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Abstract: Recently, immense efforts have focused on improving the preservation of (sub)optimal
donor organs by means of ex vivo perfusion, which enables the opportunity for organ reconditioning
and viability assessment. However, there is still no biomarker that correlates with renal viability.
Therefore, it is essential to explore new techniques for pre-transplant assessment of organ quality
to guarantee successful long-term transplantation outcomes. The renal vascular compartment has
received little attention in machine perfusion studies. In vivo, proper renal vascular and endothe-
lial function is essential for maintaining homeostasis and long-term graft survival. In an ex vivo
setting, little is known about vascular viability and its implications for an organ’s suitability for
transplant. Seeing that endothelial damage is the first step in a cascade of disruptions and maintaining
homeostasis is crucial for positive post-transplant outcomes, further research is key to clarifying
the (patho)physiology of the renal vasculature during machine perfusion. In this review, we aim
to summarize key aspects of renal vascular physiology, describe the role of the renal vasculature in
pathophysiological settings, and explain how ex vivo perfusion plays a role in either unveiling or
targeting such processes. Additionally, we discuss potentially new vascular assessment tools during
ex vivo renal perfusion.
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1. Introduction

At present, kidney transplantation is the best treatment for end-stage kidney dis-
ease [1]. However, the supply of donor kidneys for transplantation does not match the
demand of patients waiting for a new organ. In 2020, worldwide data showed that every
year, about 15% of patients die on the waiting list for a kidney transplant, 15–20% of
deceased donor kidneys are declined for transplantation, and around 30% of transplanted
kidneys do not show acceptable outcomes [2,3]. In an attempt to sustain the need for
donor grafts, the acceptance of suboptimal kidneys, such as those recovered from extended
criteria donors (ECD) and circulatory death donors (DCD), is becoming more common.
ECD donors are donors over 60 years of age or over 50 with vascular comorbidities, as
donor age is reported to be the single independent risk factor for graft survival [4]. DCD
donors are one of the two types of post-mortem donors who have sustained irreversible
brain injury but do not meet formal brain death criteria. These grafts suffer a higher amount
of injury when compared with brain-dead donor grafts due to the infliction of a higher
warm ischemic injury during procurement [5]. Unfortunately, the lower quality of these
organs introduces higher risks of delayed graft function (DGF) and primary non-function
(PNF) compared to grafts from standard criteria donors and living donors [6–8].

Eurotransplant statistics from 2021 show that, out of 4027 kidney transplantations in
the Eurotansplant area, around 73.4% of the organs were obtained from deceased donors,
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and out of all the kidneys offered, only around 88.4% were transplanted. These data suggest
that a substantial number of kidneys could potentially be accepted for transplantation.
To safely accept a higher number of lower-quality organs, clinicians and surgeons would
benefit from reliable and objective pre-transplant organ viability assessments that ensure
positive post-transplant outcomes. However, none of the current tools can successfully and
independently predict post-transplant outcomes. This means there is still no biomarker
that correlates with renal viability, making the prediction of transplant outcomes, such as
immediate function, DGF, and PNF, very difficult [9]. Therefore, it is essential to explore
new tools and techniques for pre-transplant assessment of organ quality to guarantee
successful transplantations and positive long-term outcomes.

In recent years, immense efforts have focused on improving the preservation of
(sub)optimal donor organs by means of ex vivo perfusion, which entails a controlled flow
of perfusion solution through isolated kidney grafts, enabling an extended preservation
time and the opportunity for organ reconditioning and viability assessment prior to trans-
plantation [10–12]. Hypothermic (1–10 ◦C) machine perfusion (HMP) is increasingly used
as a clinical preservation method for deceased donor kidneys. It is preferred over static cold
storage (SCS), as it keeps the organ homogeneously cooled, constantly recirculates a protec-
tive preservation solution throughout the kidney, and decreases vascular resistance during
preservation and at reperfusion. Ultimately, this technique has been shown to improve
transplant outcomes and reduce the incidence of DGF [13–15]. However, during HMP, it is
not possible to assess renal functionality due to its hypometabolic state [16]. Normothermic
machine perfusion (NMP) is a relatively new preservation technique in which the kidney is
warmed back to normothermic temperatures (35–37 ◦C), restoring metabolism and thus
creating a pre-transplant window to monitor kidney function and viability in a close to
physiological setting [3,9,10,17]. This platform also enables the administration of drugs
and other treatments [17–20]. Hence, NMP opens doors to extending organ preservation
time, real-time evaluation of kidney function, and active organ reconditioning [18,21,22].

Different from other organs, a reliable and independent pre-transplant evaluation
biomarker for renal viability ex vivo has not yet been identified, although it is widely
studied [9]. For example, multiple studies have investigated nephron function and injury,
perfusate composition, and immune response [9,17,23–32]. In contrast, the renal vascular
compartment has hardly been studied in a machine perfusion setting. We know that,
in vivo, proper renal vascular and endothelial function is essential for maintaining home-
ostasis and—in a transplantation environment—long-term graft survival [33]. Injury to
the endothelial monolayer is the first step in a cascade of disruptions, such as increased
vascular permeability, impaired vasoactive capacity, leukocyte adhesion, inflammation,
edema, thrombosis, and turbulent flow. It has been associated with multiple disorders such
as systemic sclerosis, sepsis, diabetes mellitus, cardiovascular disease, pulmonary arterial
hypertension, ischemia-reperfusion injury (IRI), and cancer [34–36].

However, in an ex vivo setting, little is known about vascular viability, its implications
on organ suitability for transplant, and its related complications. During perfusion, flow
and vascular resistance are the most common parameters described to report vascular func-
tion, but their real diagnostic value has not yet been established [9]. Seeing that the vascular
compartment is of high importance to homeostasis and good post-transplant outcomes,
taking a step back and looking into basic physiology and conducting further research is
key to clarifying the (patho)physiology of the renal vasculature during machine perfusion.
To the authors’ knowledge, no one has yet reviewed the importance of viability assessment
of the renal vascular compartment in an ex vivo setting. Therefore, we decided to investi-
gate its potential merits. In this review, we first summarize key aspects of renal vascular
physiology. We then describe the role of the renal vasculature in transplantation-related
pathophysiological settings and how ex vivo perfusion plays a role in either unveiling or
targeting such processes. Lastly, we discuss possible applications of vascular assessment
tools during ex vivo renal perfusion.
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2. Renal Structure and Homeostasis
2.1. Vascular Structure and Function of the Kidney

To understand the structure and physiology of the renal vasculature, it is important
to acknowledge the main function of the kidneys—filtration. The kidneys receive about
20–25% of the cardiac output, although they only constitute 0.4% of total body weight [37].
This high rate of blood flow is critical for the homeostatic regulation of water and ion
content in the blood. Therefore, well-functioning renal circulation is of utmost importance.
The kidney is one of the organs with the most unique vascular structures and diversified
cell types, including different endothelial cell (EC) populations. This is due to the necessity
of selective permeability for the transportation of different compounds, but also to enable
survival in environments with different oxygen contents and osmolarities [38,39]. In the
following topics, we will describe the general (vascular) structure of the kidney, as shown
in Figure 1.
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Figure 1. Schematic image of the renal (vascular) structure. Black labels indicate the nephron
structures, red labels indicate the vascular structures, and blue labels indicate the filtration processes.
Blood flow is directed to an area of glomeruli via interlobular arteries (ILA). Glomerular capillary
flow—which is surrounded by Bowman’s capsule—is flanked by two resistance vessels: inflow via
afferent arteries and outflow via efferent arteries. In this structure, the ultrafiltrate (UF) is formed.
The distal end of the efferent artery can follow one of two paths depending on the location of the
glomerulus: if the glomerulus resides in the outer cortex (CG), the effluent blood will run alongside
the proximal (PCT) and distal convoluted tubules (DCT) into the peritubular capillaries (PTC), and if
the glomerulus resides in the juxtamedullary region (JMG), the effluent blood will run parallel to the
loops of Henle (LH) into the vasa recta (VR). The ultrafiltrate formed in the glomeruli flows past the
PCT to re-absorb amino acids, ions, glucose, and water, and as it runs through the descending (DL)
and ascending limb (AL) of the Loop of Henle, it continues to re-absorb water and sodium chloride
into the circulation to control the urine osmolarity. Finally, the urine is fine-tuned in the DCT by
exchanging water and ions, and flows into the collecting duct (CD), then to the renal pelvis, and
down to the bladder via the ureter, where it is stored until urination. Image created with BioRender.
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2.1.1. The Nephron

The kidney consists of about one million microscopic structural and functional units
called nephrons. As seen in Figure 1, the nephron is composed of the glomerulus, proximal
convoluted tubule, loop of Henle, distal convoluted tubule, and collecting duct [38,40]. A
vast network of glomeruli resides in the cortex, the most peripheral and oxygen-rich part of
the kidney. Some in the outer cortex and some in the juxtamedullary region. Oxygenated
blood passes through the glomeruli via a glomerular capillary network and is roughly
filtered from electrolytes and water. In Bowman’s capsule, this ultrafiltrate, which will
eventually become urine, flows into the proximal convoluted tubule (PCT), which functions
to re-absorb and transport water and electrolytes back into circulation [38,39]. The PCT
penetrates the outer and inner medullary zone in a loop structure referred to as the loop of
Henle [38].

The medullary region of the kidney receives only around 10% of the kidney’s total
blood flow, resulting in a lower oxygen content in the tissue. The resulting oxygen gradi-
ent between the cortex and the medulla is essential to maintaining an osmotic gradient
that maximizes filtration capacity [40]. In this zone, the loop of Henle is responsible for
re-absorbing solutes, especially sodium, therefore regulating essential changes in urine
osmolarity. Near the end of the nephron and back in the cortex, the distal convoluted
tubule (DCT) is responsible for further optimizing urine composition, and a cluster of
transporters aids in solute re-absorption. The final part of each nephron is composed of the
collecting duct, where the last fine-tuning of the urine takes place by regulating hydrogen
and bicarbonate secretion. The final urine product is then transported to the pelvis of the
kidney, which directs it to the bladder via the ureter [38,39].

2.1.2. The Vasculature

As filtration, re-absorption, and secretion occur throughout the structures of the kidney,
an organized network of blood vessels is key for optimal functioning. Following Figure 1,
blood enters the kidney via a series of branching arteries originating from the main renal
artery. These branches are directed to the cortex via interlobular arteries and into the
glomeruli network. Glomerular capillary flow is flanked by two resistance vessels: inflow
via afferent arteries and outflow via efferent arteries. Each of these capillaries consists of a
different vascular composition to ensure optimal filtration. Afferent arterioles consist of a
continuous smooth muscle cell (SMC) layer and are responsible for driving the blood flow
rate. Glomerular capillaries are built with continuous, fenestrated endothelial cells capable
of selectively filtrating macromolecules based on size and charge. These ECs are well known
to synthesize nitric oxide (NO) and endothelin-1 (ET-1) and express vascular endothelial
growth factor (VEGF) [40]. Efferent arterioles, in contrast, possess a limited discontinuous
layer of SMCs to regulate the filtration fraction, and their distal end can follow one of two
paths depending on the location of the glomerulus: if the glomerulus resides in the outer
cortex, the effluent blood will run alongside the proximal and distal convoluted tubules
(peritubular capillaries), and if the glomerulus resides in the juxtamedullary region, the
effluent blood will run parallel to the loops of Henle (vasa recta) [40]. The peritubular
capillaries (PTCs), located close to both convoluted tubules, are responsible for delivering
blood to the tubules and acting as a transporter of the re-absorbed ions, amino acids,
glucose, and water [38–41]. The vasa recta, running parallel to the loops of Henle and
collecting tubules, are the sole blood supply of the medullary region. Their function is to
control blood flow through the medulla by detecting vasoactive signals from pericytes [40].

Pericytes are a specific type of perivascular mural smooth muscle cell that encircles
ECs, and their role is to maintain vessel stabilization and regulate fibrosis, EC response, and
angiogenesis [40,42]. These cells are responsible for the regulation of peritubular capillaries
and EC stability [42–45]. Different parts of cortical and medullary vessels present variations
in pericyte and EC composition, enabling regulation of vessel diameter and, therefore,
blood flow [40]. Studies have suggested the presence of vasoactive feedback loop stimuli in
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juxtamedullary resistance vessels that allow the renal medulla to regulate its own perfusion
rate, with the intention of directing the majority of the blood flow to the cortex [40,43–45].

Considering the main function of the kidneys is to act as a blood filter to maintain
osmotic balance and to excrete waste products via the urine, it is of great importance that
the vasculature and, therefore, endothelial cells are viable and well-functioning.

2.2. The Importance of Renal Circulation in Homeostasis

The renal vessels play a key role in kidney function, as it is responsible for maintaining
homeostasis. Homeostasis is described as the maintenance of vascular function over
time, including the adaptation to environmental changes [46]. Healthy endothelial cells
are responsible for regulating antioxidant, vasoactive, coagulatory, and inflammatory
responses. Irreparable damage to this monolayer of cells is directly correlated with multiple
pathologies, such as peripheral arterial disease, cardiovascular disease, chronic kidney
disease, and renal fibrosis [35].

The integrity of the inter-endothelial barrier and its cell-to-cell communication is pri-
marily composed of tight, gaps, and adherent junctions. These transmembrane proteins are
responsible for assuring controlled permeability of plasma, proteins, and cells. When there
is endothelial dysfunction, a vicious circle of injury and inflammation takes place: increased
permeability allows hemoconcentration, which, in turn, increases endothelial-leukocyte inter-
actions, sheer stress, and coagulation and, therefore, promotes injury [33,35,36,40,41,47,48].

In addition to cell-to-cell integrity, all endothelial cells possess a delicate luminal mem-
brane that adds a layer of protection and homeostasis control, also known as the glycocalyx.
This structure has been a focus of research in recent years as it is of great importance for
vascular function. Some of its functions involve sheer stress-dependent production of nitric
oxide, maintaining anticoagulation properties, modulating inflammatory cell adhesion, and
playing a role in balancing fluid exchange [49,50]. When renal injury occurs, the glycocalyx
is the first to be affected, and its components, such as syndecan-1, heparan sulfate, and
hyaluronic acid, are shed into the bloodstream. This effect has been identified in response to
multiple disorders in rodent, porcine, and human models, and in most cases, the circulating
levels of syndecan-1 and heparan sulfate are proportionally related to the amount of injury
caused to the glycocalyx [50].

3. Vasoactivity in a Nutshell

Endothelial cells are of great importance to renal blood flow regulation in response
to sympathetic, hypoxia, and sheer stress signaling [48]. Vasoactivity controls the blood
flow rate for higher or lower urine concentration and drives oxygen delivery between
the cortex and the medulla. The slightest dysfunction in this balance can inflict hypoxia
in the medullary region. Therefore, in communication with SMCs and pericytes, healthy
ECs selectively stimulate vasoactivity to control blood flow and inhibit circulating cell
adhesion and platelet aggregation. Injured ECs can, as a result, induce a vasoconstrictive,
pro-inflammatory, and procoagulant phenotype in the kidney [33,36,40].

To add even more complexity, the kidney is an organ with one of the most diversified
EC populations. Different parts of the renal vasculature have different cellular arrangements
and present production or sensitivity to different vasoactive and regulatory signaling,
making vasoactive control more complex. Pericytes respond to vasoactive signals from ECs
and control blood flow to the medulla by regulating the dilation/contraction of the vasa
recta. Each endogenous stimuli has its own activation/inhibition pathways, as illustrated
in Figure 2, and these need to be tightly regulated to maintain homeostasis and functional
renal flow for oxygenation and filtration purposes [40].
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Figure 2. Schematic image of vascular contractility pathways in the endothelial cells (ECs). Purple
labels indicate the nitric oxide (NO) signaling cascade, blue labels indicate the prostacyclin (PGI2)
cascade, red labels indicate the thromboxane (TXA2) cascade and green labels indicate the endothelin-
1 (ET-1) cascade. The main pathway of NO production starts with the activation of the endothelial
enzyme nitric oxide synthase (eNOS) by an intracellular influx of calcium (Ca+) and/or an agonist
signal to release Ca2+ from the endoplasmic reticulum (ER). Ca2+ is then modified by calmodulin
(CaM) so that it can bind to eNOS, which then results in the production of NO. Once Ca2+ levels are
generally depleted and more long-term vasodilation is needed, an alternative pathway is activated
to stimulate NO production directly. Namely, the phosphorylation of eNOS via protein kinases
(PK) in response to sheer stress on the cell surface. Both pathways culminate in sending NO to the
smooth muscle cells (SMCs), which stimulates a decrease in Ca2+ levels and promotes relaxation;
The PGI2 pathway, a vasodilatory pathway that compensates for low NO levels, is mediated and
catalyzed by cyclooxygenase enzyme 2 (COX-2), which is activated by sheer stress and ECs are
damaged and exposed to inflammatory cytokines. The conversion of arachidonic acid (AA) into
prostaglandin H2 (PGH2) by COX-2 is the initial step to synthesize PGI2. PGI2 then activates
platelets and SMCs by binding to a prostacyclin receptor (IP). In response, SMCs produce adenosine
monophosphate (cAMP) and activate protein kinase (PKA), which, in turn, relaxes the SMCs in
the same way as NO. The binding of circulating PGI2 to their EC IP receptor can also promote
vasodilation by stimulating eNOS; In contrast, the production of TXA2 induces vasoconstriction and
platelet aggregation. Cyclooxygenase enzyme 1 (COX-1) converts AA into PGH2, which stimulates
the isomerization of TXA2. In sequence, TXA2 binds to thromboxane-prostanoid receptors (TP)
located in SMCs and platelets, therefore inducing platelet aggregation. Vasoconstriction by TXA2

can also occur by stimulating CA2+ release by the endoplasmic reticulum in SMCs. Lastly, the ET-1
pathway is regulated by inflammatory cells (interleukins and TNF-α) stimulation and reduction
in NO and PGI2 levels. ET-1 receptors are present both in ECs (ETB1) and SMCs (ETA and ETB2).
When SMC ET-1 receptors are activated, there is an influx of calcium due to the opening of the Ca2+

channels, causing vasoconstriction in a similar way as TXA2. In contrast, activation of ETB1 receptors
in ECs causes vasodilation by stimulating the release of PGI2 and NO. When endothelial dysfunction
occurs, EC ET-1 receptors are downregulated, and SMC ET-1 receptors are upregulated, therefore
enhancing a vasoconstrictive environment. Image created with BioRender.
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3.1. Vasodilation
3.1.1. Nitric Oxide

Nitric oxide (NO) is an endothelial-dependent vasodilator produced by endothelial
cells, which also has protective effects towards leukocyte activation and adhesion. NO
production derives from endothelial enzyme nitric oxide synthase (eNOS) activation, either
from an increase in intracellular levels of Ca2+ or as a response to sheer stress on the cell
surface. Either way, the produced NO is diffused to the SMC/pericytes to stimulate a
decrease in tension, thus inducing vasodilation [48,51,52].

In the presence of endothelial dysfunction, the basal dilatory tone is compromised,
sheer stress on the cell surface is increased, and further damage occurs. An early rabbit
study by Rees et al. [53] reported that the in vivo systemic blood pressure increases due to
vasoconstriction when blocking NO production by administration of NG monomethyl-L-
arginine (L-NMMA)—a physiological precursor of NO. In vivo administration of L-NMMA
followed by ex vivo perfusion of the thoracic artery successfully reversed the compound’s
inhibition after infusion of L-arginine, therefore highlighting that NO is crucial to maintain-
ing basal vasodilation.

3.1.2. Prostacyclin and Cyclooxygenase Enzyme 2

Prostacyclin-mediated vasodilation is a separate pathway that can help compensate
for low NO levels but also has its own protective effects regarding leukocyte adhesion.
This prostanoid pathway is mediated and catalyzed by cyclooxygenase enzyme (COX)-2,
which becomes activated when there is sheer stress and the ECs are damaged and exposed
to inflammatory cytokines. COX-2 drives the initial step to synthesize prostacyclin (PGI2).
PGI2 then activates platelets and induces relaxation of SMCs in the same way as NO.
However, it is important to note that the NO and PGI2 pathways are not dependent on
each other, meaning that if one is blocked, there might still be residual compensatory
vasodilation from the other [48,52].

Using an acute kidney injury mouse model, Cao et al. [54] concluded that PGI2
expression has protective effects against IRI by modulation of the blood flow and control
of renin release, resulting in a better restoration of capillary perfusion. In addition, their
study described that deletion of PGI2 synthesis led to exacerbated IRI and that, in contrast,
administration of an exogenous PGI2 analog diminished its damage by improving flow
control and anti-inflammatory responses.

3.2. Vasoconstriction
3.2.1. Thromboxane A2 and Cyclooxygenase Enzyme 1

Thromboxane A2 (TXA2) is also a prostanoid but contradictory to prostacyclin, and
it induces vasoconstriction and platelet aggregation. The production of TXA2 occurs in
a similar pathway to prostacyclin. COX-1 stimulates the isomerization of TXA2. In se-
quence, TXA2 binds to receptors in SMCs and platelets, inducing contraction and platelet
aggregation, respectively. Vasoconstriction via TXA2 can also occur by increasing Ca2+

levels in SMCs [48,52]. A balance between PGI2/COX-2 and TXA2/COX-1 is of utmost
importance for maintaining homeostasis. By selectively inhibiting COX-2 in an attempt
to reduce inflammation, for example, TXA2 will cause vasoconstriction and platelet ag-
gregation without any protection from PGI2 activity, therefore accelerating endothelial
damage [48,52].

In the clinical setting, renal transplantation has been associated with chronic in vivo
platelet activation, thus leading to decreased long-term graft survival. Averna et al. [55]
further suggested that this activation is likely a consequence of long-standing endothelial
injury that continuously induces platelet activation. In those patients, plasma levels of
Willebrand’s factor (vWF) and urinary levels of TXA2 metabolites have shown to be an
extensively sensitive marker of platelet activation even after several months post-transplant.
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3.2.2. Endothelin-1

Glomerular endothelial cells are known to produce endothelin-1 (ET-1), and its recep-
tors are present in both ECs and SMCs. The ET-1 pathway is regulated by the stimulation of
inflammatory cells (interleukins and TNF-α) and a reduction in NO and PGI2 levels. When
SMC ET-1 receptors are activated, there is an influx of Ca2+, causing vasoconstriction similar
to TXA2 activation. In contrast, activation of ET-1 receptors in ECs causes vasodilation by
stimulating the release of PGI2 and NO. In the event of endothelial dysfunction, EC ET-1
receptors are downregulated, and SMC ET-1 receptors are upregulated, therefore enhanc-
ing a vasoconstrictive environment [48,52]. In the transplant setting, clinical studies have
reported that vascular ET-1 levels in kidney transplant recipients are markedly increased in
renal vessels suffering from transplant vasculopathy and chronic rejection [56].

Additionally, ET-1 goes beyond vasoactive properties. SMC ET-1 receptor binding
leads to macrophage activation, neutrophil interaction with the vessel wall, and an increase
in free radicals, all of which lead to further endothelial injury. Chronic ET-1 activation can
also culminate in SMC proliferation, which increases the thickness of the intima-media
in the vessel wall, and it has been associated with the development of atherosclerotic
plaques [48,52,57,58]. Several animal transplant and acute ischemic injury studies have
shown that administration of (non)selective ET1-antagonists attenuated IRI and organ
dysfunction post-transplant, but no studies have implemented such techniques in an ex
vivo perfusion model so far [56].

4. Vascular (Patho)physiology in the Transplant Setting

Even though transplantation is the best treatment for end-stage renal disease, it is
inevitable that the donor graft is exposed to damage—caused by brain death and/or
episodes of (warm) ischemia—during the organ retrieval, preservation, and transplant
process. This injury can lead to endothelial dysfunction, which in turn can be manifested
by reduced vasoactive capacity, activation of hypoxia signaling, inflammation and immune
activity, fibrinogenesis, and thrombus formation [33,36]. Subsequently, this acquired injury
can lead to complications such as graft primary non-function, shorter graft survival due to
acute and/or chronic kidney injury, DGF, and interstitial fibrosis [33]. This section aims to
describe and discuss each of these injury processes that take place during acute and chronic
transplant-related endothelial dysfunction.

4.1. Ischemia-Reperfusion Injury

IRI is a natural and inevitable consequence of transplantation. Disturbances of re-
nal blood flow during arterial clamping, organ procurement—especially in deceased
donors—and cold preservation incite multiple episodes of ischemia, leading to tissue
hypoxia, ATP depletion, production of reactive oxygen species (ROS), and tissue injury.
In addition, while awaiting organ retrieval, a deceased donor is exposed to hormonal
changes and resides in an inflammatory and pro-coagulatory state [59]. The last stage
of injury occurs during reperfusion, when blood flow and oxygenation are restored, and
all the previously inflicted damage is released into the bloodstream. The combination of
pre-existing injury within the donor graft, ischemic episodes, and the abrupt re-infliction of
blood flow together lead to a subsequent immunological response, possibly leading to a
vicious circle of inflammatory signaling and vascular injury [60,61].

IRI has been associated with both tubular and endothelial damage, and the length of
cold and warm ischemia time are considered important risk factors. The acute endothelial
injury caused by IRI leads to cellular apoptosis and compromises vasoactive capacity.
Suboptimal microcirculatory blood flow and cellular injury, in turn, favor activation of
coagulation, increased leukocyte adhesion to the vessel walls, and lack of oxygen delivery
to the tissue. Irreparable vascular injury culminates in vascular rarefaction, which has been
reported to have a tight correlation with renal fibrosis. Significant IRI can manifest as DGF
and DGF itself has been associated with decreased long-term graft survival [33].
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When looking into direct endothelial-pericyte communication during IRI, a two-
pronged effect takes place. First, pericytes are activated, causing them to detach from
peritubular capillaries and migrate to the renal interstitium, which further leads to differen-
tiation into myofibroblasts and culminates in fibrosis. Second, this detachment destabilizes
endothelial cells, ultimately leading to injury and leakage. This injury contributes to
coagulation and inflammation activation, increased oxidative stress, and stimulation of
apoptosis [40].

4.2. Hypoxia Signaling

The vascular damage caused by the series of ischemic episodes during organ pro-
curement and preservation can contribute to acute kidney injury, which, if unresolved,
incites further tissue hypoxia. Hypoxia-related responses are part of vascular homeostasis
to avoid injury and supplement repair and regeneration. However, its signaling is not a
straightforward process. The heterogeneity extends to inter-individual factors and between
different cell types, tissue beds, individual cells within one vascular bed, and even the same
cells in different temperature environments [46,62].

One of the most common processes during hypoxia involves the secretion/synthesis of
alpha and beta hypoxia-inducible factors (HIFs). In a healthy situation, alpha subunits are
degraded with the help of oxygen-dependent prolyl hydroxylases (PHDs) and von Hippel-
Lindau protein (VHL). During a hypoxic episode, inhibition of PHD is inhibited, leading to
an accumulation of the HIF alpha subunits, which are then free to form a complex with the
beta subunit and induces diverse hypoxia responses, such as changes in energy metabolism,
tubular epithelial cell repair, cell permeability, and the creation of new vessels [46].

The controlled regulation of blood flow and oxygen delivery between the cortex
and the medulla leaves the highly metabolically active cells particularly vulnerable to
changes in oxygen supply. The inevitable occurrence of ischemia during transplantation
and subsequent IRI has been proven to activate the HIF pathway, which, in turn, protects
cells from hypoxic damage by shifting the metabolism from aerobic to anaerobic, therefore
facilitating ATP production by using glycolytic activity [63].

HIF-1α stimulation has been suggested to ameliorate vascular and cellular hypoxic
injury. However, chronic expression of this alpha subunit can cause hypoxia-induced
apoptosis, increased cell permeability, inflammation, and induce predisposition to fibro-
sis [46,64], meaning that clarifying hypoxic signaling responses in kidneys during preserva-
tion, IRI, and machine perfusion is fundamental before designing target therapies to avoid
its consequences [46].

4.3. Angiogenesis

Another physiological process that is activated after IRI in response to tissue hypoxia
and vascular injury is angiogenesis. Kidneys have a very complex vascular structure with
many different activities, and the integrity of the vascular bed is important for optimal
functioning. When there is damage to the vessels, the organism needs to be able to
repair it and restore homeostasis. This process is tightly regulated by a balance between
proangiogenic and antiangiogenic factors [65–67]. One of the main regulators of endothelial
survival, response to hypoxia, migration, division, and sprouting is VEGFs. This cytokine
family has different isoforms and expression patterns throughout the kidney: VEGF is
present in glomerular and tubular epithelial cells, and VEGF receptors 1 and 2 (VEGFR1/2)
are present in peritubular capillaries [65].

During IRI, acute kidney injury affects glomerular and tubular function by inflicting
vasoconstriction and inflammation, followed by microcirculation rarefaction and tissue
hypoxia, and eventually cell death. Nephron and vascular regeneration are necessary to re-
cover from said damage, but oftentimes, the post-ischemic response is insufficient to regain
homeostasis, which contributes to chronic inflammation and interstitial fibrosis [68,69].

Post-ischemic expression of VEGF was investigated in a rat study by Leonard et al. [70],
and they showed that suppletion with VEGF-121 immediately after IRI was effective in
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preserving renal vascular structure compared to delayed treatment and no treatment.
However, the exact mechanism of vascular protection was not identified, so it was discussed
that perhaps suppletion of VEGF-121 inhibits cell death but has little proliferative effect [68].
An earlier study by Hara et al. [69] further supports this hypothesis by investigating the
effects of VEGF inhibition in rats and reporting that blocking VEGF signaling caused
increased proteinuria and decreased nephrin.

A porcine transplant study by Shimizu et al. [70] showed that persistent and unre-
solved inflammation of peritubular capillaries is strongly associated with renal interstitial
fibrosis. This finding was later confirmed by the same research group in human kidney
graft biopsies, and this inflammatory process was also correlated with post-transplant graft
dysfunction and proteinuria [71].

Furthermore, the vasculature is closely related to antibody-mediated rejection. The
presence of donor-specific antibodies and human leukocyte antigen (HLA) binding causes
endothelial injury that can be measured by elevated tissue protein levels of endothelial
transcripts such as von vWF, caveolin-1, platelet/endothelial cell adhesion molecule, and
E-selectin. The presence of these markers has been associated with poor long-term graft
survival [71]. Persistent inflammation and complement-mediated vascular injury also favor
caspase-3 activation, which stimulates the release of extracellular vesicles and culminates
in cell death, fibrosis, and vascular rarefaction [33]. Murine and porcine models have
shown that inhibiting caspase-3 during renal IRI was associated with better long-term
graft survival.

4.4. Fibrosis

One of the biggest hurdles in renal transplantation is the shorter long-term survival of
deceased donor kidneys in comparison to living donors. Graft failure is most commonly a
consequence of chronic allograft nephropathy, which is characterized by a gradual decline
in kidney function due to increased interstitial fibrosis and tubular atrophy, meaning
that functional units are slowly being replaced by scar tissue. IRI can be a big factor in
inciting fibrinogenesis, but relevant amounts of renal fibrosis may also already be present
in the donor before transplantation, resulting in less favorable graft quality [20]. Therefore,
identifying early-onset fibrosis pre-transplantation and perhaps even inhibiting the chronic
activation of its signaling cascade would be of great value.

The key mediator and most studied fibrosis marker is transforming growth factor β
(TGFβ). This cytokine, amongst many others, is recruited to the site of injury/inflammation
to remove the damaged cells and activate myofibroblasts to induce wound healing. How-
ever, when there is chronic inflammation and overstimulation of this cytokine, there is
excess deposition of extracellular matrix proteins in the tissue. Over time, this phenomenon
affects the function and architecture of the organ [20,72,73].

Studies have been conducted to explore the molecular mechanisms of homeostasis and
its impact on endothelial permeability and renal fibrosis, and the sphingolipid signaling
pathways have been a topic of interest in recent years. Sphingosine 1-phosphate (S1P) and
its receptor S1PR1 have been associated with barrier-protective properties in endothelial
cells, and the activation of S1PR1 leads to a redistribution of intercellular junction proteins
(VE-cadherin), making them tighter. Using an acute injury mice model with vascular
leakage, Akhter et al. [74] demonstrated that, upon endothelial injury, a new population
of S1PR1+ cells is generated with high regenerative capacity, therefore restoring vascular
integrity [73,74].

4.5. Coagulation

In a healthy situation, the endothelium possesses anticoagulant, antithrombic, and
fibrinolytic properties. The principal anticoagulant property of the endothelium is via its
protein C and protein S receptors, which decrease platelet activation. Platelet aggregation is
inhibited by synthetizing prostacyclin and endothelium-derived relaxing factor (EDRF), and
endothelial production of heparin-like glycosaminoglycans further inactivates coagulation
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proteases. Fibrinolysis properties account for fibrin clots by basal synthesis of tissue-type
plasminogen activator (t-PA) [36].

Once the endothelium is damaged, a cascade of pro-coagulatory pathways takes place.
The exposition of the basal membrane activates vWF and factor XII, which stimulates the
extrinsic and intrinsic coagulation pathways, respectively. From then on, glycoprotein
receptor IIB IIIA promotes platelet aggregation to other platelets, and platelet degranulation
catalyzes the aggregation even further [34,36]. Recent studies have reported that kidney
transplantation is associated with an increased risk of thrombotic microangiopathy, which
is characterized by endothelial damage and further complement activation. This post-
transplant complication affects 0.8–14% of kidney recipients and negatively impacts graft
survival [75]. vWF and soluble thrombomodulin levels in renal outflow during reperfusion
are potential risk markers for thrombotic complications [76].

5. Ex Vivo Perfusion Research in a Transplant Setting

Given the importance of renal vasculature and the consequences of vascular injury
during renal transplantation, it would be extremely helpful if the condition of the renal
vasculature could be assessed and potentially improved before transplantation. Ex vivo
perfusion, whether it is HMP or NMP, may offer the possibility to assess kidney function
prior to transplantation and could provide a treatment platform in a controlled and isolated
environment [9,18,20–22]. Therefore, investigating and assessing vascular damage during
machine perfusion could provide a better understanding of its underlying mechanisms,
which could potentially be translated into assessment or treatment techniques. Therefore,
we first focus on real-time assessment techniques of the vasculature during ex vivo per-
fusion. We then highlight several new techniques that could potentially help close the
knowledge gap regarding renal vasculature in an ex vivo setting. Last but not least, we
explore potential pathways that could be studied and targeted with pharmaceuticals to
attenuate vascular damage during machine perfusion. All these techniques and suggestions
are represented in Figure 3.
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treatment from other fields of research in ex vivo perfusion research. Real-time analysis during
perfusion could be achieved by administering boluses of vasoactive agents during perfusion, and
assessment could be performed by observing flow/vascular resistance variations via ultrasound or
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laser speckle contrast imaging to observe changes in perfusion profiles; Iontophoresis assesses the
nitric oxide availability in the microvasculature by placing two watertight chambers on the skin that
conduct an electrical current to transfer positive or negatively charged vasoactive agents through
resistance vessels locally. To measure vascular changes, Laser Doppler Flowmetry (LDF) or Laser
Doppler Imaging (LDI) can be used; Venous Occlusion Plethysmography entails stopping venous
return while there is arterial inflow. This flow occlusion causes the forearm to increase volume over
time in proportion to the incoming arterial flow. The increase in forearm volume is measured as
the increase in length of the strain-gauge causes a change in electrical resistance; arterial stiffness
is measured as branching points in the arteries cause the heartbeat pulsatile pressure waves to be
reflected, meaning that the stiffer an artery is, the faster these waves travel back. The most common
techniques to assess arterial stiffness are Pulse Wave Analysis (PWA) and Pulse Wave Velocity (PWV);
Functional MRI (fMRI) imaging during renal NMP has recently been applied to investigate the impact
of relevant events in the transplant process (such as warm/cold ischemia times) on grafts, and it
can add an extra set of variables to organ quality prediction models by acquiring information on
general vessel architecture and regional blood flow distribution. Sample analysis of vascular viability
could be performed by flow cytometry. This technique could be applied to monitor the shedding of
endothelial/epithelial cells as a marker of cellular damage; Microcomputed tomography is a relatively
new technology that can be applied to image samples inside and out in a non-destructive way and
acquire high-resolution images with fast 3D cross-section reconstruction. Voxel sizes can be adjusted
to image structures as small as afferent/efferent arterioles; Lightsheet fluorescence microscopy is
an ex vivo tissue microscopy technique that enables optical sectioning of the sample while still in a
three-dimensional architecture, therefore enabling whole organ imaging. Last but not least, ex vivo
perfusion can be used as a platform for targeted treatment, which can be achieved by administering
medications (such as drugs, micro RNAs, small interfering RNAs, or even nanoparticles) targeting
fibrinolysis inflammation, antibody-mediated rejection (HLA), fibrosis (TGF-β), ischemia-reperfusion
injury, hypoxia (HIF), angiogenesis (VEGF). Image created with BioRender.

5.1. Real-Time Assessment of Vasoactivity during NMP

A healthy endothelium is responsible for modulating the vascular tone according to
pressure, flow, and oxygenation conditions. Signals from ECs are received by the SMCs to
either relax or contract, therefore creating vasodilation and vasoconstriction. An impaired
vasomotor response can be the result of either dysfunction in endothelial signaling to
smooth muscle cells or primary dysfunction of SMCs. Therefore, it is important to assess
both endothelial-dependent and -independent vasoactive responses [36,48,52]. It would be
valuable to explore different techniques known from other fields of research. For example,
there are several methods for examining endothelial viability and capillary dysfunction
in cardiovascular research [48] that could be implemented in combination with ex vivo
perfusion with just some minor adjustments. One of the most common techniques used to
assess endothelial-dependent function involves monitoring the vasomotor response to a
certain stimulus, while the lack of or diminished response would be an indicator of poor
function [48].

5.1.1. Endothelial Vasoactive Response Evaluation

A simple technique that could be implemented during NMP is to administer boluses
of vasoactive substances during perfusion and observe flow variations. Those drugs could
be directed at a certain vessel layer or vasoactive pathway of interest, and viable vessels
should be capable of responding to such stimuli. A more accurate assessment could be
achieved by, for example, using ultrasound to measure vessel diameter or laser speckle
contrast imaging (LSCI) to observe changes in perfusion profiles [48,77]. In 2018, Bath
et al. [19] reported that long warm ischemia times (WIT) directly affect vasodilation capacity
after administering vasoactive boluses during NMP, suggesting irreversible endothelial
injury, and cold ischemia time (CIT) further diminished that potential. This study indicates
that influencing vasoactivity during perfusion could provide a measurement of vascular
injury and, therefore, viability.
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5.1.2. Iontophoresis

Another technique that could be implemented during NMP is iontophoresis, which
assesses the NO availability in the microvasculature [48,78]. While similar to the previ-
ously mentioned technique, iontophoresis is a less systemic approach and has not yet
been adapted for an ex vivo setting. In the clinic, the principle consists of placing two
watertight chambers on the forearm skin that conduct an electrical current to transfer
positive or negatively charged vasoactive agents through resistance vessels locally, and the
delivery rate depends on the density and strength of the current. Acetylcholine and sodium
nitroprusside are the most common agents used in this technique. To measure the vascular
changes, laser doppler flowmetry (LDF) or laser doppler imaging (LDI) can be used. LDF
and LDI are similar techniques, differing on the size of the scanned area—LDF measures
perfusion over a single point, and LDI scans a whole area [48]. With some adaptation
and validation, this technique could be implemented during NMP to assess the dynamic
vascular response to vasoactive stimuli. In this way, evaluation can be performed in a
localized manner without affecting the whole organ, and it would offer real-time results. In
addition to doppler techniques, LSCI could be an alternative option for imaging, as it has
high special and temporal resolution and has already been validated in perfusion models
for microvascular perfusion assessment [77].

5.1.3. Venous Occlusion Plethysmography

Venous occlusion plethysmography could also be applied during NMP with appropriate
adaptation/validation. Normally, this technique is used in the forearm, and it entails stopping
venous return while there is arterial inflow. This flow occlusion causes the forearm to increase
in volume over time in proportion to the incoming arterial flow [48,79]. Two strain gauges are
placed high on the forearm and the wrist, one to cause venous occlusion and one to exclude
the hand from the measurement. An automated device (plethysmograph) is connected to
the forearm cuff and controls the in- and deflation of the gauges respecting the maximum
venous filling. The increase in forearm volume is picked up by the machine, as the increase in
length of the strain gauge causes a change in electrical resistance, therefore representing an
increase in forearm blood flow [48]. In principle, healthy resistance vessels should be able to
retain more flow by inducing vasodilation and quickly respond to the strain gauge removal
and restore venous return by adjusting vasodilation [79]. This technique could be seen as
more aggressive compared to others, but if validated, it could still provide extra real-time
information on vascular adaptation capacity during perfusion when testing different protocols
or drugs, as it might correlate with other parameters.

5.1.4. Arterial Stiffness

Arterial stiffness is also a principal factor to consider when studying vascular viabil-
ity [48,80,81]. In vivo, with each heartbeat, pressure waves travel through the vasculature,
and compliant arteries dampen these pressure oscillations to deliver blood flow in a smooth
manner. At branching points, these pressure waves are reflected, and the stiffer an artery
is, the faster these waves travel back. Increased stiffness can be caused by reduced NO
production by the endothelial cells, loss of SMC tone, excessive collagen deposition in the
vessel wall, and atherosclerosis [48,80]. There are a few techniques available to assess arte-
rial stiffness, the most common being pulse wave analysis (PWA) and pulse wave velocity
(PWV), which have been previously associated with coronary microvascular endothelial
function [48,82]. Both methods are similar, only differing in the number of measured
locations (PWA uses a single point, and PWV uses two points simultaneously). The arterial
pressure wave is measured with a transducer by flattening an artery—but not occluding it.
Then, the difference between peak readings is calculated as a percentage, and the higher
the number, the stiffer the artery. In an NMP setup, a transducer could be easily placed
either on the renal artery or on the silicone tubing from the circuit to acquire PWA or PWV
data, and arterial stiffness could potentially be measured during perfusion [48]. However,
measurement readings would still need to be calibrated and validated for the setup.
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5.2. Exploring New Techniques to Unravel Molecular Mechanisms of Vascular Injury

Most of the assessment techniques explored above focus on the real-time contractility
of the renal vasculature. However, there is still a knowledge gap in general ex vivo physiol-
ogy, and there are currently no predictive biomarkers for ex vivo renal viability [9]. Since
vasculature stability is crucial for maintaining homeostasis and optimal renal function, new
techniques should be explored to further understand and investigate its (patho)physiology
in an ex vivo manner, as in vivo and ex vivo vascular responses might differ considerably.
Although cumbersome, more elaborate and extensive techniques should not be overlooked,
as they might be key to unveiling basic ex vivo vascular physiology so that, in the future,
they can be simplified and perhaps correlated to more real-time parameters currently in use.

5.2.1. Quantifying Endothelial Cell Shedding with Flow Cytometry

Previous studies have shown that EC damage derived from renal graft injury causes
EC shedding, leading to an increase in circulating endothelial cells (cEC) in blood, which
correlates with plasma markers such as vWF and E-selectin [83]. During machine perfusion,
the presence of cECs could potentially be an indicator of vascular injury. The major advan-
tage of measuring cECs is that their presence is not dependent on EC activation (measured
by vWF and E-selectin levels). In that sense, endothelial damage can be differentiated from
dysfunction and could therefore aid in graft viability monitoring [83].

Various human and murine studies have used flow cytometry to identify endothelial
cells, and a plethora of markers have been studied to identify cells coming from different
tissues and vessel sizes [83–86]. The main antibody that is used to detect cECs in human
blood is CD146, but other markers such as CD31, CD144, CD146, CD105, Lectins, VEGF-2,
PV-1, vWF, Tie-2/TEK, and HLA-II could be used to phenotype endothelial cells further
down to their location within the kidney and vessel size [83–86]. However, it is important to
note that different (donor) kidneys can express these markers in different proportions [85],
thus making analysis a complicated process to understand and standardize.

So far, no studies have been performed to investigate the presence of cEC as a vascular
viability assessment during machine perfusion. One of the reasons could be that many
experimental transplantation studies are performed in pigs due to their similar physiology
to humans. Porcine endothelial cells have barely been studied, and the general availability
of porcine antibodies is scarce [83]. For flow cytometry analysis, (renal) endothelial-specific
pre-labeled primary porcine antibodies are inexistent. Secondly, NMP experiments fol-
lowed by transplantation are limited due to high costs and little availability of centers
for porcine research. As for the clinical situation, quantifying cECs in HMP perfusate is
easily applicable as HMP is already standard clinical care. However, since NMP is only
barely implemented clinically, flow cytometry during NMP will take some time to initiate.
Furthermore, most perfusion studies do not generate post-transplant data as the kidneys
are not transplanted, hence correlating cEC numbers with transplant outcomes has not
been established.

5.2.2. Lightsheet Fluorescence Microscopy

Lightsheet fluorescence microscopy (LSFM) is an ex vivo tissue microscopy technique,
and its imaging principle consists of horizontal fluorescent tissue excitation and vertical
scanning [87]. This technique enables optical sectioning of the sample while still in a
three-dimensional architecture, therefore enabling whole organ imaging in small animal
models. Murine, zebrafish, and organoid models are the most commonly used LSFM
during analysis, and their organs of interest vary (hearts, lungs, kidneys, eyes, etc.) [88–96].
Several studies have been performed to assess renal vascular viability and architecture
using murine models [92,96,97].

During HMP or NMP, the administration of antibodies against endothelial markers—such
as CD31, lectins, and glycocalyx components—could potentially help identify the vascu-
lature during LSFM and highlight areas of shedding [85,86,92,96,97]. Additionally, this
technique could be used to identify inflammatory activation/infiltration sites along the ves-
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sels and overall vascular architecture and even offer insight into capillary rarefaction [97].
As seen in Table 1, the need for tissue fixation limits this technique to retrospective analysis,
but it could still be of great help in studying the localized vascular impact of machine
perfusion and its potential treatment targets. Since whole porcine and human organs do
not fit in the imaging chamber of the microscope, biopsies could be collected and analyzed
using LSFM.

Table 1. Summarized view of previous applications and (dis)advantages of suggested techniques.

Technique Previous Application Advantages Disadvantages

Response to
vasoactive stimuli

Cardiovascular research
and ex vivo perfusion Real-time evaluation Affects the whole organ

Iontophoresis Clinically used Real-time evaluation; local effect Requires validation and placement of
chambers on the kidney surface

Ultrasound/Laser
doppler Clinically used Already clinically used; Real-time

evaluation;

No generalized assessment possible;
Microvasculature not visible;

Requires placement of probe on
kidney surface;

Laser speckle
imaging Ex vivo perfusion

Real-time evaluation; Already
validated during ex vivo perfusion;

microvasculature more visible

Needs a specific dark chamber for
scanning; Only superficial
visualization is possible

Venous occlusion
plethysmography Clinically used Real-time evaluation; No need to

administer drugs
More aggressive; Affects the whole

organ by occlusion of outflow

Arterial stiffness Clinically used
Real-time evaluation; No need to

administer drugs; Could possibly be
measured in the tubing

Requires validation and possible
placement of probes on the kidney

surface

Flow cytometry Human, murine studies Specific analysis/labeling of desired
cells/proteins

Not a real-time assessment; Antibody
availability could be difficult;

Lightsheet
microscopy

Murine, zebrafish,
organoid studies, etc.

Three-dimensional analysis of
sample; Specific analysis/labeling of

desired cells/proteins

Not a real-time assessment; Not
possible to do whole organ analysis

in large animal/human models;
Sample needs to be fixed and cleared;

Lengthy

Microcomputed
tomography

Murine in vivo and ex
vivo

Three-dimensional analysis of
sample; Possible to visualize small

structures; Not lengthy; In vivo
scanning in small animal models

Not a real-time assessment; Not
possible to perform functional

analysis

Magnetic resonance
imaging

Clinically used and ex
vivo perfusion

Possible to perform anatomical and
functional analysis; Already applied

to ex vivo perfusion; Real-time
assessment

Still under study for interpretation
during ex vivo perfusion; Logistically

cumbersome

Targeted treatment
and nanoparticles

Human, porcine, and
murine studies, ex vivo

perfusion

Treatment is delivered to the isolated
organ; Nanoparticles allow long-term

drug delivery

No long-term assessment is possible
during ex vivo perfusion; Drug

dosage needs validation and tested
for toxicity

siRNA and/or
miRNA treatment

Cardiovascular research,
murine and human
studies, and ex vivo

perfusion

Treatment is delivered to the isolated
organ; Treatment can have an effect

even after transplantation

No long-term assessment possible
during ex vivo perfusion; Drug

dosage needs validation and tested
for toxicity

Precision-cut slices
Murine, porcine, and

human studies, ex vivo
perfusion studies

Long-term assessment possible;
Multiple drugs can be tested in a

single organ

Full organ functionality not possible;
Prone to infections

Fibrinolysis
Human and porcine
transplant studies, ex

vivo perfusion

Treatment is delivered to the isolated
organ; Avoids further graft damage

Post-transplant consequences need
more extensive study
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5.2.3. Imaging Renal Microvascular Architecture with Microcomputed Tomography

Microcomputed tomography (micro-CT) is a relatively new technology that can be ap-
plied to image samples inside and out in a non-destructive way and acquire high-resolution
images with fast 3D cross-section reconstruction. This technique has been applied in in vivo
studies for the assessment of longitudinal treatment effects [98] and in ex vivo research
studies analyzing various organs, such as renal microvasculature architecture imaging and
glomerular quantification [96,99]. Voxel sizes can be adjusted to image microvasculature in
rodent and porcine models, and structures as small as afferent/efferent arterioles can be
visualized. Studies have reported that early structural changes can be detected by micro-CT,
and vascular rarefaction, increased microvascular density, and microvascular remodeling
have been correlated to early stages of pathological processes such as polycystic kidney
disease, hypercholesterolemia, and increased oxidative stress in stenotic kidneys, respec-
tively [96]. In addition, alterations in vascular molecular mechanisms, such as expression
of HIF-1α ad VEGF have been associated with changes in vascular structure in polycystic
kidneys after micro-CT imaging [96,99].

The advantages of micro-CT, as described in Table 1, are that full geometric struc-
tures can be analyzed, glomerular and peritubular capillaries can be distinguished, and
the spatial density and tortuosity of vascular beds can be visualized in a relatively fast
manner [96,98,99]. However, unlike other imaging modalities, no functional assessments
can be performed; this technique requires radiation, and without any modifications to the
machine, kidneys cannot be imaged while perfused. Therefore, this technique would be
restricted as a post-perfusion analysis in porcine and human discarded kidney models,
but observed changes could be correlated to other molecular and/or real-time parameters.
In rodent transplantation studies involving ex vivo perfusion as a platform for targeted
treatment, micro-CT has the potential to evaluate in vivo vascular response longitudinally
for post-transplant monitoring, therefore offering insight into outcomes.

5.2.4. Visualizing Renal Perfusion Profile with Magnetic Resonance Imaging

Magnetic resonance imaging is a technique commonly used in the clinic for non-
invasive real-time organ morphological and functional assessment. Several studies pub-
lished by Schutter et al. [100,101] reveal that functional MRI (fMRI) imaging during renal
NMP can be used to unveil renal ex vivo physiology and as a reliable and independent
viability assessment tool. The combination of NMP and fMRI could prove of extreme
value to investigate the impact of relevant events in the transplant process (warm/cold
ischemia times), as well as opening doors to adding an extra set of variables to organ quality
prediction models.

During NMP, fMRI acquires information on vascular parameters such as general
vessel architecture and regional blood flow. Arterial spin labeling (ASL), for example, is a
sequence that tracks inflowing protons while they travel through the kidney, which offers
insight into flow distribution [101]. However, as an unexpected result from Schutter’s
experiments, ex vivo perfused kidneys showed low cortical flow and high medullary flow
for the first two hours, after which it returned to in vivo physiological characteristics. These
data highlight once more how different kidneys might behave in vivo and ex vivo. With
that in mind, further research into vascular-specific fMRI sequences is needed to investigate
and understand renal ex vivo responses, and results should be carefully interpreted.

5.3. Treating Vascular Injury in an Ex Vivo Setting

Last but not least, ex vivo machine perfusion can provide a unique opportunity to
treat kidney grafts whilst outside of the body. Machine perfusion itself may already offer
superior protection against IRI-related vascular damage, but specific drug targeting to
repair or prevent additional injury could further improve the preservation of (suboptimal)
donor kidneys.
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5.3.1. Targeting Hypoxia via the HIF Pathways

An inevitable consequence of ischemia and organ storage is tissue hypoxia, which is
most commonly activated via the HIF pathways. With vascular dysfunction and damage,
vasoconstriction, inflammation, and thrombosis are phenomena that further lead to lower
oxygen delivery to the tissue [46,102]. The HIF signaling cascade is intended to protect
the organ from excessive hypoxic damage, but it has been reported that continuous and
non-specific activation of HIF pathways can have detrimental consequences. As hypoxia
response is very heterogenous even within the same organ—and since the kidney is the
most vulnerable to hypoxia damage—it is essential to investigate further the importance of
these renal responses in an ex vivo machine perfusion setting.

Several attempts have been made to counteract hypoxia by pre-treating the donor in
an experimental setting. Animal studies have reported that pre-treatment of donors by
enhancing HIF-1α or inhibiting PHD has a positive effect on post-transplant outcomes,
and human observational studies indicated that non-rejected and better-functioning grafts
presented with higher HIF-1α levels post-transplant [64,102,103]. However, in a clinical
setting, pre-treatment of the donor is very difficult for ethical reasons. Therefore, an ex vivo
model could be of significant impact on the ectopic studying and conditioning of kidneys
prior to transplantation by directly or indirectly enhancing HIF-1α activity. In 2017, a study
by Hollis et al. [64] used renal HMP to deliver PHD inhibitors to investigate whether
there was an anaerobic metabolic shift after ischemic injury. Even though a normothermic
functional assessment of the kidneys was not performed in this study, the group could show
that inhibitor administration during HMP alone could alter the metabolic phenotype of the
kidneys. To our knowledge, PHD inhibitors have not yet been tested in a normothermic
machine perfusion setup. This would be relevant to examine as PHD inhibitor kinetics
could work best under physiological temperatures and, therefore, more protective for the
kidney vasculature.

5.3.2. Targeting Angiogenesis via the VEGF Pathway

Another potential vascular treatment pathway is the VEGF pathway. In the face of
tissue hypoxia and cellular injury, the vasculature turns to angiogenesis in an attempt to
repair its structure and restore homeostasis, and this process is tightly regulated between
proangiogenic and antiangiogenic factors [65]. The VEGF pathway has been a focus
of various studies in recent years, and enhancement of this pathway in early ischemic
processes has shown promise in maintaining vascular viability [68,69]. Once ex vivo
angiogenic physiology is unraveled, treatment of kidneys prior to transplantation during
perfusion could be an interesting approach to avoid chronic injury. With this setup, similar
to HIF pathway interventions, donor treatment is avoided, and the organ would be treated
individually without systemic effects. Target agents could be administered momentarily or
even associated with microparticles for a longer local effect post-transplant.

5.3.3. Targeting Coagulation with Fibrinolytics

In a healthy situation, the endothelium possesses fibrinolytic, anticoagulant, and
antithrombic properties. Damage to ECs negatively impacts their protective effects against
inflammation and thrombus formation, making the vascular environment prone to those
processes. The exposition of the EC basal membrane activates vWF and factor XII, which
stimulates the extrinsic and intrinsic coagulation pathways, respectively. From then on,
glycoprotein receptors promote platelet aggregation, and platelet degranulation catalyzes it
even further [34,36]. Putting effort into exploring inflammatory and coagulation pathways
ex vivo could improve current perfusion protocols to avoid extreme endothelial activation,
which can be greatly beneficial for maintaining homeostasis and avoiding further graft
damage. As an example, a few previous porcine and human transplant studies have shown
that inducing fibrinolysis ex vivo during flush or HMP to actively remove clots from the
circulation and prevent further endothelial damage was beneficial for organ functioning,
thus improving graft viability post-transplant [104,105].
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5.3.4. Using siRNA and miRNA to Attenuate Inflammation

Since endothelial cells are responsible for initiating inflammatory, immunologic, co-
agulatory, and even graft rejection processes [34–36,106], modifying ECs during ex vivo
perfusion by reducing or even inhibiting the expression of certain pathways can benefit
organ (vascular) viability without further compromising the recipient’s system [107]. This
(temporary) cellular reprogramming could possibly be achieved by the administration
of small interfering RNAs (siRNA), micro RNAs (miRNA), or even micro/nanoparticles
loaded with certain therapeutic agents [108,109].

A study by Cui et al. [108], for example, pre-treated human epicardial coronary arteries
with siRNA-loaded biodegradable poly(amine-co-ester) (PACE) nanoparticle against class
II transactivator (CIITA) via NMP. CIITA is a positive regulator for the transcription of
class II major histocompatibility complex (MHC-II) molecules, and it induces temporary
unresponsiveness to interferon (IFN)-γ-mediated induction of MHC-II molecules. Isolated
arteries were perfused for 6 hours at 37 ◦C with PACE nanoparticles resuspended in
M199 medium. Afterward, these vessels were transplanted into the infra-renal aorta of
immunodeficient SCID/beige mice and monitored for 6 weeks. After 1 week, nanoparticles
were not detected in other mouse organs, and after 6 weeks of transplant, pre-treated
arteries still showed some level of MHC-II expression inhibition. Moreover, treated arteries
retained a more favorable endothelial cell coverage, smooth muscle cell function, and
reduced T-cell infiltration. This study also reported that the flow rate during perfusion
is an important factor for optimal distribution and kinetics of the nanoparticles, as their
association decreased in the face of increased shear stress.

Micro RNAs could be used as a therapeutic target by administering miRNAs systemi-
cally or locally to either inhibit or enhance certain transcript functions. Their efficacy has
been reported in studies targeting cancer, hepatitis C, heart abnormalities, kidney disease,
pathologic fibrosis, etc. [109]. Administration of certain miRNAs during ex vivo perfusion
could be beneficial in more than one way. Firstly, ex vivo perfusion would serve as a
pre-transplant treatment platform to prevent excessive damage or enhance repair. Secondly,
it would be a platform to deliver such treatments in an isolated manner, therefore avoiding
any systemic responses post-transplant.

5.3.5. Targeting Fibrosis via the TGF-β Pathway

The last step of renal injury is fibrosis. This process is the result of irreparable damage
to the vasculature and renal tissue, in which TGF-β plays a key role. Attenuating fibrosis
during renal ex vivo perfusion could be an interesting approach to prevent its onset due to
persistent inflammation after IRI and to allow the vasculature to repair and re-vascularize
prior to the no-return point. Avoiding vascular injury and rarefaction is crucial to avoiding
further fibrinogenesis.

Drugs to target such pathways could be easily administered in an HMP or NMP
perfusate [20]. However, fibrosis is a slow process that cannot be observed within only a
few hours, so other techniques need to be explored in addition to machine perfusion alone.
Recent studies by van Furth et al. [110] and van Leeuwen et al. [20] have proposed the use
of precision-cut kidney slices as a model for the long-term evaluation of drug effect and IRI
molecular mechanisms. This model has the benefit of being able to use a single organ to
test various drugs simultaneously, and it is also an upgrade from cell culture as it maintains
part of the tissue’s architecture, therefore allowing evaluation of cell-cell and cell-matrix
interactions. Using this technique after administering drugs during ex vivo perfusion could
open doors to investigating long-term effects (24–48 h) of fibrosis in renal tissue. Ultimately,
they have shown that fibrosis can be attenuated by targeting the TGF-β pathway.

6. Conclusions

Vascular complications play a prominent role in transplant-related short- and long-
term function. Better understanding, assessing, and perhaps even treating the renal vas-
culature pre-transplant would offer great potential for improving transplant outcomes.
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Maintaining vascular homeostasis is crucial for renal cellular survival and organ function,
and dysregulation of this process presents interconnected short- and long-term impacts
on viability. Organ preservation research has improved and grown exponentially in re-
cent years, and ex vivo perfusion could act as an intermediate step between donor organ
procurement and recipient surgery to assess viability and improve graft quality. Reliable,
independent biomarkers or assessment techniques for renal viability are still to be un-
veiled, and although the vasculature is the starting point for multiple dysfunction processes
and graft rejection, it is still the least researched renal compartment in the spectrum of
machine perfusion.

Current vasculature-related assessment parameters such as vascular resistance, flow,
and urine production lack significance in predicting optimal ex vivo renal function. There-
fore, taking a step back into basic physiology research and exploring new treatments and
technologies—perhaps applied in different fields of research—could help fill that gap. Even
if restricted to an experimental setting, more elaborate and extensive techniques should
be explored, as they might offer insights into basic ex vivo vascular physiology so that in
the future, they might be simplified and perhaps correlated to more real-time parameters
currently in use. Despite the lack of specific literature, the techniques and treatments
discussed in this review could potentially enhance post-transplant outcomes and graft
survival and ultimately improve the transplant recipients’ quality of life.
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35. Stanek, A.; Fazeli, B.; Bartuś, S.; Sutkowska, E. The Role of Endothelium in Physiological and Pathological States: New Data.
Biomed. Res. Int. 2018, 2018, 1098039. [CrossRef] [PubMed]

36. Nabel, E.G. Biology of the Impaired Endothelium. Am. J. Cardiol. 1991, 68, 6–8. [CrossRef]
37. Sharfuddin, A.A.; Molitoris, B.A. Pathophysiology of Acute Kidney Injury. In Seldin and Giebisch’s the Kidney; Elsevier: Amsterdam,

The Netherlands, 2008; pp. 2143–2191. [CrossRef]
38. Brown, A.L. The Structure of the Nephron. Med. Clin. N. Am. 1966, 50, 927–935. [CrossRef]
39. Madrazo-Ibarra, A.; Vaitla, P. Histology, Nephron; (Last Update: 17 February 2023); StatPearls: Tampa, FL, USA, 2023.
40. Kumar, S.; Molitoris, B.A. Renal Endothelial Injury and Microvascular Dysfunction in Acute Kidney Injury. Semin. Nephrol. 2015,

35, 96–107. [CrossRef]
41. Dumas, S.J.; Meta, E.; Borri, M.; Luo, Y.; Li, X.; Rabelink, T.J.; Carmeliet, P. Phenotypic diversity and metabolic specialization of

renal endothelial cells. Nat. Rev. Nephrol. 2021, 17, 441–464. [CrossRef]
42. Kida, Y.; Duffield, J.S. Frontiers in Research: Chronic Kidney Diseases: The pivotal role of pericytes in kidney fibrosis. Clin. Exp.

Pharmacol. Physiol. 2011, 38, 417. [CrossRef]
43. Pallone, T.L.; Silldorff, E.P. Pericyte regulation of renal medullary blood flow. Exp. Nephrol. 2001, 9, 165–170. [CrossRef]
44. Kennedy-Lydon, T.M.; Crawford, C.; Wildman, S.S.P.; Peppiatt-Wildman, C.M. Renal pericytes: Regulators of medullary blood

flow. Acta Physiol. 2013, 207, 212–225. [CrossRef] [PubMed]
45. Ferland-McCollough, D.; Slater, S.; Richard, J.; Reni, C.; Mangialardi, G. Pericytes, an overlooked player in vascular pathobiology.

Pharmacol. Ther. 2017, 171, 30–42. [CrossRef] [PubMed]
46. Marsboom, G.; Rehman, J. Hypoxia signaling in vascular homeostasis. Physiology 2018, 33, 328–337. [CrossRef] [PubMed]
47. Wallez, Y.; Huber, P. Endothelial adherens and tight junctions in vascular homeostasis, inflammation and angiogenesis. Biochim.

Biophys. Acta Biomembr. 2008, 1778, 794–809. [CrossRef] [PubMed]
48. Sandoo, A.; Veldhuijzen Van Zanten, J.J.C.S.; Metsios, G.S.; Carroll, D.; Kitas, G.D. The Endothelium and Its Role in Regulating

Vascular Tone. Open Cardiovasc. Med. J. 2010, 4, 302. [CrossRef]
49. Yilmaz, O.; Afsar, B.; Ortiz, A.; Kanbay, M. The role of endothelial glycocalyx in health and disease. Clin. Kidney J. 2019, 12,

611–619. [CrossRef]
50. Schött, U.; Solomon, C.; Fries, D.; Bentzer, P. The endothelial glycocalyx and its disruption, protection and regeneration:

A narrative review. Scand. J. Trauma. Resusc. Emerg. Med. 2016, 24, 48. [CrossRef]
51. Boo, Y.C.; Sorescu, G.; Boyd, N.; Shiojima, I.; Walsh, K.; Du, J.; Jo, H. Shear stress stimulates phosphorylation of endothelial

nitric-oxide synthase at Ser 1179 by Akt-independent mechanisms. Role of protein kinase A. J. Biol. Chem. 2002, 277, 3388–3396.
[CrossRef]

52. Mangana, C.; Lorigo, M.; Cairrao, E. Implications of Endothelial Cell-Mediated Dysfunctions in Vasomotor Tone Regulation.
Biologics 2021, 1, 231–251. [CrossRef]

53. Rees, D.D.; Palmer, R.M.J.; Moncada, S. Role of endothelium-derived nitric oxide in the regulation of blood pressure. Proc. Natl.
Acad. Sci. USA 1989, 86, 3375–3378. [CrossRef]

54. Cao, Y.; Guan, Y.; Xu, Y.Y.; Hao, C.M. Endothelial prostacyclin protects the kidney from ischemia-reperfusion injury. Pflügers Arch.
Eur. J. Physiol. 2019, 471, 543–555. [CrossRef]

55. Averna, M.; Barbagallo, C.M.; Ganci, A.; Giammarresi, C.; Cefalù, A.B.; Sparacino, V.; Caputo, F.; Basili, S.; Notarbartolo, A.; Davì,
G. Determinants of enhanced thromboxane biosynthesis in renal transplantation. Kidney Int. 2001, 59, 1574–1579. [CrossRef]

56. Chareandee, C.; Herman, W.H.; Hricik, D.E.; Simonson, M.S. Elevated endothelin-1 in tubular epithelium is associated with renal
allograft rejection. Am. J. Kidney Dis. 2000, 36, 541–549. [CrossRef]

57. Sutton, G.; Pugh, D.; Dhaun, N. Developments in the role of endothelin-1 in atherosclerosis: A potential therapeutic target? Am. J.
Hypertens. 2019, 32, 813–815. [CrossRef] [PubMed]

58. Fan, J.; Unoki, H.; Iwasa, S.; Watanabe, T. Role of Endothelin-1 in Atherosclerosisa. Ann. NY Acad. Sci. 2006, 902, 84–94. [CrossRef]
[PubMed]

59. Westendorp, W.H.; Leuvenink, H.G.; Ploeg, R.J. Brain death induced renal injury. Curr. Opin. Organ. Transplant. 2011, 16, 151–156.
[CrossRef]

60. Malek, M.; Nematbakhsh, M. Renal ischemia/reperfusion injury; from pathophysiology to treatment. J. Ren. Inj. Prev. 2015, 4, 20.
[CrossRef]

61. Salvadori, M.; Rosso, G.; Bertoni, E. Update on ischemia-reperfusion injury in kidney transplantation: Pathogenesis and treatment.
World J. Transplant. 2015, 5, 52. [CrossRef] [PubMed]

62. Giraud, S.; Steichen, C.; Couturier, P.; Tillet, S.; Mallet, V.; Coudroy, R.; Goujon, J.; Hannaert, P.; Hauet, T. Influence of hypoxic
preservation temperature on endothelial cells and kidney integrity. Biomed. Res. Int. 2019, 2019, 8572138. [CrossRef]

63. Liang, X.; Potenza, D.M.; Brenna, A.; Ma, Y.; Ren, Z.; Cheng, X.; Ming, X.; Yang, Z. Hypoxia Induces Renal Epithelial Injury and
Activates Fibrotic Signaling Through Up-Regulation of Arginase-II. Front. Physiol. 2021, 12, 773719. [CrossRef]

64. Hollis, A.; Patel, K.; Smith, T.; Nath, J.; Tennant, D. Manipulating the HIF Pathway in Renal Transplantation, Current Progress
and Future Developments. J. Clin. Exp. Transplant. 2016, 1, 110. [CrossRef]

https://doi.org/10.3390/ijms23158283
https://doi.org/10.1155/2018/1098039
https://www.ncbi.nlm.nih.gov/pubmed/30581842
https://doi.org/10.1016/0002-9149(91)90217-9
https://doi.org/10.1016/B978-012088488-9.50079-6
https://doi.org/10.1016/S0025-7125(16)33140-6
https://doi.org/10.1016/j.semnephrol.2015.01.010
https://doi.org/10.1038/s41581-021-00411-9
https://doi.org/10.1111/j.1440-1681.2011.05531.x
https://doi.org/10.1159/000052608
https://doi.org/10.1111/apha.12026
https://www.ncbi.nlm.nih.gov/pubmed/23126245
https://doi.org/10.1016/j.pharmthera.2016.11.008
https://www.ncbi.nlm.nih.gov/pubmed/27916653
https://doi.org/10.1152/physiol.00018.2018
https://www.ncbi.nlm.nih.gov/pubmed/30109825
https://doi.org/10.1016/j.bbamem.2007.09.003
https://www.ncbi.nlm.nih.gov/pubmed/17961505
https://doi.org/10.2174/1874192401004010302
https://doi.org/10.1093/ckj/sfz042
https://doi.org/10.1186/s13049-016-0239-y
https://doi.org/10.1074/jbc.M108789200
https://doi.org/10.3390/biologics1020015
https://doi.org/10.1073/pnas.86.9.3375
https://doi.org/10.1007/s00424-018-2229-6
https://doi.org/10.1046/j.1523-1755.2001.0590041574.x
https://doi.org/10.1053/ajkd.2000.9795
https://doi.org/10.1093/ajh/hpz091
https://www.ncbi.nlm.nih.gov/pubmed/31145445
https://doi.org/10.1111/j.1749-6632.2000.tb06303.x
https://www.ncbi.nlm.nih.gov/pubmed/10865828
https://doi.org/10.1097/MOT.0b013e328344a5dc
https://doi.org/10.12861/JRIP.2015.06
https://doi.org/10.5500/wjt.v5.i2.52
https://www.ncbi.nlm.nih.gov/pubmed/26131407
https://doi.org/10.1155/2019/8572138
https://doi.org/10.3389/fphys.2021.773719
https://doi.org/10.4172/2475-7640.1000110


Curr. Issues Mol. Biol. 2023, 45 5458

65. Tanaka, T.; Nangaku, M. Angiogenesis and hypoxia in the kidney. Nat. Rev. Nephrol. 2013, 9, 211–222. [CrossRef] [PubMed]
66. Tanabe, K.; Wada, J.; Sato, Y. Targeting angiogenesis and lymphangiogenesis in kidney disease. Nat. Rev. Nephrol. 2020, 16,

289–303. [CrossRef]
67. Doi, K.; Noiri, E.; Fujita, T. Role of Vascular Endothelial Growth Factor in Kidney Disease. Curr. Vasc. Pharmacol. 2010, 8, 122–128.

[CrossRef] [PubMed]
68. Leonard, E.C.; Friedrich, J.L.; Basile, D.P. VEGF-121 preserves renal microvessel structure and ameliorates secondary renal disease

following acute kidney injury. Am. J. Physiol. Ren. Physiol. 2008, 295, F1648–F1657. [CrossRef]
69. Hara, A.; Wada, T.; Furuichi, K.; Sakai, N.; Kawachi, H.; Shimizu, F.; Shibuya, M.; Matsushima, K.; Yokoyama, H.; Egashira, K.;

et al. Blockade of VEGF accelerates proteinuria, via decrease in nephrin expression in rat crescentic glomerulonephritis. Kidney
Int. 2006, 69, 1986–1995. [CrossRef]

70. Shimizu, T.; Nettesheim, P.; Mahler, J.F.; Randell, S.H. Cell type-specific lectin staining of the tracheobronchial epithelium of the
rat: Quantitative studies with Griffonia simplicifolia I isolectin B4. J. Histochem. Cytochem. 1991, Published online. [CrossRef]
[PubMed]

71. Sis, B.; Jhangri, G.S.; Bunnag, S.; Allanach, K.; Kaplan, B.; Halloran, P.F. Endothelial gene expression in kidney transplants with
alloantibody indicates Antibody-mediated damage despite lack of C4d staining. Am. J. Transplant. 2009, 9, 2312–2323. [CrossRef]

72. Huwiler, A.; Pfeilschifter, J. Sphingolipid signaling in renal fibrosis. Matrix Biol. 2018, 68, 230–247. [CrossRef]
73. Huwiler, A.; Pfeilschifter, J. Recuperation of Vascular Homeostasis. Circ. Res. 2021, 129, 237–239. [CrossRef]
74. Akhter, M.Z.; Chandra Joshi, J.; Balaji Ragunathrao, V.A.; Maieschein-Cline, M.; Proia, R.L.; Malik, A.B.; Mehta, D. Programming

to S1PR1 + Endothelial Cells Promotes Restoration of Vascular Integrity. Circ. Res. 2021, 129, 221–236. [CrossRef] [PubMed]
75. Ávila, A.; Gavela, E.; Sancho, A. Thrombotic Microangiopathy After Kidney Transplantation: An Underdiagnosed and Potentially

Reversible Entity. Front. Med. 2021, 8, 271. [CrossRef] [PubMed]
76. Ziętek, Z. Endothelial Markers: Thrombomodulin and Von Willebrand Factor and Risk of Kidney Thrombosis After Transplanta-

tion. Transplant. Proc. 2021, 53, 1562–1569. [CrossRef]
77. Heeman, W.; Maassen, H.; Calon, J.; Van Goor, H.; Leuvenink, H.G.D.; van Dam, G.M.; Boerma, E.C. Real-time visualization of

renal microperfusion using laser speckle contrast imaging. J. Biomed. Opt. 2021, 26, 056004. [CrossRef] [PubMed]
78. Nagar, R.; Sengar, S. A simple user-made iontophoresis device for palmoplantar hyperhidrosis. J. Cutan. Aesthet. Surg. 2016, 9, 32.

[CrossRef]
79. Wilkinson, I.B.; Webb, D.J. Venous occlusion plethysmography in cardiovascular research: Methodology and clinical applications.

Br. J. Clin. Pharmacol. 2001, 52, 631–646. [CrossRef] [PubMed]
80. Scandale, G.; Dimitrov, G.; Recchia, M.; Carzaniga, G.; Minola, M.; Perilli, E.; Carotta, M.; Catalano, M. Arterial stiffness and

subendocardial viability ratio in patients with peripheral arterial disease. J. Clin. Hypertens. 2018, 20, 478–484. [CrossRef]
[PubMed]

81. Saito, M.; Okayama, H.; Nishimura, K.; Ogimoto, A.; Ohtsuka, T.; Inoue, K.; Hiasa, G.; Sumimoto, T.; Higaki, J. Possible link
between large artery stiffness and coronary flow velocity reserve. Heart 2008, 94, e20. [CrossRef] [PubMed]

82. Wilkinson, I.B.; Hall, I.R.; MacCallum, H.; Mackenzie, I.S.; McEniery, C.; van der Arend, B.J.; Shu, Y.; MacKay, L.S.; Webb, D.J.;
Cockcroft, J.R. Pulse-wave analysis: Clinical evaluation of a noninvasive, widely applicable method for assessing endothelial
function. Arterioscler. Thromb. Vasc. Biol. 2002, 22, 147–152. [CrossRef]

83. Post, I.C.J.H.; Weenink, R.P.; Van Wijk, A.C.W.A.; Heger, M.; Böing, A.N.; van Hulst, R.A.; van Gulik, T.M. Characterization and
quantification of porcine circulating endothelial cells. Xenotransplantation 2013, 20, 18–26. [CrossRef]

84. Lammerts, R.G.M.; Lagendijk, L.M.; Tiller, G.; Dam, W.A.; Lancaster, H.L.; Daha, M.R.; Seelen, M.A.; Hepkema, B.G.; Pol, R.A.;
Leuvenink, H.G.D. Machine-perfused donor kidneys as a source of human renal endothelial cells. Am. J. Physiol. Ren. Physiol.
2021, 320, F947–F962. [CrossRef]

85. Grant, D.; Wanner, N.; Frimel, M.; Erzurum, S.; Asosingh, K. Comprehensive phenotyping of endothelial cells using flow
cytometry 2: Human. Cytom. Part A 2021, 99, 257–264. [CrossRef]

86. Grant, D.; Wanner, N.; Frimel, M.; Erzurum, S.; Asosingh, K. Comprehensive phenotyping of endothelial cells using flow
cytometry 1: Murine. Cytom. Part A 2021, 99, 251–256. [CrossRef] [PubMed]

87. Adams, M.W.; Loftus, A.F.; Dunn, S.E.; Joens, M.S.; Fitzpatrick, J.A.J. Light Sheet Fluorescence Microscopy (LSFM). Curr. Protoc.
Cytom. 2015, 71, 394. [CrossRef]

88. Puelles, V.G.; Combes, A.N.; Bertram, J.F. Clearly imaging and quantifying the kidney in 3D. Kidney Int. 2021, 100, 780–786.
[CrossRef] [PubMed]

89. Pang, M.; Bai, L.; Zong, W.; Wang, X.; Bu, Y.; Zheng, J.; Li, J.; Gao, W.; Feng, Z.; Chen, L.; et al. Light-sheet fluorescence imaging
charts the gastrula origin of vascular endothelial cells in early zebrafish embryos. Cell. Discov. 2020, 6, 74. [CrossRef]

90. Ding, Y.; Ma, J.; Langenbacher, A.D.; Baek, K.I.; Lee, J.; Chang, C.; Hsu, J.J.; Kulkarni, R.P.; Belperio, J.; Shi, W.; et al. Multiscale
light-sheet for rapid imaging of cardiopulmonary system. JCI Insight 2018, 3, e121396. [CrossRef]

91. Prahst, C.; Ashrafzadeh, P.; Mead, T.; Figueiredo, A.; Chang, K.; Richardson, D.; Venkaraman, L.; Richads, M.; Russo, A.M.;
Harrington, K.; et al. Mouse retinal cell behaviour in space and time using light sheet fluorescence microscopy. eLife 2020, 9,
e49779. [CrossRef] [PubMed]

92. Farber, G.; Parks, M.M.; Lustgarden Guahmich, N.L.; Zhang, Y.; Monette, S.; Blanchard, S.C.; Di Lorenzo, A.; Blobel, C.P. ADAM10
controls the differentiation of the coronary arterial endothelium. Angiogenesis 2019, 22, 237–250. [CrossRef]

https://doi.org/10.1038/nrneph.2013.35
https://www.ncbi.nlm.nih.gov/pubmed/23458926
https://doi.org/10.1038/s41581-020-0260-2
https://doi.org/10.2174/157016110790226606
https://www.ncbi.nlm.nih.gov/pubmed/19485913
https://doi.org/10.1152/ajprenal.00099.2008
https://doi.org/10.1038/sj.ki.5000439
https://doi.org/10.1177/39.1.1701188
https://www.ncbi.nlm.nih.gov/pubmed/1701188
https://doi.org/10.1111/j.1600-6143.2009.02761.x
https://doi.org/10.1016/j.matbio.2018.01.006
https://doi.org/10.1161/CIRCRESAHA.121.319558
https://doi.org/10.1161/CIRCRESAHA.120.318412
https://www.ncbi.nlm.nih.gov/pubmed/33926208
https://doi.org/10.3389/fmed.2021.642864
https://www.ncbi.nlm.nih.gov/pubmed/33898482
https://doi.org/10.1016/j.transproceed.2021.03.011
https://doi.org/10.1117/1.JBO.26.5.056004
https://www.ncbi.nlm.nih.gov/pubmed/34024055
https://doi.org/10.4103/0974-2077.178542
https://doi.org/10.1046/j.0306-5251.2001.01495.x
https://www.ncbi.nlm.nih.gov/pubmed/11736874
https://doi.org/10.1111/jch.13213
https://www.ncbi.nlm.nih.gov/pubmed/29447429
https://doi.org/10.1136/hrt.2007.126128
https://www.ncbi.nlm.nih.gov/pubmed/17947361
https://doi.org/10.1161/hq0102.101770
https://doi.org/10.1111/xen.12018
https://doi.org/10.1152/ajprenal.00541.2020
https://doi.org/10.1002/cyto.a.24293
https://doi.org/10.1002/cyto.a.24292
https://www.ncbi.nlm.nih.gov/pubmed/33345421
https://doi.org/10.1002/0471142956.cy1237s71
https://doi.org/10.1016/j.kint.2021.04.042
https://www.ncbi.nlm.nih.gov/pubmed/34089762
https://doi.org/10.1038/s41421-020-00204-7
https://doi.org/10.1172/jci.insight.121396
https://doi.org/10.7554/eLife.49779
https://www.ncbi.nlm.nih.gov/pubmed/32073398
https://doi.org/10.1007/s10456-018-9653-2


Curr. Issues Mol. Biol. 2023, 45 5459

93. Held, M.; Santeramo, I.; Wilm, B.; Murray, P.; Lévy, R. Ex vivo live cell tracking in kidney organoids using light sheet fluorescence
microscopy. PLoS ONE 2018, 13, e0199918. [CrossRef]

94. Kluza, E. Shedding 3D light on endothelial barrier function in arteries. Atherosclerosis 2020, 310, 91–92. [CrossRef] [PubMed]
95. Merz, S.F.; Korste, S.; Bornemann, L.; Michel, L.; Stock, P.; Squire, A.; Soun, C.; Engel, D.R.; Detzer, J.; Lörchner, H.; et al.

Contemporaneous 3D characterization of acute and chronic myocardial I/R injury and response. Nat. Commun. 2019, 10, 2312.
[CrossRef] [PubMed]

96. Apelt, K.; Bijkerk, R.; Lebrin, F.; Rabelink, T.J. Imaging the renal microcirculation in cell therapy. Cells 2021, 10, 1087. [CrossRef]
[PubMed]

97. Klingberg, A.; Hasenberg, A.; Ludwig-Portugall, I.; Medyukhina, A.; Männ, L.; Brenzel, A.; Engel, D.R.; Figge, M.T.; Kurts, C.;
Gunzer, M. Fully automated evaluation of total glomerular number and capillary tuft size in nephritic kidneys using lightsheet
microscopy. J. Am. Soc. Nephrol. 2017, 28, 452–459. [CrossRef]

98. Keklikoglou, K.; Arvanitidis, C.; Chatzigeorgiou, G.; Chatzinikolaou, E.; Karagiannidis, E.; Koletsa, T.; Magoulas, A.; Makris,
K.; Mavrothalassitis, G.; Papanagnou, E.-D.; et al. Micro-CT for Biological and Biomedical Studies: A Comparison of Imaging
Techniques. J. Imaging 2021, 7, 172. [CrossRef]

99. Bentley, M.D.; Rodriguez-Porcel, M.; Lerman, A.; Sarafov, M.H.; Romero, J.C.; Pelaez, L.I.; Grande, J.P.; Ritman, E.L.; Lerman, L.O.
Enhanced renal cortical vascularization in experimental hypercholesterolemia. Kidney Int. 2002, 61, 1056–1063. [CrossRef]

100. Schutter, R.; van Varsseveld, O.C.; Lantinga, V.A.; Pool, M.B.F.; Hamelink, T.H.; Potze, J.H.; Leuvenink, H.G.D.; Laustsen, C.;
Borra, R.J.H.; Moers, C. Magnetic resonance imaging during warm ex vivo kidney perfusion. Artif. Organs. 2023, 47, 105–116.
[CrossRef]

101. Schutter, R.; Lantinga, V.A.; Hamelink, T.L.; Pool, M.B.F.; van Varsseveld, O.C.; Potze, J.H.; Hillebrands, J.; van den Heuvel, M.C.;
Dierckx, R.A.J.O.; Leuvenink, H.G.D.; et al. Magnetic resonance imaging assessment of renal flow distribution patterns during ex
vivo normothermic machine perfusion in porcine and human kidneys. Transpl. Int. 2021, 34, 1643–1655. [CrossRef]

102. Shu, S.; Wang, Y.; Zheng, M.; Liu, Z.; Cai, J.; Tang, C.; Dong, Z. Hypoxia and Hypoxia-Inducible Factors in Kidney Injury and
Repair. Cells 2019, 8, 207. [CrossRef]

103. Delpech, P.O.; Thuillier, R.; Le Pape, S.; Rossard, L.; Jayle, C.; Billault, C.; Goujon, J.M.; Hauet, T. Effects of warm ischaemia
combined with cold preservation on the hypoxia-inducible factor 1α pathway in an experimental renal autotransplantation
model. Br. J. Surg. 2014, 101, 1739–1750. [CrossRef]

104. Zulpaite, R.; Miknevicius, P.; Leber, B.; Strupas, K.; Stiegler, P.; Schemmer, P. Ex-vivo Kidney Machine Perfusion: Therapeutic
Potential. Front. Med. 2021, 8, 808719. [CrossRef]

105. Olausson, M.; Antony, D.; Travnikova, G.; Johansson, M.; Nayakawde, N.B.; Banerjee, D.; Søfteland, J.M.; Premaratne, G.U.
Novel Ex-Vivo Thrombolytic Reconditioning of Kidneys Retrieved 4 to 5 Hours after Circulatory Death. Transplantation 2022, 106,
1577–1588. [CrossRef] [PubMed]

106. Rubanyi, G.M. The role of endothelium in cardiovascular homeostasis and diseases. J. Cardiovasc. Pharmacol. 1993, 22, S1-14.
[CrossRef] [PubMed]

107. Cui, J.; Qin, L.; Zhang, J.; Abrahimi, P.; Li, H.; Li, G.; Tietjen, G.T.; Tellides, G.; Pober, J.S.; Saltzman, W.M. Ex vivo pretreatment of
human vessels with siRNA nanoparticles provides protein silencing in endothelial cells. Nat. Commun. 2017, 8, 191. [CrossRef]

108. Simonson, B.; Das, S. MicroRNA Therapeutics: The Next Magic Bullet? Mini Rev. Med. Chem. 2015, 15, 467–474. [CrossRef]
[PubMed]

109. Hanna, J.; Hossain, G.S.; Kocerha, J. The potential for microRNA therapeutics and clinical research. Front. Genet. 2019, 10, 478.
[CrossRef] [PubMed]

110. Van Furth, L.A.; Leuvenink, H.G.D.; Seras, L.; de Graaf, I.A.M.; Olinga, P.; van Leeuwen, L.L. Exploring Porcine Precision-Cut
Kidney Slices as a Model for Transplant-Related Ischemia-Reperfusion Injury. Transplantology 2022, 3, 139–151. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0199918
https://doi.org/10.1016/j.atherosclerosis.2020.07.029
https://www.ncbi.nlm.nih.gov/pubmed/32883527
https://doi.org/10.1038/s41467-019-10338-2
https://www.ncbi.nlm.nih.gov/pubmed/31127113
https://doi.org/10.3390/cells10051087
https://www.ncbi.nlm.nih.gov/pubmed/34063200
https://doi.org/10.1681/ASN.2016020232
https://doi.org/10.3390/jimaging7090172
https://doi.org/10.1046/j.1523-1755.2002.00211.x
https://doi.org/10.1111/aor.14391
https://doi.org/10.1111/tri.13991
https://doi.org/10.3390/cells8030207
https://doi.org/10.1002/bjs.9611
https://doi.org/10.3389/fmed.2021.808719
https://doi.org/10.1097/TP.0000000000004037
https://www.ncbi.nlm.nih.gov/pubmed/34974455
https://doi.org/10.1097/00005344-199322004-00002
https://www.ncbi.nlm.nih.gov/pubmed/7523767
https://doi.org/10.1038/s41467-017-00297-x
https://doi.org/10.2174/1389557515666150324123208
https://www.ncbi.nlm.nih.gov/pubmed/25807941
https://doi.org/10.3389/fgene.2019.00478
https://www.ncbi.nlm.nih.gov/pubmed/31156715
https://doi.org/10.3390/transplantology3020015

	Introduction 
	Renal Structure and Homeostasis 
	Vascular Structure and Function of the Kidney 
	The Nephron 
	The Vasculature 

	The Importance of Renal Circulation in Homeostasis 

	Vasoactivity in a Nutshell 
	Vasodilation 
	Nitric Oxide 
	Prostacyclin and Cyclooxygenase Enzyme 2 

	Vasoconstriction 
	Thromboxane A2 and Cyclooxygenase Enzyme 1 
	Endothelin-1 


	Vascular (Patho)physiology in the Transplant Setting 
	Ischemia-Reperfusion Injury 
	Hypoxia Signaling 
	Angiogenesis 
	Fibrosis 
	Coagulation 

	Ex Vivo Perfusion Research in a Transplant Setting 
	Real-Time Assessment of Vasoactivity during NMP 
	Endothelial Vasoactive Response Evaluation 
	Iontophoresis 
	Venous Occlusion Plethysmography 
	Arterial Stiffness 

	Exploring New Techniques to Unravel Molecular Mechanisms of Vascular Injury 
	Quantifying Endothelial Cell Shedding with Flow Cytometry 
	Lightsheet Fluorescence Microscopy 
	Imaging Renal Microvascular Architecture with Microcomputed Tomography 
	Visualizing Renal Perfusion Profile with Magnetic Resonance Imaging 

	Treating Vascular Injury in an Ex Vivo Setting 
	Targeting Hypoxia via the HIF Pathways 
	Targeting Angiogenesis via the VEGF Pathway 
	Targeting Coagulation with Fibrinolytics 
	Using siRNA and miRNA to Attenuate Inflammation 
	Targeting Fibrosis via the TGF- Pathway 


	Conclusions 
	References

