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Abstract
An intact microcirculation is vital for diffusion of oxygen and nutrients and for removal of toxins
of every organ and system in the human body. The functional and/or anatomical loss of
microvessels is known as rarefaction, which can compromise the normal organ function and have
been suggested as a possible starting point of several diseases. The purpose of this overview is to
discuss the potential underlying mechanisms leading to renal microvascular rarefaction, and the
potential consequences on renal function and on the progression of renal damage. Although the
kidney is a special organ that receives much more blood than its metabolic needs, experimental
and clinical evidence indicates that renal microvascular rarefaction is associated to prevalent
cardiovascular diseases such as diabetes, hypertension, and atherosclerosis, either as cause or
consequence. On the other hand, emerging experimental evidence using progenitor cells or
angiogenic cytokines supports the feasibility of therapeutic interventions capable of modifying the
progressive nature of microvascular rarefaction in the kidney. This overview will also attempt to
discuss the potential renoprotective mechanisms of the therapeutic targeting of the renal
microcirculation.

Introduction
Changes in vascular function and structure are observed during normal development and in
response to pathological insults. The microcirculation of each organ is a plastic but precisely
organized functional network. In general, each nutrient vessel entering an organ branches six
to eight times before becoming arterioles (10–15 µm), which in turn branch two to five times
into smaller vessels, reaching diameters of 9 µm or lower where they supply blood to the
capillaries. An intact microcirculation is vital for the function of every organ and system in
the human body for transportation of oxygen and nutrients as well as for the removal of
toxins. The plasticity of the smaller vessels embedded in the organs is a dynamic process
largely induced by modifications in the environment that result in changes of their number,
shape, and function, as we discuss in this overview.

The microvascular (MV) adaptation to changes in the organ or tissue surroundings has been
the subject of numerous investigations. The blood flow is generally regulated according to
the specific needs of the tissues as long as the arterial pressure is sufficient to sustain
adequate tissue perfusion. It is generally accepted in the physiology field that “form follows
function.” In the microvasculature, the “form” of the MV network in general and the single
vessel in particular will follow the “function” that is imposed by the environment. For
instance, if the metabolic demands in a tissue or organ increase for a prolonged period,
vascularity increases by a combined augmented recruitment of quiescent vessels and, if
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needed, generation of new ones via a process generally called angiogenesis. On the other
hand, if metabolic demands decreases, functional and structural (regression) vascularity
decreases. The tissue vascularity is determined by maximum blood flow needs, and tightly
regulated by a number of factors that can promote physiological or pathological vascular
growth and regression.

The abnormalities in the microcirculation play an important role in the progression of and
are possibly the starting point of several diseases (5,14). Malfunction, structural changes,
and loss are, grossly, the major deleterious changes the vessels may undergo. These not only
compromise normal organ development and function, but also, more importantly, the
responses to any given insult. Thus, the function determining the form includes a number of
components that can induce changes in MV tone, such as increasing metabolic demands,
low oxygen or glucose, increased reactive oxygen species (ROS), or augmented MV shear
stress, to name a few (103,114,123). These may disrupt the balance between vasoactive
substances toward MV dilatation or constriction, and/or generation of new vessels (Fig. 1).
Depending on the severity and mainly, the duration of the stimulus causing long-term
changes in tissue blood flow, alterations in the MV layers may consequently take place,
leading to permanent and sometimes progressive modifications in the vessel, a process also
known as vascular remodeling. Furthermore, the combination of functional and structural
MV changes can eventuate in the loss of the contribution of these vessels to organ function,
a process that is known as vascular rarefaction (Fig. 1). It is necessary to clarify that not
always changes in MV tone will lead into the process of MV remodeling and eventually in
MV rarefaction. Scenarios exist that vessel constriction does not necessarily lead to vessel
loss. An example of this is the nonperfused capillaries that are recruited in skeletal muscle in
case of a higher demand in a healthy patient.

This overview will focus on the events leading to MV rarefaction in the kidney. I will
discuss renal MV rarefaction in prevalent cardiovascular disease such as hypertension,
diabetes, atherosclerosis and renovascular disease, and obesity. It should be recognized that
delineating a specific causal role of MV rarefaction is quite difficult and MV rarefaction
could likely be the cause as well as the consequence of the progressive nature of many
kidney diseases. Finally, underlying mechanisms and the potential of targeted therapeutic
interventions to protect the renal microcirculation will also be discussed.

Renal Circulation
The renal circulation has unique anatomical and functional characteristics. The renal artery
enters the kidney through the hilum and following the main renal artery and primary
bifurcations, the renal vessels in the kidney progressively branches in interlobar, arcuate,
and interlobular arteries. Then, the smaller branching order afferent arterioles lead to the
glomerular capillaries and the distal ends of the capillaries of each glomerulus join together
to form the efferent arterioles, followed by a second capillary network constituted by the
peritubular capillaries surrounding renal tubules (Fig. 2). A distinct feature of the renal
circulation is the double capillary bed in the glomerulus (where large amounts of fluid and
solutes except the plasma proteins are filtered) and around the tubules, which is a key
component in the filtration, secretion, and reabsorption of minerals and removal of
unwanted substances from the filtrate (and therefore, from the blood) toward formation of
urine. The peritubular capillaries are followed by the venous system that runs in parallel to
the arteriolar vessels and progressively form the interlobular, arcuate, in-terlobar, and renal
vein, which leaves the kidney beside the renal artery and ureter. Blood flow to the kidneys is
normally about 22% of the cardiac output, or 1100 mL/min. The blood supply to the kidneys
is one of the highest in the body since only 10% of the delivered oxygen is sufficient to
satisfy the renal metabolic demands. The readers are invited to read a recent outstanding
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article to learn in length and depth about the characteristics and control of the renal
microcirculation (119).

A defective renal microcirculation, also known as MV disease is a prominent pathological
feature in chronic kidney disease (CKD), irrespective of the cause, and progresses as CKD
evolves (59). MV disease can compromise both the renal nutrition and renal function. In
general, the microcirculation is constituted by those vessels between 0 and 200 µm that are
embedded within organs and are responsible for the distribution of blood within tissues (20).
Partly mediated by augmented vasoconstriction and endothelial dysfunction in CKD (164),
MV disease can alter renal blood flow and lead to a progressive decrease in peritubular
capillary flow and consequently result in mild tubulointerstitial ischemia (142), which could
constitute both a cause and/or a consequence of damage in the kidney. In the next
subsections, we will discuss how defects in MV tone, shape, and number may progressively
compromise renal function.

Changes in MV tone—endothelial dysfunction
The integrity of the vascular endothelium plays a pivotal role in the molecular traffic
between the blood and surrounding tissue, as well as in many aspects of vascular function
such as control of vascular tone, vascular permeability (58) and proliferation, and fluid
balance (56). Endothelial dysfunction is the result of a combination of abnormal
vasodilatory response of endothelial cells with an imbalance between substances that
determines vascular tone, which are produced by or act on the endothelium. The endothelial
cells are both targets and sources of vasoactive substances such as nitric oxide (NO),
prostacyclin, angiotensin II, or endothelin-1, to name a few. Furthermore, endothelial
dysfunction also plays a role in favoring inflammation and thrombosis via upregulation of
adhesion molecules and generation of chemokines. Endothelial dysfunction has been
implicated in the pathophysiology of hypertension (63), coronary artery disease (159),
chronic heart failure (104), peripheral artery disease (64), diabetes (92), and chronic renal
disease (144).

In addition to a reduced vasodilatory response (153), a key component causing endothelial
dysfunction is the decrease in the bioavailability of NO, a potent vasodilator, anti-
inflammatory, and antiaggregant gaseous molecule. Mechanisms underlying the reduced
vasodilatory responses in endothelial dysfunction include reduced NO production by the
endothelium, increased inactivation of NO via ROS, and reduced production of
hyperpolarizing factors such as epoxyeicosatrienoic acids, hydrogen peroxide, carbon
monoxide, hydrogen sulfide, or C-natriuretic peptide (63). Reduction in NO via ROS-
mediated (151) quenching effects seem to be pivotal in promoting vasoconstriction and also
in ROS-mediated vascular inflammation, which in turn further reduce NO bioavailability
and perpetuates a vicious circle. Thus, sustained vasoconstriction due to endothelial
dysfunction could lead to reductions in tissue blood flow and consequently, inadequate
provision of oxygen, and nutrients as well as instability of fluid balance between intra- and
extravascular spaces due to augmented vascular permeability. The increase MV permeability
may facilitate the extravasation of injurious cytokines that may further extend tissue damage
(25). This sequence of events is considered to play an important role as the link between
hypertension, CKD, and diabetes and the augmented risk of cardiovascular events, and is
observed in the kidney, as has been demonstrated in clinical (56, 58, 123) and experimental
(5, 7, 30, 91) studies of both acute and chronic renal disease.

A significantly damaged endothelium may lead to a sustained renal vasoconstriction. This
event could lead to inadequate perfusion of the intrarenal MV network, consequently
compromise renal nutrition and ultimately renal hemodynamics and function. Thus,
functional MV rarefaction (1) could serve as an important contributor for a sustained and
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progressive renal functional and later structural damage in renal disease, as it has been
shown that interventions that can augment the bioavailability of NO may prevent such
changes. Indeed, antioxidant strategies (18, 26, 32), statins (36,37), angiotensin receptor
blockers or converting-enzyme inhibitors (34, 42), and endothelin-receptor blockers (27, 91)
have been shown to favor renal MV function by increasing NO bioavailability through
decreasing its degradation and/or stimulating sources of NO such as endothelial NO
synthase (eNOS). Therefore, the severity of endothelial dysfunction plays a key role in the
contribution of the vessels to renal hemodynamics and function. However, it is possible that
by favoring additional deleterious mechanisms such as inflammation (61,143), thrombosis
(13), and the damaging of the extravascular space (100), endothelial dysfunction may
promote the transition from functional to structural MV rarefaction in the kidney.

Changes in MV structure—vascular remodeling
Vascular remodeling is a broad term that in general refers to progressive changes in vascular
shape during development and disease (125). However, in the medical literature it often
refers to pathological situations leading to (or caused by) changes in MV function and
consequently, MV structure. Regardless of the underlying cause, a sustained
vasoconstriction may lead to a deficient tissue perfusion and activation of enzymes and
growth factors, which may lead to morphological modifications in capillaries, resistance,
and conduit vessels. The changes could be evident from the vascular lumen to the outer
layers of the vessel.

There are a number of growth factors that may directly or indirectly promote vascular
remodeling. The reader is invited to consult recent outstanding contributions from other
authors to review in length and depth the mechanisms and factors participating in MV
remodeling (125, 150), and some of those with major involvement in this process will be
discussed in this section. For instance, tissue transglutaminase is a cross-linking enzyme that
has been shown to play a pivotal role in small artery inward remodeling associated with
chronic low-flow states (2), as may occur following sustained vasoconstriction due to
endothelial dysfunction. The persistent vasoconstriction can lead to entrenchment of reduced
diameter that is sustained by tissue transglutaminase and its interaction with integrins on the
organization of matrix components and vascular remodeling (36), as has been shown in
clinically relevant models of renal disease. Another well-known profibrotic factor that is
often involved in renal disease is transforming-growth factor (TGF)-β, a powerful inducer of
epithelial-to-mesenchymal transition and renal fibrosis (37, 69). TGF-β exerts its effects via
specific mediators known as smads to induce tissue proliferation and facilitate extracellular-
matrix (ECM) accumulation by inhibiting matrix-metallo proteinases (MMPs) (4).
Furthermore, it has direct effects on vascular proliferation (138) and remodeling by
promoting the reduction of vascular lumen, adventitial fibrosis, and collagen matrix
deposition around the vessel (135). Another contributing factor is connective tissue growth
factor (CTGF), a cysteine-rich peptide synthesized and secreted by fibroblastic cells after
activation with TGF-β. CTGF acts as a downstream mediator of TGF-β, mediates TGF-β-
induced fibroblast collagen synthesis and ECM accumulation (52, 129, 130) and has direct
effects on vascular remodeling (154).

At the other side of the scale, there are factors that can counterbalance the effects of TGF-β
and CTGF, such as hepatocyte growth factor (HGF), an antifibrotic and proangiogenic
factor that has been shown to be capable of reducing renal fibrogenesis by attenuating
CTGF-mediated induction of TGF-β (82). HGF participates in tissue remodeling in the heart
(19, 68), liver (85), and lungs (49), and is a powerful stimulus for vascular proliferation,
repair, and angiogenesis directly and by interactions with vascular endothelial growth factor
(VEGF) (19,116). HGF also seems to participate in MV protection, repair, and proliferation
in the kidney exposed to chronic low flow (37, 91). Other key components for the normal
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development and expansion of the MV networks are the MMPs, particularly MMP-2 and 9,
the most active collagenases in the kidney. Deficiencies in the renal expression and activity
of MMPs has been observed in experimental models of renal disease (29) and also reported
in clinical studies (115, 136). A deficiency in MMPs availability and activation may lead to
abnormal development of the vasculature as well as changes in the shape of preexistent
vessels due to ECM accumulation. It has been shown that MV remodeling correlates with
renal scarring (89). Renal scarring may subsequently induce additional changes in vascular
morphology reflecting the abnormal expansion and development of the renal vasculature
against fibrotic tissue, such as increase in MV tortuousity (163). Indeed, the accumulation of
ECM imposes an obstacle that may constrain and limit vascular growth and expansion,
increase the interstitial pressure and consequently increase the pressure on the vessels (71).
The combination of such factors may impose changes in vascular tone and diameter, as in
turn ECM is a source of antiangiogenic mediators and promoters of vascular regression (45).

In summary, the process of MV remodeling in the kidney is controlled by a number of
factors that seems to interact in an organized fashion. However, exogenous insults, as we
discuss below, may induce an imbalance in the expression and activity of such factors
leading to progressive and likely irreversible changes in MV lumen, thickness, shape, and
length that can potentially deteriorate MV function.

MV Rarefaction: Definition. MV Rarefaction and the Kidney
It is generally accepted that two forms of vascular rarefaction can be distinguished: (i)
functional rarefaction, which is the consequence of a pathological decrease in the number of
perfused vessels without reduction of the number of vessels anatomically present, and (ii)
structural rarefaction, which refers to an actual reduction in the number of anatomically
present vessels in the tissue (102). Both processes are not mutually exclusive and it has been
shown that functional rarefaction can progress to structural rarefaction (128).

The decrease in the availability of small vessels in the kidney can transiently or permanently
deteriorate renal blood flow (RBF), glomerular filtration rate (GFR), and tubular function.
The reduction of the intrarenal microvasculature could be the result of functional rarefaction
(due to sustained vasoconstriction or endothelial dysfunction), structural rarefaction (due to
progressive changes in vascular shape, thickness, and reductions in vascular lumen), a
combined sequence of both processes, and eventually regression and loss. Many of the
factors that will be discussed could also be first causing pathological changes leading to MV
alterations, supporting MV rarefaction as an important pathological event that could also be
considered a downstream consequence in renal disease. In the next subsections, we will
focus on the mechanisms of pathological MV rarefaction and its role in potentially
deteriorating the renal hemodynamics and function.

Mechanisms of microvascular rarefaction
Reductions in MV number have been observed in several diseases, as we will discuss in
later sections of this overview. In the kidney, there is supporting evidence showing that MV
rarefaction accompanies glomerulosclerosis and tubulointerstitial fibrosis (15, 55, 87, 88,
99). Although rarefaction could theoretically occur in any vessel, it usually first
compromises the capillaries and arterioles. The majority of the chronic degenerative disease
processes that disrupt the function and structure of the organs are characterized for large
alterations in MV number that correlate and accelerate the development and progression of
tissue fibrosis. The underlying forces pushing the vessels to regress and disappear are
multifactorial (Fig. 3). The initiating triggers of MV regression are largely unresolved and
could be the result of a combined activation of signaling pathways, the withdrawal of
survival factors, and changes in vessel perfusion (95,152). Although we may tend to think of
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MV rarefaction as the consequence of one or several “outside of the vessel” events, the
process sometimes is initiated within the vessels by changes in vascular shape and dynamics
of blood circulation, which could be promoted by substances generated and released by
vascular endothelial cells. For example, recent studies have suggested that vascular dropout
after acute or chronic kidney injury results from endothelial phenotypic transition and
apoptosis combined with an impaired regenerative capacity (7, 91).

The endothelial cells are capable of producing both pro-and antiangiogenic cytokines.
Indeed, an abnormal, insufficient, or absent angiogenic stimulus due to reduction in
angiogenic cytokines such as VEGF has been observed in both experimental and clinical
settings (24, 59). VEGF is crucial for preserving the microvasculature in general, and
operates in concert with other factors to stimulate cell division, migration, endothelial cell
survival, and tube formation, which are key steps for generation, repair, and maintenance of
the MV networks, including those in the kidney. A major stimulus for VEGF generation is
hypoxia. However, VEGF rapidly increases in acute hypoxia (118), but eventually decreases
when hypoxia is prolonged (122), as we have recently demonstrated in vivo [swine model of
renovascular disease (67,156)] and in vitro (renal cells) (24). This pattern suggests a
biphasic regulation of VEGF that is possibly determined by the fact that cells releasing
VEGF are injured or unable to secrete this cytokine as hypoxia prolongs. These in vitro
findings correlate with in vivo experimental and clinical evidence suggesting that chronic
reductions of renal blood flow (36, 81), progressive glomerulopathies (134), or CKD (59)
are sometimes associated with significant reductions in VEGF. A recent clinical study show
marked deficiencies in VEGF in CKD patients accompanied by defective vascular repair,
impaired angiogenic responses, and enhanced vascular injury (59) underscoring the
progressive nature of renal MV disease in CKD. Furthermore, reductions in VEGF has been
also associated with (and possibly triggered by) reductions in upstream (e.g., HIF-1α and
NO) and/or downstream mediators (e.g., angiopoietin-1) of VEGF-mediated angiogenic
signaling in the kidney (35, 81, 162), implying that MV disease and rarefaction could be
triggered by multifactorial mechanisms. In addition, in certain pathological conditions,
antiangiogenic splice variants of VEGF (VEGF-b isoforms) could be released and not only
inhibit MV proliferation but may also promote MV regression (9). Hence, either by
reduction in its sources or altered posttranscriptional mechanisms, a poor availability of this
pivotal angiogenic cytokine seems to be a key event in the process of renal MV rarefaction.

VEGF promotes vascular proliferation and repair by being one of the most powerful stimuli
for mobilization of endothelial cell progenitors (73, 117). These cells stimulate angiogenesis
by further promoting both the secretion of angiogenic growth factors in a paracrine fashion
and by providing a source of progenitor cells that can differentiate into mature vascular
endothelial cells. Thus, a deficient mobilization of cell progenitors would compromise MV
proliferation and repair as well as contribute to further accelerate MV rarefaction in the
ischemic tissues and augment renal damage since cell progenitors also are a source of
antifibrogenic factors (35, 38). In addition, endothelial cells can release antiangiogenic
mediators that can promote MV regression. Angiostatin is a MMP-induced proteolytic
cleavage product of plasminogen that is capable of inhibiting angiogenesis, promoting
apoptosis of endothelial cells, and disrupting capillary integrity leading to capillary dropout
(6). Angiostatin is a potent inhibitor of VEGF and downstream mediators (146,161), has
been shown to be persistently elevated after ischemic renal injury, and can significantly
reduce VEGF-induced proliferation and repair of peritubular capillaries, consequently
accelerating tubular and interstitial damage (110). Another potent extracellular
antiangiogenic factors and inhibitors of cell proliferation that are highly expressed in the
kidney is endostatin. Endostatin is a potent inhibitor of angiogenesis derived from type
XVIII collagen that inhibits VEGF-induced endothelial cell migration and has been found to
bind to both renal endothelial and epithelial cells (79, 90). Furthermore, it is highly
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expressed during the progression of tubule-interstitial injury and renal fibrosis (109).
Endostatin has also been shown to be elevated in patients with CKD and to directly correlate
with renal impairment and damage and a decrease in progenitor cells, implying a role in the
progressive MV rarefaction observed in CKD (157).

Renal fibrosis is the hallmark of CKD, and the progressive accumulation of extracellular
matrix during this process in the kidney may also disturb the angiogenic responses to
evolving tissue ischemia. Extracellular matrix-derived signals induce cytoskeletal
rearrangements that control the shape, function, and signaling events in endothelial cell-
lined vessels regulating vascular proliferation and stabilization as well as remodeling and
regression. The ECM constitutes an active source of potential antiangiogenic mediators and
inhibitors of cell proliferation. These are highly expressed in kidneys such as such as the
above-mentioned angiostatin, and also MMP-10, angiopoietin-2, and thrombospondins (78).
These factors operate in concert to not only blunt angiogenesis, but they can also decrease
MV development and expansion by downregulating, for example, other MMPs (27, 45).
Furthermore, as a decrease in MV density induces renal fibrosis, an additional consequence
of renal scarring on the existent vessels could be MV remodeling, changes in length, shape,
and direction. Indeed, mechanical forces of the fibrotic tissue imposed on the vessels can
lead to changes in MV morphology. These changes may also significantly slow down the
normal circulation and reduce the shear stress necessary to stimulate, for example, eNOS-
derived NO that maintains vascular tone in remaining vessels. These changes may lead to
MV functional and eventually structural closure (95, 152), suggesting a potentially
progressive deleterious mechanism in which the vessels and the extravascular tissues closely
interact.

In summary, we can conclude that a decrease in the number and density of small vessels
within the organs could be initiated by sustained vasoconstriction (functional rarefaction),
that if it is continued, it may promote morphological changes that could ultimately lead into
vascular regression and loss (structural rarefaction). In turn, an eventual loss of microvessels
may further aggravate tissue damage and perpetuate a vicious circle of vasoconstriction-
vascular remodeling-vascular loss-tissue injury (Fig. 3).

MV rarefaction and renal function: Effects on RBF, GFR, and tubular function
It is undoubted that renal MV rarefaction is a key pathological event in renal disease.
Smaller arterioles and capillaries are the first to suffer a vascular dropout when facing acute
or chronic insults and the lost of MV circulation via structural rarefaction has been shown to
have an impact on renal hemodynamics (5, 81, 127) and function (103, 131). Furthermore, it
has been shown that renal MV structural rarefaction plays an important role in the reduction
of RBF and GFR with normal aging (149), indicating that vascular regression is also a
physiological event.

Deterioration of RBF and GFR can also occur due to functional MV rarefaction. The
difference in hydrostatic pressures between renal arteries and veins (pressure gradient across
the renal vasculature) divided by the total renal vascular resistance is what determines RBF.
The total renal vascular resistance is determined by the sum of the resistances of interlobar,
arcuate, and interlobular arteries, afferent and efferent arterioles, capillaries, and veins in the
kidney. An increase in the resistance of any of the vascular segments of the kidneys may
reduce RBF, whereas a decrease will increase it if renal artery and vein pressures remain
constant. In turn, the changes in tone in afferent and efferent arterioles and in glomerular
capillary pressure are the main determinants of GFR. Therefore, the resulting modifications
in RBF and GFR secondary to changes in MV tone may sometimes shift together and in a
similar direction.
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Although functional rarefaction of cortical microvessels could be observed in almost every
CV disease with potential for kidney involvement, RBF and GFR are tightly regulated by
autoregulatory mechanisms that keep them relatively constant despite marked changes in
arterial pressure. However, severe endothelial dysfunction (regardless of the primary
disease) due to decrease in NO bioavailability and consequent MV constriction can increase
MV afferent and efferent tone, increase vascular resistance, and decrease RBF and GFR.
Similarly, these vessels are richly innervated by sympathetic nerves and their activation [as
occurs, for example, in hypertension or obesity (105, 106)] can induce a significant
vasoconstriction, augment intrarenal MV resistance, and thus also decrease the renal
hemodynamics. Other peptides that can increase MV tone and induce vasoconstriction are
angiotensin II and endothelin-1. Angiotensin II plays a protective role on GFR by
maintaining filtration by increasing postglomerular resistance in physiological conditions
(47, 48). However, since it has been shown to be a potent renal vasoconstrictor both directly
and via oxidative stress [consequently reducing NO (133)] and promoter of renal
inflammation (94), fibrosis (160), and vascular injury (93), an augmented or prolonged
increase in angiotensin II may contribute to the progression of renal damage. Endothelin-1 is
a powerful vasoconstrictor that is released from damaged endothelial cells. Systemic and
renal ET-1 have been observed to be increased in renal disease (91,165), and blockade of
this pathway has been shown to improve MV tone by decreasing renal oxidative stress and
augmenting bioavailability of NO, which prevented renal MV functional and structural
rarefaction, preserved renal hemodynamics and function, and reduced renal inflammation,
fibrosis, and apoptosis (27, 91, 139). The factors discussed above are among the major
players in determining renal MV constriction that may lead to long-term deterioration of
renal hemodynamics and also contribute to MV remodeling, and eventually regression and
loss, as shown (22, 27, 91, 139, 165).

Following the efferent arterioles, the small vessels branch again and build the second
capillary network in the kidney around the tubules. The peritubular capillaries play a crucial
role in the reabsorption from and secretion to the glomerular filtrates toward formation of
urine, controlling fluid homeostasis, and contributing to regulate blood pressure. Recent
studies support the notion that rarefaction of peritubular capillaries represents a critical event
that can irreversibly deteriorate renal function and may lead to the development of chronic
renal failure and hypertension (5, 134). The loss of peritubular capillaries has been indicated
as the nexus of acute kidney injury with chronic renal disease, and suggesting that capillary
rarefaction is the key event that boosts the progression of renal injury (5). Indeed, the
rarefaction of peritubular capillaries leading to permanent damage has been suggested in
both clinical and experimental settings and accompanying hypertension, diabetes, acute and
chronic renal ischemia, and aging, underscoring the importance of this MV network (5, 7,
15, 81, 87, 114). Interestingly, as peritubular capillaries are among the first renal structures
that are damaged when facing either an acute or chronic insult, the capillary network
surrounding the tubules seems to be feasible of repair and could expand by targeted
interventions. Recent studies have shown that targeted administration of angiogenic
cytokines or progenitor cells can recover the MV network, improve renal function, and
significantly reduce tissue injury (24, 35,81,88), implying plasticity of this MV network and
underscoring the crucial role of the renal microcirculation in preserving renal function.

CV Risk Factors as a Potential Trigger for Renal MV Rarefaction
Abnormalities of the MV system are common among the conventional CV risk factors,
including hypertension, diabetes, obesity, and dyslipidemia. MV changes are hallmarks of
the long-term complications of hypertension and diabetes. Furthermore, it is now clear that
is also present at the early stages of hypertension and diabetes and may be important in their
pathogenesis and progression (102).
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In this section, I will briefly discuss the role of the most currently prevalent CV risk factors
capable of inducing renal MV dysfunction, damage, remodeling, and ultimately rarefaction
(Fig. 3). Changes in the renal microvasculature in these prevalent CV risk factors
accompany the development and progression of renal injury. However, it is not entirely clear
whether MV rarefaction is a primary initiating and causative mechanism of renal injury in
these situations. This is beyond the scope of this section, and should be addressed in future
studies.

Hypertension
Hypertension is a prominent cardiovascular risk factor that may cause renal MV endothelial
dysfunction and remodeling, ultimately resulting in small vessel rarefaction and tissue
hypoxia (58). MV rarefaction in hypertension may be either structural, associated with
impaired angiogenesis or capillary apoptosis (attrition), or functional, associated with
impaired recruitment of nonperfused capillaries (1). Changes in vascular structure led by
hypertension can contribute to hypertensive end-organ damage as has been shown that
macro and MV damage further increase blood pressure and impair tissue perfusion to target
organs (127). At the MV level, hypertensive disease promotes inward (102) eutrophic or
hypertrophic arteriolar remodeling and capillary rarefaction, and these abnormalities are
partly determined by abnormal transmission of high blood pressure into MV networks,
especially in highly perfused organs with relatively low vascular resistance, such as the
kidney, heart, and brain (57). The development of renal fibrosis is one of the most common
complications associated with hypertension. Renal fibrosis is thought to be a consequence of
the high blood pressure and exaggerated extracellular matrix formation in mesangial and
vascular smooth muscle cells as an adaptive response to the increased tension within the
intrarenal circulation. An elevation of renal arterial pressure could increase vasa recta
capillary pressure and renal interstitial fluid pressure (44). Consequently, the increased
blood pressure could be transmitted within renal resistance vessels and possibly, glomeruli.
Capillaries are relatively nondistensible and often the endothelial cell nuclei encroach on the
lumen to reduce luminal cross-sectional area sometimes by more than 50%, resulting in a
slowing or diversion of the blood stream to other vessels. Furthermore, capillaries contain
actin filaments that may indicate some form of contractility (16). The capillary network thus
can contribute to vascular resistance control by virtue of their narrow caliber, by the
reduction in their number (rarefaction), or possibly through their deformations (1). These
forces may extend to the renal interstitial space, further compromise the small vessels, and
ultimately contribute to the development of renal fibrosis.

There are numerous factors involved in hypertension-induced renal MV damage. Circulating
and/or renal generated vasoconstrictors like angiotensin II and endothelin-1 play a central
role in this process and have been widely studied on their role in generation and
maintenance of hypertension. Their role in MV rarefaction is underscored by studies
showing that blockade of these pathways (10,91) in models of hypertension are associated
with decreased MV rarefaction and augmented MV proliferation, indicating a distinct role
on the microcirculation. These hormones not only induce vasoconstriction but also are
powerful stimulus for activation of proinflammatory and profibrotic mechanisms as
discussed earlier, leading to significant increases in vascular tone and initiating MV
remodeling as well (39). Both directly and via generation of ROS, angiotensin II, and
endothelin-1 exert similar actions in reducing NO bioavailability and in increasing
inflammation and fibrosis in the kidney, leading to changes in MV tone, morphology, and in
the surrounding renal parenchyma. Although difficult to separate since these events may
occur at the same time in the kidney exposed to hypertension, endothelial dysfunction, and
vasoconstriction are likely the initial steps of a deleterious sequence leading to renal MV
rarefaction and subsequent tissue damage in hypertension. It has been shown that
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hypertension-induced MV loss could influence tissue blood flow resistance to a degree
comparable with functional MV rarefaction due to vasoconstriction (70), supporting the
possibility that the loss of renal microvessels can markedly alter blood flow distribution and
compromise renal function.

Diabetes
A hallmark of diabetes is the generalized vascular disease due to macro- and MV
complications. MV dysfunction and impaired MV recruitment has been implicated in the
pathogenesis of diabetic complications. Furthermore, both by promoting pathological MV
proliferation [e.g., retinopathy (84)] or rarefaction [e.g., skeletal muscle (113) and kidney
(103)], the progressive changes in MV number and function during evolution of diabetes
play a central role in target-organ damage.

The mechanisms behind MV dysfunction, damage, and loss in the diabetic kidney are likely
the result of concurrent insults such as hyperglycemia-induced renal vascular endothelial
dysfunction (66), MV insulin resistance (94), augmented advanced-glycation end products
(which reduce NO bioavailability leading to sustained vasoconstriction), increased secretion
of cytokines and growth factors (120,132), and diminished ECM turnover (108). In the
kidney, diabetes induces significant and progressive changes in the glomerular and
tubulointerstitial capillary network. Tubulointerstitial damage is a major and early feature of
diabetic nephropathy that precedes glomerulosclerosis and is an important predictor of renal
dysfunction. It has been reported that both the angiogenic cascade (e.g., VEGF signaling and
NO) and MV density progressively decreased in the diabetic kidney, which correlates with
renal dysfunction and progressive damage (103,112). In addition, the severity of glomerular
capillary rarefaction correlates with the degree of glomerulosclerosis, as the endothelial cell
proliferation and MV repair capability is directly proportional to the degree of
glomerulosclerosis, indicating that MV rarefaction in the diabetic kidney (77) is a pivotal
process for the progression of renal injury.

The importance of renal MV rarefaction in diabetes is underscored by our recent study in
which we showed that MV disease in the diabetic kidney is an early and likely initiating
event that triggers the progression of renal damage (112). This notion is also supported by
recent clinical evidence (60). Interestingly, we observed in our study that MV rarefaction
progresses as diabetes evolves, and is accompanied by blunted VEGF signaling and
followed by augmented MV remodeling and early tubule-interstitial fibrosis, indicating that
the damage, loss, and subsequent remodeling of the renal MV architecture in the diabetic
kidney affects both developing and preexistent mature vessels (112). All these changes take
place while renal function is still preserved. Therefore, the presence of renal MV and tissue
damage before any changes in renal function we observed in this study support the notion
that MV changes could be the initiating events in diabetic nephropathy that ultimately lead
to a later deterioration of renal function in the diabetic kidney, as observed in human
diabetic nephropathy.

Atherosclerosis
Atherosclerosis is a systemic and chronic inflammatory vascular disease that compromises
the function and structure of small and large vessels. Atherosclerosis is associated with renal
disease, both as cause and as consequence (11, 121). The buildup of vascular atherosclerotic
plaques reflects the advanced stage of the disease, and has been demonstrated that earlier
stages of the disease, with fatty streaks or no lipid accumulation, present significant vascular
dysfunction and early structural changes (21, 27, 30).
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One of the most studied consequences of atherosclerosis on the kidney is the development of
obstructive lesions in the main renal artery, known as renal artery stenosis (137), one of the
main causes of chronic renovascular disease in older patients (54,86). Chronic renovascular
disease has a potential to develop progressive deterioration of renal function that may
eventuate in CKD or end stage renal disease (ESRD) (54, 72). However, the deleterious
effects of atherosclerosis on the kidney are not defined exclusively by the severity of the
renal obstruction. Indeed, it has been shown that there is a lack of correlation between
severity of renal dysfunction and renal stenosis suggestive of direct effects of atherosclerotic
factors independent of the obstruction (101). Furthermore, this is underscored by the fact
that resolution of the stenosis not always recovers renal function, as has been observed in
human (148) and experimental studies (55).

Previous studies suggest that atherosclerosis has direct effects on the kidney, largely because
of intrarenal MV and glomerular disease that precedes the onset and may represent the silent
phase of ischemic renal disease (30, 31, 147), being capable to initiate renal injury at an
early stage. Experimental studies demonstrated that diet-induced lipid abnormalities resulted
in renal endothelial dysfunction, intrarenal inflammation, fibrosis, and a significant vascular
dysfunction, damage, and remodeling (22, 27, 30, 31, 33) on the matured renal vasculature.
Furthermore, it has been recently shown that dyslipidemia superimposed on renal artery
stenosis can also accelerate not only MV dysfunction and remodeling, but also MV loss in
the renal cortex, underscoring ample deleterious effects of atherogenic factors on the renal
parenchyma (55).

On the other hand, dyslipidemia can also stimulate MV proliferation in the kidney, but new
vessel formation under these circumstances may be an adaptive response to local tissue
fibrosis and inflammation. Although this is possibly a compensatory mechanism that
sustains basal renal vascular function, the augmented vasculature is likely a result of an
inflammation-induced angiogenesis (21, 25) resulting in the generation of partly
dysfunctional vessels. Furthermore, the newly generated vessels may likely participate on
the progression of renal functional and parenchymal injury due to increased MV
permeability and abnormal endothelial function (25, 27). Hence, early atherosclerosis is
associated more with MV dysfunction, possibly functional rarefaction, and MV remodeling
than actual loss of vessels. Nevertheless, it is possible that profibrotic factors activated
during atherogenesis in the kidney can contribute at a later stage to MV loss or regression
via ECM accumulation, as it was discussed earlier.

Obesity
Obesity is a major public health problem in the United States. Current data shows that over
1/3 of the US adults are obese and over 60% of adults and at least one in six children and
adolescents are overweight (8,75). Obesity has been implied to have independent effects of
MV function (46, 140), suggesting that it could be an important causal factor in obesity-
related disorders. Nevertheless, although obesity has been shown to induce MV dysfunction,
remodeling, and capillary rarefaction partly due to abnormal vasodilatation (17, 124),
evidence of such changes in the kidney is scant. Obesity can injure the kidneys both directly,
by physical compression, and by sustained production of numerous proinflammatory and
growth-promoting factors leading to ECM proliferation, thickening of the glomerular and
tubular basement membranes, MV dysfunction and remodeling, and ultimately renal fibrosis
(28). We have recently shown in obese Zucker rats that obesity promotes MV proliferation
and remodeling in this model, a progressive process that is likely mediated by upregulation
of inflammatory factors such as TNF-α and interleukin-6 (80). This may reflect an initially
compensatory mechanism that may explain, for instance, the increase in GFR observed in
obesity studies. However, increased inflammation and inflammatory-induced
neovascularization may further promote renal injury as obesity advances and facilitate MV
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remodeling and progression of renal fibrosis, initiating a vicious process. Furthermore,
obesity is a risk factor for the development of hypertension, diabetes, and lipid
abnormalities, all prominent renal risk factors with significant impact on the renal
microcirculation, as discussed in Sections “Hypertension,” “Diabetes,” and
“Atherosclerosis.”

Targeting Renal MV Rarefaction: A Potential Therapeutic Intervention?
Frequently used drugs in humans such as statins (36, 41, 158), angiotensin (141) and
endothelin (27,83) (91) receptor blockers, have been shown to be capable to regulate
angiogenesis in different vascular beds like in the heart, brain, and kidney. For example,
angiotensin-converting enzyme inhibitors and angiotensin type-1 receptor blockers, by
activation of bradykinin pathways, promote the generation of VEGF, NO and, consequently,
can induce angiogenesis and reduce or even reverse MV rarefaction (10). However, the
effects on the intraorgan vessels are reported mainly as side observations rather than as a
main effect. There is still relative low evidence supportive of targeted interventions on the
renal microcirculation and in this section I will briefly discuss emerging and promising
evidence.

Renal vascular rarefaction is partly the result of concurrent events that lead to controlling
mechanisms of the generation of new vessels to be exhausted, negated, or defective during
sustained and progressive renal injury. Therefore, the potential of targeted interventions on
the renal microcirculation in decreasing the evolving injury in renal vascular disease is an
exciting concept that could offer new options for renoprotection (Fig. 4). Either as a sole
strategy (24, 81) or as an adjuvant renoprotective intervention to improve the success of
current strategies to improve renal function such as revascularization (23), recovering the
renal microcirculation could offer new options to protect the kidney in chronic renal disease
from different etiologies. In addition to experimental evidence, there are a few small clinical
studies that have tested the efficacy of proangiogenic therapies by direct administration of
angiogenic cytokines (VEGF) (76), but the evidence supporting the administration of
angiogenic factors comes mostly from studies in experimental settings (3, 74, 97).

The VEGF pathway has been a target for investigation as a proangiogenic therapy in
ischemic settings (12, 40). We have recently shown that intrarenal administration of VEGF
in the stenotic kidney (in a model of chronic renovascular disease) has distinct vasculo- and
renoprotective effects. Both by preventing MV damage and loss, by generation of new
vessels, and possibly by stimulating vascular repair (23, 24, 81), intrarenal administration of
VEGF protected the stenotic kidney (Fig. 5). Although the anatomical loss of vessels is
irreversible, we showed by this approach that, partly by generation of new vessels, VEGF
therapy could modify the progressive nature of MV rarefaction. These targeted effects on
the renal microvessels were accompanied by substantial improvements in renal function and
attenuation of renal fibrosis, supporting the pivotal role of MV rarefaction on the
progression of renal injury. Although the treatment was applied at a relatively early stage of
the disease but with already established and significant deterioration of renal function and
MV damage and loss, the data is promising and offers potential for using it in human
disease. Other promising angiogenic factors that could prevent or ameliorate MV rarefaction
are angiopoietins (98, 145), cyclin kinase inhibitors (96), or HGF (51,53, 62), but studies are
needed to further determine their potential use in renal disease. Therefore, challenges remain
and raise the need of further studies to define the best approaches in experimental platforms
since patients are diagnosed at different stages of renal disease and consequently, the
severity and extent of renal MV rarefaction and subsequent damage varies.
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Another emerging therapeutic field is related to the use of progenitor cells to treat ischemic
tissues. Circulating and resident progenitor cells are part of the endogenous mechanisms of
vascular repair healing the endothelium and generating new vessels to adequately support
tissue perfusion after MV injury or loss. Defects in the number and/or function of
endogenous cell progenitors have been observed in patients with atherosclerotic heart
disease, diabetic nephropathy (50, 111, 126), and chronic renal disease (65, 107).

We have recently shown that renal MV dysfunction and loss (accompanied by abnormal
angiogenesis) in experimental renovascular disease is partly due to a defective repair
response since circulating and resident cell progenitors and the kidney showed abnormal
expression of homing cell-recruitment factors (35, 38). We also showed that administration
of autologous progenitor cells in the kidney recuperates renal endogenous vasculoprotective
mechanisms, since this approach significantly reversed MV rarefaction in the stenotic
kidney, attenuated renal dysfunction, and decreased fibrosis (35). The beneficial effects of
the administration of progenitor cells are not exclusively due to the actual presence of such
cells in the injured tissues. Indeed, despite a relatively low renal retention of cells, they
significantly stimulate MV proliferation and protect existing vessels likely by combined
autocrine and paracrine actions on the surrounding cells (35). By inducing production and
release of angiogenic factors and in turn inducing mobilization of endogenous resident and
circulating progenitor cells, this targeted approach protects the renal microcirculation.
Therefore, reversal of MV rarefaction and generation of new vessels in the kidney seems to
be a mechanism feasible to target by therapeutic interventions that could preserve renal
function, since damage of the renal microcirculation seems to constitute the early steps that
lead to progressive and often irreversible renal injury (23, 24, 35, 81).

Conclusion, Perspectives, and Significance
MV damage and loss as well as MV repair and generation of new vessels in the kidney seem
to be processes activated due and in response to different insults that take a toll on renal
function (27, 35, 36,162). An intact and healthy renal micro-circulation is vital to ensure
tissue perfusion and adequate filtration and removal of toxins from the blood. Furthermore,
restoration of blood flow to the injured tissues is critical to initiate a successful repair
response in the kidney as in any given organ of the human body. It is possible that, as
glomerulosclerosis and tubulointerstitial fibrosis are the hallmark of the advanced stages of
CKD and ESRD, the presence of functional and/or structural MV rarefaction may indeed
represent the initial steps of renal injury. Severity of MV damage and loss may determine the
frontier between reversible and irreversible renal injury by promoting the progression of
renal functional and structural damage (Fig. 6). MV rarefaction leads to tissue ischemia and
can consequently further stimulate the activation of inflammatory and fibrotic cytokines
leading to renal parenchymal injury, initiating a process that could eventuate in progressive
and later irreversible renal injury. In turn, MV rarefaction could also be a consequence of the
progression of renal injury.

Others and we have shown that renal MV rarefaction is progressive and correlates with
progressive deterioration of RBF, GFR, perfusion, and tubular function (24, 35, 55, 81).
Experimental evidence from our laboratory supports the notion that such changes could
partly be reversible by targeted protection of the renal microvasculature (35, 81). Reversal of
MV rarefaction, by generation of new vessels that possibly shunt preexisting damage ones
and/or stimulation of MV repair, likely contribute to restore filtration function in partly
damaged or hibernated (43, 155) nephrons that could still be recuperated. Hence, it is
possible that an underestimation of the severity of renal MV rarefaction plays a role in
defining the success of established and some novel therapeutic interventions since
dysfunctional or damaged vessels can progressively deteriorate renal perfusion, filtration,
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and tubular function. Therefore, future studies should concentrate on noninvasive
assessment of the intrarenal MV architecture, distribution, and function, as additional
research is needed to define optimal therapeutic strategies to protect the renal microvessels.
Carefully designed prospective experimental and clinical studies are needed to determine the
appropriate utilization and the timing of using such therapeutic options. Targeted
interventions to enhance endogenous renoprotective mechanisms such as cell-based therapy
or the use of angiogenic cytokines have shown promising results in experimental and
clinical settings. However, the road ahead is still long until such options could be set as part
of the therapeutic arsenal to preserve, protect, and hopefully recuperate the kidney under
progressive deterioration.
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Figure 1.
Schematic illustration describing the general process of microvascular (MV) rarefaction.
Changes in the tissue environment and/or metabolic needs may lead to modification in
vascular tone and progressive alterations in MV shape and morphology, ultimately resulting
in MV irreversible damage and loss. This process accelerates MV damage and may
subsequently lead to a feed-forward deleterious mechanism.
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Figure 2.
Section of the human kidney showing the major vessels that supply the blood flow to the
kidneys and schematic representation of the microcirculation of the nephron. The figure was
reproduced with permission from Guyton and Hall Textbook of Medical Physiology, 12th

Edition, 2011, Elsevier.
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Figure 3.
Schematic illustration describing the potential mechanisms of renal microvascular (MV)
rarefaction and consequences on renal function and structure. Sustained MV endothelial
injury (irrespective of the etiology) can lead to an imbalance between factors involved in
MV repair, proliferation, and regression, leading to a progressive MV rarefaction that can
deteriorate renal hemodynamics, function, and tissue damage. In turn, the progression of
renal damage may further stimulate MV damage and loss (red arrows) resulting in a vicious
circle. NO, nitric oxide; VEGF, vascular endothelial growth factor; HIF-1α, hypoxia-
induced factor-1α.
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Figure 4.
Schematic illustration of potential targeted interventions to protect the renal
microcirculation, by stimulating MV proliferation, repair, and/or reducing MV damage and
loss. Majority of evidence comes from experimental studies. ACE-I, angiotensin converting
enzyme inhibitiors; ARBs, angiotensin receptor blockers; ET-A, endothelin-receptor A.
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Figure 5.
(A) Representative three-dimensional micro-CT reconstruction and quantification of the
renal MV density and vascular volume fraction, and (B) representative renal protein
expression and quantification of angiogenic mediators in normal, renovascular disease
(RVD), and RVD + vascular endothelial growth factor (VEGF). Intrarenal VEGF therapy
restored the renal expression of VEGF and angiogenic mediators and led to a significant
improvement in cortical and medullary MV density compared to untreated RVD. *, P < 0.05
versus normal; †, P < 0.05 versus RVD; #, P = 0.08 versus RVD. Reproduced, with
permission, from Chade et al., Am J Physiol Renal Physiol, 302: F1342–F1350, 2012.
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Figure 6.
Representative picture showing three-dimensional micro-CT reconstruction of the renal
microvascular (MV) architecture (a), tomographically isolated microvessels (b), and renal
cross sections showing MV remodeling (c, ×40) and fibrosis (d, ×20) of a kidney exposed to
chronic obstruction of blood flow due to renal artery stenosis. The significant MV
rarefaction (a) and remodeling (b, c) correlates with the progression of renal fibrosis (d,
curved black arrow). Furthermore, the buildup of renal scarring can promotes changes in
MV shape and morphology, as it could also be a source for promoters of MV regression
(white arrows).
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