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Chapter 23
Acute Kidney Injury and Cytokines

Kazuhiro Furuhashi, Noritoshi Kato, Tomoki Kosugi, and Shoichi Maruyama

Abstract Cytokines and chemokines are potential signaling molecules that 
maintain homeostasis by activating intracellular communication. Cytokines 
orchestrate various processes, ranging from cellular survival, proliferation, and 
chemotaxis for tissue repair to regulation of inflammation. Extracellular vesicles 
(EVs), which are cell-derived membrane particles such as exosomes and 
microvesicles, may also play crucial roles similar to cytokines. The kidneys are 
highly susceptible to intrinsic oxidative stress resulting from ischemia and to the 
excessive inflammatory response resulting from systemic autoimmunity. These 
types of stress may eventually result in the development of acute kidney injury 
(AKI). In this setting, the skewed cytokine profile produced by macrophages and 
lymphocytes disrupts the reciprocal relationship for regulating tissue repair and 
remodeling due to amplification of a physiological vicious loop. We have so far 
shown that AKI induces the secretion of midkine (MK) and CD147/basigin, 
which are responsible for skewed cytokine production. MK and CD147/basigin 
secreted by tubular epithelial cells promote the recruitment of macrophages and 
neutrophils, respectively, which are accompanied by monocyte chemotactic pro-
tein-1, transforming growth factor-β, E cadherin, and extracellular matrix metal-
loproteinase inducer.

This chapter will present the functions of macrophage-related cytokines and EVs 
and summarize our findings on how MK and CD147/basigin are involved in the 
pathogenesis of AKI.
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23.1  Introduction

Ischemia, loss of self-tolerance, and bacterial infection induce white blood cells to 
enter various organs due to activation of chemotactic cytokines and adhesion mol-
ecules, eventually resulting in systemic inflammation [1, 2]. Because the kidneys 
are highly sensitive to intrinsic oxidative stress caused by systemic ischemia and 
systemic autoimmunity, various stresses can lead to acute kidney injury (AKI) [3]. 
Renal tubular epithelial cells (TECs) are the antigen-presenting cells in the kidneys. 
Following activation of cell adhesion molecules resulting from injury to tubules, 
TECs interact directly with various immune cells such as neutrophils, monocytes, 
and T lymphocytes [4]. Maintenance of an anti-inflammatory and anti-thrombotic 
environment and prevention of renal fibrosis require homeostasis of renal endothe-
lial cells [5]. AKI and the immune system show bidirectional cross-talk [6, 7]. Renal 
damage can result from both adaptive and innate immune cells and recovery from 
AKI. The etiology of AKI involves dendritic cells (DCs), monocytes/macrophages, 
neutrophils, T lymphocytes, and B lymphocytes. In addition, M2 macrophages and 
regulatory T cells mediate inflammatory processes, tissue remodeling, and repair 
after AKI. Higher levels of cytokines and immune cell dysfunction, especially dys-
functional neutrophils, may exacerbate immune dysfunction and block removal of 
bacteria during AKI.

A vicious cycle of injury after acute or subacute kidney injury may spread to 
distant organs, such as the heart, liver, and lungs. Multiple cytokines and chemo-
kines expressed by circulating inflammatory cells and damaged organs may mediate 
the cross-talk between distant organs and the kidneys. Ischemia-induced AKI may 
be followed by impaired function of distant organs [8, 9]. Renal inflammation pro-
phylaxis is necessary for reduced mortality and morbidity after kidney injury. 
Although mediated by different primary disease processes, long-term injury to the 
kidney leads to permanent abnormalities such as glomerular obsolescence and inter-
stitial fibrosis; these conditions may eventually develop into chronic kidney disease 
(CKD). Patients with moderate renal dysfunction usually do not show symptoms. 
Thus, early identification of susceptible patients and increased understanding of 
mechanisms that induce inflammation may be important for determining therapeu-
tic strategies for treatment of kidney diseases. Studies of cytokines, chemokines, 
and extracellular vesicles (EVs), as well as their associated mRNAs and miRNAs, 
are critical for preventing death and improving the health of patients with AKI. Here, 
we describe in vivo studies of various promising molecules.

23.2  Macrophage-Related Cytokine 
and Chemokine Portfolio

When cells are damaged and damage-associated molecular patterns are triggered 
and released from the damaged cells themselves, an inflammatory response is 
formed around the damaged cells. Next, chemokines (CXCL1, CXCL8, CCL2, 
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CCL5) are secreted from epithelial cells and resident DCs/macrophages, which 
recruits neutrophils and monocytes to the sites of inflammation in AKI [3]. At the 
same time, inflammatory cytokines (tumor necrosis factor-α, interferon-γ, interleu-
kin (IL)-6, IL-1β, IL-23, IL-17) and anti-inflammatory cytokines (IL-4, IL-10, 
transforming growth factor (TGF)-β, hepatocyte growth factor, resolvins) are 
secreted from resident and recruited cells at the sites of inflammation [3]. The bal-
ance between inflammatory cytokines and anti-inflammatory cytokines are impor-
tant determinants of when inflammation leads to injury and injury to regeneration.

Macrophages are present in healthy and diseased kidneys where they perform 
critical roles in maintenance, the immune response, tissue injury, and tissue repair. 
Macrophages are highly heterogeneous cells and exhibit distinct functions depend-
ing on their local microenvironment, which includes cytokines. This macrophage 
heterogeneity allows the cells to respond to changes in various cytokines. 
Macrophages are classified into two broad subsets, pro-inflammatory M1 macro-
phages and anti-inflammatory M2 macrophages (Fig. 23.1). At the time of initial 
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Fig. 23.1 Inflammation and regeneration. Once cells are damaged, they produce damage- 
associated molecular patterns (DAMPs) and danger signals, leading to activation and recruitment 
of leukocytes (M1 macrophages). This phase is known as inflammation. The inflammatory signals 
induce stem cells from dormancy to proliferative state, and the proliferated stem cells differentiate 
to compensate for the tissue defect. At the peak of inflammation, anti-inflammatory cells (M2 
macrophages) begin to appear in the inflamed sites. In the case of adaptive repair, the inflammation 
is terminated by the increase of anti-inflammatory cells and the concomitant increase of anti- 
inflammatory cytokines. Anti-inflammatory cytokines restore stem cells from proliferation to dor-
mancy to prevent stem cell exhaustion. In the case of maladaptive repair, the sustained inflammation 
continues to induce stem cell proliferation and differentiation, and eventually stem cells are 
exhausted. Tissue repair cannot be achieved due to stem cell exhaustion and persistent attack on 
differentiated cells by immune cells
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injury in AKI, the kidney is protected from ischemic injury by depletion of kidney 
macrophages [10, 11]. Furthermore, if M1 macrophages induced in vitro are trans-
ferred back into mice with ischemic kidney injury, kidney damage is worsened. 
These observations indicate that M1 macrophages play pathogenic roles in ischemic 
kidney injury [12]. On the other hand, recovery from ischemic kidney injury is 
impaired when macrophages are removed after the onset of ischemic AKI [13]. 
Administration of macrophages during the recovery phase from ischemic AKI 
induces TEC proliferation and promotes recovery of renal function [14]. These 
results suggest that M2 macrophages mediate kidney repair and regeneration. M1 
macrophages injected during the regeneration phase change their phenotype from 
M1 to M2 within the kidney [12]. This indicates that macrophages switch from an 
inflammatory (M1 macrophage) to an anti-inflammatory (M2 macrophage) state as 
the cytokines change from inflammatory to anti-inflammatory in the inflammatory 
sites. In other words, macrophages function as effector cells that converge inflam-
mation at the injured site and convert the environment towards a regenerative state 
by recognizing changes in the surrounding environment. In vitro stimulation or 
administration of lipopolysaccharide or interferon-γ induces M1 macrophages, 
whereas M2 macrophages are induced by Th2 cytokines such as IL-4 and IL-10. 
However, the mechanisms by which in  vivo macrophages switch to M2 macro-
phages in ischemic AKI remains poorly understood.

Apoptotic cells, anti-inflammatory cytokines, and growth factors are important 
factors in the induction of M2 macrophages. Macrophages take up apoptotic bodies, 
and sphingosine-1-phosphate from apoptotic cells in mice after ischemic reperfu-
sion promotes induction of M2 macrophages, leading to production of TGF-β and 
IL-10 [15]. Production of anti-inflammatory cytokines by M2 macrophages 
enhances M2 polarization at inflamed sites. IL-10 derived from regulatory T cells 
also plays a partial role in M2 polarization [16]. Steroid treatment increases M2 
macrophage numbers in vivo, leading to a reduction in inflammation and injury in 
the inflamed kidney [17]. Colony stimulating factor-1 derived from TECs in isch-
emic reperfusion-induced mice polarizes resident macrophages towards M2 macro-
phages, enhancing regeneration following ischemic renal damage [18]. Once M2 
macrophages are induced in inflammatory and damaged lesions, these cells reduce 
inflammation by removal of cell debris and production of protective mediators such 
as heme-oxygenase-1 (HO-1) and IL-10. HO-1 is an anti-inflammatory enzyme. 
HO-1-expressing M2 macrophages promote phagocytosis of apoptotic cells and 
production of IL-10 [19], which is a strong anti-inflammatory cytokine that blocks 
inflammatory pathways. Systemic administration of IL-10 protects against ischemic 
AKI and cisplatin-induced AKI by inhibiting intercellular adhesion molecule-1 and 
granulocyte activation [20]. Moreover, by secreting angiogenic factors and growth 
factors, macrophages establish an environment that is necessary for organ regenera-
tion. M2 macrophages locally support vascularization by secreting vascular endo-
thelial growth factor to restore the energy and oxygen that are necessary for organ 
regeneration. The reparative potentials of M2 macrophages appear to be mediated 

K. Furuhashi et al.



337

by Wnt7b, which leads to cell-cycle progression of renal TECs after ischemic AKI 
[21]. Further research is needed to investigate the mechanism by which M2 macro-
phages promote regeneration.

Based on these findings, two therapeutic strategies have been considered for 
acute renal failure. The first is direct administration of cultured macrophages into 
the body. Administration of induced pluripotent stem cell-derived M2 macrophages 
ameliorates nephritis in mice [22]. HO-1-overexpressing macrophages show an 
anti-inflammatory phenotype with increased IL-10 production [19]. These reports 
suggest that direct administration of M2 macrophages may be a new treatment strat-
egy for kidney injury.

The second strategy is to induce a change in the inflammatory environment by 
administering a drug or growth factor that will lead to promotion of regeneration 
and induction of M2 macrophages. Administration of mesenchymal stem cells 
(MSCs) can change the inflammatory environment, leading to induction of M2 
macrophages and kidney regeneration.

MSCs can differentiate into bone, cartilage, and adipose tissue. Although MSCs 
are rare populations in bone marrow and adipose tissue, MSCs show excellent 
growth ability in culture while retaining their growth and multilineage potential. 
Thus, MSCs may be ideal candidates for cell therapy, and many researchers have 
examined the therapeutic effects of MSCs in various animal models. MSCs show 
pleiotropic effects in damaged sites by producing various growth factors and immu-
noregulatory factors, depending on signals in the inflammatory milieu. In the area 
of kidney research, administration of cultured MSCs protects against AKI and 
nephritis via production of hepatocyte growth factor and M2 induction, respectively 
[23, 24]. Recently, phase 1 and 2 clinical trials using bone marrow- or adipose- 
derived MSCs have begun to target AKI.

Adenosine may be a therapeutically useful molecule because it alters the inflam-
matory environment. Adenosine is a purine nucleoside found in many living sys-
tems, and it is also a medication. In the clinic, adenosine is used to treat 
supraventricular tachycardia. Adenosine is constitutively present in physiological 
conditions at a very low concentration, but its concentration increases in pathologi-
cal conditions such as hypoxic and inflammatory conditions. CD39 is an extracel-
lular enzyme that catalyzes the conversion of adenosine triphosphate (ATP) and 
adenosine diphosphate to adenosine monophosphate. CD73 rapidly converts ade-
nosine monophosphate into adenosine. Of the four different types of adenosine 
receptors (adenosine A1, A2A, A2B, and A3 receptors), the A2A adenosine receptor 
(A2AR) is predominantly expressed in immune cells. Activation of A2AR generally 
produces immunosuppressive signals, which inhibit activities of T cells, natural 
killer cells, macrophages, DCs, and neutrophils. An A2AR agonist also induces 
conversion of macrophages to an M2 phenotype, an activity that is independent of 
IL-4/IL-4Rα signaling [25]. In A2AR-deficient mice, tissue damage due to inflam-
mation is exacerbated compared to wild-type mice. Some reports show that admin-
istration of an A2AR agonist strongly inhibits the induction of inflammatory 
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diseases. In the area of kidney research, increasing the adenosine concentration 
reduces the severity of ischemic kidney injuries [26]. Another article indicated that 
a nonspecific adenosine receptor inhibitor prevents the reduction in renal blood flow 
following ischemic renal injury [27]. Therefore, whether adenosine in inflamed 
sites shows protective effects or not in ischemic kidney injuries is still controversial. 
This discrepancy may be related to expression levels and subtypes of adenosine 
receptors and may depend on the disease model and injury severity.

By decreasing inflammatory cytokines, decreasing M1 macrophages, and 
increasing M2 macrophages, dysfunctional organs can shift to a phase of regenera-
tion and repair, eventually leading to adaptive repair. If the transition from inflam-
mation to regeneration is minimal and inflammation remains, chronic inflammation 
and fibrosis may result. Cellular therapy, cytokine therapy, and growth factor ther-
apy may be new treatment options for patients with acute renal disorders following 
increased understanding of microenvironmental changes and factors that determine 
the function and subtype of macrophages in the kidney. Many factors related to 
inflammation have been identified, and new drugs are being developed as a result. 
In addition, as the mechanisms of development of inflammation and organ regenera-
tion are elucidated, new therapeutic applications for existing drugs have attracted 
attention as treatment for acute renal disorder.

23.3  Cytokines and Chemokines Derived from Infiltrating 
Inflammatory Cells and TECs

23.3.1  Midkine

Midkine (MK; gene, Mdk) is a 13-kDa growth factor that contains multiple basic 
amino acids and cysteines and binds heparin. MK was first identified as a transcript 
of a retinoic acid-responsive gene. MK plays a role in kidney development, increases 
cell growth, enhances cell survival, increases cell migration, is anti-apoptotic, and is 
involved in fibrinolysis and development of cancer [28, 29]. In the normal kidney, 
MK is expressed in proximal and distal TECs and at lower levels in endothelial cells 
[5, 30]. MK receptors may form a complex that also includes proteoglycans such as 
low density lipoprotein receptor-related proteins [28, 31, 32]. MK signaling involves 
mitogen-activated protein kinase and phosphatidylinositol 3-kinase. The pro- 
inflammatory role of MK has been shown in various in vivo studies of arterial reste-
nosis [33], rheumatoid arthritis [34], ischemic renal injury [35–37], cisplatin-induced 
tubulointerstitial injury [38], diabetic nephropathy [39, 40], and endothelial dys-
function [41]. MK has various pathophysiological effects on disorders such as AKI, 
CKD, high blood pressure, ischemia, and type 2 diabetes.

Renal ischemia is a primary cause of AKI and is related to injury to various 
organs via organ–organ interactions including the kidney. Renal ischemia also 
involves several chemokines, with the end result of multiple organ failure [1, 42]. In 
this setting, TECs become energy deprived, and various beneficial and harmful 
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systems are activated. This causes direct disruption of the cytoskeleton, aberrant cell 
polarity, and cell death. Indirect effects that induce chemotaxis are seen including 
activation of different types of cells such as endothelial cells and leukocytes [5]. 
Severe depletion of ATP leads to necrosis, whereas GTP depletion tends to promote 
apoptosis [43]. Necrosis and autophagy are both observed after ischemic reperfu-
sion injury. In this condition, disrupted vascular endothelial cells lead to vascular 
congestion, edema, decreased blood flow, and migration of neutrophils and macro-
phages. When these inflammatory cells enter the injured kidney, cytokines are 
secreted, and the presence of reactive oxygen species (ROS), proteases, myeloper-
oxidase, and other chemokines can lead to additional injury. These processes have 
been repeatedly demonstrated in both humans and animal models of renal reperfu-
sion. After ischemic reperfusion in vivo, MK is quickly upregulated in the proximal 
tubules, which increases macrophage inflammatory protein for neutrophils and 
monocyte chemotactic protein-1 for macrophages [35, 37]. The inflammatory cells 
induce severe tubulointerstitial damage. Blocking MK inhibits inflammatory cell 
movement to the damaged epithelial layer and decreases the severity of kidney 
injury. Thus, MK increases movement of inflammatory cells into the kidney follow-
ing ischemic injury and also induces chemokines, thus playing a role in worsening 
ischemic tissue damage.

Patients with acute or subacute kidney injury should not experience death or 
complications due to pulmonary dysfunction [44]. Most kidney–lung interactions 
are accompanied by secretion of cytokines, including TGF-β, IL-1β, IL-6, IL-18, 
nuclear factor kappa-light-chain enhancer of activated B cells, and tumor necrosis 
factor-α, as well as MK and induction of renin-angiotensin system (RAS) [44, 45]. 
Factors that are upstream of the MK-RAS system have been investigated. Our group 
showed that oxidative stress induces expression of MK [39]. Another group showed 
that hypoxia increases MK via hypoxia-inducible factor-1α and induces pulmonary 
vascular remodeling [46]. We hypothesized that NADPH oxidases (Nox), which are 
enzymes that generate and release superoxide by electron transfer from NADPH to 
oxygen, are important in MK induction. Pulmonary Nox1, 2, and 4 expression in 
wild-type (Mdk+/+) mice is significantly upregulated following kidney ablation, but 
Nox expression is not affected by ablation in MK-deficient (Mdk−/−) mice [47]. 
Nox-mediated ROS induces pulmonary MK expression. The membrane-permeable 
radical scavenger, 4-hydroxy-2,2,6,6- tetramethylpiperidine-N-oxyl (Tempol), 
decreases MK induction and returns plasma Angiotensin (Ang) II to normal levels 
in the lungs. Tempol also improves blood pressure and decreases kidney damage 
including glomerular sclerosis and tubular interstitial injury. ROS are unlikely to be 
transported between the kidney and lung due to their short half-life. Ang II induces 
Nox expression [48]. Thus, we conclude that the oxidative stress-induced initial 
increase in MK in the endothelium increases ACE expression in the lung, and the 
end result is a vicious cycle of Ang II overexpression. The RAS may strongly drive 
positive feedback induced by oxidative stress.

Segmental breaks in the glomerular basement membrane (GBM) may lead to 
formation of crescents in the glomerulus, and are often accompanied by fibrinoid 
necrosis [49]. These phenomena induce deposits of fibrin, infiltration of inflamma-
tory cells, and accumulation of the extracellular matrix. Fibrin deposits disrupt 
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glomerular blood flow, lead to irreversible ischemia and glomerular obsolescence, 
and promote entrance of inflammatory cells and cell division by epithelial cells in 
Bowman’s space [50]. Macrophage and neutrophil recruitment is induced by inflam-
matory mediators such as fibrin, oxidative stress, and different chemokines. The end 
result is induction of coagulation during crescentic glomerulonephritis (GN), 
thrombotic microangiopathy, and severe endothelial dysfunction. This vicious cycle 
must be inhibited to decrease deaths associated with aggressive kidney diseases.

The glycoprotein plasminogen activator inhibitor (PAI)-1, an inhibitor of serine 
proteases, is the major endogenous inhibitor of plasminogen activators such as 
tissue- type plasminogen activator and urokinase-type plasminogen activator [51]. 
Concentrations of PAI-1 in tissues and plasma are extremely low in normal physi-
ological states, but are upregulated in abnormal conditions. PAI-I has multiple 
effects, including induction of thrombotic disorders and a role in ischemic diseases, 
fibrotic disorders, metabolic syndrome, type 2 diabetes, and cancer [49, 51, 52]. 
Increased levels of PAI-1 induced by various factors such as high ambient glucose 
exposure [53], TGF-β [54], oxidative stress [55], and Ang II [56, 57] lead to recruit-
ment of interstitial macrophages and direct effects of cells following urokinase-type 
plasminogen activator receptor binding. Reduced PAI-1 decreases the severity of 
anti-GBM-induced nephritis [58]. Elucidation of signaling induced by PAI-1 may 
lead to development of novel therapeutic strategies for rapidly progressive GN.

MK is induced by an inflammatory microenvironment, followed by direct and 
indirect recruitment of macrophages through activation of monocyte chemotactic 
protein-1. Induction of PAI-1 in both normal and pathological states has been exten-
sively studied. However, the endogenous systems that block induction of PAI-1 are 
not known. MK increases fibrinolysis by decreasing PAI-1 in vascular endothelial 
cells [59, 60]. Our group performed in vivo studies and showed that MK has harm-
ful effects on both glomerular damage and tubulointerstitial injury due to its ability 
to recruit inflammatory cells in mice with accelerated Masugi nephritis [61]. Several 
studies have shown that MK may protect against crescentic GN, and that the patho-
logical features of this condition may be due to an imbalance in the coagulation- 
fibrinolysis system.

Capillary endothelial dysfunction and subsequent intravascular fibrin lead to 
macrophage infiltration, disruption of the GBM, and leakage of its contents, such as 
fibrin, red blood cells, extracellular matrix, and inflammatory cells. Macrophage 
recruitment in this condition may be the first step in a critical series of cellular 
events that lead to crescent formation. Consistent with this idea, deletion of macro-
phages stops the progression of crescentic GN [62]. PAI-1 both stabilizes the fibrin 
net and is a chemoattractant for monocytes and leukocytes [50, 63]. Macrophages 
and PAI-1 increase fibrin formation, and fibrin induces macrophage infiltration and 
endothelial dysfunction. Consistent with this idea, a study of experimental models 
of anti-GBM crescentic GN showed that compared to PAI-1-deficient mice, more 
crescents were formed, more fibrin deposits were seen, and greater macrophage 
infiltration was present in PAI-1-overexpressing mice [58]. High levels of PAI-1 are 
observed both in regions with glomerular necrosis and in crescents in progressive 
GN [64, 65]. Parietal epithelial cells and glomerular endothelial cells preferentially 
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express PAI-1. Consistent with these in vivo data, our group showed that primary 
cultured endothelial cells from Mdk−/− mice have higher levels of PAI-1 mRNA 
after a fibrin challenge, and they also show less fibrinolysis than cells from Mdk+/+ 
mice. PAI-1 is also induced by factors such as high ambient glucose, TGF-β, oxida-
tive stress, and Ang II.

23.3.2  CD147/Basigin

CD147/Basigin, an extracellular matrix metalloproteinase inducer, is a highly gly-
cosylated transmembrane protein that is a member of the immunoglobulin super-
family [66]. CD147 includes a 185-amino acid (aa) extracellular domain with two 
immunoglobulin domains, a 24-aa transmembrane domain, and a 39-aa cytoplasmic 
domain [67, 68]. The extracellular domain harbors three N-linked glycosylation 
sites. Glycosylation is different depending on the organ, and these glycosylation 
differences may explain the variety of physiological roles of CD147. CD147 is 
expressed by many cell types including hematopoietic, epithelial, and endothelial 
cells and leukocytes. This protein is important in oncogenesis and cancer progres-
sion due to its ability to induce matrix metalloproteinases and monocarboxylate 
transporters. CD147 was first discovered in embryonal carcinoma cells where it 
functions as a receptor for Lotus tetragonolobus agglutinin. This protein has the 
Lewis X structure: Galβ1→4(Fucα1→3) GlcNAc [69]. CD147 binds to multiple 
molecules such as caveolin, cyclophilin, monocarboxylate transporter (MCT), and 
CD147 itself [4, 70]. The extracellular domain of CD147 binds to caveolin-1, β1 
integrin, cyclophilin, and CD147 itself, whereas the transmembrane domain is nec-
essary for the association with MCT, CD43, and syndecan [71–74]. Similar to MK, 
mitogen-activated protein kinase and phosphatidylinositol 3-kinase are involved in 
CD147 downstream signaling. Normal kidneys, especially the basolateral side of 
TECs, express high levels of CD147 [75]. In contrast, CD147 expression in glo-
merular structures and vascular endothelial cells is very low, perhaps explaining the 
inability of many antibody clones to detect low levels of CD147 with western blot-
ting or immunohistochemistry. Increased CD147 is observed with immunohisto-
chemistry in glomeruli and vessels injured by inflammation, as well as in glomerular 
adhesions to Bowman’s capsule, endocapillary proliferation, and crescent forma-
tion. Inflammatory cells that show CD147 induction infiltrate strongly into dam-
aged regions [76]. On the other hand, clearly reduced CD147 expression is observed 
in the damaged tubulointerstitium in patients with AKI and diabetic nephropathy 
[77]. CD147 expression does not occur in patients with diabetic nephropathy and 
nodular glomerulosclerosis.

Short-term harmful events such as ischemia, kidney-specific auto-antigens, and 
activation of the immune system interact over a period of minutes to days, resulting 
in AKI. Early in AKI, inflammatory cell infiltration increases disease activity via 
secretion of chemotactic cytokines and ROS [3]. Increased interactions between 
leukocytes and endothelial cells due to increased cell–cell adhesion greatly decrease 
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peritubular capillary blood flow, which leads to oxidative injury to renal tubules and 
subsequent depletion of ATP [2, 76]. These events lead to cytoskeletal and cell 
polarity abnormalities, culminating in cell death. A vicious cycle involving multiple 
cytokines and adhesion molecules ensues. Compared to expression in other organs, 
CD147 is very highly expressed in the tubules of normal kidneys, suggesting impor-
tant roles for CD147 in the above events [75]. Insufficient levels of CD147 lead to 
ATP depletion in ischemia-induced AKI, and hypoxia depletes ATP in primary cul-
tured Bsg−/− TECs. Thus, in normal conditions, CD147 may increase the activity of 
lactate metabolism via MCT, which induces ATP in renal tubules.

In vivo studies using Bsg−/− mice were performed to confirm in vitro data and 
increase our understanding of the functions of CD147. Bsg−/− mice with renal isch-
emic reperfusion show a marked decrease in recruitment of neutrophils and macro-
phages, resulting in a reduction in tubulointerstitial damage [78]. Thus, CD147 
appears to be important for recruitment of inflammatory cells in this type of injury. 
The CXC chemokines, keratinocyte-derived chemokine and macrophage inflamma-
tory protein-2, attract neutrophils following ischemic injury. However, wild-type 
and Bsg−/− mice show similar expression levels of these molecules. The role of 
CD147 in the pathogenesis of ischemia-induced AKI remains unknown. Blocking 
CD147 pharmacologically inhibits the migration of neutrophils and monocytes/
macrophages after myocardial ischemia and reperfusion, and subsequently protects 
left ventricular function and myocardial tissues [79]. The interaction between 
CD147 and its ligand cyclophilin A (CyPA) is crucial for regulation of leukocyte 
recruitment. Results from in vivo studies of conditions such as sepsis-induced AKI, 
bronchial asthma, lipopolysaccharide-induced lung injury, and collagen-induced 
arthritis, are consistent with this idea [80–83]. However, wild-type and Bsg−/− mice 
show similar levels of CyPA expression, and therefore, CD147-CyPA binding may 
not be involved in the etiology of ischemic AKI. Further studies of this interaction 
are needed. The infiltration of massive numbers of neutrophils into damaged regions 
is due to CD147 expression on neutrophils, and not on other cell types such as 
TECs. In addition, CD147 expressed on neutrophils is a critical physiological ligand 
for E-selectin; CD147-E-selectin binding mediates adhesion of neutrophils to vas-
cular endothelial cells. Inflammatory stimuli induce selectin specifically in endothe-
lial cells [84, 85]. Consistent with this observation, mice deficient in E-selectin 
show greatly reduced myeloperoxidase activity, which is an indicator of active neu-
trophils. CD147 includes a sialyl Lewis X structure, which is necessary for E-selectin 
recognition [69]. In addition to CD147, other glycoproteins including P-selectin 
glycoprotein ligand-1 and CD44 bind to E-selectin. The primary interaction between 
neutrophils and endothelial cells occurs in parallel with P-selectin glycoprotein 
ligand-1 expression at the tip of neutrophil microvilli. The steady, slow rolling of 
leukocytes is regulated by CD44, which is expressed on the planar surface of neu-
trophils [86, 87]. Thus, chemotactic cytokines and adhesion-related molecules may 
be necessary for leukocyte recruitment. Highly glycosylated CD147 expressed on 
the planar surfaces and the microvilli of neutrophils binds E-selectin early during 
formation of leukocyte-endothelial contact, increasing recruitment of neutrophils 
into the ischemic kidney.
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23.4  Extracellular Vesicles (EVs)

EVs are the generic term for cell-derived membrane particles including exo-
somes, microvesicles, and apoptotic bodies. Exosomes originate from endosomes 
and are the smallest vesicles (30–100 nm in diameter) among EVs. Microvesicles 
and apoptotic bodies are derived directly from the plasma membrane and are 
0.1–1.0 μm and 1.0–5.0 μm in diameter, respectively. These EVs are sometimes 
difficult to distinguish from each other. These vesicles do not contain a functional 
nucleus, but do contain mRNA, microRNA (miRNA), and protein from their 
parental cells. They transfer their contents to or stimulate cell surface receptors 
on recipient cells in an autocrine and paracrine manner. In particular, the transfer 
of mRNA and miRNA can genetically reprogram the phenotypes of recipient 
cells. EVs have been intensively explored in immunology, oncology, and cardiol-
ogy research fields. They play roles in intracellular communication such as anti-
gen presentation, distant organ metastasis, and atherosclerosis [88, 89]. Compared 
with these other research fields, little is known about the contribution of EVs to 
the pathogenesis of kidney disease. A body of evidence is gradually accumulating 
that demonstrates the involvement of EVs in disease processes of the kidney, 
including IgA nephropathy, renal transplantation, thrombotic microangiopathies, 
nephrotic syndrome, urinary tract infection, cystic kidney disease, CKD, and AKI 
[90–95]. EVs are not only involved in pathogenesis, but have attracted a great 
deal of attention as a new class of disease biomarkers. In addition, some basic 
studies have suggested that exosomes from MSCs or progenitor cells protect 
against ischemic kidney injury. Below, we discuss the current knowledge regard-
ing the association of EVs with pathogenesis, as a biomarker, and as potential 
therapy for AKI.

23.4.1  EV-Related Pathogenesis of AKI

Plasma from patients with sepsis-associated AKI induces granulocyte adhesion, 
apoptosis, and altered polarity in cultured tubular cells [96]. Thus, researchers have 
speculated that some soluble factors in plasma directly cause AKI.  In the 
lipopolysaccharide- induced AKI mouse model, the amounts of exosomes in urine 
and kidney are increased and contain higher levels of CCL2 mRNA compared with 
control mice. An in vitro experiment revealed that BSA-stimulated TECs contain a 
high level of CCL2 mRNA, and exosomes derived from TECs were directly trans-
ferred into macrophages. Combined with these data, intracellular communication 
between TECs and macrophages through exosomes exists and causes tubulointersti-
tial inflammation [97].

Necroptosis is a programmed cell death process that is mediated by mixed lin-
eage kinase domain-like protein, and growing evidence has revealed the importance 
of tubular necroptosis in causing AKI [98]. From that point of view, serum-derived 
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exosomes from AKI patients increase mixed lineage kinase domain-like protein- 
mediated necroptosis in cultured HK2 cells via a reduction in miR-500a-3p expres-
sion [99]. Further studies are needed to increase the knowledge of the role of 
exosomes in AKI.

23.4.2  EVs as a Promising Biomarker of AKI

Urinary EVs may be useful as biomarkers of AKI. The level of Na+/H+ exchanger 
isoform 3 is elevated in the urinary membrane fraction of patients with acute tubular 
necrosis compared with patients with prerenal azotemia and controls [100]. At that 
time, the contribution of EVs was not mentioned, but the molecules from renal 
parenchymal cells in urine were proposed to serve as markers of damaged tubules. 
Studies of animal disease models and human samples have shown that activating 
transcription factor 3 may serve as a biomarker of tubular injury. On the other hand, 
Wilms tumor 1 was proposed as an early podocyte injury marker. Both molecules 
are present in the concentrated exosomal fraction, but not in whole urine [101]. A 
proteomics study of an animal disease model identified urinary exosomal fetuin A 
as an AKI biomarker, and the presence of this protein was confirmed in urine sam-
ples from ICU patients with AKI [102]. Usually, EVs contain the parental cell’s 
surface proteins. As biomarkers, the strong point of evaluating EVs rather than 
blood or urine is that the source of the EVs is detectable. Thus, to evaluate tubular 
damage, tubular EVs should be collected and analyzed intensively.

23.4.3  The Utility of EVs for AKI Therapy

EVs secreted from MSCs or progenitor cells have beneficial effects for many kinds 
of organ injury by transferring mRNAs, miRNAs, growth factors, and cytokines. 
Focusing on AKI, single administration of microvesicles secreted from MSCs 
immediately after rat ischemia/reperfusion injury protects the rats from AKI by 
inhibiting apoptosis and stimulating TEC proliferation [103]. Another report 
revealed that MSC-derived exosomes express high levels of C-C motif chemokine 
receptor 2, and injected MSC-derived exosomes reduce the levels of its ligand, 
CCL2, in an ischemia/reperfusion injury model. That process attenuates inflamma-
tion of the injured kidney [104]. Therapy with a combination of adipose- derived 
MSCs and exosomes derived from these cells showed a renoprotective effect in the 
rat ischemia/reperfusion injury model [105]. Exosomes from human cord blood 
endothelial colony-forming cells are enriched in miR-486-5p, which targets phos-
phatase and tensin homolog and the Akt pathway. When EVs from endothelial col-
ony-forming cells are given to mice with ischemic kidney injury, renal function was 
preserved, the kidney miR-486-5p level was increased, phosphatase and tensin 
homolog expression was decreased, and Akt was activated [106]. Not only EVs 
derived from MSCs and progenitor cells, but also EVs from renal tubular cells, have 
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therapeutic potential against established rat ischemia/reperfusion AKI. Furthermore, 
EVs from hypoxia preconditioned tubular cells show greater improvement of the 
renal phenotype than EVs from normoxic tubular cells [107].

In addition, several attempts have been made to use EVs as a drug delivery system. 
A growing concept is that EVs have a preference regarding which organ or cell type 
will take them up, according to the type of integrins on the EVs. For example, the 
preference of tumor-derived exosomes explains the pathogenesis of metastatic organ-
otropism due to establishment of a pre-metastatic niche before cancer metastasis 
[108]. Furthermore, by genetically modifying the expression of membrane proteins on 
parental cells, secreted EVs can be designed to target specific recipient cells. Surface 
proteins of the parental cells are usually contained within secreted EVs, and work as 
ligands for the receptors of EV recipient cells [109]. Thus, EVs can be loaded with 
therapeutic materials and administered to specific, intended organs. These EV-based 
medicines are generating a lot of attention and will be used in future clinical trials.

23.5  Conclusion

Following the initiation of AKI, a vicious cycle of injury often spreads to distant 
organs through activation of various cytokines and chemokines derived from circu-
lating inflammatory cells and damaged organs. Elucidation of the molecular mecha-
nisms underlying AKI from a variety of perspectives is essential for improving 
mortality and morbidity rates.
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