

  biology-12-00327




biology-12-00327







Biology 2023, 12(2), 327; doi:10.3390/biology12020327




Review



Renal Microcirculation Injury as the Main Cause of Ischemic Acute Kidney Injury Development



Ewa Kwiatkowska 1,*, Sebastian Kwiatkowski 2, Violetta Dziedziejko 3, Izabela Tomasiewicz 1 and Leszek Domański 1





1



Department of Nephrology, Transplantology and Internal Medicine, Pomeranian Medical University in Szczecin, Powstańców Wlkp, 72, 70-204 Szczecin, Poland






2



Department of Obstetrician and Gynecology, Pomeranian Medical University in Szczecin, Powstańców Wlkp, 72, 70-204 Szczecin, Poland






3



Department of Biochemistry and Medical Chemistry, Pomeranian Medical University in Szczecin, Powstańców Wlkp, 72, 70-204 Szczecin, Poland









*



Correspondence: ewa.kwiatkowska@pum.edu.pl







Academic Editors: Lourdes A. Fortepiani and Surya Nauli



Received: 4 December 2022 / Revised: 4 February 2023 / Accepted: 9 February 2023 / Published: 17 February 2023



Abstract

:

Simple Summary


Acute kidney injury can result from multiple factors. The main cause is reduced renal perfusion. Kidneys are susceptible to ischemia due to the anatomy of microcirculation that wraps around the renal tubules. In the kidney, cortical and medullary superficial tubules have a large share in transport and require the supply of oxygen for energy production, while it is the cortex that receives almost 100% of the blood flowing through the kidneys and the medulla only accounts for 5–10% of it. This difference makes the tubules present in the superficial layer of the medulla very susceptible to ischemia. Impaired blood flow causes damage to the inner layer of vessels and thrombosis. The next stage is the disintegration of these vessels. The phenomenon of destruction of small vessels is called peritubular rarefaction, attributed as the main cause of further irreversible changes in the damaged kidney leading to the development of chronic kidney disease. In this article, we will present the characteristic structure of renal microcirculation, its regulation, and the mechanism of damage in acute ischemia, and we will try to find methods of prevention with particular emphasis on the inhibition of the renin–angiotensin–aldosterone system.




Abstract


Acute kidney injury (AKI) can result from multiple factors. The main cause is reduced renal perfusion. Kidneys are susceptible to ischemia due to the anatomy of microcirculation that wraps around the renal tubules–peritubular capillary (PTC) network. Cortical and medullary superficial tubules have a large share in transport and require the supply of oxygen for ATP production, while it is the cortex that receives almost 100% of the blood flowing through the kidneys and the medulla only accounts for 5–10% of it. This difference makes the tubules present in the superficial layer of the medulla very susceptible to ischemia. Impaired blood flow causes damage to the endothelium, with an increase in its prothrombotic and pro-adhesive properties. This causes congestion in the microcirculation of the renal medulla. The next stage is the migration of pericytes with the disintegration of these vessels. The phenomenon of destruction of small vessels is called peritubular rarefaction, attributed as the main cause of further irreversible changes in the damaged kidney leading to the development of chronic kidney disease. In this article, we will present the characteristic structure of renal microcirculation, its regulation, and the mechanism of damage in acute ischemia, and we will try to find methods of prevention with particular emphasis on the inhibition of the renin–angiotensin–aldosterone system.
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1. Introduction


Acute kidney injury (AKI) can result from multiple factors. The main cause is reduced renal perfusion [1]. AKI is associated with longer and more costly hospitalization, an increased risk of chronic renal failure, and a higher mortality rate [2]. Twenty percent of hospitalized patients develop AKI [2,3]. In developed countries, approximately 2 million people die each year due to AKI-related complications [4,5]. A reduction in blood flow is the common pathway into the pathophysiology of ischemic AKI. The causes of this disturbance can be different: Decreased intravascular volume, hypotension, drug-induced ischemia, and sepsis. Rather than alterations in whole-organ perfusion, it may be regional changes in renal blood flow that explain the loss of kidney function. The outer medulla, for instance, has been shown to be particularly vulnerable to ischemia. The mechanism of ischemic injury in this area can be explained by the anatomy of the capillary network microcirculation. The capillary network in this area is poor, and even in healthy individuals, the outer medulla is poorly oxygenated. The proximal straight tubule PST-S3 fragment present in this area cannot switch to anaerobic glycolytic metabolism, which is why it needs sufficient oxygen supply for ATP production to maintain active transport. Impaired flow in the microcirculation of the renal medulla causes damage to these vessels, which results in the initial damage to the endothelium, with an increase in its prothrombotic and pro-adhesive properties. This causes congestion in the microcirculation of the renal medulla. The next stage is the migration of pericytes, which causes the complete disintegration of these vessels. Pericytes transform into cells causing fibrosis. The phenomenon of destruction of small vessels is called peritubular rarefaction, the main cause of further irreversible changes in the damaged kidney leading to the development of chronic kidney disease. In this article, we will present the characteristic structure of renal microcirculation, its regulation, the mechanism of damage in acute ischemia, and we will try to find methods of prevention with particular emphasis on the inhibition of the renin–angiotensin–aldosterone system.




2. The Anatomy of Renal Microcirculation


Renal circulation supplies blood to every glomerulus in the nephron. The nephron, together with the blood vessels, is referred to as the nephrovascular unit. As mentioned earlier, 25% of the blood volume flows through the kidneys, although this much blood only passes through the cortex to maintain glomerular filtration [6]. The renal artery divides into interlobar, arcuate, and interlobular arteries, the latter of which gives rise to the afferent glomerular arterioles. In a healthy kidney, blood first flows through the glomerulus and then exits through the efferent arteriole. The efferent arteriole gives rise to the so-called the postglomerular circulation that wraps around the renal tubules to form the peritubular capillary (PTC) network. The efferent arterioles running from the cortical glomeruli vascularize the cortical tubules, while the glomeruli present close to the medulla—known as juxtamedullary glomeruli—give rise to the efferent arterioles responsible for blood supply to the medullary tubules—its name is juxtamedullary circulation [7,8]. The superficial nephrons have short efferent arterioles that form a capillary network primarily around the proximal and distal convoluted tubules. The efferent arterioles of the glomeruli located close to the medulla are longer and wider, and form vasa recta (VR)—straight descending arterioles (or descending vasa recta—DVR) and straight ascending venules (or ascending vasa recta—AVR), which give rise to the dense capillary plexus penetrating the medullary interstitium. The straight vessels run a similar route to the loop of Henle, while the direction of the flow is identical to the flow of urine in the loop of Henle. This system is responsible for blood supply to the proximal straight tubule (PST) and the medullary thick ascending limb (mTAL) of the loop of Henle. Both the cortical proximal and distal tubules, as well as the PST and the ascending limb of the loop of Henle, are considerably involved in tubular transport. The proximal straight tubule is the S3 segment of the proximal tubule. The tubular segments in the deep part of the medulla—the collecting duct and the thin descending and thin ascending limbs of the loop of Henle—have only a slight share in tubular transport and can hence draw their energy from anaerobic metabolism. Although both the compartments—cortical and medullary superficial—have a large share in the transport and require the supply of oxygen for ATP production, it is the cortex that receives 100% of the blood flowing through the kidneys, while the medulla only accounts for 5–10% of it. This discrepancy results from their anatomy—blood to the medulla only flows from the efferent arterioles of the juxtamedullary glomeruli (a small number). Additionally, the angle at which the arterioles exit the glomeruli is acute. This looks very different in the cortex, with plentiful glomeruli and efferent arterioles and a mild exit angle. It is for this reason that the S3 fragment, namely, the PST, is considered the most sensitive to ischemia. Importantly, this problem also affects the mTAL fragment [9]. While the PST cannot produce ATP from anaerobic glycolysis, the mTAL is capable of that, although on a small scale that prevents active transport from being maintained [9,10] (Figure 1).



PTC—peritubular capillary, EA—efferent arteriole, AA—afferent arteriole, PCT—proximal convoluted tubule, DCT—distal convoluted tubule, CD—collecting duct, DVR—descending vasa recta, AVR—ascending vasa recta, mTAL—medullary thick ascending limb, PST—proximal straight tubule, JMG—juxtamedullary glomeruli.




3. Outer Medulla of the Kidney—A Region Most Vulnerable to Ischemia


Investigations of ischemic AKI pathophysiology have shown that the pathologies behind it are diverse: Tubular damage, inflammation, and vascular damage. Many researchers claim that the part that is most exposed to ischemia is not the cortex but rather the outer portion of the medulla [11]. As early as 20 years ago, multiple studies on animal models proved that it is primarily the tubules—the PCT and the mTAL—that are damaged during ischemia [12,13,14]. Parts of the PST and the mTAL are located within the cortex, which is why there is no visible clinical sign of injury, which only manifests through disturbed sodium and potassium reabsorption as exemplified by the reduced activities of Na-K ATPase and the NaH exchanger. The partial pressure of oxygen also varies between the cortex and the medulla: The former is approximately 50 mmHg and the latter is approximately 10–20 mmHg. The core can be claimed to be exposed to hypoxia in its physiological state [15]. A slight drop in renal perfusion may cause medullary injury. The medulla defends itself against reduced blood supply. Less oxygen, and therefore fewer ATPs, reduces NaK-ATPase activity, which prevents the operation of the sodium-potassium-chloride cotransporter, thus decreasing Na, K, and Cl reabsorption in the mTAL. A higher sodium concentration in the collecting duct provides an osmotic stimulus to the macula densa, which releases ATP/adenosine and paracrine vasopressin that constricts the afferent arteriole, thus reducing perfusion through both the glomeruli and glomerular filtration, thereby reducing the Na load flowing to the macula densa. Reduced glomerular filtration, meaning a reduced Na load, leads to lower oxygen consumption in the medulla. This phenomenon is referred to as tubuloglomerular feedback (TGF). The mechanism by which macula densa constricts the afferent arterioles is not fully understood. In experiments on animal models administered with furosemide, tissue partial pressure of oxygen in the medulla increased—Na-K-Cl cotransporter inhibition reduced Na/K-ATPase activity in the basal part of the tubular epithelium, which reduced oxygen consumption [16,17,18].



In their very well-conducted animal model experiment, Zhang et al. proved that the first to suffer injury in hypoxia is medullary capillary circulation. The injury occurred when there was no inflammatory infiltration, no damage to the tubules, no reduced glomerular flow, no glomerular capillary obliteration, and no glomerulosclerosis. It manifested through a decrease in the density of the tubular capillaries. It was only when examined at a later stage after ischemia that the kidneys revealed a typical histopathological picture that is observed in AKI, i.e., inflammatory infiltration in the parenchyma, glomerular lesions, and fibrosis. Another rapidly emerging change in this experiment was the increased expression of hypoxia-inducible factor HIF-1α, an element that appears in hypoxia [19]. This experiment showed that during ischemia, the first part of the kidney to be injured was the medullary capillaries. Any other changes were a consequence of this disorder.



In an attempt to examine the medullary hypoxia proposal, one researcher produced systemic hypoxia in rats and failed to observe reduced filtration or fractional excretion of sodium [20,21]. In a second group of animals, the same author caused renal ischemia by closing renal arteries for 45 min, which caused renal function impairment after 24 h [20]. This experimental model showed that it was not hypoxia but the impaired flow that was the main factor causing damage to the peritubular capillaries in the medulla. Other studies have shown that the real weakness of the kidneys, or more specifically the medulla, is circulatory congestion during reduced kidney flow. It is characterized by erythrocytes aggregating in the outer part of the medulla in a process referred to as vascular congestion due to hypoperfusion. This has been observed both in human and animal kidneys. More importantly, even after renal perfusion is restored, congestion is maintained in the outer section of the medulla, causing a lack of reperfusion in the peritubular capillaries [22,23,24]. Congestion has been observed to be maintained for 24 h after reperfusion [22]. More recently, this phenomenon has been studied in patients with circulatory insufficiency. The main prognostic factor for the development of cardiorenal syndrome in heart failure has been found to be venous congestion in the renal medulla, rather than reduced renal flow [9,25]. Attempts to reduce hematocrit or increase volemia through the supply of mannitol have mitigated this effect [22,26]. In hypoperfusion, erythrocyte aggregation in the peritubular capillaries is the primary driver of the lesions, hence the importance of hemodilution and hydration in patients with renal hypoperfusion. This phenomenon is a consequence of anatomical factors. The peritubular capillary network is very branched, which results in a naturally slow flow and difficulty mobilizing aggregated erythrocytes. Another explanation is that the swollen tubular epithelial cells suck water out of the surrounding parenchyma. Parenchyma also has a network of capillaries that are thus deprived of water. These theories have been tested in an experimental animal model—rats [22,26]. Blood congestion is observed in all areas of the kidney, but it goes away immediately after reperfusion, only being maintained in the medulla. The cortex receives a larger volume of blood flow with a higher perfusion pressure and a higher velocity. Therefore, after reperfusion, the cortical flow becomes normal in an instant. Medullary circulatory congestion occurs even after a mere reduction, and not necessarily an arrest, of renal perfusion, as a rat model experiment suggests [27]. In his experiment, Owji et al. clamped the renal artery in one group and the renal vein in a second group for 30 min and found that the most profound damage was to the tubular epithelium in the PST and the mTAL after the closure of the renal vein and that the damage occurred not in the cortex but in the corticomedullary region. This experiment showed that the most extensive injury takes place due to blood congestion in the renal medulla [28]. The question arises as to why evolution has allowed for such poor microcirculation to develop in the renal medulla. The answer is that this is all due to urine concentration and so-called countercurrent multiplication. In the urine concentration process, the gradient of osmolality increasing from the outer part of the medulla to the renal papilla is of key importance. Osmotically active compounds (NaCl and urea) move from the AVR to the medullary interstitium and then to the DVR. This system retains these compounds in the medullary interstitium through recycling between the AVR and the DVR to maintain the countercurrent exchange. The high medullary osmolality facilitates urine concentration in the loop of Henle, which has variable permeability for water and other substances [29]. A slow flow through the straight vessels is crucial to maintain this high gradient, hence the kidney’s exposure to ischemia [10]. In summary, the renal medulla is exposed to ischemic damage due to the tubules’ high oxygen demand, the reduced blood supply of the PST and mTAL resulting from the anatomy of the nephrovascular unit, and the superficial part of the medulla being prone to persistent hyperemia as a consequence of ischemia.




4. Regulation of Renal Circulation-Microcirculation


Renal circulation is highly capable of adapting to systemic pressure (a MAP between 80 and 180 mmHg) without changing the glomerular filtration rate. Cortical and medullary blood flow and distribution are regulated by way of the paracrine system—nitric oxide (NO) and other vasoactive substances, the myogenic mechanisms, tubuloglomerular feedback (TGF), connecting tubule glomerular feedback (CTGF), the renin–angiotensin–aldosterone (RAAS) system, and the sympathetic nervous system (SNS) [30,31,32]. Afferent arteriole resistance has a major impact on glomerular perfusion regulation. Intraglomerular pressure and glomerular filtration are regulated by afferent and efferent arteriole tension. Despite the arterial pressure changes during the day, these arterioles maintain constant pressure in the renal glomerulus [33]. Their tension is regulated by vasodilators such as NO and prostaglandin E2, or by vasoconstrictive factors such as endothelin, angiotensin II, and adenosine [33]. The afferent arteriole contains mechanoreceptors, which cause the arteriole to constrict where systemic pressure is high and dilate where it is low. This is referred to as ‘myogenic regulation’. On the one hand, it maintains glomerular flow at low pressure, while on the other, it protects the glomerulus and postglomerular circulation from damage due to high pressure [32]. The TGF and CTGF systems operate in opposition. A high sodium level in the distal tubule entering the macula densa causes the afferent arteriole to constrict, while high sodium in the collecting duct causes the afferent arteriole to dilate. Tubuloglomerular feedback (TGF) is an important intrarenal regulatory mechanism, which acts to stabilize renal blood flow, GFR, and the tubular flow rate. The main part of this negative feedback system is the Juxtaglomerular Apparatus (JGA). This is located between the thick ascending limb of TAL and the vascular pole of the glomerulus. The JGA consists of the macula densa, the mesangial cells, and the afferent arteriole, the main effector site for the TGF. A higher sodium concentration in the collecting duct provides an osmotic stimulus to the macula densa, which releases ATP/adenosine and paracrine vasopressin that constricts the afferent arteriole, thus reducing perfusion through both the glomeruli and glomerular filtration, thereby reducing the Na load flowing to the macula densa. Reduced glomerular filtration, meaning a reduced Na load, leads to lower oxygen consumption in the medulla [16,17,18]. The RAAS is activated by the macula densa in the event of a low sodium level in the distal tubule, low arterial pressure, and sympathetic system activation, which activates the juxtaglomerular cells inducing them to secrete renin. It converts angiotensinogen into angiotensin I and then into its active form—angiotensin II—using a converting enzyme. Angiotensinogen is supplied to the kidney from the outside (as produced in the liver). It is also produced locally by proximal tubular cells. Angiotensin II causes constriction of both the afferent and efferent arterioles. Angiotensin II stimulates vasopressin release by the pituitary gland and aldosterone secretion by the adrenal cortex. In the kidney, vasopressin work via receptors V1 and V2. V1 receptors are found on vascular smooth muscle. They are coupled through phospholipase C, their activation produces vasoconstriction via the elevation of intracellular calcium. V2 receptors mediate the antidiuretic effect by adenylyl cyclase, the activation of protein kinase A, and the insertion of water channels (aquaporins) into the luminal membranes of renal collecting duct cells to absorb water [33]. The medullary microcirculation is particularly sensitive to the vasoconstrictor effects of the vasopressin works by the V1 receptor. Studies on rats by Cowley et al. have shown that renal medullary interstitial infusion of selective V1 agonists can reduce medullary blood flow by 20–40%. Cowley et al. showed that V2 receptor stimulation in the presence of a V1 receptor antagonist increased blood flow to this region. They proved the opposite effect of vasopressin on renal microcirculation depending on the stimulated V1 or V2 receptors. Vasopressin stimulates the release of nitric oxide (NO) via the stimulation of V2 receptors on the medullary-collecting duct. NO have the opposite effect to the vasoconstrictive effect of activation receptor V1. In the case of prolonged action of vasopressin, the effect of increased NO synthesis in the outer medulla dominates. These changes are essential to maintain blood flow through the medulla [34,35]. In a study on rats by Edwards et al. vasopressin at physiological concentrations caused contraction of the efferent arteriole of the glomerulus. This action increases glomerular filtration, but additionally reduces renal microcirculation [36]. In patients with septic shock, Wang et al. administered terlipressin and performed renal contrast-enhanced ultrasound (CEUS). In the group treated with terlipressin, they found a better flow in the renal cortical microvasculature than in the group without the drug [37]. A post hoc analysis of the VASST trial “ addition of terlipressin to norepinephrine in septic shock and effect of renal perfusion: A pilot study” using creatinine-based Risk, Injury, Failure, Loss, End-stage renal disease (RIFLE) criteria demonstrated that in patients with the RIFLE category ‘Risk’, vasopressin was associated with a decrease in mortality, a decrease in progression to RIFLE ‘Injury’ and ‘Failure’, a decrease in creatinine, and a decrease in the need for renal replacement therapy. In human clinical trials, the effect of vasopressin in septic shock is beneficial to renal circulation. Due to the different results of different experiments, further research is necessary [38,39].



The SNS is activated as a response to a signal from the carotid artery and aortic arch baroreceptors. Other factors activating this system are hypoxia and the activation of chemoreceptors in the carotid arteries. The sympathetic system constricts all renal vessels. Sympathetic innervation has been found in the glomerular arteries, the vasa recta, the macula densa, and the renal tubules [33,40,41,42]. The endothelium lining of the renal vessels plays an important role in regulating the homeostasis of microcirculation as an endocrine organ [43]. The endothelium produces NO, endothelin-1, adrenomedullin, adenosine, and cyclooxygenase metabolites, i.e., thromboxane and prostacyclin. Their imbalance causes flow disturbances in the microcirculation [44,45]. Endothelin is one of the strongest vasoconstrictors in the kidney. Its production in the kidney, especially the medulla, is many times higher than it is in other organs [46,47]. Endothelin has a very strong constrictive effect on the glomerular arteries and on the descending vasa recta, thus having the capacity to exacerbate medullary damage [47]. The endothelial surface is covered by the glycocalyx composed of proteoglycans and glycosaminoglycans. It forms a coating that protects the structure and functioning of the endothelium and controls the tightness of the vessels preventing macromolecules from escaping. It also has an effect on the endothelium’s interaction with leukocytes. The kidney contains arteriovenous fistulae. In the cortex, they bypass microcirculation and are a protective mechanism against excessive oxygen loads, thus preventing oxidative stress [47,48]. In the medulla, they connect the VRD to the VRA, which appears to be necessary to maintain the operation of the urine condensation mechanism [49].




5. Microcirculation in AKI


What happens in the event of hypovolemia and/or hypotonia-hypoperfusion? Firstly, the RAAS is activated, which causes the afferent and efferent arterioles to constrict. This reduces glomerular filtration and sodium flow to the PST and mTAL tubules, thus decreasing their consumption of ATP, but unfortunately, glomerular hypoperfusion entails microcirculatory hypoperfusion, especially affecting the medulla. Secondly, the sympathetic nervous system is activated, which not only causes the afferent arteriole but also medullary microcirculation (vasa recta) to constrict. Thirdly, in response to hypovolemia, the myogenic mechanism constricts the afferent arteriole. Moreover, arteriovenous fistulae may open in the renal medulla and cortex, exacerbating hypoxia. In an animal model, it was demonstrated that despite renal hypoperfusion and hypoxia, high oxygen pressure in the renal vein was maintained—which could indicate that fistulae were being opened under these pathological circumstances. [18] Microcirculatory ischemia causes damage to the glycocalyx layer on the endothelial surface, endothelial damage, abnormal reactions to vasoactive substances, increased permeability, leukocyte migration causing inflammation, and the production of reactive oxygen species causing microcirculatory failure and increased hypoxia. A detailed description of the damage mechanism can be found in the next chapter. A patient hospitalized in this condition receives fluids, often with a high sodium content. With a constricted efferent arteriole, this will result in increased filtration of water and salt and their elevated supply to the medulla, boosting oxygen consumption in the PST and the mTAl and elevating the amount of sodium delivered to the collecting duct. This activates the TGF and increases the contraction of the afferent arteriole. It appears that while applying fluid resuscitation, which is the first step in treating ischemic AKI, it is important to increase the flow in medullary microcirculation, although the improvement of macrocirculation is not always associated with the improvement of microcirculation. Researchers have observed a lack of correlation between macrocirculation and microcirculation during hypoperfusion [50,51]. Some papers have shown that fluid resuscitation itself is insufficient to restore renal perfusion with cortical and medullary oxygenation [52,53,54]. In a study on an animal model, Lima et al. concluded that the restoration of blood flow through renal microcirculation, together with systemic MAP compensation, failed to reverse hypoperfusion in the microcirculation, in which congestion and blocked vessels were identified [55]. The previously mentioned AKI animal model experiment carried out by Zahn et al. showed that the first lesions to develop in ischemia took the form of damage to medullary microcirculation and its rarefaction [19]. In his work, Chvojka et al. proved that blood congestion in microcirculation is a major early-ischemia-related disorder. He did not notice any other lesions developing in the kidney. He stressed that a well-preserved renal flow—macrocirculation—does not guarantee microcirculatory flow [56]. Another investigator also confirmed the decrease in the partial pressure of oxygen in the renal medulla during experimentally induced sepsis with renal hypotension and hypoperfusion [57]. A growing number of publications have been highlighting that renal microcirculation is the most important aspect of ischemic AKI prevention and treatment.




6. Peritubular Capillary Rarefaction as a Consequence of Acute Ischemia and a Cause of Progression to Chronic Kidney Disease


AKI may follow various courses, from full recovery to progression toward CKD. In a meta-analysis of 13 cohort studies, CKD and end-stage internal failure (ESRF) were found in 25.8 persons/100 patients who had had AKI [58,59]. The risk ratio for developing CKD is 8.8 and for ESRF it is 3.1 in persons with a history of AKI [58,59]. The exact mechanism behind acute injury transforming into chronic damage is not known. Investigators have implicated many different explanations. One of the proposals is referred to as peritubular capillary rarefaction, where the capillary density is reduced. As mentioned above, some researchers believe that this is the first lesion to develop in ischemic AKI. It seems that this lesion, as a primary one, exacerbates hypoxia and predisposes the kidney to the progression into and development of CKD. PTC rarefaction has been described in diabetic nephropathy, hypertensive nephropathy, advanced IgA nephropathy, congenital nephrotic syndromes, lupus nephritis, and allograft nephropathy, suggesting that PTC loss is common in CKD [60,61,62,63,64,65,66,67,68,69]. Renal cells have a high regenerative potential, but this does not apply to proximal tubular and renal capillary cells [30]. In their inner layers, the cortical peritubular capillaries and the straight ascending venule (AVR) capillaries have endothelial cells (ECs), which have large pores 60–80 nm in diameter allowing the easy movement of molecules and water. These pores are spanned by diaphragms made of fibers and glycosaminoglycans [29,70,71,72]. The ECs are covered by the aforementioned glycocalyx. On the outside, these vessels are lined by pericytes. The straight descending arteriole (DVR) capillaries have a different design, with no pores, and are lined by smooth muscle cells [32]. The DVR acts as both a transport vessel (a capillary) and a resistance vessel (an arteriole). Some of the disturbances typical of a developing PTC rarefaction do not apply to the DVR. In many studies on mouse models, PTC density correlated with the GFR better than the degree of fibrosis did. The atrophy of PTCs and straight vessels exiting the efferent arteriole affects the GFR. It has been proven in a rat model that tubular atrophy causes the GFR to fall [73]. The main mechanism leading to PTC rarefaction is damage to these vessels’ endothelial cells by reducing angiogenic factor expression. In response to renal injury/ischemia, endothelial cells initially proliferate and then die through apoptosis [69]. The initial proliferation is associated with increased vascular endothelial growth factor VEGF expression. However, the next step involves a reduction of the expression of VEGF and its receptor. This causes endothelial cell apoptosis. [30,74]. The expression of another angiogenic factor—angiopoietin-1 (Angpt-1)—is also significantly reduced [64]. Anti-angiogenic factors such as thrombospondin-1 and Angpt-2 are stimulated [30,71,72,75]. The damage causes an infiltration by macrophages, which secrete inflammatory cytokines—Il1B, IL-6, and TNF-alpha—which counter VEGF activity [76,77,78]. The initial lesions to the capillaries also consist of endothelial cell thickening and losing pores. These changes occur very quickly [79,80]. Endothelial cell thickening indicates that the cells have been activated. When activated, they secrete heparanases and hyaluronidases that destroy glycocalyx. Without its glycocalyx, the capillary endothelium becomes procoagulant and proadhesive [81]. This disturbance may explain why the medullary capillaries experience congestion and erythrocyte aggregation, which does not go away after reperfusion. One medical experiment concluded that the GFR correlated negatively with the degree of damage to glycocalyx [81]. For a reason that is yet unknown, the renal capillary endothelium in an animal model and in humans has a very low proliferative potential compared to the vessels in other organs. Only 0.5–1% of the cells proliferate [82]. In the cortical and AVR capillaries, the endothelial cells are covered by a layer of pericytes responsible for the synthesis of the basement membrane and the maintenance of the structure of these vessels [81]. In injury/ischemia, pericytes have been observed to migrate from vessels causing their disintegration [83]. During their migration into the parenchyma or the tubules, they change their profibrotic potential to become fibroblasts and myofibroblasts and initiate fibrosis. This phenomenon also speeds up endothelial damage [83]. Two animal model studies of toxin-induced acute kidney injury showed renal capillary rarefaction on the fourteenth day of the toxic agent’s action [84,85]. A rat unilateral ureteral obstruction model showed PTC rarefaction as well [74]. An animal ischemia-reperfusion model also revealed medullary capillary rarefaction as early as week 4 [85]. Similarly, models with induced glomerulonephritis also confirmed the rarefaction of these vessels [1,63,86,87]. Ehling et al. created three mouse models of renal injury—ischemia-reperfusion, obstructive, and Alport syndrome. Using micro-computed tomography imaging, they noticed gradual renal capillary rarefaction. In repeated studies, they confirmed that microcirculatory changes preceded the development of fibrosis [80]. Microcirculation disorder within the renal medulla initiates a series of events that not only damage the peritubular vessels but also result in tubular atrophy and fibrosis of the parenchyma. These changes are irreversible and are the main cause of the progression of acute renal failure to chronic renal failure over a longer period of time. Figure 2 shows the damage to peritubullar capillaries and the formation of the peritubular rarefaction phenomenon.



In response to renal ischemia, endothelial cells (ECs) die through apoptosis. The causes of ECs apoptosis are the reduction of expression of angiogenic factors—the vascular endothelial growth factor (VEGF) and angiopoietin-1 (Angpt-1)—and the elevation of anti-angiogenic factors such as thrombospondin-1 and Angpt-2. ECs secrete heparanases and hyaluronidases that destroy glycocalyx, and the endothelium becomes procoagulant and proadhesive. This disturbance may explain why the medullary capillaries experience congestion and erythrocyte aggregation, which does not go away after reperfusion. Then pericytes migrate from vessels causing their disintegration. During their migration into the parenchyma or the tubules, they change their profibrotic potential to become fibroblasts and myofibroblasts and initiate fibrosis.




7. Therapy for Medullary Hypoperfusion


As mentioned above, the renin–angiotensin–aldosterone system is activated in the event of hypotension, hypoxia, and sympathetic system activation. All three stimuli are present in ischemic AKI. The most potent compound within the RAAS system is angiotensin II (AngII). As discussed above, AngII is created both in the systemic circulation and in the kidney itself, with its concentration in the kidney being multiple times higher. All elements of the RAAS are found within the kidney, the system can therefore be produced locally and exert an autocrine effect [58,88]. It reduces glomerular flow and the glomerular filtration rate, but most importantly, it decreases the volume of blood exiting the glomerulus through the efferent arteriole, thus curbing the cortical and medullary tubular capillary flows. Efferent arteriole constriction increases glomerular pressure and hyperfiltration, promoting sclerosis [89]. Blocking the RAAS during AKI can reduce the risk of PTC rarefaction with subsequent progression to CKD. In the event of hypovolemia and hypotension, the use of drugs that inhibit the RAAS system will exacerbate these disorders. Therefore, it seems best to start using these drugs after normalizing the blood pressure and volume. Excessive intrarenal RAAS activity has been observed to occur in AKI. This activity was studied by measuring the urine concentration of angiotensinogen. Its concentration correlated with the severity of AKI and was a predictor of the development of AKI [89,90]. Multiple studies have demonstrated an upregulating effect of angiotensin II on the expression levels of various agents adversely impacting the progression of chronic lesions. It promotes parenchymal fibrosis by inducing fibroblast proliferation through the upregulated expression of transforming growth factor-beta (TGF-β), connective tissue growth factor, fibronectin, and type 1 collagen [91,92,93]. AngII causes the extracellular matrix to accumulate by activating plasminogen activator inhibitor-1 (PAI-1) and the tissue inhibitor of matrix metalloproteinase-1 (TIMP1) that counters metalloproteinase activity [94,95,96] AngII activates the proinflammatory transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [97]. AngII also upregulates the expression of vascular cellular adhesion molecule-1, intra-cellular adhesion molecule-1, integrin, and chemokines such as monocyte chemoattractant protein-1, and activates T cells. All of these exacerbate the inflammatory infiltration of the glomerulus and the renal parenchyma [98,99]. A study performed by Wu et al. found that losartan (an AngII receptor inhibitor) administered to rats subjected to hypoxia-restricted capillary rarefaction in the renal cortex, damage to the renal tubules and HIF-1α expression, and reduced angiotensin II concentration in the renal cortex and in the plasma [100]. Another study on rats proved that shortly after reperfusion, the concentration of AngII increased, with prolonged maintenance of the receptor-bound AngII in the glomerulus—also 120 h after reperfusion. It has also been demonstrated that in rats administered with losartan at the time of reperfusion, renal function was quick to go back to normal (as measured according to the creatinine level) [101]. In their study on rats, Zhang et al. concluded that the administration of ACEi or an AngII receptor blocker prior to kidney injury induced by the excision of five-sixths of the kidney prevented the occurrence of PTC rarefaction compared to the control group [102]. Zhang claimed that the lower PTC rarefaction involved downregulated expression of HIF-1α. This implied that the inclusion of angiotensin II blockers reduced renal ischemia [102]. A large study involving patients undergoing coronary artery bypass surgery using extracorporeal circulation showed that AKI developed less frequently in those who had received a preoperative administration of the angiotensin-treatment enzyme inhibitor (ACEi) [103]. Another clinical study involving patients undergoing cardiac surgeries showed that the administration of ACEi reduced the postoperative risk of developing CKD [104] Similar results were achieved by Roberts et al., who, within 30 days of cardiac surgery, included an ACEi inhibitor, thus reducing AKI incidence [105]. In 40% of the 96,983 patients hospitalized due to AKI (stages II and III), a RAAS inhibitor was included upon discharge. During a year-long follow-up, no recurrence of AKI was found in either the study or control groups. A higher mortality rate was found in untreated patients. As the follow-up lasted for one year only, it was not long enough to be able to assess CKD progression. However, it showed that it is worthwhile to include RAAS inhibitors at least for a short time after the AKI episode [106]. Bidulka et al., as well as Brar et al., came to similar conclusions [107,108]. In hemodynamic disorders, we often tend to discontinue ACEi and AngII receptor inhibitor administration to reduce the risk of AKI developing. However, judging by the above-described mechanisms, we should not do so. One large meta-analysis showed that the discontinuance of RAAS inhibitors prior to cardiac surgeries or coronary catheterization failed to reduce AKI incidence [109,110]. Another large meta-analysis by Cheng et al. showed that the inclusion of RAAS inhibitors after the onset of AKI (most after recovery, but in one study, during AKI treatment) resulted in a lower risk of AKI recurrence and development of CKD [111]. Hypovolemia and hypotension are connected to the vasoconstriction of precapillaries. Vasopressor agents, despite the arterial pressure rise, frequently do not overcome precapillary vascular resistance. We call this phenomenon the vascular bottleneck. There are clinical trials that have tried to combine vasopressors and vasodilalatators to overcome this phenomenon and improve circulation, especially in septic shock. Dobutamine, nitroglycerin, and prostacyclin analogs were used as dilatators [112].




8. Conclusions


The inclusion of ACEi or AngII receptor inhibitors in AKI is often associated with a certain degree of resistance because efferent arteriole dilation reduces the glomerular filtration rate. It needs to be remembered, however, that failure to administer these agents will increase renal medullary ischemia. If one does not intend to administer them in the acute stage of the condition, they should include them quickly in order to counter the progression of chronic lesions. Long-term follow-up of AKI patients is necessary to be able to assess how many will develop CKD in the long term. Clinical trials with the inclusion of RAAS blockers for AKI prevention and CKD development prevention are also required. The undeniable difficulty is that AKI has very different underlying pathophysiologies.







Author Contributions


Conceptualization E.K., S.K., V.D., I.T. and L.D.; software, E.K. and S.K.; formal analysis, V.D. and L.D.; investigation, E.K.; resources, E.K., S.K. and V.D.; writing—original draft preparation, E.K., S.K., V.D., I.T. and L.D.; writing—review and editing, E.K.; visualization, E.K., I.T. and L.D.; supervision, L.D.; project administration, L.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Basile, D.P.; Anderson, M.D.; Sutton, T.A. Pathophysiology of acute kidney injury. Compr. Physiol. 2012, 2, 1303–1353. [Google Scholar] [PubMed]

	



Chertow, G.M.; Burdick, E.; Honour, M.; Bonventre, J.V.; Bates, D.W. Acute kidney injury, mortality, length of stay, and costs in hospitalized patients. J. Am. Soc. Nephrol. 2005, 16, 3365–3370. [Google Scholar] [CrossRef] [PubMed]

	



Singbartl, K.; Kellum, J.A. AKI in the ICU: Definition, epidemiology, risk stratification, and outcomes. Kidney Int. 2012, 81, 819–825. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.K.; Burdmann, E.A.; Mehta, R.L.; World Kidney Day Steering Committee. Acute kidney injury: Global health alert. Transplantation 2013, 95, 653–657. [Google Scholar] [CrossRef]

	



Susantitaphong, P.; Cruz, D.N.; Cerda, J.; Abulfaraj, M.; Alqahtani, F.; Koulouridis, I.; Jaber, B.L. World incidence of AKI: A meta-analysis. Clin. J. Am. Soc. Nephrol. 2013, 8, 1482–1493. [Google Scholar] [CrossRef]

	



Liu, Z.Z.; Bullen, A.A.; Li, Y.; Singh, P. Renal Oxygenation in the Pathophysiology of Chronic Kidney Disease. Front. Physiol. 2017, 8, 385. [Google Scholar] [CrossRef]

	



Jensen, P.K.; Steven, K. Influence of intratubular pressure on proximal tubular compliance and capillary diameter in the rat kidney. Pflug. Arch. Eur. J. Physiol. 1979, 382, 179–187. [Google Scholar] [CrossRef]

	



Holliger, C.; Lemley, K.V.; Schmitt, S.L.; Thomas, F.C.; Robertson, C.R.; Jamison, R.L. Direct determination of vasa recta blood flow in the rat renal papilla. Circ. Res. 1983, 53, 401–413. [Google Scholar] [CrossRef]

	



Shiva, N.; Sharma, N.; Kulkarni, Y.A.; Mulay, S.R.; Gaikwad, A.B. Renal ischemia/reperfusion injury: An insight on in vitro and in vivo models. Life Sci. 2020, 256, 117860. [Google Scholar] [CrossRef]

	



Evans, R.G.; Smith, D.W.; Lee, C.J.; Ngo, J.P.; Gardiner, B.S. What Makes the Kidney Susceptible to Hypoxia? Anat. Rec. 2020, 303, 2544–2552. [Google Scholar] [CrossRef]

	



Bonventre, J.V.; Yang, L. Cellular pathophysiology of ischemic acute kidney injury. J. Clin. Invest. 2011, 121, 4210–4221. [Google Scholar] [CrossRef]

	



Shanley, P.F.; Rosen, M.D.; Brezis, M.; Silva, P.; Epstein, F.H.; Rosen, S. Topography of focal proximal tubular necrosis after ischemia with reflow in the rat kidney. Am. J. Pathol. 1986, 122, 462–468. [Google Scholar] [PubMed]

	



Torhorst, J.; de Rougemont, D.; Brunner, F.P.; Thiel, G. Morphology of the renal medulla in ischemic acute renal failure in the rat. Nephron 1982, 31, 296–300. [Google Scholar] [CrossRef] [PubMed]

	



Venkatachalam, M.A.; Bernard, D.B.; Donohoe, J.F.; Levinsky, N.G. Ischemic damage and repair in the rat proximal tubule: Differences among the S1, S2, and S3 segments. Kidney Int. 1978, 14, 31–49. [Google Scholar] [CrossRef] [PubMed]

	



Brezis, M.; Rosen, S. Hypoxia of the renal medulla--its implications for disease. N. Engl. J. Med. 1995, 332, 647–655. [Google Scholar] [CrossRef] [PubMed]

	



Carlström, M.; Wilcox, C.S.; Arendshorst, W.J. Renal Autoregulation in Health and Disease. Physiol. Rev. 2015, 95, 405–511. [Google Scholar] [CrossRef] [PubMed]

	



Briggs, J.P.; Skøtt, O.; Schnermann, J. Cellular mechanisms within the juxtaglomerular apparatus. Am. J. Hypertens. 1990, 3, 76–80. [Google Scholar] [CrossRef]

	



Mason, J.; Joeris, B.; Welsch, J.; Kriz, W. Vascular congestion in ischemic renal failure: The role of cell swelling. Miner Electrolyte. Metab. 1989, 15, 114–124. [Google Scholar]

	



Zhang, B.; Chen, N.; Shi, W.; Wang, W.; Shi, H.; Yu, H. Peritubular Capillary Loss Is Ameliorated by Ramipril or Valsartan Treatment. Microcirculation 2008, 15, 4. [Google Scholar] [CrossRef]

	



Yeh, C.-H.; Hsu, S.-P.; Yang, C.-C.; Chien, C.-T.; Wang, N.-P. Hypoxic preconditioning reinforces HIF-alpha-dependent HSP70 signaling to reduce ischemic renal failure-induced renal tubular apoptosis and autophagy. Life Sci. 2010, 86, 115–123. [Google Scholar] [CrossRef]

	



Gotshall, R.W.; Miles, D.S.; Sexson, W.R. Renal oxygen delivery and consumption during progressive hypoxemia in the anesthetized dog. Proc. Soc. Exp. Biol. Med. 1983, 174, 363–367. [Google Scholar] [CrossRef] [PubMed]

	



Hellberg, P.O.; Bayati, A.; Kallskog, O.; Wolgast, M. Red cell trapping after ischemia and long-term kidney damage. Influence of hematocrit. Kidney Int. 1990, 37, 1240–1247. [Google Scholar] [CrossRef] [PubMed]

	



Hellberg, P.O.; Kallskog, O.; Wolgast, M. Nephron function in the early phase of ischemic renal failure. Significance of erythrocyte trapping. Kidney Int. 1990, 38, 432–439. [Google Scholar] [CrossRef]

	



Olof, P.; Hellberg, A.; Kallskog, O.; Wolgast, M. Red cell trapping and postischemic renal blood flow. Differences between the cortex, outer and inner medulla. Kidney Int. 1991, 40, 625–631. [Google Scholar] [PubMed]

	



Caraba, A.; Iurciuc, S.; Munteanu, A.; Iurciuc, M. Hyponatremia and Renal Venous Congestion in Heart Failure Patients. Dis. Markers 2021, 2021, 6499346. [Google Scholar] [CrossRef]

	



Ray, S.C.; Mason, B.J.; O’Connor, P.M. Ischemic Renal Injury: Can Renal Anatomy and Associated Vascular Congestion Explain Why the Medulla and Not the Cortex Is Where the Trouble Starts. Semin. Nephrol. 2019, 39, 520–529. [Google Scholar] [CrossRef] [PubMed]

	



Owji, S.M.; Nikeghbal, E.; Moosavi, S.M. Comparison of ischaemia-reperfusion-induced acute kidney injury by clamping renal arteries, veins or pedicles in anaesthetized rats. Exp Physiol. 2018, 103, 1390–1402. [Google Scholar] [CrossRef]

	



Kenig-Kozlovsky, Y.; Scott, R.P.; Onay, T.; Carota, I.A.; Thomson, B.R.; Gil, H.J.; Ramirez, V.; Yamaguchi, S.; Tanna, C.E.; Heinen, S.; et al. Ascending Vasa Recta Are Angiopoietin/Tie2-Dependent Lymphatic-Like Vessels. J. Am. Soc. Nephrol. 2018, 29, 1097–1107. [Google Scholar] [CrossRef]

	



Afsar, B.; Afsar, R.E.; Dagel, T.; Kaya, E.; Erus, S.; Ortiz, A.; Covic, A.; Kanbay, M. Capillary rarefaction from the kidney point of view. Clin. Kidney J. 2018, 11, 295–301. [Google Scholar] [CrossRef]

	



Ergin, B.; Akin, S.; Ince, C. Kidney Microcirculation as a Target for Innovative Therapies in AKI. J. Clin. Med. 2021, 10, 4041. [Google Scholar] [CrossRef]

	



Ren, Y.; Garvin, J.L.; Liu, R.; Carretero, O.A. Crosstalk between the Connecting Tubule and the Afferent Arteriole Regulates Renal Microcirculation. Kidney Int. 2007, 71, 1116–1121. [Google Scholar] [CrossRef] [PubMed]

	



Burke, M.; Pabbidi, M.R.; Farley, J.; Roman, R.J. Molecular Mechanisms of Renal Blood Flow Autoregulation. Curr. Vasc. Pharmacol. 2014, 12, 845–858. [Google Scholar] [CrossRef] [PubMed]

	



Guerci, P.; Ergin, B.; Ince, C. The macro- and microcirculation of the kidney. Best Pr. Res. Clin. Anaesthesiol. 2017, 31, 315–329. [Google Scholar] [CrossRef] [PubMed]

	



Cowley, A.W.; Skelton, M.M.; Kurth, T.M. Effects of long-term vasopressin receptor stimulationon medullary blood flow and arterial pressure. Am. J. Physiol. 1998, 275, R1420–R1424. [Google Scholar] [CrossRef] [PubMed]

	



Cowley, A.W. Control of the renal medullary circulation by vasopressin V1 and V2 receptors in the rat. Exp. Physiol. 2000, 85, 223S–231S. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, R.M.; Trizna, W.; Kinter, L.B. Renal microvascular effects of vasopressin and vasopressin antagonists. Am. J. Physiol. 1989, 256, F274–F278. [Google Scholar] [CrossRef]

	



Wang, J.; Shi, M.; Huang, L.; Li, Q.; Meng, S.; Xu, J.; Xue, M.; Xie, J.; Liu, S.; Huang, Y. Addition of terlipressin to norepinephrine in septic shock and effect of renal perfusion: A pilot study. Ren. Fail. 2022, 44, 1207–1215. [Google Scholar] [CrossRef]

	



Russell, J.A.; Walley, K.R.; Singer, J.; Gordon, A.C.; Hébert, P.C.; Cooper, D.J.; Holmes, C.L.; Mehta, S.; Granton, J.T.; Storms, M.M.; et al. VASST Investigators: Vasopressin versus norepinephrine infusion in patients with septic shock. N. EngI. J. Med. 2008, 358, 877–887. [Google Scholar] [CrossRef]

	



Gordon, A.C.; Russell, J.A.; Walley, K.R.; Singer, J.; Ayers, D.; Storms, M.M.; Holmes, C.L.; Hébert, P.C.; Cooper, D.J.; Mehta, S.; et al. The effects of vasopressin on acute kidney injury in septic shock. Intensive Care Med. 2010, 36, 83–91. [Google Scholar] [CrossRef]

	



Murphy, S.; Williams, J.M. Impaired Renal Autoregulation in Susceptible Models of Renal Disease. Curr. Vasc. Pharmacol. 2014, 12, 859–866. [Google Scholar] [CrossRef]

	



Barajas, L.; Müller, J. The Innervation of the Juxtaglomerular Apparatus and Surrounding Tubules: A Quantitative Analysis by Serial Section Electron Microscopy. J. Ultrastruct. Res. 1973, 43, 107–132. [Google Scholar] [CrossRef] [PubMed]

	



Barajas, L.; Liu, L.; Powers, K. Anatomy of the Renal Innervation: Intrarenal Aspects and Ganglia of Origin. Can. J. Physiol. Pharmacol. 1992, 70, 735–749. [Google Scholar] [CrossRef] [PubMed]

	



Garland, C.J.; Hiley, C.R.; Dora, K.A. EDHF: Spreading the Influence of the Endothelium. Br. J. Pharmacol. 2011, 164, 839–852. [Google Scholar] [CrossRef] [PubMed]

	



Marti, C.N.; Gheorghiade, M.; Kalogeropoulos, A.P.; Georgiopoulou, V.V.; Quyyumi, A.A.; Butler, J. Endothelial Dysfunction, Arterial Stiffness, and Heart Failure. J. Am. Coll Cardiol. 2012, 60, 1455–1469. [Google Scholar] [CrossRef] [PubMed]

	



Lubrano, V.; Balzan, S. Roles of LOX-1 in Microvascular Dysfunction. Microvasc. Res. 2016, 105, 132–140. [Google Scholar] [CrossRef]

	



Guan, Z.; VanBeusecum, J.P.; Inscho, E.W. Endothelin and the renal microcirculation. Semin. Nephrol. 2015, 35, 145–155. [Google Scholar] [CrossRef]

	



Gellai, M.; DeWolf, R.; Pullen, M.; Nambi, P. Distribution and functional role of renal ET receptor subtypes in normotensive and hypertensive rats. Kidney Int. 1994, 46, 1287–1294. [Google Scholar] [CrossRef]

	



Inscho, E.W. P2 receptors in regulation of renal microvascular function. Am. J. Physiol. Ren. Physiol. 2001, 280, F927–F944. [Google Scholar] [CrossRef]

	



Eppel, G.A.; Ventura, S.; Evans, R.G. Regional vascular responses to ATP and ATP analogues in the rabbit kidney in vivo: Roles for adenosine receptors and prostanoids. Br. J. Pharmacol. 2006, 149, 523–531. [Google Scholar] [CrossRef]

	



Ince, C. Hemodynamic Coherence and the Rationale for Monitoring the Microcirculation. Crit. Care 2015, 19, 8. [Google Scholar] [CrossRef]

	



Abuelo, J.G. Normotensive ischemic acute renal failure. N. Engl. J. Med. 2007, 357, 797–805. [Google Scholar] [CrossRef] [PubMed]

	



Ergin, B.; Guerci, P.; Zafrani, L.; Nocken, F.; Kandil, A.; Gurel-Gurevin, E.; Demirci-Tansel, C.; Ince, C. Effects of N-Acetylcysteine (NAC) Supplementation in Resuscitation Fluids on Renal Microcirculatory Oxygenation, Inflammation, and Function in a Rat Model of Endotoxemia. Intensive Care Med. Exp. 2016, 4, 29. [Google Scholar] [CrossRef] [PubMed]

	



Aksu, U.; Bezemer, R.; Demirci, C.; Ince, C. Acute Effects of Balanced versus Unbalanced Colloid Resuscitation on Renal Macrocirculatory and Microcirculatory Perfusion during Endotoxemic Shock. Shock 2012, 37, 205–209. [Google Scholar] [CrossRef]

	



Johannes, T.; Mik, E.G.; Nohé, B.; Raat, N.J.H.; Unertl, K.E.; Ince, C. Influence of Fluid Resuscitation on Renal Microvascular PO2 in a Normotensive Rat Model of Endotoxemia. Crit. Care 2006, 10, R88. [Google Scholar] [CrossRef] [PubMed]

	



Lima, A.; van Rooij, T.; Ergin, B.; Sorelli, M.; Ince, Y.; Specht, P.A.C.; Mik, E.G.; Bocchi, L.; Kooiman, K.; de Jong, N.; et al. Dynamic Contrast-Enhanced Ultrasound Identifies Microcirculatory Alterations in Sepsis-Induced Acute Kidney Injury. Crit. Care Med. 2018, 46, 1284–1292. [Google Scholar] [CrossRef] [PubMed]

	



Chvojka, J.; Sykora, R.; Krouzecky, A.; Radej, J.; Varnerova, V.; Karvunidis, T.; Hes, O.; Novak, I.; Radermacher, P.; Matejovic, M. Renal haemodynamic, microcirculatory, metabolic and histopathological responses to peritonitis-induced septic shock in pigs. Crit Care. 2008, 12, R164. [Google Scholar] [CrossRef] [PubMed]

	



Maiden, M.J.; Otto, S.; Brealey, J.K.; Finnis, M.E.; Chapman, M.J.; Kuchel, T.R.; Nash, C.H.; Edwards, J.; Bellomo, R. Structure 575 and Function of the Kidney in Septic Shock: A Prospective Controlled Experimental Study. Am. J. Respir. Crit. Care Med. 2016, 194, 692–700. [Google Scholar] [CrossRef]

	



Chou, Y.-H.; Chu, T.-S.; Lin, S.-L. Role of renin-angiotensin system in acute kidney injury-chronic kidney disease transition. Nephrology 2018, 23, 121–125. [Google Scholar] [CrossRef]

	



Coca, S.G.; Singanamala, S.; Parikh, C.R. Chronic kidney disease afteracute kidney injury: A systematic review and meta-analysis. Kidney Int. 2012, 81, 442–448. [Google Scholar] [CrossRef]

	



Lindenmeyer, M.T.; Kretzler, M.; Boucherot, A.; Berra, S.; Yasuda, Y.; Henger, A.; Eichinger, F.; Gaiser, S.; Schmid, H.; Rastaldi, M.P.; et al. Cohen, Interstitial vascular rarefaction and reduced VEGF-A expression in human diabetic nephropathy. J. Am. Soc. Nephrol. 2007, 18, 1765–1776. [Google Scholar] [CrossRef]

	



Lombardi, D.; Gordon, K.L.; Polinsky, P.; Suga, S.; Schwartz, S.M.; Johnson, R.J. Salt-sensitive hypertension develops after short-term exposure to Angiotensin II. Hypertension 1999, 33, 1013–1019. [Google Scholar] [CrossRef] [PubMed]

	



Iwazu, Y.; Muto, S.; Fujisawa, G.; Nakazawa, E.; Okada, K.; Ishibashi, S.; Kusano, E. Spironolactone suppresses peritubular capillary loss and prevents deoxycorticosterone acetate/salt-induced tubulointerstitial fibrosis. Hypertension 2008, 51, 749–754. [Google Scholar] [CrossRef] [PubMed]

	



Namikoshi, T.; Satoh, M.; Horike, H.; Fujimoto, S.; Arakawa, S.; Sasaki, T.; Kashihara, N. Implication of peritubular capillary loss and altered expression of vascular endothelial growth factor in IgA nephropathy. Nephron. Physiol. 2006, 102, 9–16. [Google Scholar] [CrossRef] [PubMed]

	



Kaukinen, A.; Lautenschlager, I.; Helin, H.; Karikoski, R.; Jalanko, H. Peritubular capillaries are rarefied in congenital nephrotic syndrome of the Finnish type. Kidney Int. 2009, 75, 1099–1108. [Google Scholar] [CrossRef]

	



Anutrakulchai, S.; Titipungul, T.; Pattay, T.; Mesung, P.; Puapairoj, A.; Sirivongs, D.; Pongsakul, C.; Futrakul, P.; Thinkhamrop, B.; Johnson, R.J. Relation of peritubular capillary features to class of lupus nephritis. BMC Nephrol. 2016, 17, 169. [Google Scholar] [CrossRef] [PubMed]

	



Wei, W.; Popov, V.; Walocha, J.A.; Wen, J.; Bello-Reuss, E. Evidence of angiogenesis and microvascular regression in autosomal-dominant polycystic kidney disease kidneys: A corrosion cast study. Kidney Int. 2006, 70, 1261–1268. [Google Scholar] [CrossRef]

	



O’Brien, K.; Saravanabavan, S.; Zhang, J.Q.J.; Wong, A.T.Y.; Munt, A.; Burgess, J.S.; Rangan, G.K. Regression of Peritubular Capillaries Coincides with Angiogenesis and Renal Cyst Growth in Experimental Polycystic Kidney Disease. Int. J. Nephrol. Renovasc. Dis. 2020, 13, 53–64. [Google Scholar] [CrossRef]

	



Ishii, Y.; Sawada, T.; Kubota, K.; Fuchinoue, S.; Teraoka, S.; Shimizu, A. Injury and progressive loss of peritubular capillaries in the development of chronic allograft nephropathy. Kidney Int. 2005, 67, 321–332. [Google Scholar] [CrossRef]

	



Steegh, F.M.; Gelens, M.A.; Nieman, F.H.; van Hooff, J.P.; Cleutjens, J.P.; van Suylen, R.J.; Daemen, M.J.; van Heurn, E.L.; Christiaans, M.H.; Peutz-Kootstra, C.J. Early loss of peritubular capillaries after kidney transplantation. J. Am. Soc. Nephrol. 2011, 22, 1024–1029. [Google Scholar] [CrossRef]

	



Stan, R.V.; Tse, D.; Deharvengt, S.J.; Smits, N.C.; Xu, Y.; Luciano, M.R.; McGarry, C.L.; Buitendijk, M.; Nemani, K.V.; Elgueta, R.; et al. The diaphragms of fenestrated endothelia: Gatekeepers of vascular permeability and blood composition. Dev. Cell 2012, 23, 1203–1218. [Google Scholar] [CrossRef]

	



Stolz, D.B.; Sims-Lucas, S. Unwrapping the origins and roles of the renal endothelium. Pediatr. Nephrol. 2015, 30, 865–872. [Google Scholar] [CrossRef] [PubMed]

	



Bearer, E.L.; Orci, L. Endothelial fenestral diaphragms: A quick-freeze, deep-etch study. J. Cell Biol. 1985, 100, 418–428. [Google Scholar] [CrossRef] [PubMed]

	



Shimada, S.; Hirose, T.; Takahashi, C.; Sato, E.; Kinugasa, S.; Ohsaki, Y.; Kisu, K.; Sato, H.; Ito, S.; Mori, T. Pathophysiological and molecular mechanisms involved in renal congestion in a novel rat model. Sci. Rep. 2018, 8, 16808. [Google Scholar] [CrossRef] [PubMed]

	



Ohashi, R.; Shimizu, A.; Masuda, Y.; Kitamura, H.; Ishizaki, M.; Sugisaki, Y.; Yamanaka, N. Peritubular capillary regression during the progression of experimental obstructive nephropathy. J. Am. Soc. Nephrol. 2002, 13, 1795–1805. [Google Scholar] [CrossRef]

	



Loganathan, K.; Said, E.S.; Winterrowd, E.; Orebrand, M.; He, L.; Vanlandewijck, M.; Betsholtz, C.; Quaggin, S.E.; Jeansson, M. Angiopoietin-1 deficiency increases renal capillary rarefaction and tubulointerstitial fibrosis in mice. PLoS ONE 2018, 13, e0189433. [Google Scholar] [CrossRef]

	



Kang, D.H.; Joly, A.H.; Oh, S.W.; Hugo, C.; Kerjaschki, D.; Gordon, K.L.; Mazzali, M.; Jefferson, J.A.; Hughes, J.; Madsen, K.M.; et al. Impaired angiogenesis in the remnant kidney model: I. Potential role of vascular endothelial growth factor and thrombospondin-1. J. Am. Soc. Nephrol. 2001, 12, 1434–1447. [Google Scholar] [CrossRef]

	



Futrakul, N.; Butthep, P.; Futrakul, P. Altered vascular homeostasis in chronic kidney disease. Clin. Hemorheol. Microcirc. 2008, 38, 201–207. [Google Scholar]

	



Koller, G.M.; Schafer, C.; Kemp, S.S.; Aguera, K.N.; Lin, P.K.; Forgy, J.C.; Griffin, C.T.; Davis, G.E. Proinflammatory Mediators, IL (Interleukin)-1β, TNF (Tumor Necrosis Factor) α, and Thrombin Directly Induce Capillary Tube Regression. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 365–377. [Google Scholar] [CrossRef]

	



Babickova, J.; Klinkhammer, B.M.; Buhl, E.M.; Djudjaj, S.; Hoss, M.; Heymann, F.; Tacke, F.; Floege, J.; Becker, J.U.; Boor, P. Regardless of etiology, progressive renal disease causes ultrastructural and functional alterations of peritubular capillaries. Kidney Int. 2017, 91, 70–85. [Google Scholar] [CrossRef]

	



Ehling, J.; Babickova, J.; Gremse, F.; Klinkhammer, B.M.; Baetke, S.; Knuechel, R.; Kiessling, F.; Floege, J.; Lammers, T.; Boor, P. Quantitative Micro-Computed Tomography Imaging of Vascular Dysfunction in Progressive Kidney Diseases. J. Am. Soc. Nephrol. 2016, 27, 520–532. [Google Scholar] [CrossRef]

	



Rouschop, K.M.; Claessen, N.; Pals, S.T.; Weening, J.J.; Florquin, S. CD44 disruption prevents degeneration of the capillary network in obstructive nephropathy via reduction of TGF-beta1-induced apoptosis. J. Am. Soc. Nephrol. 2006, 17, 746–753. [Google Scholar] [CrossRef] [PubMed]

	



Dang, L.T.H.; Aburatani, T.; Marsh, G.A.; Johnson, B.G.; Alimperti, S.; Yoon, C.J.; Huang, A.; Szak, S.; Nakagawa, N.; Gomez, I.; et al. Hyperactive FOXO1 results in lack of tip stalk identity and deficient microvascular regeneration during kidney injury. Biomaterials 2017, 141, 314–329. [Google Scholar] [CrossRef] [PubMed]

	



Kida, Y. Peritubular Capillary Rarefaction: An Underappreciated Regulator of CKD Progression. Int. J. Mol. Sci. 2020, 21, 8255. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, H.-T.; Li, X.-Z.; Pitera, J.E.; Long, D.A.; Woolf, A.S. Peritubular Capillary Loss after Mouse Acute Nephrotoxicity Correlates with Down-Regulation of Vascular Endothelial Growth Factor-A and HypoxiaInducible Factor-1. Am. J. Pathol. 2003, 163, 2289–2301. [Google Scholar] [CrossRef]

	



Kairaitis, L.K.; Wang, Y.; Gassmann, M.; Tay, Y.-C.; Harris, D.C.H. HIF-1alpha expression follows microvascular loss in advanced murine adriamycin nephrosis. Am. J. Physiol. Ren. Physiol. 2005, 288, F198–F206. [Google Scholar] [CrossRef]

	



Matsumoto, M.; Tanaka, T.; Yamamoto, T.; Noiri, E.; Miyata, T.; Inagi, R.; Fujita, T.; Nangaku, M. Hypoperfusion of peritubular capillaries induces chronic hypoxia before progression of tubulointerstitial injury in a progressive model of rat glomerulonephritis. J. Am. Soc. Nephrol. 2004, 15, 1574–1581. [Google Scholar] [CrossRef]

	



Ohashi, R.; Kitamura, H.; Yamanaka, N. Peritubular capillary injury during the progression of experimental glomerulonephritis in rats. J. Am. Soc. Nephrol. 2000, 11, 47–56. [Google Scholar] [CrossRef]

	



Kobori, H.; Nangaku, M.; Navar, L.G.; Nishiyama, A. The intrarenalrenin-angiotensin system: From physiology to the pathobiology ofhypertension and kidney disease. Pharmacol. Rev. 2007, 59, 251–287. [Google Scholar] [CrossRef]

	



Ruster, C.; Wolf, G. Renin-angiotensin-aldosterone system andprogression of renal disease. J. Am. Soc. Nephrol. 2006, 17, 2985–2991. [Google Scholar] [CrossRef]

	



Cao, W.; Jin, L.; Zhou, Z.; Yang, M.; Wu, C.; Wu, L.; Cui, S. Overexpression of intrarenal renin-angiotensin system in human acute tubular necrosis. Kidney Blood Press. Res. 2016, 41, 746–756. [Google Scholar] [CrossRef]

	



Chen, C.; Yang, X.; Lei, Y.; Zha, Y.; Liu, H.; Ma, C.; Tian, J.; Chen, P.; Yang, T.; Hou, F.F. Urinary biomarkers at the time of AKIdiagnosis as predictors of progression of AKI among patients withacute cardiorenal syndrome. Clin. J. Am. Soc. Nephrol. 2016, 11, 1536–1544. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Q.; Tang, B.; Zhang, C. Signaling pathways of chronic kidney diseases, implications for therapeutics. Signal Transduct. Target Ther. 2022, 7, 182. [Google Scholar] [CrossRef]

	



Su, S.-A.; Yang, D.; Wu, Y.; Xie, Y.; Zhu, W.; Cai, Z.; Shen, J.; Fu, Z.; Wang, Y.; Jia, L.; et al. EphrinB2 Regulates Cardiac Fibrosis Through Modulating the Interaction of Stat3 and TGF-β/Smad3 Signaling. Circ. Res. 2017, 121, 617–627. [Google Scholar] [CrossRef] [PubMed]

	



van Beusekom, C.D.; Zimmering, T.M. Profibrotic effects of angiotensin II and transforming growth factor beta on feline kidney epithelial cells. J. Feline Med. Surg. 2019, 21, 780–787. [Google Scholar] [CrossRef] [PubMed]

	



Yamakoshi, S.; Nakamura, T.; Mori, N.; Suda, C.; Kohzuki, M.; Ito, O. Effects of exercise training on renal interstitial fibrosis and renin-angiotensin system in rats with chronic renal failure. J. Hypertens. 2021, 39, 143–152. [Google Scholar] [CrossRef] [PubMed]

	



Su, Y.-Y.; Li, H.-M.; Yan, Z.-X.; Li, M.-C.; Wei, J.-P.; Zheng, W.-X.; Liu, S.-Q.; Deng, Y.-T.; Xie, H.-F.; Li, C.-G. Renin-angiotensin system activation and imbalance of matrix metalloproteinase-9/tissue inhibitor of matrix metalloproteinase-1 in cold-induced stroke. Life Sci. 2019, 231, 116563. [Google Scholar] [CrossRef] [PubMed]

	



Stoian, M.; Stoica, V. Current Trends on Glomerulosclerosis Regression. J. Med. Life. 2020, 13, 116–118. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Q.; Ma, Z.; Ding, Y.; Bedarida, T.; Chen, L.; Xie, Z.; Song, P.; Zou, M.-H. Circulating miR-103a-3p contributes to angiotensin II-induced renal inflammation and fibrosis via a SNRK/NF-κB/p65 regulatory axis. Nat. Commun. 2019, 10, 2145. [Google Scholar] [CrossRef]

	



Lang, P.-P.; Bai, J.; Zhang, Y.-L.; Yang, X.-L.; Xia, Y.-L.; Lin, Q.-Y.; Li, H.-H. Blockade of intercellular adhesion molecule-1 prevents angiotensin II-induced hypertension and vascular dysfunction. Lab. Invest. 2020, 100, 378–386. [Google Scholar] [CrossRef]

	



Schnee, J.M.; Hsueh, W.A. Angiotensin II, adhesion, and cardiac fibrosis. Cardiovasc. Res. 2000, 46, 264–268. [Google Scholar] [CrossRef]

	



Wu, J.; Chu, Y.; Jiang, Z.; Yu, Q. Losartan protects against intermittent hypoxia-induced peritubular capillary loss by modulating the renal renin–angiotensin system and angiogenesis factors. Acta Biochim. Et Biophys. Sin. 2020, 52, 38–48. [Google Scholar] [CrossRef] [PubMed]

	



Kontogiannis, J.; Burns, K.D. Role of AT1 angiotensin II receptors in renal ischemic injury. Am. J. Physiol. 1998, 274, F79–F90. [Google Scholar] [CrossRef] [PubMed]

	



Patschan, D.; Patschan, S.; Buschmann, I.; Ritter, O. Loop Diuretics in Acute Kidney Injury Prevention, Therapy, and Risk Stratification. Kidney Blood Press. Res. 2019, 44, 457–464. [Google Scholar] [CrossRef] [PubMed]

	



Benedetto, U.; Melina, G.; Capuano, F.; Comito, C.; Bianchini, R.; Simon, C.; Refice, S.; Angeloni, E.; Sinatra, R. Preoperative angiotensin-converting enzyme inhibitors protect myocardium from ischemia during coronary artery bypass graft surgery. J. Cardiovasc. Med. 2008, 9, 1098–1103. [Google Scholar] [CrossRef] [PubMed]

	



Chou, Y.H.; Huang, T.M.; Pan, S.Y.; Chang, C.H.; Lai, C.F.; Wu, V.C.; Wu, M.S.; Wu, K.D.; Chu, T.S.; Lin, S.L. Renin-angiotensin system inhibitor is associated with lower risk of ensuing chronic kidneydisease after functional recovery from acute kidney injury. Sci. Rep. 2017, 7, 46518. [Google Scholar] [CrossRef]

	



Roberts, D.J.; Smith, S.A.; Tan, Z.; Dixon, E.; Datta, I.; Devrome, A.; Hemmelgarn, B.R.; Tonelli, M.; Pannu, N.; James, M.T. Angiotensin-Converting Enzyme Inhibitor/Receptor Blocker, Diuretic, or Nonsteroidal Anti-inflammatory Drug Use After Major Surgery and Acute Kidney Injury: A Case-Control Study. J. Surg. Res. 2021, 263, 34–43. [Google Scholar] [CrossRef]

	



Siew, E.D.; Parr, S.K.; Abdel-Kader, K.; Perkins, A.M.; Greevy, R.A.; Vincz, A.J.; Denton, J.; Wilson, O.D.; Hung, A.M.; Ikizler, T.A.; et al. Renin-angiotensin aldosterone inhibitor use at hospital discharge among patients with moderate to severe acute kidney injury and its association with recurrent acute kidney injury and mortality. Kidney Int. 2021, 99, 1202–1212. [Google Scholar] [CrossRef]

	



Bidulka, P.; Fu, E.; Leyrat, C.; Kalogirou, F.; McAllister, K.S.L.; Kingdon, E.J.; Mansfield, K.E.; Iwagami, M.; Smeeth, L.; Clase, C.M.; et al. Stopping renin-angiotensin system blockers after acute kidney injury and risk of adverse outcomes: Parallel population-based cohort studies in English and Swedish routine care. BMC Med. 2020, 18, 195. [Google Scholar] [CrossRef]

	



Brar, S.; Liu, K.D.; Go, A.S.; Hsu, R.K.; Chinchilli, V.M.; Coca, S.G.; Garg, A.X.; Himmelfarb, J.; Ikizler, T.A.; Kaufman, J.; et al. Prospective Cohort Study of Renin-Angiotensin System Blocker Usage after Hospitalized Acute Kidney Injury. Clin. J. Am. Soc. Nephrol. 2021, 16, 26–36. [Google Scholar] [CrossRef]

	



Whiting, P.; Morden, A.; Tomlinson, L.; Caskey, F.; Blakeman, T.; Tomson, C.; Stone, T.; Richards, A.; Savović, J.; Horwood, J. What are the risks and benefits of temporarily discontinuing medications to prevent acute kidney injury? A systematic review and meta-analysis. BMJ Open 2017, 7, e012674. [Google Scholar] [CrossRef]

	



Chen, J.-Y.; Tsai, I.-J.; Pan, H.-C.; Liao, H.-W.; Neyra, J.A.; Wu, V.-C.; Chueh, J.S. The Impact of Angiotensin-Converting Enzyme Inhibitors or Angiotensin II Receptor Blockers on Clinical Outcomes of Acute Kidney Disease Patients: A Systematic Review and Meta-Analysis. Front. Pharmacol. 2021, 12, 665250. [Google Scholar] [CrossRef] [PubMed]

	



Legrand, M.; De Backer, D.; Dépret, F.; Ait-Oufella, H. Recruiting the microcirculation in septic shock. Ann. Intensive Care 2019, 9, 102. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 12 00327 g001 550] 





Figure 1. Renal microcirculation anatomy—the nephrovascular unit. 
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Figure 2. Mechanism of formation of peritubular capillary rarefaction. Consequence of acute ischemia and a cause of progression to chronic kidney disease. 
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