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Abstract

Diabetic Nephropathy (DN), a major complication of diabetes, is
characterized by hypertrophy, extracellular matrix accumulation, fibrosis and
proteinuria leading to loss of renal function. However, the mechanisms leading
to kidney injury is not well defined. Arachidonic acid is primarily metabolized
by Cytochromep-450 (CYP) enzymes to 20-Hydroxyeicosatetraenoic acid
(20-HETE) and Epoxyeicosatrienoic acids (EETs) and these compounds have
a role in renal physiology and pathophysiology. Recent studies show that the
production of EETs and 20-HETE is altered in diabetes. More interestingly, we
and others have established a link between the alteration in the production
of 20-HETE and EETs and the onset and development of diabetic-induced
kidney injury, and that these cytochromes P450 metabolites of arachidonic
acid contribute to the changes in renal structure and function seen in diabetic
nephropathy. All the results described in this review suggest that the drugs that
modify the formation and/or actions of EETs and 20-HETE may have therapeutic

benefits for diabetic nephropathy treatment.
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Diabetes-related Kidney Disease or Diabetic
Nephropathy

Diabetes is a major public health problem that affects about 8% of
the world population. An estimated 24.1 million people have diabetes
[1]. The incidence of diabetes has increased tremendously in the
past 10 years. This alone makes it an epidemic disease. Diabetes is
associated with a number of metabolic risk factors that contribute to
a high rate of micro and macro vascular events.

Diabetes-related kidney disease or Diabetic Nephropathy (DN)
is a major risk factor for cardiovascular morbidity and mortality
and is considered to be one of the most serious complications of
diabetes worldwide, affecting up to 25% and 40% of all patients with
type 1 and type 2 diabetes, respectively [2]. DN is characterized by
increased urinary albumin excretion (microalbuminuria), which
often progresses to proteinuria, one of the most important prognostic
risk factors for kidney disease progression [3]. Microalbuminuria/
proteinuria develops as a consequence of a series of structural changes
in the vascular, glomerular, tubular and interstitial compartments in
the absence of measurable dysfunction [4].

The glomerular changes include hyperplasia/hypertrophy with
thickening of glomerular basement membrane, mesangial expansion
with extracellular matrix accumulation, changes in glomerular
epithelial cells (podocytes), including a decrease in number and/
or density, podocyte foot process broadening and effacement and
glomerulosclerosis. Similar changes occur in the tubulointerstitial
compartment and include matrix protein accumulation, thickening
of tubular basement membranes and interstitial fibrosis [5].

Although the mechanisms of renal cell injury in DN are not fully
understood, much attention has focused on the role of high glucose
per se. Tubular as well as glomerular cells are primary target of
hyperglycemia and chronicexposure to elevated blood glucose levels
contributes to the functional and phenotypic changes seen in overt
DN.

Reactive Oxygen Species in the Development
of Diabetic Nephropathy

There is increasing evidence that the overproduction of Reactive
Oxygen Species (ROS) is a major factor in the development of diabetic
vascular complications as well as diabetes per se [6]. It is now widely
recognized that alteration in ROS production in diabetes is a direct
consequence of hyperglycemia [6] and that various types of cells
including glomerular cells (endothelial, mesangial, and epithelial) as
well as tubular epithelial cells are capable of producing ROS in the
diabetic milieu.Oxidative stress is thought to be a critical factor in
the development of DN. Increased generation of reactive oxygen
species occurs in the kidney concomitant with disease progression.
Antioxidants prevent glomerular and renal hypertrophy, as well as
proteinuria, suggesting a pathogenic role for ROS in the progression
of diabetes [7-13].

In the present review, we will focus on CYP metabolites of AA as
significant sources of ROS in the kidney in addition to their functional
and signaling roles in renal glomerular and tubular cells in various
experimental models of nephropathy, including studies by our group.

Metabolism of Arachidonic Acid by

Cytochrome P450 Enzymes
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Arachidonic Acid (AA), a lipid released as a byproduct of
phospholipases, can be metabolized by several pathways: The
cyclooxygenase, the lipoxygenase or the Cytochrome P450
(CYP) monooxygenase pathway. In the latter, AA is metabolized
by several CYP450 is forms to produce 5,6-, 8,9-, 11,12- and
14,15-Epoxyeicosatrienoic acids (EETs), dihydroxyeicosatetraenoic
acids, and 19- and20-HETEs [14,15] (Figure 1).

Cytochrome P450s (P450) have been originally described to play
a role in the metabolism of toxic chemicals, drugs, and endogenous
substrates, such as steroids and cholesterol [16]. Cytochromes P450s
are expressed in a gender-, age-, and organ-specific manner and their
levels are regulated by hormones, cytokines, diet, fasting, drugs, or
are altered during the course of diseases, such as obesity, diabetes,
and hypertension. However, our knowledge of the physiological and/
or pathophysiological significance of these proteins is still under
investigation. The identification of EETs and 20-HETE, as products
of AA metabolism in rodent and human tissues, established the AA
monooxygenase as a formal metabolic pathway, and suggested a
biological role for its metabolites [16]. 20-HETE is one of the main
AA metabolites produced in the kidney cortex. It is synthesized by
CYPs of the 4A and 4F subfamilies, which are highly expressed in
the renal cortex [17-21]. EETs are mainly synthesized by CYPs of the
1A, 2B, 2C and 2] subfamilies [15,22]. Studies have shown that CYPs
2C and 2] are the predominant isoforms of cytochromes expressed
in the kidney [23,24]. 20-HETE and EETSs exert a wide range of
regulatory and opposing functions depending on the location of their
productions. Recent studies on the functional role of CYPs 450 and
their metabolites provided new avenues on the role of these enzymes
in the pathophysiology of certain diseases, i.e. diabetes, cancer,
hypertension, etc.

Pathophysiological Role of 20-HETE and
EETs in the Kidneys

The expression of CYP450 enzymes and their metabolites in the
kidney is altered in many kidney diseases, i.e. diabetes, pregnancy,
hepatorenal ~ syndrome, cyclosporin-induced  nephrotoxicity,
polycystic kidney disease and hypertension [25-27]. These findings
suggest that the alterations in the renal production of 20-HETE
and EETs may contribute to the (decline/abnormalities) in kidney
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Figure 1: Potential sources of Reactive Oxygen Species (ROS) in cells.
Many enzymes, including those in the mitochondrial electron transport chain,
xanthine oxidase, uncoupled NOS, NAD(P)H oxidases, lipoxygenases,
cyclooxygenases and cytochrome P450 monooxygenase, produce ROS in
different organs of the body including the kidneys.

functions that are associated with these conditions.
20 HETE

20-HETE is a potent vasoconstrictor known to play key roles
in both tubular and vascular regulation of renal hemodynamic and
extracellular fluid volume [28]. 20-HETE can play opposite roles in
kidney homeostasis depending on the cell type that produces and/
or targets this AA-derived lipid. Several studies have implicated20-
HETE as a potential mediator of cellular proliferation in the
pathogenenesis of many kidney diseases, including polycystic kidney
disease [29] and renal cell carcinoma [30]. Also, CYP450 inhibitors
attenuate 20-HETE-mediated renal cell proliferation.

In addition to its role in cellular proliferation, 20-HETE has
been shown to exert both prohypertensive and antihypertensive
actions [31-35]. The inhibition of 20-HETE synthesis significantly
reduced the development of hypertension and had considerable
nephroprotective and cardio protective effects, including reduction of
proteinuria, glomerulosclerosis and tubulointerstitial injury [36]. In
contrast, another study showed that up regulation of TGF-p in Dahl
salt-sensitive rats may induce the development of proteinuria and
renal disease in part by inhibiting the formation of 20-HETE [37].

In addition to the renal tubules and vasculature, glomeruli
also produce 20-HETE, which can either protect the kidney from
injury-mediated albuminuria or contribute to injury by promoting
high glucose-mediated podocyte apoptosis or tubular hypertrophy
[7,9,10].

EETs

EETs synthesized by the vascular endothelium are considered
potent vasodilators [38-40]. In parallel to their hemodynamic role,
EETSs have been reported to exert diverse biological effects in the renal
system, such as anti-inflammatory, anti-apoptotic, pro-proliferative,
pro-angiogenic, anti-oxidative, anti-fibrotic, and anti-hypertensive
effects [41-46].Therefore, like 20-HETE, aberrant levels of EETs
might be expected to alter cellular function.

Substantial evidence indicates that EETs have renoprotective
potential. The pharmacological inhibition of soluble Epoxide
Hydrolase (sEH), an enzyme that metabolizes EETs to their less
biologically active dihydroxyeicosatrienoic acid metabolite, increases
EET bioavailability and provides anti-inflammatory, antioxidative,
and antiapoptotic activities in a number of kidney diseases. Cisplatin-
induced renal injury is reduced upon the administration of sEH
inhibitors [47,48].

Another study showed that the inhibition of sEH in hypertensive
Goto-Kakizaki rats attenuated the progression of glomerular and
tubularinjury associated with hypertension and diabetes [49]. Also, the
over expression of CYP2J2, which increases EET production, protects
against renal damage in a rat 5/6 nephrectomy (5/6-Nx) model of
chronic renal failure by inhibiting renal cell apoptosis and tubule
interstitial fibrosis [44].

20-HETE, EETs and Reactive Oxygen Species

There are multiple sources of ROS in cells and tissues (Figure
2). In addition to the mitochondria, the peroxisomes, and the
NADPH oxidizes family, Cytochromes P450 have been shown to be
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Figure 2: Metabolism of Arachidonic Acid by the CYP mono-oxygenases.
CYP-450 epoxygenases, CYP1A, 2B, C and J, produce EETs while the
w-hydroxylases, CYP4A and F, produce 19 and 20-HETE.

significant sources of oxidative stress in kidneys, liver and coronary
arteries [7,50,51]. Being home-containing monooxygenases, CYPs
activate oxygen prior to incorporating it into a substrate; futile or
redox cycling of the enzyme, where activated oxygen “escapes”
before incorporation into organic products, leads to the formation of
superoxide/H,0, (Figure 3).

Under the pathological condition of renal ischemia, 20-HETE
mediated the production of ROS and induced cytotoxicity and
apoptosis of tubular epithelial cells [52,53]. The changes seen in the
kidney have been also demonstrated on heart cells, in cardiac studies.
The oxidative stress mediated by 20-HETE was shown to play a role
in myocardial injury during ischemia-reperfusion in myocytes as well
[54].

The involvement of CYPs family and their metabolites in
glomerular epithelial cells as well as in tubular epithelial cells to
produce significant ROS was recently described by our group [7,9,10].
In glomerular epithelial cells as well as in tubular epithelial cells, our
group showed that 20-HETE increases ROS production [7,9,10]. In
these studies, Eid AA et al. and Eid S. et al show that 20-HETE exerts
is deleterious effects on glomerular epithelial cells as well as tubular
epithelial cells through the generation of reactive oxygen species
(Figure 4).

Little is known about the role of EETs and its correlation with
oxidative stress. EETs have been shown to inhibit apoptosis and
to reduce the levels of oxidative stress in the long after ischemia/
reperfusion [55]. Also, Epoxyeicosatrienoic Acids attenuate reactive
oxygen species level, mitochondrial dysfunction, caspase activation,
and apoptosis in carcinoma cells treated with arsenic trioxide [56].
In the kidney, Eid S et al. established that the inhibition of EETs
induces ROS production and mediates the deleterious effect of HG on
proximal tubular cells. Blockade of EETs in a HG milieu is associated
with increased ROS generation, which may account for the resulting
proximal tubular cell injury in the hyperglycemic milieu [10].

Alternatively, these CYPs or the products that they form might
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Figure 3: CYP mono-oxygenases as a source of Reactive Oxygen Species
(ROS). CYP genes encode for membrane-bound, heme-containing enzymes
and require NADPH reductase and CYPb5 (NADH/NADPH oxidase) as
cofactors. The binding of the substrate (RH) to ferric P450 results in the
formation of the substrate complex. The ferric P450 then accepts the first
electron from cytochrome P450 reductase and is reduced to the ferrous
intermediate. This intermediate then binds an oxygen molecule to form
oxycomplex, which is further reduced to give peroxycomplex. The input of
protons to this intermediate can result in the heterolytic cleavage of the O-O
bond, producing H20 and the ‘oxenoid’ complex, the latter of which then
inserts the heme-bound activated oxygen atom into the substrate molecule
to produce ROH [68].

also be sensitive to the presence of ROS produced by other sources,
especially the nitric oxide syntheses leading to the exacerbation of
disease symptoms. Indeed, superoxide has been shown to inhibit 20-
HETE productions by renal cortical macrodomes [57], as well as to
enhance breakdown of 20-HETE to a more polar product, such as
the 20-carboxylic acid. Thus, lipid per oxidation of CYP-generated
HETEs and EETs by ROS might contribute to the overall decline in
renal function.

Role of 20-HETE and EETs
Nephropathy

in Diabetic

Recent studies have shown a correlation between diabetic
nephropathy and altered expression and activity in CYP450s and
their metabolites 20-HETE and EETs [9,10]. Pathological changes
and alterations in both glomerular and tubular compartments have
been demonstrated to be linked to these metabolites.

Several research groups, including ours, have implicated
alterations in CYPs450 metabolites as contributing to renal damage
in diabetes. Enriquez et al. described elevated CYP4A expression
accompanied by an increase in 20-HETE generation in renal
microsomes in streptozotocin induced diabetic rats [58,59]. However
the role of 20-HETE in diabetic kidney disease is still controversial. In
some studies, 20-HETE has been described to play a major role in the
development of proteinuria, hallmark of kidney disease progression
especially in diabetes. Ex vivo experiments showed that 20-HETE
reduces albumin permeability in isolated glomeruli from Puromycin
Amino Nucleoside (PAN)-induced nephritic syndrome in animal
models [60]. In parallel with these findings, other investigators
showed that the development of proteinuria and glomerular injury
resulted from the inhibition of the glomerular production of 20-
HETE by increased TGF-B1[37]. In contrast, our group demonstrated
that high glucose induces ROS production and apoptosis in cultured
mouse podocytes through the up regulation of CYP4A with increased
production of 20-HETE. Inhibition of CYP4A prevented oxidative
stress and podocyte apoptosis in vitro and reduced albumin excretion
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Figure 4: Proposed mechanisms of diabetes induced renal Injury. Role of
cytochromes p450 enzymes and their metabolites in diabetes-induced renal
injury [7,9,10].

and podocyte injury and depletion in OVE26 mice, a well-established
model of type 1 diabetes [7]. Taken together these data suggest that
altered 20-HETE levels may be a general characteristic of protein uric
states.

Besides glomerular injury, proximal tubular epithelial cell
hypertrophy and eventual atrophy as well as apoptosis are features
of DN. It has been documented that 20-HETE, by generating
ROS, mediates the cytotoxicity and apoptosis of tubular epithelial
cells seen during renal ischemia [52,53]. In the context of diabetic
nephropathy, diabetes up regulates CYP4A expression in the kidney,
leading to increased production of 20-HETE. Inhibition of CYP4A
ameliorates tubular renal hypertrophy, and prevents oxidative
stress by inhibiting NADPH oxidase activation and the increase
in TGF-P1 expression and levels, suggesting that diabetes induces
kidney hypertrophy and tubulointerstitial changes through the
generation of ROS via up regulation of CYP4A and NADPH oxidase.
The authors [9] suggest that up regulation of CYP4A expression and
increase in 20-HETE formation leading to increased ROS production
coincide with increased TGF-P expression, and that these changes
were prevented by inhibition of CYP4A. In the kidney, TGF-{1
promotes hypertrophy and regulates production of collagen and
fibronectin, important contributors to the causation of the kidney
damage seen in DN [61]. The role of 20-HETE in regulating TGF-f1
is controversial. In contrast to the finding where Eid S et al. showed
that hyperglycemia-induced kidney hypertrophy and tubular injury
is mediated by increased CYP4A/20-HETE formation, which in
turn regulate the deleterious effect of TGF-P1 in the development of
diabetic nephropathy, Dahly-Vernon et al [37] showed that TGF-f1
contributes to the development of glomerular injury in Dahl salt-
sensitive rats by increasing glomerular permeability to albumin
through the inhibition of glomerular 20-HETE formations. In another
study, the authors show that 20-HETE inhibits the proliferation of
vascular smooth muscle cells via transforming growth factor-f [62].

The precise role of EETs in the progression of DN is still not well
characterized. The inhibition of the enzyme sEH, causing a secondary
increase in EETs production, induced albuminuria in mice models
of progressive renal disease [63]. In another study, Williams et al.
[64] showed that EETs play an essential role in the maintenance of

the glomerular permeability barrier to albumin. In a comparable
study, Luo et al. [65] noted that a decrease in EETs production
is coupled with an increase in TGF-p production and alters the
permeability of the glomerular barrier and adds to the glomerular
damage seen early on in diabetic nephropathy. In contrast, recent
data show that the over expression of CYP2]J2 epoxygenase followed
by increased EET generation in streptozotocin-induced diabetic mice
attenuated microalbuminuria and glomerulosclerosis progression
via inhibition of TGF-B/Smad signaling [66]. In the same line of
work, our group demonstrated that tubulointerstitial changes and
tubular hypertrophy are associated with a significant alteration in
the expression and activity of cytochromes P450 of the 2C family
and EETs production, an effect mediated through the generation
of ROS alteration. The authors show that chronic exposure of renal
epithelial cells to HG reduces CYP2C11 protein expression and EET's
formation. This was paralleled by stimulation of ROS production,
increase in extracellular matrix protein expression, and cellular
hypertrophy. More interestingly, the use of MSPPOH, a competitive
inhibitor of epoxygenase activity, in the hyperglycemic milieu,
induces tubulointerstitial changes and increases tubular injury.
Also, it has been shown that in humans with renovascular disease,
circulating levels of 20-HETE are increased and those of EETs are
decreased; urinary excretion of 20-HETE is also decreased suggesting
that alteration in 20-HETE and EETs may contribute to the vascular
and tubular abnormalities of renovascular disease [67].

Taken together, and despite the controversial findings, all these
studies feature the important role played by Cytochromes P450
enzymes and their AA metabolites in the onset and development of
diabetic nephropathy.

Conclusion

During the onset and development of diabetes, injury of kidney
cells leads to kidneys dysfunction and end stages renal disease.
While the control of blood sugar in diabetes is essential, strict
control is difficult to achieve and blockade of the renin/angiotensin
system does not result in complete protection. Therefore, the results
highlighted in this review, suggest that understanding the alteration
in cytochromes P450 enzymes and their metabolites during the
onset and development of DN may be useful in designing effective
therapies, in addition to the metabolic control drugs, in the treatment
of DN.
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