular repair or even regeneration in human disease. Many important 

questions, of course, still remain. The exact cell population responsible for these benefits, 

their mode(s) of action, the disease settings in which these cells are most effective, the 

optimum route of administration, the dose of cells required, and the duration of effect are 

merely some of the questions that remain unanswered in this exciting, yet developing, field, 

and are actively being investigated.

INFLUENCE OF KIDNEY DISEASE ON EARLY OUTGROWTH CELL 

FUNCTION

In line with the fact that CKD commonly is associated with diffuse endothelial injury and 

dysfunction, recent data suggest that chronic renal dysfunction, even with the institution of 

conventional in-center hemodialysis, is associated with significant reductions in circulating 

EOC number and impairments in EOC function.67–70 Although it is unclear what exactly is 

responsible for this EOC defect, it appears that even short-term exposure to uremic serum 

significantly inhibits the function of EOCs derived from healthy donors in vitro.67 

Consistent with the importance of adequate uremic clearance in maintaining EOC health, 

strategies that achieve extensive uremic toxin removal, such as home nocturnal hemodialysis 

and kidney transplantation, both are associated with significant improvements in EOC 

function in vitro.71,72 We recently extended these findings to the in vivo setting, showing 

that although EOCs cultured from conventional hemodialysis patients fail to promote 

neovascularization and restoration of blood flow in a rodent model of peripheral vascular 
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disease, EOCs cultured from home nocturnal hemodialysis patients show potent 

neovascularization capacity.73 Taken together, these results point to the intriguing possibility 

that uremia-induced EOC dysfunction may be responsible, in part, for the endothelial injury 

observed in CKD. Because EOC-based therapies typically are autologous given the risk of 

immune rejection with allogeneic cell infusion, these results also suggest that the 

effectiveness of EOC-based therapies in the setting of uremia may be limited unless uremic 

toxin clearance also is augmented.

NOVEL ANTIFIBROTIC PROPERTIES OF EARLY OUTGROWTH CELLS

Aside from their well-described pro-angiogenic activity, recent reports have suggested other 

novel angiogenesis-independent mechanisms of action for EOCs. For example, EOCs were 

shown recently to exert potent antifibrotic effects when intravenously infused into rat models 

of experimental cirrhosis, with EOC-treated livers showing increased matrix 

metalloproteinase activity and correspondingly reduced type I collagen levels.74 It is 

unlikely that this resulted from angiogenic effects in the liver because this organ, through its 

dual blood supply, largely is ischemia-resistant. Interestingly, endogenous bone marrow cells 

and EOCs both have been shown to express matrix metalloproteinase-2, -9, and -13 in vitro 

and in vivo,74,75 providing a possible explanation for the antifibrotic activity of these cells. 

We recently showed that EOCs release soluble factors that inhibit transforming growth 

factor–β–induced fibroblast collagen production in vitro, possibly through inhibition of 

phosphorylation of Smad2, a key intracellular signaling molecule in the profibrotic 

transforming growth factor–β signaling pathway.18 Furthermore, intravenous EOC infusion 

was associated with marked attenuation of renal and cardiac fibrosis in an experimental 

chronic kidney disease rat model characterized by up-regulation of transforming growth 

factor–β expression in the kidney76 and heart,77 and subsequent fibrosis-associated organ 

dysfunction (Fig. 1).18 Importantly, EOC therapy was associated with improvement in both 

kidney and heart function, demonstrating the potential of these cells to target not only kidney 

injury, but also fibrosis-associated diastolic dysfunction, an important cardiac complication 

of CKD. These antifibrotic effects were noted despite minimal retention of EOCs within 

either organ, both at early and later time points after infusion, whereas infused cells were 

found in significant numbers within reticulo-endothelial organs such as the liver and spleen 

(Fig. 2). Such data suggest that the primary mechanism by which EOCs prevent extracellular 

matrix accumulation may be through the release of systemically circulating soluble factors 

that modulate fibrotic pathways via an endocrine mechanism of action.18 In line with this 

hypothesis, Bi et al78 recently suggested that mesenchymal stem cells, another bone 

marrow– derived cell population, protect against cisplatin-induced acute kidney injury 

through the release of systemically circulating factors.

Because endothelial injury, ischemia, and fibrosis often are tightly interlinked processes,79 it 

is perhaps not surprising that cells with an angiogenic phenotype also possess the ability to 

suppress profibrotic pathways. Given the importance of fibrosis in mediating progressive 

injury in almost all forms of chronic kidney disease,80 and the importance of cardiac fibrosis 

and the resulting diastolic dysfunction that serves as a poor prognostic factor for CKD 

patients,81 the finding that EOC-derived factors can exert potent antifibrotic effects within 
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the injured kidney and heart strengthens the possibility that such factors could be used to 

attenuate progression of human CKD and its cardiac complications.

NOVEL ANTI-OXIDANT PROPERTIES OF EARLY OUTGROWTH CELLS

Reactive oxygen species play a critical role in mediating injury in many forms of kidney 

disease.82 Interestingly, certain human EOC populations have been shown to express high 

levels of anti-oxidant enzymes such as manganese superoxide dismutase, catalase, and 

glutathione peroxidase, rendering them more resistant to oxidative stress stimuli.83 More 

recently, Yang et al53 extended this concept, showing that peripheral blood mononuclear 

cell–derived EOCs released factor(s) that could inhibit hydrogen peroxide–induced oxidant 

stress in cultured endothelial cells, reducing subsequent apoptosis rates. These EOC-derived 

soluble factor(s) up-regulated the expression of anti-oxidant enzymes within endothelial 

cells, suggesting that EOCs can activate cytoprotective mechanisms in target cells through 

the release of such soluble factors.53 Taken together, these results suggest that in addition to 

their antifibrotic activity, EOCs may exert important anti-oxidant effects through the release 

of soluble factors that could contribute, at least in some settings, to the tissue-protective 

properties of these cells.

THE BONE MARROW AS A RESERVOIR FOR TISSUE-PROTECTIVE AND 

TISSUE-REGENERATIVE CELL POPULATIONS

Advances in our understanding of the tissue-protective and tissue-regenerative properties of 

bone marrow–derived cell populations have transformed our understanding of the bone 

marrow. The bone marrow no longer can be considered solely as a hematopoietic reticulo-

endothelial organ, but rather as a rich reservoir of cells, some of which have the potential to 

protect and regenerate injured nonhematopoietic tissues such as the kidney.

Endothelial injury, in particular, is a common complication of many disease states, including 

acute and chronic kidney injury, and itself can lead to important downstream ischemic 

consequences that often are tightly linked with other injurious processes such as fibrosis and 

oxidative stress. Importantly, the bone marrow harbors different populations of cells with 

protective and regenerative effects that target these pathologic processes, which broadly can 

be divided into two groups of cells: EPCs and EOCs (Fig. 3). Whereas EPCs can integrate 

directly into new or existing vascular networks to maintain perfusion, EOCs play important 

supportive roles for this process, promoting both EPC and local endothelial cell survival,53 

migration,54 proliferation,44 and tube formation (Fig. 3).52,55,56 In addition, EOCs also show 

novel angiogenesis-independent tissue-protective activity, being able to suppress pathologic 

fibrosis18,74 and reactive oxygen species generation53 in vitro and in certain in vivo models 

(Fig. 3). Whether specific EOC subtypes in isolation can reciprocate one or more of these 

functions, or if the entire heterogeneous cell population is required for these functions, has 

yet to be determined.

Recognizing the different but potentially complementary roles played by these cell 

populations, Yoon et al44 tested whether a combined EPC/EOC strategy would have additive 

effects on top of either cell population alone. Interestingly, the addition of EOC-released 
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factors enhanced EPC proliferation and integration into vascular networks in vitro.44 This 

synergism also was seen in vivo because a mixed EPC/EOC infusion strategy induced 

greater neovascularization in ischemic mouse hindlimbs compared with either cell 

population alone.44 Whether such a combined cell strategy would have similar additive 

effects in the treatment of kidney injury, in which endothelial injury, fibrosis, and oxidative 

stress all play major roles, is not known.

CONCLUSIONS

In the past 20 years, our concept of the bone marrow has evolved from a hematopoietic cell 

factory to a diverse reservoir of cells capable of protecting and regenerating many different 

tissues in the body. Recent advances in our understanding of the bone marrow’s response to 

endothelial damage, and tissue injury in general, has lead to the theory that multiple bone 

marrow–derived cell populations have the potential to respond, in different yet 

complementary ways, to tissue injury. This new paradigm, however, brings with it important 

new questions. By using the endothelium as an example, what the relative contribution of 

each of these cell populations to injury and normal endothelial turnover, for instance, is not 

well understood, although preliminary evidence would suggest that in certain settings, the 

combined use of EPCs and EOCs may augment tissue protection.44 Whether recruitment of 

EOCs to the site of endothelial injury is required also is not clear, although recent studies 

have suggested that, at least in certain settings, EOCs can mediate their beneficial effects by 

the release of systemically circulating factors.78 Furthermore, how disease states such as 

CKD might adversely affect the function of EPCs or EOCs also largely is unknown.

Better defining these cell populations will be critical to understand the specific roles that 

these cells play in both health and disease. In particular, further characterizing the specific 

EOC cell types that are responsible for the different tissue-protective properties ascribed to 

these cells will be instrumental in understanding their biology and harnessing their 

therapeutic potential. Together, these next steps hopefully will lay the foundation for the 

successful translation of bone marrow cell– based therapies into the clinic for the treatment 

of injured tissue.
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Figure 1. 
Both renal and cardiac fibrosis were improved markedly after systemic EOC infusion into 

rats with experimentally induced chronic kidney disease (5/6 subtotal nephrectomy [SNX]). 

(A–C) Representative type IV collagen immunostained kidney sections. Original 

magnification, ×160. (A) Sham-operated animal. (B) SNX animal. (C) SNX–EOC animal. 

(D–F) Representative picrosirius red staining of interstitial cardiac fibrosis. Original 

magnification, ×160. (D) Sham-operated animal. (E) SNX animal. (F) SNX–EOC animal.

Adapted from Yuen DA et al.18
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Figure 2. 
After infusion of 1 × 106 fluorophore-labeled EOCs, very few cells could be found in the 

kidney despite dramatic structural and functional benefits, whereas cells were found in the 

liver. (A–C) Representative confocal microscopy images of kidney, heart, and liver, 

respectively, at 4 days after EOC infusion. Original magnification, ×20. (A) Kidney cortex. 

(B) Heart. (C) Liver. (D) Time-course of EOC retention in kidney, heart, and liver. n = 3 

animals per time point. *P< .05 versus kidney.

Adapted from Yuen DA et al.18
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Figure 3. 
New proposed classification scheme for bone marrow–derived cell populations that 

participate in endothelial repair/regeneration.
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