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Arachidonic acid (AA) is a main component of cell membrane lipids. AA is mainly
metabolized by three enzymes: cyclooxygenase (COX), lipoxygenase (LOX) and
cytochrome P450 (CYP450). Esterified AA is hydrolysed by phospholipase A2 into
a free form that is further metabolized by COX, LOX and CYP450 to a wide range
of bioactive mediators, including prostaglandins, lipoxins, thromboxanes,
leukotrienes, hydroxyeicosatetraenoic acids and epoxyeicosatrienoic acids.
Increased mitochondrial oxidative stress is considered to be a central
mechanism in the pathophysiology of the kidney. Along with increased
oxidative stress, apoptosis, inflammation and tissue fibrosis drive the
progressive loss of kidney function, affecting the glomerular filtration barrier
and the tubulointerstitium. Recent studies have shown that AA and its active
derivative eicosanoids play important roles in the regulation of physiological
kidney function and the pathogenesis of kidney disease. These factors are
potentially novel biomarkers, especially in the context of their involvement in
inflammatory processes and oxidative stress. In this review, we introduce the
three main metabolic pathways of AA and discuss the molecular mechanisms by
which these pathways affect the progression of acute kidney injury (AKI), diabetic
nephropathy (DN) and renal cell carcinoma (RCC). This review may provide new
therapeutic targets for the identification of AKI to CKD continuum.
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1 Introduction

Arachidonic acid (AA) is an n-6 essential fatty acid that exists in
an esterified form in the membrane phospholipids of all mammalian
cells and plays an important role in human and animal growth and
development (Badimon et al., 2021; Huang et al., 2021). Studies have
shown that phospholipase A2 (PLA2) catalyses the hydrolysis of sn-2
acyl ester bonds in phospholipids to produce active metabolites,
including lysophospholipids and AA, which alter various cell
functions (Turolo et al., 2021). Free AA is further metabolized by
cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450

(CYP450) to a wide range of bioactive mediators, including
prostaglandin (PG), lipoxin (LX), thromboxane (TX), leukotriene
(LT), hydroxyeicosatetraenoic acid (HETE) and epoxyeicosatrienoic
acid (EET) (Huang et al., 2021) (Figure 1). These AA metabolites,
which are collectively known as eicosanoids, are potent autocrine
and paracrine mediators with a variety of biological activities that
play critical roles in normal and various pathophysiological
functions (Kopp et al., 2019; Wang et al., 2023). AA and its
metabolites have attracted much attention in kidney and cancer
biology, especially in relation to inflammatory processes and disease
(Fishbein et al., 2021). COX, LOX and CYP450 metabolites are

FIGURE 1
AA metabolism. AA is released from the cell membrane by PLA2. AA is mainly metabolized by three enzymes: COX, LOX and CYP450. The COX
pathway (A) converts AA to prostaglandins and thromboxanes. The LOX pathway (B) metabolizes AA to LT, HETE and LX. AA is mainly metabolized into
EET and HETE through the CYP450 pathway (C). EET is converted to dihydroxyeicosatrienoic acids by sEH.
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important lipid mediators of renal function and contribute
significantly to kidney dysfunction in diseases such as diabetes,
hypertension, acute kidney injury (AKI) and chronic kidney disease
(CKD) (Imig, 2015). Metabolic enzymes and their products in the
AA pathway regulate inflammatory responses and modulate
multiple cellular processes, such as angiogenesis, cell
proliferation, survival, invasion and metastasis, which promote
carcinogenesis (Yarla et al., 2016). COX, LOX and CYP450 and
their inhibitors are widely used in the treatment of inflammation
and cancer and are new targets for cancer prevention and treatment
(Fishbein et al., 2021). This review will discuss the role of the AA
pathway in the pathogenesis of AKI, diabetic nephropathy (DN) and
renal cell carcinoma (RCC).

2 The subtypes and clinical features of
diverse kidney diseases

Before summarizing the role of the AA signalling pathway in
kidney pathogenesis, we will briefly review the subtypes and clinical
features of the different kidney diseases and their different
classifications. AKI is characterized by a sudden decrease in the
glomerular filtration rate (GFR), which is characterized by a rapid
increase in serum creatinine concentrations and/or oliguria (Ronco
et al., 2019). This type of injury occurs in approximately 30%–60% of
critically ill patients, and the major complications include electrolyte
disorders, volume overload, uraemic complications, and drug
toxicity, which are associated with acute morbidity and mortality
(Pickkers et al., 2021). Even if patients with AKI survive the acute
stage, AKI can develop to CKD and progress to end-stage renal
disease, which causes a huge social burden (Chen et al., 2018; Chen
D. Q. et al., 2019; Chen L. et al., 2019). Renal ischaemia‒reperfusion
injury (IRI) has been considered an appropriate model for
examining the impact of therapeutic interventions on the
transition from AKI to CKD. Potential mechanisms of kidney
IRI are associated with the initiation of inflammation and
oxidative stress (Shuvy et al., 2011; Xiao et al., 2016).

The morbidity and mortality rates of type 1 and type 2 diabetes,
both of which are costly to healthcare systems, have risen rapidly
worldwide in recent decades (Zhao et al., 2019; Wu et al., 2021). DN
is one of the most common microvascular complications and the
leading cause of chronic and end-stage renal disease worldwide,
requiring dialysis or kidney transplantation and increasing the risk
of cardiovascular disease (Reidy et al., 2014; Lytvyn et al., 2020). The
clinical features of DN are proteinuria and a progressive reduction in
kidney function (Umanath and Lewis, 2018). Pathologically, DN is
characterized by basement membrane thickening, mesangial matrix
expansion, foot process effacement, nodular glomerulosclerosis and
tubulointerstitial fibrosis (Anders et al., 2018). There is growing
evidence that inflammation and oxidative stress are the major
pathophysiological mechanisms of DN (Reidy et al., 2014;
Yan, 2021).

Kidney cancer is one of the top ten cancers diagnosed in the
United States in both men and women (Chen et al., 2020; Siegel
et al., 2020). Kidney cancer includes a diverse spectrum of tumours.
RCC is a common and fatal disease, and there are 400,000 estimated
new cases and 175,000 deaths worldwide in 2018 (Linehan and
Ricketts, 2019; Feng et al., 2020). RCC is the most common solid

kidney tumour, originates in renal tubular epithelial cells and
accounts for 87% of all renal malignancies (Bhatt and Finelli,
2014). RCC is divided into different subtypes, with clear cell
RCC (ccRCC) accounting for approximately 85% of all RCC
tumors, making it the most common subtype (Makhov et al.,
2018). Papillary RCC and chromophobe RCC are the most
common remaining histological subtypes, with incidences of 7%–
14% and 6%–11%, respectively (Shuch et al., 2015). Currently,
surgical resection is the first-line treatment for RCC (Wang et al.,
2020). In addition, most RCCs are resistant to chemotherapy and
radiotherapy once they have recurred or metastasized.

3 Overview of AA metabolism

AA is metabolized mainly by three enzymes: COX, LOX and
CYP450. The different metabolic pathways are described separately
in the following sections.

3.1 COX pathway

COX refers to enzymes known as prostaglandin G/H synthases
(PGHS), which catalyse AA into PGH2, PGG2 and TXA. COX
enzymes exist in two isoforms called COX-1 (PGHS-1) and COX-2
(PGHS-2), which are the products of two different genes (Alvarez
and Lorenzetti, 2021). COX-1 is a constitutive housekeeping enzyme
that is found in almost all cells and tissues, maintains baseline levels
of PGs and is vital for protecting the stomach by producing mucus
and maintaining renal blood flow (Burian and Gelisslinger, 2005;
Hyde and Missailids, 2009). Furthermore, COX-2 is hardly or not
expressed under normal physiological conditions but increases
dramatically in a variety of inflammatory and cancerous states
(Garavito et al., 2002). The first step in the COX metabolic
pathway is the oxygenation of AA through its cyclooxygenase
activity to produce PGG2, followed by the rapid conversion of
PGG2 through its peroxidase activity into PGH2 (Hyde and
Missailidis, 2009). PGH2 is an unstable endoperoxide that is
metabolized by specific synthases to PGI2, PGD2, PGE2, PGF2α
and TXA2 (Honda and Kabashima, 2015). PGs exert their effects by
specific membrane-localized G protein-coupled receptors on the
plasma membrane, and these prostanoid receptors are classified into
five basic types: the PGD receptor (DP), the PGE receptor (EP1-4),
the PGF receptor (FP), the PGI receptor (IP), and the thromboxane
receptor (TP) (Narumiya and Fitzgerald, 2001). PGE2 is the most
abundant PG and has complex pathophysiological effects on the
inflammatory response pathway, which is composed of four distinct
and tissue-specific E prostanoid families of GPCRs: EP1-4 (Yarla
et al., 2016; Wang et al., 2019). TXA synthase is a downstream
enzyme of COX that catalyses the conversion of PGH2 to TXA2

(Schneider and Pozzi, 2011).

3.2 LOX pathway

Current research has confirmed that at least four types of
enzymes in the LOX pathway (5-LOX, 8-LOX, 12-LOX, and 15-
LOX) participate in the metabolism of AA (Wang et al., 2019). The
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four distinct LOX enzymes insert molecular oxygen at carbons 5, 8,
12, or 15 in AA, generating 5-, 8-, 12-, or 15-
hydroperoxyeicosatetraenoic acid (5-, 8-, 12-, and 15-HPETE),
respectively. HPETEs can be further reduced by glutathione
peroxidase to HETE or converted to other biologically active
compounds, such as LT and LX (Borin et al., 2017). Specifically,
human 5-LOX plays a crucial role in the progression of kidney
inflammation, exerting its effects across a spectrum that spans from
the kidney tubules to the glomeruli (Wang et al., 2019). LTA4

formation is facilitated when 5-LOX interacts with the 5-LOX
activating protein FLAP. FLAP is necessary for the conversion of
AA to LTA4 because it is a membrane-spanning protein with three
transmembrane domains (Rådmark et al., 2015). LTA4 is an unstable
intermediate LT that can be converted into either LTB4 or cysteinyl
LT (LTC4, LTD4, and LTE4) by specific downstream enzymes. These
LTs exert physiological effects through GPCR-mediated signalling
pathways (Haeggström and Funk, 2011). Regarding signalling, LTC4

and LTD4 exert their effects on vascular smooth muscle cell
contraction to increase vascular permeability through
CysLT1 and CysLT2 receptors. On the other hand, LTB4 is a
potent chemotactic substance that acts via LTB4R (BLT1) and
LTB4R2 (BLT2) receptors (Samuelsson et al., 1987; Hoxha, 2019).
Interleukin 1β, tumour necrosis factor α, and histamine signalling
have been shown to stimulate 5-LOX activity, ultimately leading to
reactive oxygen species (ROS)-mediated NF-κB activation (Bonizzi
et al., 1999; Anthonsen et al., 2001). In addition to 5-LOX, other
LOX enzymes expressed in mammalian cells are 12-LOX, 15-LOX-
1 and 15-LOX-2, which are mainly involved in the generation of
HETE, LXA and LXB (Porro et al., 2014; Witola et al., 2014). The
biosynthetic pathway of LX includes 5-LOX in neutrophils and 12-
LOX in platelets. In neutrophils, 5-LOX generates LTA4, which is
then transferred to platelets, where 12-LOX generates LXA4 or LXB4
(Green et al., 2018; Zheng et al., 2020). Unlike the majority of LOX
products, LXs are proresolving molecules with anti-inflammatory
properties. LX binding to the G-protein coupled receptor ALX/
FPR2 contributes to neutrophil migration and promotes the
resolution of inflammation by delaying apoptosis in macrophages
(Sodin-Semrl et al., 2004). 15-LOX-1 is encoded by the arachidonate
15-LOX gene, which metabolizes AA to LXA4, LXB4, and 15-oxo-
ETE, while 15-LOX-2 metabolizes AA into 8(S)-HETE and 15-oxo-
ETE (Dobrian et al., 2019; Singh and Rao, 2019).

3.3 CYP450 pathway

The CYP450 metabolic pathway is divided into ω-hydroxylases
(CYP4 isoforms) and epoxygenases (CYP2 isoforms) (Sausville
et al., 2019). Proximal straight tubules convert AA to 20-HETE
and 19(S)-HETE in the kidney via ω-hydroxylase (Quigley et al.,
2000). Xu et al. reported the expression of several ω-hydroxylases
involved in AA metabolism in human tissues, including CYP4A11,
CYP4F11, CYP4F2, CYP4F8 and CYP4F12 (Xu et al., 2013).
Immunohistochemical studies have shown that the CYP4A and
CYP4F isoforms are principally localized in proximal tubule cells
and exhibit low immunoreactivity in collecting tubules and thick
ascending limbs (Ito et al., 2006). Additionally, 20-HETE can be
further oxidized to 20-carboxy-AA by ethanol dehydrogenase
(Collins et al., 2005). The epoxidation of AA by

CYP450 epoxygenase yields four EET system isomers: 5,6-EET,
8,9-EET, 11,12-EET and 14,15-EET. sEH hydrolyses EET to 5,6-
DHET, 8,9-DHET, 11,12-DHET and 14,15-DHET, all of which are
lipids with weak biological effects (Wang et al., 2019). sEH is one of
the key enzymes in EET metabolism that regulates EET activity and
levels in vivo (Wang et al., 2019). EET, an AA metabolite, is a highly
polarizing factor in endothelial cells and is produced mainly in
vascular endothelial cells and tissues such as the heart, muscle,
kidney, pancreas, lung, gastrointestinal tract and brain (Hamzaoui
et al., 2018; Pallàs et al., 2020). Thus, sEH is expressed in these
organs. In most cases, a reduction in EET or increased sEH activity is
associated with and contributes to kidney and cardiovascular
diseases (Imig, 2018). The pattern is related to water and
electrolyte homeostasis and blood pressure control (Imig et al.,
2020). The physiological properties of vascular, renal, and heart
EET increase blood flow, induce vasodilation, inhibit platelets,
promote angiogenesis and the hyperpolarization of vascular
smooth muscles, inhibit apoptosis, inhibit fibrosis and exert
powerful anti-inflammatory effects (Aliwarga et al., 2018).

4 AA metabolites in AKI

In this section, we discuss the role of certain AA metabolites
generated by COX, LOX and CYP450 in the development and
progression of AKI (Table 1).

4.1 Role of COX enzymes and their products
in AKI

AKI is defined as an abrupt decrease in GFR leading to tubular
necrosis and has a high morbidity and mortality rate (Imig, 2006;
Kawakami et al., 2013). AKI is often associated with the use of β-
lactam antibiotics and nonsteroidal anti-inflammatory drugs and
may be mediated by allergy mechanisms (Yuan et al., 2020). COX
metabolites have been implicated because COX inhibitor and
NSAID treatment has been associated with AKI in patients
(Imig, 2006). It has long been acknowledged that COX-derived
PGs play a key role in the regulation of renal blood flow (RBF) and
GFR (Walshe et al., 1984; DiBona, 1986). Under normal conditions,
PGs have little effect on RBF and GFR. However, in certain
pathophysiological conditions, especially in the volume
contracted state, such as cirrhotic ascites and nephrotic
syndrome, the maintenance of normal kidney function is
dependent on PG (Huerta and Rodriguez, 2001; Hao and Breyer,
2007). Under volume-contracting conditions, substances such as
catecholamines, vasopressin, and angiotensin cause constriction of
the kidneys and peripheral arteries. In the kidneys, PGs act as
vasodilators, countering the effects of these vasoconstrictors and
thus helping to maintain RBF from falling (Yared et al., 1985). In
addition, in volume-contracted conditions, COX-2 expression is
dramatically increased in the macula densa and cortical thick
ascending limb in humans and rodents (Kömhoff et al., 2000).
PGE2 is the predominant and most active product of the COX-2
pathway and can maintain GFR by dilating afferent small arteries
(Edwards, 1985). The receptors that mediate vasodilatory effects
include cAMP-coupled prostanoid receptors: the EP2, EP4 and IP
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TABLE 1 AA metabolites and related receptors in renal diseases.

Diseases Pathway Product or
receptor

Impact References

AKI COX PGs Counteracted the effects of vasoconstrictors, thereby
helping to maintain RBF from decreasing

Yared et al. (1985)

AKI COX PGE2 Mediated oxidative stress-induced ferroptosis in renal
tubular epithelial cells, exacerbating kidney damage

Liu et al. (2023)

AKI COX EP4/EP2 Enhanced PGE2-induced renal vasodilatation Meurer et al. (2018)

AKI COX EP4 Modulated macrophage polarization impedes the
progression of AKI to CKD

Guan et al. (2022)

AKI LOX 12-HETE and 12/15 LOX Stimulated inflammatory processes, oxidative stress,
and apoptosis exacerbates AKI

Kar et al. (2020), Sharma et al. (2022), Mohamed and
Sullivan (2023)

AKI P450 20-HETE Increased oxidative stress and the release of
inflammatory cytokines, and intensifying IRI in renal
epithelial cells

Nilakantan et al. (2008)

AKI P450 20-HETE Reduced cell swelling, tubular necrosis, and the
physical obstruction of adjacent vasa recta capillaries,
preventing a secondary decrease in medullary blood
flow following IRI

Linkermann et al. (2014)

AKI P450 14 (15)-EET Inhibited hypoxia/reoxygenation-induced apoptosis
in murine renal tubular epithelial cells

Deng et al. (2017), Hoff et al. (2019)

DN COX EP1 Associated with glomerular hypertrophy and
proteinuria in DN, as well as the transcriptional
activation of TGF-β and fibronectin

Makino et al. (2002)

DN COX PGE2-EP4 Alleviated fibrosis and markers of inflammation/
fibrosis as well as apoptosis in mice

Nasrallah et al. (2016)

DN COX TXA-TP Associated with the upregulation of TGF-β1, and
related to markers of oxidative stress and
inflammation

Xu et al. (2006), Cai et al. (2020)

DN COX PGI2 Altered matrix proteins and matrix
metalloproteinases

Nasrallah and Hébert (2004)

DN LOX 12-LOX/12(S)-HETE Induced Ang II-related fibrogenic effects by increasing
p38 MAPK and CREB transcriptional activity, and
enhanced the expression of TGF-β

Guo et al. (2011), Sutariya et al. (2016), Xu et al.
(2016), Dong et al. (2020)

DN CYP450 20-HETE Prevented Palb changes caused by focal segmental
glomerulosclerosis factor and the increase in Palb
induced by TGF-β1, reducing proteinuria and kidney
injury

Sharma et al. (2000), Schiffer et al. (2001),
Dahly-Vernon et al. (2005), Luo et al. (2009)

DN CYP450 20-HETE Enhanced NADPH-dependent superoxide anion
production, upregulated Nox1 and Nox4 protein
expression, and induced apoptosis in podocytes.
Reduced inflammation, oxidative stress, and
endothelial dysfunction

Eid et al. (2009)

DN CYP450 EET Reduced inflammation, oxidative stress, and
endothelial dysfunction

Elmarakby et al. (2013), Imig, 2015; Imig and Khan
(2015), Roche et al. (2015)

DN CYP450 sEH Impaired renal function, associated with the
expression of renal inflammatory markers COX-2,
vascular cell adhesion molecule-1 protein, and
monocyte chemoattractant protein-1 mRNA in DN

Roche et al. (2015)

RCC COX COX-2-PGE2-EP2 Mediated the migration of Caki cells through the G
protein-dependent PKA pathway

Woo et al. (2015)

RCC COX COX-2-PGE2-EP4 Promoted tumor cell migration and invasion by
activating the PI3K-AKT signaling pathway

Chen et al. (2011), Wu et al. (2011), Zhang et al.
(2017), Ching et al. (2020)

RCC LOX 5/12-LOX Crucial for the growth of RCC cells and may serve as a
biomarker for RCC

Yoshimura et al. (2004a), Faronato et al. (2007)

(Continued on following page)
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(Breyer and Breyer, 2001). EP4 and/or EP2 agonists increase the
survival rate and restore lost kidney function in the mercury chloride
model of AKI, supporting the protective role of EP2/4 in
maintaining kidney function (Vukicevic et al., 2006). The kidney
PGI2/TXB2 ratio is reduced in patients with antibiotic-induced AKI,
and treatment with the PGI2 analogue iloprost or a TXA2 synthase
inhibitor attenuates the decline in GFR and tubular injury that
occurs during AKI (Papanikolaou et al., 1992). Interestingly,
deletion of the IP receptor does not result in the same kidney
damage as PGI2 deletion, suggesting that other signalling
mechanisms may be responsible for the beneficial effects of PGI2
on RBF (Murata et al., 1997). Most patients with AKI associated with
COX inhibitors have additional risk factors, including CKD,
hypertension, congestive heart failure, chronic liver disease, and
plasma volume depletion. Therefore, avoiding the use of COX-2
inhibitors in patients with AKI risk factors is vitally important to
lower the incidence of COX inhibitor-associated AKI (Jia et al.,
2015). However, in some specific cases, COX inhibitors have a
protective effect on AKI. Feitoza et al. reported that indomethacin (a
nonselective COX inhibitor) protected against ischaemia/
reperfusion-induced kidney injury in rats (Feitoza et al., 2005).
Selective COX-2 inhibitors can also attenuate cisplatin-induced
AKI (Jia et al., 2011). Due to the complexity and diversity of
AKI pathogenesis, this effect might depend on differences in
pathogenic mechanisms or pathological damage in kidney disease.

4.2 Role of LOX enzymes and their products
in AKI

It is noteworthy that while the COX pathway and its metabolites
like prostaglandins have been extensively studied, the LOX pathway
also plays a significant role in renal physiology and pathology.
Research indicates that in gentamicin-induced AKI, ROS-
mediated lipid peroxidation is significantly increased, which
correlates with the enhanced expression of Arachidonate 12-
lipoxygenase and production of 12-HETE (Sharma et al., 2022).
Further studies suggest that sustained activation of 12/15 LOX aids
in the recovery of renal damage post-ischemic injury in hypertensive
rats, potentially linked to reduced inflammation and lowered levels
of 12-HETE (Mohamed and Sullivan, 2023). Similarly, inhibitors of
12/15 LOX can protect against I/R-induced AKI by modulating
inflammatory processes, oxidative stress, and apoptosis (Kar et al.,
2020). This elaboration highlights the critical role of the LOX
pathway in AKI, especially in the context of oxidative stress and
inflammation, demonstrating its potential as a target for therapeutic
intervention in renal diseases.

4.3 Role of CYP450 and their products in AKI

AA is mainly metabolized into EET and HETE through the
CYP450 pathway. In this section, we discuss the role of CYP450-
generated HETE and EET in AKI.

4.3.1 CYP450-derived HETE in AKI
IRI is the most common cause of AKI (Muroya et al., 2015). 20-

HETE has numerous effects on the regulation of kidney tubular and
vascular function that have been implicated in IRI (Fan and Roman,
2017). Kidney ischaemia increases 20-HETE formation and/or
release in the kidney cortex and outer medulla, but the levels of
other eicosanoids are unaffected. Cortical levels of 20-HETE return
to normal within 1 h of reperfusion, but kidney medullary levels
remain elevated (Muroya et al., 2015). IRI is associated with
vasocongestion and prolonged hypoxia in the kidney outer
medulla. Intrarenal 20-HETE production is elevated after kidney
ischaemia (Regner et al., 2009; Hoff et al., 2011). 20-HETE constricts
the afferent arteriole and can reduce RBF and worsen IRI (Fan and
Roman, 2017). 20-HETE increases oxidative stress and the release of
inflammatory cytokines and potentiates IRI in kidney epithelial cells
(Nilakantan et al., 2008). However, 20-HETE can also attenuate IRI.
The increase in 20-HETE inhibits sodium transport in the proximal
tubule and the thick ascending loop of Henle. Therefore, it may
prevent the secondary decrease in medullary blood flow by reducing
cell swelling, tubular necrosis and the physical occlusion of adjacent
vasa recta capillaries after kidney IRI (Linkermann et al., 2014).
Regner et al. reported that a 20-HETE agonist mimetic protected the
secondary decrease in medullary blood flow and reduced IRI after
bilateral kidney ischaemia (Regner et al., 2009). Kidney IRI is
enhanced in Dahl salt-sensitive rats, which are deficient in the
CYP4A protein and the production of 20-HETE. By transferring
chromosome 5, which contains the CYP4A gene that is responsible
for the production of 20-HETE, fromNorwegian Brown rats to Dahl
salt-sensitive rats, the levels of 20-HETE in the kidneys of the
recipient rats were increased. This increase in 20-HETE levels
provided partial protection against IRI (Muroya et al., 2015).
However, another study indicated that a 20-HETE inhibitor
(HET0016) or a 20-HETE antagonist (6,15–20-HEDE) protected
against kidney IRI in uninephrectomized male rats (Fan et al., 2015).
Further research has discovered that 20-HETE aggravates, whereas
EETs ameliorate ischemia/reperfusion (I/R)-induced organ damage.
However, EETs are rapidly metabolized by sEH. Therefore, in mice
lacking the sEH gene, there is an increase in endogenous EET levels,
but this increase leads to elevated 20-HETE levels, resulting in more
severe kidney damage. This diminishes the potential beneficial
effects of reduced EET degradation (Zhu et al., 2016). This

TABLE 1 (Continued) AA metabolites and related receptors in renal diseases.

Diseases Pathway Product or
receptor

Impact References

RCC CYP450 20-HETE Related to the activation of MAPK, PI3K/Akt, and
ROS pathways, leading to the progression of RCC.

Muthalif et al. (1998), Guo et al. (2008), Yu et al.
(2011)

RCC CYP450 EET Activated multiple signaling pathways, including
MAPK and PI3K/Akt, promoting cell proliferation,
epithelial-mesenchymal transition, and anti-apoptotic
processes

Zhang et al. (1997), Murai et al. (2006), Jiang et al.
(2007), Nithipatikom et al. (2010)
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indicates the complexity of the research, necessitating more
comprehensive and in-depth investigations.

4.3.2 CYP450-derived EET in AKI
Glycogen synthase kinase 3β (GSK3β) has been identified as a

key enzyme involved in AKI. The pathogenesis of AKI is associated
with a significant decrease in GSK3β phosphorylation and a
significant increase in GSK3β activity (Deng et al., 2017). 14
(15)-EET significantly upregulated the expression of
phosphorylated GSK3β in kidney cells and tissues and dose-
dependently inhibited hypoxia/reoxygenation-induced apoptosis
in murine renal tubular epithelial cells (Deng et al., 2017; Hoff
et al., 2019). 14 (15)-EET also significantly attenuated the decrease in
creatinine clearance induced by ischemia/reperfusion in mice (Hoff
et al., 2019). Therefore, GSK3β may be an effective target for the
treatment of AKI. In addition, EET analogues significantly induce
GSK-3β inactivation, attenuate inflammatory cell infiltration and
reduce the development of kidney tubular apoptosis (Hoff et al.,
2019). The administration of EET or EET analogues is a promising
therapeutic and preventive strategy for the treatment of AKI and
other kidney injuries.

5 AA metabolites in DN

In this section, we discuss the role of some AA metabolites
generated by COX, LOX and CYP450 in the development and
progression of DN (Table 1). We summarize potential
therapeutic targets in the pathogenesis of DN (Table 2).

5.1 Role of COX enzymes and their
metabolites in DN

DN is characterized by glomerular hypertrophy, glomerular
basement membrane thickening, expansion of the mesangium,
arteriolar hyalinosis, and global glomerular sclerosis, which
ultimately lead to proteinuria and kidney failure (Vivian and
Rubinstein, 2002; Breyer et al., 2005). Increased GFR and
ultrafiltration is a typical sign of early DN (McGowan et al.,
2001). Several studies have connected diabetes with enhanced

kidney COX-2 production of PG. In streptozotocin (STZ)-
induced type I diabetic rats, kidney COX-2 protein expression is
increased (Cheng et al., 2002). Kidney COX-2 expression is also
strikingly upregulated in the thick ascending limbs and macula
densa in type II diabetic models in Zucker rats and db/db mice
(Komers et al., 2005; Sun et al., 2013). In diabetic patients, urinary
PGE2 levels are increased in parallel with COX-2 activation (Jia et al.,
2014). Selective COX-2 inhibition dramatically reduces glomerular
hyperfiltration in STZ-induced diabetic rats, which is consistent
with an increase in RBF in diabetic kidneys induced by COX-2-
derived PGs (Komers et al., 2001). Refecoxib, a specific COX-2
inhibitor, reduced glomerulosclerosis and restored proteinuria to
normal levels in obese Zucker rats without affecting hyperglycaemia
(Dey et al., 2004). These findings strongly suggest that COX-2 may
be an important therapeutic target for DN.

As mentioned previously, there is a strong interest in targeting
EP receptors to better control the kidney complications of diabetes,
but the properties of these homologous receptors have not been
completely characterized. The role of EP receptors in DN and their
potential as therapeutic targets are reviewed below. The
EP1 receptor is thought to be an essential mediator of
angiotensin II (Ang II)-induced hypertrophy in mesangial cells
(MCs) (Qian et al., 2009). Treatment with EP1 receptor
antagonists improves kidney and glomerular hypertrophy,
inhibits transcriptional activation of transforming growth factor-β
(TGF-β) and fibronectin, reduces mesangial expansion and prevents
diabetic kidney injury in rats (Makino et al., 2002). Similarly,
markers of injury and altered kidney function were attenuated in
diabetic EP1-knockout mice. It has been suggested that selective
inhibition of the EP1 receptor inhibits glomerular hypertrophy and
proteinuria and TGF-β and fibronectin transcriptional activation,
preventing the development of diabetic kidney injury in rats. PGE2
acts on the EP4 receptor and is closely associated with matrix
turnover, the fibrotic response and apoptosis in kidney cells.
Intrarenal EP4 was shown to attenuate tubulointerstitial fibrosis
in unilateral ureteral obstruction mice, and EP4-knockout mice had
increased fibrosis and inflammation/fibrosis markers, which was
prevented by EP4 agonists (Nakagawa et al., 2012). Antagonizing the
EP1 receptors or agonizing EP4 may reduce kidney injury associated
with growth/apoptosis, inflammation, oxidative stress, and fibrosis
and control dysfunction in diabetic patients, thereby reducing the

TABLE 2 Potential therapeutic targets/strategies in the pathogenesis of DN.

Targets Strategies Mechanism of action Effect on DN References(s)

COX COX-2 inhibition Reduces glomerular hyperfiltration Reduces glomerulosclerosis Komers et al. (2001), Dey
et al. (2004)

EP1 receptor
inhibition

Inhibits transcriptional activation of TGF-β and
fibronectin

Reduces mesangial expansion, improves kidney
and glomerular hypertrophy

Makino et al. (2002)

TX synthase
inhibition

Decreases the production of plasminogen activator
inhibitor-1

Reduces the incidence of intraglomerular
thrombi and glomerulosclerosis

Xu et al. (2006)

TP receptor
inhibition

Attenuates various markers of oxidative stress and
inflammation

Improves histological changes Xu et al. (2006)

LOX LOX inhibition Reduces p38 MAPK protein and collagen a5(IV)
mRNA in podocyte

Reduces ECM expansion, glomerular
hypertrophy and albuminuria

Yuan et al. (2008)

CYP450 CYP4A inhibition Downregulates of Nox1 and Nox4 protein and mRNA
expression and inhibits of NADPH oxidase activity

Attenuates albuminuria and reduces podocyte
loss, apoptosis and foot process effacement

Williams et al. (2007)
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need for kidney replacement therapies (Nasrallah et al., 2016).
Furthermore, Coffman et al. showed that activation of TP by
TXA2 increased the production of plasminogen activator
inhibitor-1 and plasminogen activators by MC, which regulated
glomerular thrombosis and fibrosis in inflammatory diseases.
Consistent with this effect, Okumura et al. reported a reduction
in intraglomerular thrombi and glomerulosclerosis following TXA2

inhibition in diabetic rats (Okumura et al., 2003). TP receptor
antagonist treatment attenuated various markers of oxidative
stress and inflammation in diabetic apolipoprotein E-deficient
mice and ameliorated histological changes in DN (Xu et al.,
2006). Interestingly, a general decrease in IP levels was found in
cultured MCs exposed to high glucose. In addition, PGI2 analogues
altered matrix proteins and matrix metalloproteinases, indicating
that targeting IP might be a therapeutic approach to decrease matrix
changes related to DN or other kidney diseases (Nasrallah and
Hebert, 2004). At present, the identity of these COX-derived PGs
and their receptors in the pathogenesis of DN has not been fully
established, and much work is needed to clarify the exact
pathways involved.

5.2 Role of LOX enzymes and their products
in DN

There is growing evidence that LOX-derived products are involved
in the pathogenesis of diabetes, including DN. High glucose levels
directly increase the expression levels of 12-LOX in the MCs obtained
from type I and type II diabetic mouse models (Yoshimura et al.,
2004b). In rats with STZ-induced DN, podocyte-specific mRNA levels,
as well as fibronectin and collagen a5(IV) protein levels, are increased,
which correlate with increased 12-LOXmRNA and protein expression,
increased p38 mitogen-activated protein kinase (MAPK) mRNA
expression, and p38 MAPK protein activation (Ma et al., 2005;
Watanabe et al., 2018). Inhibition of high glucose-induced podocyte
12-LOX activation by the 12-LOX inhibitor cinnamyl-3,4-dihydroxy-
a-cyanocinnamate (CDC) decreased podocyte p38MAPK and collagen
a5(IV) mRNA and protein expression (Kang et al., 2003). An in vitro
study demonstrated that MCs obtained from 12-LOX knockout mice
grew more slowly than wild-type cells. This was associated with
suppression of the responses of the downstream signalling molecules
p38MAPK, activator protein-1 and cAMP-responsive element-binding
protein (CREB) (Kim et al., 2003). Thus, ample evidence suggests that
activation of the 12-LOX and p38 MAPK signalling pathways can
stimulate downstream immediate early genes and key signalling kinase
molecules that mediate cytokine and growth factor activity and induce
DN (Ma et al., 2005).

Considering the key role of Ang II and TGF-β in the
pathogenesis of DN, the interrelationship among Ang II, TGF-β
and 12-LOX in the fibrotic changes in the diabetic kidney was
investigated (Figure 2). Ang II can stimulate MC hypertrophy and
ECM production, directly increasing the activity and expression of
leukocyte-type 12-LOX inMCs (August and Suthanthiran, 2003). In
contrast, 12-LOX-derived 12(S)-HETE induces Ang II-related
fibrogenic effects by increasing p38 MAPK and CREB
transcriptional activity (Dong et al., 2020). 12(S)-HETE may
potentiate the effects of Ang II by upregulating the expression of
AT1 receptors on the glomerulus, podocytes and the mesangium

(Dong et al., 2020). The p38MAPK inhibitor SB202190 significantly
inhibits 12(S)-HETE-mediated AT1 receptor expression on rat MCs
(Xu et al., 2016). These events may ultimately reduce P-cadherin
expression, promote interstitial expansion, and induce proteinuria,
which is a key event in DN (Guo et al., 2011). Additionally, 12(S)-
HETE can cross-talk with TGF-β in an interactive manner to induce
fibrotic changes in DN. It was shown that treatment of rat MCs with
TGF-β increased 12(S)-HETE synthesis (Sutariya et al., 2016).
Conversely, the 12-LOX product 12(S)-HETE can increase the
mRNA and protein expression of TGF-β and induce TGF-β
promoter activity (Kim et al., 2005). Cholesterol-tagged siRNAs
targeting 12(S)-HETE ameliorated glomerular dysfunction and the
expression of renal TGF-β and profibrotic genes in DN (Yuan et al.,
2008). 12-LOX knockdown attenuated TGF-β-induced increases in
SET7 (histone methyltransferase), histone modifications and
profibrotic gene expression in mesangial cells. Transfection of
MCs with siRNA targeting SET7 resulted in the silencing of
SET7 and the suppression of 12(S)-HETE-induced profibrotic
gene expression (Yuan et al., 2016). Thus, 12-LOX and TGF-β
can interfere with and activate each other to induce the
development of nephropathy in diabetic conditions.

5.3 Role of CYP450 and its products in DN

AA is mainly metabolized into EET and HETE through the
CYP450 pathway. In this section, we discuss the role of HETE and
EET produced by CYP450 in DN.

5.3.1 CYP450-derived HETE in DN
Increased pressure transmission to the glomerular capillaries has

an important role in the development of glomerulosclerosis.
Increased glomerular capillary pressure is thought to contribute
to the development of proteinuria, but the mechanisms are unclear.
The increase in glomerular capillary pressure can promote the
development of kidney injury by increasing TGF-β production
(Williams et al., 2007). However, TGF-β has a disruptive effect
on glomerular filtration, leading to glomerular damage in the early
stage of DN and directly increasing the permeability of the
glomerulus to albumin (Palb), which is associated with a decrease
in 20-HETE formation (Sharma et al., 2000; Schiffer et al., 2001; Luo
et al., 2009). 20-HETE is produced in the glomerulus and cultured
podocytes. McCarthy et al. recently reported that 20-HETE has a
protective effect on the glomerulus and prevents Palb changes
caused by focal segmental glomerulosclerotic factor (Dahly-
Vernon et al., 2005). It was found that adding a stable 20-HETE
agonist (WIT003) or a 20-HETE mimetic prevented the decrease in
20-HETE levels and protected against the increase in Palb induced
by TGF-β1. In addition, glomerular 20-HETE production is
decreased in diabetic rats, and the induction of 20-HETE
formation with fibrates decreases proteinuria and kidney injury
(Fan and Roman, 2017). Overall, 20-HETE has a protective effect
on the glomerular permeability barrier, in part because it can reduce
transmural pressure gradients across glomerular capillaries
secondary to the constriction of afferent arterioles to oppose the
development of proteinuria and glomerular disease.

Oxidative stress is thought to be a key factor in the development
of DN. ROS have been demonstrated to play a critical role in DN
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(Eid et al., 2013). However, the exact sources of ROS, as well as the
molecular mechanisms of oxidative stress, have not been fully
elucidated. NADPH oxidase, CYP450 and the mitochondrial
electron transport chain are major sources of ROS in cells and
tissues (McCarthy et al., 2015). The NADPH oxidases Nox1,
Nox2 and Nox4 have recently been identified as the major
sources of ROS in the glomeruli and kidney cortex in type
1 diabetic rats (Eid et al., 2009). CYP450 is a potential source of
ROS in many cells and tissues (Puntarulo and Cederbsum, 1998;
Fleming et al., 2001). Intracellular ROS mediate apoptosis in
podocytes in response to high glucose or Ang II (Susztak et al.,
2006). High glucose induces apoptosis in cultured podocytes by
sequentially upregulating CYP4A, Nox1 and Nox4 to produce ROS
(Bedard and Krause, 2007). 20-HETE is the major product of
CYP4A and the hydroxylated product of AA, one of the major
CYP450 eicosanoids produced in the kidney cortex. 20-HETE
enhanced NADPH-dependent superoxide anion production,
upregulated Nox1 and Nox4 protein expression, and induced
apoptosis in podocytes. The type 1 diabetic mouse model
OVE26 shows morphological and structural changes
characteristic of human DN. Similarly, OVE26 mice exhibited
glomerular basement membrane thickening, podocyte apoptosis,

foot process effacement and podocyte loss (Fan et al., 2015).
Injection of the specific 20-HETE production inhibitor
HET0016 attenuated albuminuria and reduced podocyte loss,
apoptosis and foot process effacement. CYP4A inhibition also led
to the downregulation of Nox1 and Nox4 protein and mRNA
expression and significant inhibition of NADPH oxidase activity
(Williams et al., 2007). Collectively, these data indicate that
increased release of CYP4A and 20-HETE induces podocyte
injury, and this biological effect may be mediated by enhanced
ROS production.

In summary, while 20-HETE exhibits a protective role in
maintaining glomerular permeability and preventing proteinuria in
DN, its involvement in podocyte injury through enhanced ROS
production presents a complex paradox. This duality highlights the
intricate balance within renal pathophysiology. Further studies are
needed to unravel these conflicting roles of 20-HETE, aiming to
harness its beneficial effects while mitigating the adverse outcomes
related to oxidative stress and podocyte damage in diabetic nephropathy.

5.3.2 CYP450-derived EET in DN
EET has been shown to be renoprotective by reducing

inflammation, oxidative stress, and endothelial dysfunction in

FIGURE 2
The interrelationship of TGF-β, Ang II and 12-LOX in DN. High glucose levels or diabetic conditions can activate the expression of 12-LOX, and there
is a subsequent increase in the production of 12(S)-HETE. 12(S)-HETE activates p38 mitogen-activated protein kinase and CREB to increase the
expression of AT1 receptors. Ang II can increase the levels of 12-LOX, which can potentiate the effects of Ang II by upregulating the expression of
AT1 receptors. 12(S)-HETE can interact with TGF-β. These signals can ultimately reduce P-cadherin expression, promote mesangial expansion and
induce proteinuria, which are the key events in DN. 12(S)-HETE also increases SET7 (histone methyltransferase), which can increase the expression of
profibrotic genes.
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experimental animal models of diabetes and hypertension.
Knockout of sEH increases the production of EET, lowers blood
pressure, proteinuria, kidney inflammation and glomerular injury in
animals with diabetic- and obesity-induced nephropathy and
reduces renal Ang II levels and DOCA-salt-induced hypertension
(Elmarakby et al., 2013; Imig, 2015; Imig and Khan, 2015; Roche
et al., 2015). Recently, the production of EET was reduced in the
kidney and glomeruli of STZ-treated animals, as well as in the
glomeruli exposed to high glucose (Chen et al., 2012; Eid et al.,
2013). Increased expression of EET or the administration of EET
agonists in CYP2J2 transgenic mice or the administration of a
CYP2J2 viral vector reduced proteinuria, glomerular injury and
inflammation in STZ diabetic mice (Zhao et al., 2012; Hye Khan
et al., 2014). In summary, the common protective effects of EET
involve reducing oxidative stress and inflammation. Therefore, sEH
inhibitors and EET agonists can be promising therapeutic agents for
the treatment of DN.

Numerous in vivo and in vitro studies have associated the beneficial
effects of EET with antiapoptotic pathways. Studies have shown that
EET is not only an important regulator of apoptosis in kidney proximal
tubular cells but also an effective antiapoptotic factor in the kidney
(Chen et al., 2012). TNF-α-induced apoptotic HK-2 cells were treated
with synthetic EET, which significantly upregulated basal antiapoptotic
proteins B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma-extra large
(Bcl-XL) expression levels and downregulated the proapoptotic Bcl-2-
associated X protein (Bax) protein expression levels (Yang et al., 2007;
Hutchinson et al., 2008). Treatment of HK-2 cells with synthetic EET
stimulated the phosphorylation of phosphatidylinositol 3-kinase PI3K/
Akt and extracellular signal-regulated protein kinase 1/2 (ERK1/2),
suggesting that kidney EET can activate the PI3K-Akt-NOS3 andAMP-
activated protein kinase (AMPK) signalling pathways (Wender-
Ozegowska and Biczysko, 2004; Wang et al., 2005; Xu et al., 2010).
STZ-induced diabetic mice had significantly increased the levels of
blood glucose, BUN, plasma creatinine, and urinary albumin and the
kidney weight-to-body weight ratio. Interestingly, sEH inhibition
decreased the levels of blood glucose, BUN, plasma creatinine, and
urinary albumin and the kidney weight-to-body weight ratio (Chen
et al., 2012). Additionally, sEH inhibition increased kidney levels of the
NF-κB inhibitor IκB in the HFD mouse model of DN, resulting in
decreased mRNA expression of the kidney inflammatory markers
COX-2, vascular cell adhesion molecule-1 protein and monocyte
chemoattractant protein-1 (Roche et al., 2015).

6 AA metabolites in RCC

In this section, we discuss the role of some AA metabolites
generated by COX, LOX and CYP450 in the development and
progression of RCC (Table 1).

6.1 Role of COX enzymes and their
metabolites in RCC

Kidney tumour mass is sustained by the release of circulating
and topically produced factors that act on cellular receptors to
convert susceptible quiescent kidney cells to an activated state
(Wu et al., 2011). COX-2 plays a critical pathophysiological role

in the progression of RCC (Kaminska et al., 2014). Several previous
studies have reported higher levels of COX-2 expression in RCC
than in normal kidney (Lee et al., 2012). Currently, it is widely
accepted that COX-2 is overexpressed in some human RCC cell lines
and plays a key role in the carcinogenesis of human RCC by
promoting PGE2 production and inhibiting apoptosis to
subsequently enhance tumorigenesis and angiogenesis in vivo
(Chen et al., 2004). Because of its important role in kidney
tumour migration and metastasis, COX-2 is considered a
promising target for cancer treatment (Woo et al., 2015). Specific
COX-2 inhibitors have been used to treat cancer patients, but
undesirable side effects, including cardiovascular and kidney
problems, have limited their use (Ohba et al., 2011). Therefore,
there is still a need for more effective and safer strategies to inhibit
tumorigenesis.

COX-2 is a key enzyme in the production of PGs, and PGE2 is
the major PG in the kidney; there is evidence of elevated PGE2 levels
in patients diagnosed with cancer (Asano et al., 2002; Wang et al.,
2006). Previous pharmacological and animal studies have reported
that the primary antitumour effects of COX-2 inhibitors are
mediated through the inhibition of PGE2. Therefore, further
understanding the pathological function of PGE2 will be useful
for future cancer treatment strategies (Hansen-Petrik et al., 2002;
Zweifel et al., 2002). PGE2 exerts its biological effects through the G
protein-coupled receptors EP1, EP2, EP3 and EP4, which can
stimulate the migration of epithelial cells (Woo et al., 2015).
EP2 and EP4 but not EP1 and EP3 contribute to RCC
development, and different receptors mediate different signalling
pathways with somewhat different outcomes. Therefore, PGE2
transduces multiple receptor-specific signalling events in target
kidney cells.

6.1.1 COX-2-PGE2-EP2 axis in RCC
In the Caki cell line, the PGE2-EP2 axis is activated the G

protein-dependent PKA pathway and the G protein-independent
Src-STAT3 pathway, which promotes Caki cell migration (Woo
et al., 2015) (Figure 3). The PGE2-EP2 axis induces G protein-
dependent CREB phosphorylation through the PKA signalling
pathway. In this model, treatment with the PKA pathway
inhibitor H89 suppressed PGE2-induced EP2 mRNA and protein
levels, which inhibited PGE2-mediated migration. Similarly, a Src
inhibitor (saracatinib) significantly reduced PGE2-mediated
migration (Kaminska et al., 2014). Downregulating EP2 by
knockdown and an EP2 antagonist (AH6809) reduced PGE2-
induced Caki cell migration. In contrast, the EP2 agonist
butaprost increased cell migration (Woo et al., 2015). Silymarin
reduced PGE2-induced CREB/Src-STAT3 phosphorylation,
suggesting that its inhibitory effect on PGE2-induced cell
migration may be related to the G protein-dependent PKA-CREB
and G protein-independent Src-STAT3 signalling pathways (Woo
et al., 2015).

6.1.2 COX-2-PGE2-EP4 axis in RCC
In most cell types, activated EP4 receptors are regulated by lipids

and intracellular messengers such as cAMP (Fong et al., 2021)
(Figure 3). The PGE2-EP4-mediated signalling pathway induces
the dose-dependent accumulation of cAMP in RCC7 cells, which
is inhibited by the ligand antagonist AH23848 (Wu et al., 2011). The
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actions of cAMP are mediated by PKA, ion channels and Epac. Epac
is a guanine-nucleotide-exchange factor for the small GTPase Rap
(Tengholm and Gylfe, 2017). There is evidence that PKA does not
impact PGE2-regulated RCC7 cell invasion. However, Epac mediates
the effects of EP4-induced RCC7 cell invasion (Wu et al., 2011).
PGE2 induces Epac activation in RCC7 cells ectopically expressing
Epac1 (Ponsioen et al., 2004). In addition, the PGE2-EP4 signalling
pathway induced a marked increase in the level of Rap GTP-binding
protein (Rap1). The accumulation of Rap1 correlated with the PGE2
concentration and was necessary for the increased invasion of
RCC7 cells (Kim et al., 2012). Notably, the accumulation of
Rap1 was inhibited when cells were treated with the
EP4 antagonist AH23848. Under physiological conditions, the
invasion signal is balanced by the Rap inactivator Rap1GAP, the
expression of which has been lost in RCC cell lines (Zhang et al.,
2017). Therefore, combined targeted inhibition of EP4 activation
and the restoration of Rap1GAP expression may be a new strategy to
control advanced kidney cancer.

In RCC, the EP4 receptor plays a pivotal role in cell migration
and invasion. This is primarily mediated through the PI3K-AKT
signaling pathway. Studies have shown that using small molecule
EP4 antagonists, such as ONO-AE3-208 and AH23848, or silencing
the EP4 gene, can significantly reduce the metastatic potential of
RCC in preclinical models. This effect is attributed to the direct
inhibition of tumor cell migration (Ching et al., 2020). Furthermore,
the EP4 receptor’s involvement in the PI3K-Akt pathway extends to
the activation of Ral GTPase activating protein complex 2 (RGC2)

and the small GTPase RalA. These components serve as drug-
targeting intermediates, offering therapeutic potential for patients
with advanced RCC (Chen et al., 2011). Activation of EP4 has been
observed to elevate the phosphorylation levels of Akt and RGC2,
leading to increased RalA GTP levels and enhanced invasion
capability of RCC cells (Zhang et al., 2017). This demonstrated a
critical role of activated Akt in EP4-induced cancer cell migration
and invasion (Dillon and Muller, 2010). However, the inhibition of
the PI3K activation or downregulation of endogenous Akt
expression results in decreased RGC2 phosphorylation. This, in
turn, leads to reduced RalA GTP levels and attenuates RCC cell
invasion (Li et al., 2013). These findings collectively underscore the
importance of the EP4-PI3K-AKT-RGC2-RalA GTP signalling
cascade in promoting RCC cell migration and invasion.

6.2 Role of LOX enzymes and their
metabolites in RCC

There is increasing evidence that immunoreactive 5-LOX and
12-LOX are highly expressed in RCC tissues due to an alteration in
normal tissue homeostasis (Yoshimura et al., 2004a; Wettersten,
2020). Transcriptional and translational levels of 5-LOX and 12-
LOX were significantly upregulated in the majority of RCC
compared with normal kidney tissue. Therefore, 5-LOX plays a
significant role in the carcinogenesis of renal cell carcinoma andmay
serve as a biomarker for kidney cancer (Faronato et al., 2007). The 5-

FIGURE 3
The COX-2-PGE2 signalling pathway in RCC. In the tumour microenvironment, PGE2 is involved in the regulation of a variety of signalling pathways,
such as PKA, PI3K/Akt and Src-STAT3. PKA: protein kinase A; STAT3: signal transducer and activator of transcription 3.
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LOX protein is readily detectable in RCC cell lines Caki-1, Caki-2,
and CRBM-1990. In contrast, it is undetectable in HK-2 cells derived
from proximal tubules. The 12-LOX protein is significantly and
strongly expressed in RCC cells A498, Caki-1, and RC-1, whereas its
expression is very weak in normal kidney cells. Additionally, studies
indicate that inhibitors of 5-LOX and 12-LOX have a dose- and
time-dependent inhibitory effect on renal cancer cells. (Yoshimura
et al., 2004a). This finding suggests that 5-LOX and 12-LOX are
necessary for the growth of RCC cells. 5-LOX inhibitors may be
more effective than 12-LOX inhibitors. A large amount of data
suggests that 5-LOX inhibitors may be more effective than 12-LOX
inhibitors in preventing the growth of cancer cells in the kidney
because the specific relationship of the 5-LOX pathway is more
closely related to carcinogenesis than that of the 12-LOX pathway
(Matsuyama et al., 2004).

6.3 Role of CYP450 and its products in RCC

AA is mainly metabolized into EET and HETE through the
CYP450 pathway. In this section, we discuss the role of HETE and
EET produced by CYP450 in RCC.

6.3.1 CYP450-derived HETE in RCC
Kidney epithelial cells typically express high levels of CYP4504A

and CYP4F family enzymes and robustly produce 20-HETE, and it is
likely that RCC can produce 20-HETE (Alexanian et al., 2009). The
addition of HET0016 (20-HETE synthesis-selective inhibitor) and
WIT002 (20-HETE antagonist) inhibited the proliferation of the
human renal cell adenocarcinoma lines 786-O and 769-P but had
minimal effects on the proliferation of primary human proximal
tubular epithelial cells (Evangelista et al., 2020). Guo et al. showed
that the CYP4/20-HETE pathway could influence tumour volume
(Guo et al., 2007). The signalling mechanisms of 20-HETE-induced
kidney cancer progression are mainly related to activation of the
MAPK, PI3K/Akt and ROS pathways (Muthalif et al., 1998; Guo
et al., 2008; Yu et al., 2011). In conclusion, targeted inhibition of 20-
HETE synthesis could have renoprotective effects and reduce
tumour growth in RCC.

6.3.2 CYP450-derived EET in RCC
EET plays a pivotal role in promoting the cancer phenotype of

RCC (Figure 4). EET has been implicated in a wide variety of
physiological processes associated with cancer pathogenesis,
including the regulation of intracellular signalling pathways, cell
proliferation, gene expression and inflammation (Jiang et al., 2005).
The molecular mechanism of the effect of EET on cancer cell
proliferation is achieved in part through significantly enhanced
phosphorylation of the epidermal growth factor receptor (EGFR)
and the activation of downstream signalling cascades, including the
MAPK and PI3K/Akt pathways (Jiang et al., 2007; Nithipatikom
et al., 2010). EET promotes epithelial-mesenchymal transition and
resistance through the PI3K/Akt pathway, and this activation
upregulates the metastasis-related genes MMPs and CD44. MMP
activation can promote cancer cell growth and stimulate
angiogenesis (Zhang et al., 1997; Murai et al., 2006). CD44 is an
adhesion molecule that can activate the NF-kB signalling pathway
and upregulate various prometastatic genes to further promote

cancer metastasis (Fitzgerald et al., 2000). EET also inhibits
apoptosis in cancer cells by upregulating the antiapoptotic
proteins Bcl-2 and Bcl-XL and downregulating the proapoptotic
protein Bax (Chen et al., 2009). This suggests that targeting EET
signaling pathways could offer new therapeutic strategies in the
treatment of RCC.

7 Concluding remarks

Recent advances in understanding the AA pathway highlight its
significance in AKI development. COX-2 is an important
physiological mediator of kidney function. COX enzymes and
their products also have several beneficial renal effects by
mediating processes such as RBF and renal salt handling. COX-
2-derived PGs may be essential for afferent arteriolar vasodilation.
During AKI, the COX product PG may act as a vasodilator to
balance the constriction of renal and peripheral arteries caused by
elevated levels of catecholamines, pressors and angiotensins. PG
receptors can mediate vasodilatory effects and play a renoprotective
role to maintain RBF. In addition, ischaemia triggers an imbalance
in 20-HETE and EET in the kidney, suggesting that this imbalance
plays a key role in the cascade of events that leads to renal I/R injury.
20-HETE constricts the afferent arteriole, and increased kidney 20-
HETE levels can reduce RBF and worsen IRI. 20-HETE can
attenuate AKI by reducing cellular swelling, tubular necrosis and
the physical occlusion of adjacent vasa recta capillaries after kidney
IRI. A 20-HETE agonist mimetic can protect against the secondary
decrease in medullary blood flow and reduce IRI after bilateral renal
ischaemia. Furthermore, the administration of EET or an EET
analogue in the initiation phase of renal I/R injury may prevent
ischaemic AKI.

Significant advancements have been made in understanding the
AA pathway’s impact on DN. DN is associated with enhanced
production of COX enzymes and the product PG. COX-2 and
the product PG may be important therapeutic targets for DN. In
experimental models of diabetic kidney injury, long-term treatment
with selective COX-2 inhibitors and PGE2 receptor antagonists
improves functional and structural kidney injury in these
conditions. However, the identity of these COX-derived PGs and
their receptors in the pathogenesis of DN has not been fully
established, and much work is needed to clarify the exact
pathways involved in the future. In addition, 12-LOX and its
metabolite 12(S)-HETE play essential roles in the pathogenesis of
DN. 12(S)-HETE may interact with angiotensin II and TGF-β to
induce fibrosis in the diabetic kidney. The 12-LOX inhibitor CDC
inhibited the renal 12-LOX pathway in diabetic rats in vivo.
Therefore, the discovery of a strategy for 12-LOX inhibition with
a drug regimen capable of sustained 12-LOX inhibition is important
for the treatment of DN in future studies. Furthermore, EET has
been shown to be renoprotective by reducing inflammation,
oxidative stress, and endothelial dysfunction in experimental
animal models of diabetes and hypertension. sEH inhibitors and
agonists of EET can be promising therapeutic agents for the
treatment of DN.

Advances in the AA pathway have shed light on its role in RCC
development. COX-2 is overexpressed in some human RCC cell
lines and plays a key role in the carcinogenesis of human RCC by
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promoting PGE2 production, inhibiting apoptosis and subsequently
enhancing tumorigenesis and angiogenesis in vivo. Therefore, COX-
2 may become a new target gene for RCC treatment. Specific COX-2
inhibitors have been used to treat cancer patients, but undesirable
side effects, including cardiovascular and kidney problems, have
limited their use. Therefore, COX downstream products and their
receptors are now targets. EP2 activates the G protein-dependent
PKA pathway and the G protein-independent Src-STAT3 pathway
to promote RCC invasion and migration. EP4 promoted a marked
increase in Akt and RGC2 phosphorylation levels, which in turn led
to an increase in RalA GTP levels and increased the invasion of RCC.
EP4 signalling also reduced Rap1 GAP expression and promoted
RCC invasion. Therefore, the PGE2 receptors EP2 and EP4 could
provide new therapeutic targets for RCC. Based on the reduced
expression of EP4 in normal kidney tissue compared to RCC cells
and the potential role of EP4 but not EP2 in malignancy
aggressiveness, EP4 may be a safer and more effective target in
RCC patients. In addition, the evaluation of 5-LOX and 12-LOX in
preclinical studies indicates that these pathways may be more potent
than COX-2, and inhibition may be a more effective therapeutic
strategy (Matsuyama et al., 2004; Matsuyama et al., 2005). As a
result, many new LOX inhibitors are undergoing trials for the
treatment of inflammatory diseases to address the shortage of
LOX inhibitors.

Many natural compounds have been shown to regulate a variety
of enzymes in the AA pathway; in addition, natural compounds are

readily accepted by the public and could play an important role in
complementary therapies for advanced cancers.

In summary, current and ongoing studies provide directional
insight into numerous unanswered questions. Future studies will
gain further understanding of the role of AA metabolites in
mediating oxidative stress and inflammation, as well as the
overall complexity of the AA pathway and eicosanoid lipid
mediators in the treatment of AKI, DKD and RCC. These
findings can provide new diagnostic and prognostic methods for
AKI, DKD and RCC and may establish novel therapeutic strategies
for AA signalling pathway activation. Undoubtedly, future
investigations will identify additional eicosanoid targets and
therapies for kidney injury.
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