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G e W

Abstract: Renal ischemia reperfusion (IR) presents a common challenge for organ graft and function
after transplantation. In the kidney, although there are several mechanisms involved in the IR injury,
some studies have pointed to angiogenesis as an important process in the pathophysiology of IR
and, therefore, as a possible target mechanism to reduce IR damage. Angiogenesis can be modulated
by different molecules and recent evidence has shown that opioids are among these molecules.
Angiogenesis preconditioning with opioids is a useful and non-invasive strategy to increase the
transplant success rate. Although some results have suggested an interaction between the opioid
system and VEGF-mediated angiogenesis, more studies are required to fully elucidate the specific
mechanisms involved in these actions. The present review summarizes the recent findings on kidney
IR-related mechanisms, with as special emphasis on vascular changes. Finally, the evidence about the
modulation of angiogenesis by opioids in a preconditioning scheme will be addressed.
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1. Introduction

An intricate network of blood vessels cooperates within the nephron to maintain
kidney function. The structure of the renal vascular system is complex, but perfectly
distributed throughout the organ. This network is composed of vessels that go through the
glomerulus. The well-established vasa recta and a set of peritubular vessels maintain the
oxygen, ions, and nutrients supply all over the nephron. Kidneys are extremely sensitive to
changes in oxygen availability, which predisposes them to severe organ damage in the case
of hypoxia [1].

Oxygenated tissues, such as the kidney, liver, and heart, among others, are susceptible to
hypoxia and ischemia-reperfusion [2]. Ischemia-reperfusion (IR) consists of a restriction of the
blood flow to the organ followed by the restoration of vascularization and oxygenation [3]. It
is known that both episodes have adverse consequences for the cells and, in fact, IR is one
of the major causes of delayed function recovery immediately after kidney transplantation,
and is associated with acute rejection and chronic graft disfunction in the long term [4].
Early studies demonstrated that brief periods of ischemia before a long ischemic insult
reduced the infarct size, introducing the term ischemic preconditioning (IPC) [5]. Since this
discovery, the benefits of IPC have been shown in several tissues such as the kidney, brain,
retina, intestine, liver, spinal cord, and skeletal muscles [6].
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Research on the mechanisms of IPC revealed that the protective effect is mediated by
receptors, and it then became important to identify the triggers, mediators, and end effectors
involved [7]. With the discoveries that followed, it became apparent that this protection
could also be activated by different stimuli, for example, pharmacological agents [8].
After preconditioning, the cell is able to resist the damage caused by IR, including the
oxidative stress produced by this phenomenon. The production of new vessels, known as
angiogenesis, is a natural response to oxidative stress, and the availability of angiogenic
factors affects the tolerance to this kind of cellular stress [9,10].

Opioids are extremely useful and effective drugs for the treatment of pain. They are
universally used in patients with severe acute pain and chronic pain. Their mechanism
of action is triggered through a specific interaction with their cellular receptors, through
which they conduct pain modulation. However, there are other functions of opioids that
depend on other interactions [11].

Angiogenesis is a naturally occurring process that involves the formation and growth
of new blood vessels. It is essential for embryonic and tissue development, and organ repair
and regeneration after damage. In the kidney, angiogenesis is known to sustain organ
function. A hypoxic stimulus promotes detrimental vessel formation and organ damage.
Additionally, the occurrence of blood vessel rarefaction in the kidney due to hypoxia is still
under investigation.

In this review, we summarize the relevant evidence on the role of angiogenesis in the
kidney and the possible benefits of pharmacological preconditioning with opioids as a
potential angiogenic therapy to protect the organ from hypoxia-induced damage.

2. Kidney Physiology

The most essential functions of the kidneys are to filter the plasma, to remove un-
wanted substances from the filtrate by excreting them into urine, and to return the nec-
essary substances back into the blood. These functions maintain the stable internal envi-
ronment necessary for cells to perform their various activities. The kidneys support an
adequate bodily blood pressure by regulating the sodium and water balance, controlling
the activation of the renin—angiotensin-aldosterone system, and releasing endothelin and
prostaglandins, mechanisms that in turn help to maintain the intricate network of kidney
blood vessels [12]. By performing these functions, the kidneys establish a remarkably close
physiological relationship with the endocrine, circulatory, and respiratory systems. In
addition to these excretory functions, kidneys produce and secrete important regulatory
molecules such as erythropoietin, renin, the most active metabolic form of vitamin D, and
certain prostaglandins, among others [13,14].

The kidneys perform ultrafiltration of plasma and, through processes of reabsorption
and secretion, selectively excrete or conserve water and solutes. The kidneys perform
these functions thanks to their special macroscopic, histological, cytological, and chemical
architecture. The first step in the formation of urine is the filtration process. The basic
functional and morphological unit of the kidney is the nephron. It is composed of a system
of tubules that interact closely with blood vessels to ensure the proper fulfillment of the
functions of the organ [15]. The filtering membrane present in the glomeruli retains the
large proteins in the blood. It is a passive process based on the molecular size and electric
charge of ions and molecules [12]. As it passes through the tubule, the filtrate is modified
through the secretion of additional substances that the tubule lining cells carry from the
circulating renal interstitium into the filtrate within the tubular lumen, and the rest of the
filtered fluid is reabsorbed through the tubular epithelium and re-enters the blood vascular
system [15].

A kidney can filter the blood plasma up to 60 times a day, a physiological process that
can be measured. In this regard, the concept of the glomerular filtration rate (GFR) refers to
the amount of glomerular filtration that is formed in all renal corpuscles of both kidneys per
minute and represents a transcendent index of global renal function. The GFR is considered
one of the most important parameters of the physiology of this organ. Physiologically,
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the GFR ranges from 120 to 125 mL/min/m?, and during the day only 0.75-1% of the
GFR will be excreted in the form of urine, while the rest will be reabsorbed [16]. The GFR
value is obtained using different mechanisms including both myogenic and glomerular
tubule feedback. Those mechanisms depend directly on cellular intrinsic factors of the
filtration membrane as well as on the permeability, changes in blood hydrostatic pressure,
hydrostatic pressure of the glomerular capsule, and colloidal osmotic pressure of the
glomerular capillaries [17].

3. Renal Ischemia-Reperfusion Injury

The kidney is susceptible to oxygen variations. With a body mass of only 1% of the
total body weight, the kidney is perfused by approximately 25% of the cardiac output [18].
More than half of the renal oxygen consumption is required to manage the active sodium
transport, one of the kidneys main activities [18].

The kidney’s structure comprises two zones, a medullary and a cortical one. Cortical
cells are highly oxygenated compared to medullary cells, which operate almost in anaerobic
states [19]. Medullar cells are highly sensitive to pathological oxygen supply reductions [20].

An IR episode is an oxygen depletion event with the subsequent restoration of oxygen
levels [20]. IR is a deleterious incident for the cells. In the kidney, IR is associated with
acute kidney injury (AKI), chronic kidney disease (CKD), delayed graft function, and graft
loss [21]. The IR episode duration is directly related to the organ damage degree [22].
In a porcine model, kidney function and creatinine levels decreased with the largest IR
episodes [23]. In a murine model, Na*-K*-ATPase was released from the cytoskeleton
complex after 15 min of IR injury [24]. Thirty minutes after IR, tight junctions were lost
in nearly 60% of the cells, leading to a polarity disruption [25]. After more than 30 min,
renal tissue showed nuclear extrusion and microfilament disruption associated with actin
breakdown [26].

IR mechanisms are defined by a shift from an aerobic to an anaerobic environment
resulting in several metabolic changes [22]. Anaerobic metabolism creates an acidosis state
through the accumulation of lactic acid [27]. As a consequence of the acidosis state, the
Na*/H* exchanger pump (NHE) activates to modify the sodium and hydrogen ion influx
in an effort to restore the intracellular pH and control the ion disturbance [28]. Moreover,
anaerobic metabolism leads to a fall in ATP production, affecting the Na*-K*-ATPase and
Ca*2-ATPase pumps, and the distribution of sodium, hydrogen, and calcium [27]. These
ions accumulate in the cytosol, increasing osmolarity and cell swelling (see Figure 1) [29,30].

In the reperfusion period, ion homeostasis and pH are restored but the organ damage
expands [3,27]. The reperfusion mechanism causes enhanced activity of the NHE pump,
leading to a sodium and calcium intracellular overload [30]. The increased calcium con-
centration and exacerbated reactive oxygen species (ROS) formation affects mitochondrial
function [3,31]. The mitochondrial transition pore is opened and cell death programs
are activated [32]. Mitochondrial disruption occurs in the first minutes of reperfusion
and continues for a prolonged period, leading to endothelial damage and inflammatory
responses [29].

Afterwards, numerous factors influence the response to damage caused by IR, such as
genetic factors, pathological history, and sex, among others [33].



Drugs Drug Candidates 2023, 2 4

Ischemia-Reperfusion
>

Before IR Ischemia Reperfusion

>

Figure 1. Kidney damage is associated with IR. Detrimental responses take place in the nephron
endothelial and tubular zones with the presence of acidosis, polarity disruption, cell swelling, oxida-
tive stress, increased vascular permeability, endothelial dysfunction, cell detachment, inflammation,
and apoptosis. VCAM-1, vascular cell adhesion molecule 1; NF«B, nuclear factor kB; TNF-o, tumor
necrosis factor alpha; TGF, transforming growth factor-beta; IL-18, interleukin 18; TNF«, tumor
necrosis factor alpha.

4. Renal Endothelial Damage Associated with IR

The endothelium is very susceptible to an IR event. Vascular damage is evidenced by
the alteration of the capillary barrier function, elevation of vascular resistance, and activa-
tion of inflammatory pathways [34,35]. Diverse research has documented these alterations
in vitro and in vivo. With the use of intravital microscopy, an IR event has been shown to
cause a capillary blood flow decrease and a shift of blood flow direction. Yamamoto et al.
described ischemia as an effector of vasomotor nephropathy [36]. In vitro, the population of
endothelial cells decreased by half after 24 h of oxygen deprivation, and in vivo, IR damage
increased kidney vascular permeability, particularly in the cortex and outer medulla [36].
Interestingly, secondary to reperfusion, the renal blood flow decreased, leading to vaso-
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constriction and endothelial dysfunction two days after the IR event [37]. Moreover, the
kidney endothelium showed an enhanced expression of vascular cell adhesion molecule 1
(VCAM-1), indicating an endothelial cell detachment and interaction with inflammatory
cells [38]. IR exacerbates endothelium inflammation pathways, increasing the expression of
adhesion molecules, cytokines, and polymorphonuclear cell infiltration [39].

The results from Basile et al. revealed that most kidney impairments associated with
an IR event returned to normal approximately e4 weeks after the injury [40]. However, in
contrast, vascularity showed a reduction of fifty percent. In this study, rarefaction events
were maintained up to 40 weeks postinjury [40]. These results agree with an IR-induced
AKI model that reported a 45% capillary density loss and the activation of proapoptotic
proteases [41]. The pathological features of AKI contribute to develop CKD [15]. CKD
progression was related to peritubular capillary (PTC) retraction [42]. Menshikh et al.,
discussed how PTC, more than fibrosis, could be associated with CKD progression and
considered in long-term kidney damage recovery [42]. On the other hand, fibrosis exac-
erbated kidney injuries, which was stimulated by the retraction of microvessels [43,44].
Therefore, angiogenesis is an alternative to counteract endothelial damage and improve
kidney function [45].

5. Angiogenesis and Renal IR

Angiogenesis is the sprouting of new capillaries from existing vessels that contribute
to the expansion of the vascular tree [46]. Angiogenesis begins with vessel wall and
extracellular matrix disruption [47]. Endothelial cells change into tip and stalk cells and
migrate and elongate to form new capillary networks which later mature and stabilize [48].
The angiogenic process is regulated by various cytokines and growth factors [49]. Vascular
endothelial growth factor (VEGEF) is the main cytokine in the angiogenic process; however,
fibroblast growth factor (FGF), transforming growth factor-beta (TGF-f3), and angiopoietins
collaborate actively in it [49].

The formation of new capillaries is a compensatory mechanism during IR events to
decrease hypoxia damage [50]. The lower oxygen levels enhance the activity and expression
of hypoxia inducible factor 1 (HIF-1) in an oxygen-concentration- and time-dependent
manner [51]. In vitro studies demonstrated that HIF-1 is the first molecule to be activated,
reaching its maximum level two to six hours after the hypoxia event. Although HIF-1 has
been associated with a protector role in kidney injury [52], it is essential in blood vessel
formation and promotes angiogenesis via the upregulation of VEGF expression [53]. HIF-1
null embryonic stem cells had low capacity to express VEGF (see Figure 2) [54].

VEGEF promotes endothelial cell survival, increases permeability, and induces vascular
relaxation [55,56]. A VEGF single allele loss in mouse embryonic cells caused death
and abnormal blood vessels formation [57,58]. In a remnant kidney (RK) model, the
administration of VEGF prevented renal function deterioration, increased endothelial cell
proliferation, preserved glomerular capillary endothelium, and decreased blood vessel
rarefaction [59]. However, interestingly, several studies [60-63] support the assumption
that after an IR event there is a decrease in VEGF mRNA levels and VEGF receptor (VEGFR)
protein expression, suggesting the absence of the VEGF system during the early phase
of the IR event. On the other hand, Kanellis et al. described that after IR injury there is
no change in VEGF mRNA and protein levels, but there is a VEGF protein relocation to
the basolateral proportion of the tubular epithelial cell [61]. The authors discussed this
redistribution as a cell protection mechanism to counteract IR damage [61]. Additionally,
postischemic kidney rats demonstrated an elevation in VEGF protein 24 h after reperfusion.
This result suggests a VEGF post-transcriptional regulation after an IR insult [62].
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Figure 2. Proangiogenic molecules in ischemia-reperfusion. Renal expression of molecules involved
in tissue repair and angiogenesis and its impact on damage reduction. TNF-«, tumor necrosis factor
alpha; IL-13, interleukin 1 beta; IL-6, interleukin 6; IL-18, interleukin 18; VEGF, vascular endothelial
growth factor, VEGF-R2, vascular endothelial growth factor receptor 2; HIF-«, hypoxia inducible
factor alpha; KIM1, kidney injury molecule 1.

Receptors VEGFR-1 and VEGFR-2 mediate the angiogenic VEGF actions [64]. VEGFR-1
is a positive regulator of angiogenesis; however, its soluble form (sFlt-1) acts as a VEGF
inhibitor. In a study that followed a cohort of 136 patients with a recent kidney transplant,
sFlt-1 expression was associated with delayed graft function and vascular rarefaction [65].
These results agreed with Wewers et al., who reported that a higher concentration of sFlt-1
is associated with an independent risk factor for graft rejection and peritubular capillary
rarefaction [66]. Furthermore, in an IR murine model, the treatment with recombinant
sFlt-1 for 7 days led to peritubular capillary loss, contrary to VEGF-121 administration [66]
On the other hand, it is known that VEGFR-2 is expressed in vascular endothelial cells,
stimulates angiogenesis [67], and is upregulated after IR in the glomerulus and peritubular
capillary endothelium [68].

A renal IR event is a determinant factor to developing kidney damage [69], and a
disbalance between angiogenic and antiangiogenic factors may collaborate in the progres-
sion of nephropathies due to the IR [34]. Therefore, the endothelium is a key player to
developing pharmacological strategies to decrease the vascular damage associated with IR.

6. Opioids

Opioids are analgesic drugs routinely used for the treatment of chronic and peri-
operative pain [70]. Codeine, morphine, and thebaine are naturally occurring opioids
derived from opium. Over the years, their structures have been modified to reduce their
side effects [71]. Buprenorphine and oxycodone are examples of semisynthetic opioids
derived from thebaine. However, there are also synthetic opioids, such as methadone and
fentanyl, whose structure are not similar to any natural opioids, but still have analgesic
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effects [72]. Figure 3 shows the structure of common opioids, where structural similarities
and differences can be noticed.
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Figure 3. Structure of common opioids.

There also exist more than 20 endogenous opioid peptides derived from proopiome-
lanocortin, proenkephalin, and prodynorphin. All these peptides are generated after
post-translational modifications performed by multiple enzymes [73,74]. Each of the differ-
ent peptides has a specific expression pattern, resulting in the localization of endogenous
opioids in both the nervous system and peripheral organs [62].

All opioids exert their biological actions via G-protein coupled receptors (GPCRs).
Opioid receptors are classified based on their ligand and action into p-opioid receptors
(MORs), x-opioid receptors (KORs), and 6-opioid receptor (DORs) [75], which are found
in the nervous system and peripheral tissues [12]. Thus, endothelial and other cell types
express the pu-opioid receptor (MOR) [76]. In the kidney, expression of the MOR, K-opioid
receptor (KOR), and $-opioid receptor (DOR) was found along the nephron [77].

7. Opioids and Kidney Preconditioning

Even with the advances in the field of transplant therapy to prevent acute graft
rejection and promote the prolonged acceptance of transplanted organs, it is challenging
to discover new therapies to prevent rejection with as few side effects as possible and
reduce or avoid the use of lifelong immunosuppressive drugs [78]. One of the causes that
contributes to organ rejection is IR; however, it is inevitable in the transplant process [79].

A therapeutic strategy to decrease renal damage associated with IR is to prepare
the organ for the damage. This process is called preconditioning and is defined as the
induction of mechanisms to improve organ adaptation to adverse events [12]. In this regard,
ischemic preconditioning uses a short hypoxic episode before organ transplant to reduce
IR-related damage. For extensive information on this topic, please refer to the review by
Palomino et al. [12].

The cardioprotective effects of opioid receptor stimulation have been studied for a few
years, and it has been demonstrated that endogenous opioids are produced in response to
ischemia and there is a diminution of the protective effect with the administration of opioid
antagonists [80-82].

The mechanism by which opioids exert a function on the kidney is still poorly un-
derstood; however, a study by our group suggested that anesthetic preconditioning with
morphine and fentanyl reduces kidney injury markers, such as creatinine and KIM-1, after
IR and modulates sirtuin 2 gene expression. In an IR animal model, opioid administration
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before ischemia increased the sirtuin 2 expression and was correlated with improved renal
function [83].

In renal transplantation, the prognosis of the graft depends on various factors. Some
of these factors are associated with characteristics of the recipient and others are related to
the surgical process itself. The use of trans-surgical anesthetic drugs is one of the factors
that is least considered when monitoring the patient. The use of opioids during surgery
is controversial for some anesthesiologists and surgeons. The chronic use of this group of
drugs is associated with a poor prognosis for the graft and readmission of the patient after
transplant surgery. However, fentanyl and its analogs are mainly used for analgesia in renal
transplantation. They are also used for postsurgical pain, albeit with some caution as a risk
of addictive behavior has been found in opioid painkiller users compared to non-users.

In the following table, we recapitulate some studies where opioids have been used in
renal transplantation surgery and their main effects (see Table 1).

Table 1. Opioids in kidney transplantation and their effects.

Reference Opioid Effect Recipients
Morphine, bupivacaine, Improve intraoperative . N
Coupe et al. [84] and fentanyl hemodynamic stability Fifty-three pediatrics
Kirvela et al. [85] Oxycodone Opioid metabolites accumulation Ten uremic .
transplant recipients
Freir et al. [86] Morphine and Levobupivacaine  Risk of nausea Sixty-five adults
Farag et al. [87] Morphine and Ropivacaine Nausea, hospital stay Sixty-three adults

Mohammadi et al. [88]

Fentanyl and bupivacaine

Postrenal transplantation pain and

amount of opioids consumption Sixty-seven adults

8. Opioids Preconditioning and Angiogenesis in Kidney

Opioids are not only involved in pain modulation: they also participate in physiologi-
cal and pathophysiological activities such as regulation of ionic membrane homeostasis,
cell proliferation, emotional response, immune function, cardiovascular control, and neu-
rodegenerative diseases [89].

In vitro evidence has shown that morphine at low concentrations stimulates endothe-
lial cell proliferation [90], activates endothelial cell migration, and promotes VEGFR-2 me-
diated signaling [91]. These effects are mediated by the activation of the mitogen-activated
protein kinases (MAPK) cascade (see Figure 4) [92]. However, at high concentrations, the
effect is the opposite, stimulating apoptotic signals and decreasing cell viability [93]. The
effects of opioids on angiogenesis have also been extensively studied in models of cancer
and tumor growth, and have been reviewed in the literature [94,95].

In the kidney, evidence suggests that opioids increase the urinary flow rate and
influence sodium excretion [96-98]. However, the actions of opioid receptors on renal
angiogenesis remain poorly understood. Increasing evidence shows that opioids impact
tumor growth and wound healing [90,99]. The effect on angiogenesis of MOR agonists,
such as morphine, fentanyl, oxycodone, and codeine, has been extensively studied, but
the findings are contradictory [91]. The role of opioid receptors in angiogenesis has been
studied in endothelial cells [91,92]. VEGF increased MOR expression and the ability of
morphine to activate VEGF receptors and protein kinase B (AKT) and ERK 1/2 -related
(extracellular-signal-regulated kinase) downstream pathways. This result suggested an
interaction between the opioid system and VEGF-mediated angiogenesis [90].
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Figure 4. Opioids exert angiogenic actions on endothelial cells. Influence of opioid preconditioning
on renal angiogenesis. After acute ischemia, HIF-1 translocates to the nucleus and induces VEGF
transcription. Morphine and other opioids are able to induce similar signals to promote angiogenesis.
IR, ischemia-reperfusion; VEGEF, vascular endothelial growth factor; VEGFR, vascular endothelial
growth factor receptor; HIF-1, hypoxia inducible factor 1; MOR, p opioid receptor; AKT, protein
kinase B; ERK 1/2, extracellular-signal-regulated kinase 1/2.

Previous results from our group demonstrated that opioid preconditioning modulates
the expression of HIF-1, VEGE, VEGEF receptor 2 (VEGF-R2), Cathepsin D, CD31, and IL-6 in
the kidney. These molecules are considered important effectors of angiogenesis and tissue
repair mechanisms that directly influence the development of new blood vessels [100]. This
study also corroborated that opioid preconditioning offers protection to the kidney against
IR injury, reducing the expression of markers of renal functions. Our study encouraged
the use of opioids in interventions that present a period of ischemia for transplantation or
other surgical procedures. Thus far, the consequences of IR on endothelial cells, such as
microvascular rarefaction, have been poorly studied. Nevertheless, this study demonstrated
the stimulation of proangiogenic molecules to avoid renal injury after IR [100].

9. Conclusions

In this review, we analyzed the relevant literature on IR, angiogenesis, and the in-
fluence of opioids. Preconditioning with opioids is a proven strategy to improve renal
function after an IR injury. Tissue preparation through pharmacological preconditioning
with opioids may be essential to extend the graft life in kidney transplant recipients and to
prevent cell loss. Although little is known about the mechanism of opioids in the kidney,
recent research evidence suggests that, after preconditioning with opioids, new blood
vessels can be generated, and this would help neutralize damage after a hypoxic stimulus.
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