Arachidonic Acid and Its Metabolites | Encyclopedia.pub

Arachidonic Acid and Its Metabolites

Subjects: Biology
Contributor: Stefano Turolo

Studies concerning the role of arachidonic acid (AA) and its metabolites in kidney disease are scarce, and this
applies in particular to idiopathic nephrotic syndrome (INS). INS is one of the most frequent glomerular diseases in
childhood,; it is characterized by T-lymphocyte dysfunction, alterations of pro- and anti-coagulant factor levels, and
increased platelet count and aggregation, leading to thrombophilia. AA and its metabolites are involved in several
biological processes. Herein, we describe the main fields where they may play a significant role, particularly as it
pertains to their effects on the kidney and the mechanisms underlying INS. AA and its metabolites influence cell
membrane fluidity and permeability, modulate platelet activity and coagulation, regulate lymphocyte activity and
inflammation, preserve the permeability of the glomerular barrier, influence podocyte physiology, and play a role in

renal fibrosis.

kidney arachidonic acid nephrotic syndrome

| 1. Introduction

Idiopathic nephrotic syndrome (INS) is one of the most frequent glomerular diseases in childhood & It is
characterized by proteinuria, caused by podocyte damage, hypoalbuminemia, hyperlipidemia, and edema . While
the exact cause of podocyte damage is still not completely understood &, it is well known that hyperlipidemia is
related to urinary loss of transport proteins, which carry free cholesterol, and to the consequent compensatory
increase in the synthesis of proteins involved in triglyceride metabolism . Two theories have been proposed to
explain the pathogenesis of edema in INS. According to the classical underfill hypothesis, hypoalbuminemia
reduces plasma oncotic pressure, which leads to sodium and water retention and water leakage into the
interstitium [&. Meanwhile, the overfill hypothesis postulates proteinuria to be the primary cause of sodium

retention, with consequent volume expansion and leakage of excess fluid into the interstitium &I,

Other biochemical alterations were also described in INS, such as changes in pro- and anti-coagulation factors’

levels and increased platelet count and aggregation, leading to a hypercoagulable state 4,

Based on their response to corticosteroid therapy, children with INS are classified as steroid-sensitive patients,
which includes those with infrequent relapses, frequently relapsing or steroid-dependent patients who present a
favorable prognosis, or steroid-resistant patients, who carry an unfavorable prognosis in the majority of cases.
Histopathology usually reveals minimal change of disease, which is characterized by normal glomerular
appearance on light microscopy and evidence of podocyte foot processes’ alterations on electron microscopy; focal

segmental glomerulosclerosis and interstitial fibrosis may be found in steroid-resistant cases B¢,
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The pathogenesis of INS has not yet been fully clarified. Excluding genetic causes, the main theory for immune-
mediated cases involves a dysfunction of T lymphocytes, which would switch to the production of still poorly
defined permeability factors that interfere with the expression and/or function of key proteins in the podocyte, thus
being the main culprits of proteinuria [Z. Candidates for the circulating factors that affect glomerular permeability
include angiopoietin-like 4 (ANGPTL4), cardiotrophin-like cytokine-1 (CLC-1), and soluble urokinase plasminogen

activator receptor (SUPAR) 11,

Arachidonic acid (AA) is a long-chain polyunsaturated fatty acid of the omega-6 group and represents 7% to 10%
of total circulating fatty acids; it is the second most abundant omega-6 fatty acid in the human body & (Table 1),
with linoleic acid (LA) being the first. AA is synthesized endogenously from LA through three steps mediated by two
enzymes, desaturase and elongase, and may also be derived from the diet. In turn, AA is a substrate of elongases

for the synthesis of longer fatty acids of the omega-6 series.

Table 1. Blood omega-6 levels in healthy subjects. Linoleic acid, AA, omega 6, total saturated fatty acid,
monounsaturated fatty acids, and total omega-3 levels in human subjects. AA is the second highest fatty acid of the

omega-6 series. Data are expressed as percentage of total fatty acids 4.

Neonates Children Adults Elderly
Linoleic acid (%) 4.61 +£1.06 17.67 £1.92 18.41 + 2.87 17.64 + 2.89
Arachidonic acid (%) 13.14 +1.73 8.33+£1.04 8.51+1.38 8.32+£1.40
Total omega 6 (%) 2299+ 2.13 28.97 £2.19 29.79 £ 3.13 28.78 £ 3.24
Total saturated fatty acids (%) 46.10 + 3.16 44.32 +1.61 39.47+23 39.83+2.16
Total monounsaturated fatty acids (%) 26.15+£2.76 24.39 £ 2.07 27.20 £ 3.08 27.83 £ 3.27
Total omega 3 (%) 4.76 £0.89 2.31+£0.50 3.54+£1.05 3.55+£0.95

AA is metabolized by three types of oxygenases: cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome
P450, leading to the generation of eicosanoids, namely prostaglandins, thromboxane, leukotrienes, and

Bdroxyeicosatetraenoic acids.
eferences
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cor@?_nﬂgven at the expense of other biological factors, as observed in patients with epidermolysis bullosa £,

where, despite the Iar_ge amount of active AA metabolites_, the AA level is _comp_arable to that of healthy controls.
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3. Dorhout Mees, E.J.; Koomans, H.A. Understanding the nephrotic syndrome: What's new in a
decade? Nephron 1995, 70, 1-10.
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6. Ranganathan, S. PatH}logy of Podocytopathies ausing Nefihrotic Syndrome il Children. Front.
AA H%edwiveﬁOrl@e)derSle i . Herein, we descril@@ its role in nephrotic
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modulates platelet function #d immune system activation; furthermore, it affects glomerular and tubular function,
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Prostagland. Leukot. Essent. Fat. Acids 2013, 89, 215-220.

b 2uCell-Membrane: FluidityranddPermeabilityarter, D.M. Abnormalities of
Plasma and Erythrocyte Essential Fatty Acid Composition in Epidermolysis Bullosa: Influence of

It whseERAGEHY WRSFIHpHARRIsGaIReIie Membenrs. Bariens. Wi Yglifegdropnenose of normal subjects,

particularly due to reduced membrane fluidity (1],
10. Strandvik, B. Fatty acid metabolism in cystlc fibrosis. Prostagland. Leukot. Essent. Fat. Acids

AA?@QHQe g?’thla%*?ﬁé@bundant fatty acids in the cell membrane, to which it endows mobility and flexibility 121131,

1TheCiaén el .comensition. dsigayioes dhpieesaiynsé theraslk INddaiAYss 1ase mreaEns peittitpstwisydicstly
affegiimg e Restiangs specippmnemirane proteins, like, for example, those involved in cellular inflammatory

S|gnaI|ng namely Izmphocyte functlon assou%telg alr:1)t|gen 1 (LSA 1), mtercellularpadch:esmn mltz)lft?cule %f(ICAM 1),
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acids on leukocyte function. Braz. J. Med. Biol. Res. 2000, 33, 1255-1268.
19t regRrd R peEbRas reraeabliya Moasivernisidcorl. [pag i Inestiglopble1efiesy, ai3iggmyggmolar

concentrations it increases Ca?*-ATPase activity, while at higher concentrations it reduces ATPase act|V|ty This

14. Oliveira, V.H.; Nascimento, K.S.; rer M.M.; Moreira, O.C.; Scofano, H.M. i
may e du€ to an unspentlc and non- ¥sfo dgical |nh|b(|%ory effect on the hydrdlytic act%?ty OPP ‘typé ATPase.

P
A. Mechani fm ion of the plasmg membran 2+)-ATPas rachido
TPaS%Saé:t% 5]1 sup erd gr?)?h Smlo Srcritusat[n(?/o \96(} & 04%5 ot erefunt%tl%ng (i:na ec?etlon gn bgsgr&?ondat tlf(t:
| r n r
kldr?ecy evelosfttageapumpstar% l}lcﬁ:lk Mby protein C{<E|;nase C |nh|b|t0rs (141 AA increases membrane permeability to
1&ldfargavSaalso ey BraompApldiiesaaivdtioB 1Salcium signaling in platelets. J. Thromb. Haemost.

2009, 7, 1057-1066.
AA may act on ion channels by either blndlngihlto or inserting among the membrane molecules, thus modlfglng the
I\ﬂeves H. Arachldprﬂlca id and ion ¢ gnneols An u&date F)r J. P@rmacol 2008, 155, 4-1
mec anical properties of the cell membrane and modulating channel function
17. Hwang, S.W.; Cho, H.; Kwak, J.; Lee, S.Y.; Kang, C.J.; Jung, J.; Cho, S.; Min, K.H.; Suh, Y.G;
AARIER, IBs ét@l‘?@ﬁ%@%‘@li\?ﬁﬁ@fﬁ'dﬂ@@ﬁ@l@iﬁ%é@ﬁf@@ﬁ?’ﬁt@o@i&t%r Wliw@iﬁéﬁﬁgﬁi@ﬁa@@’éﬁ%ﬁn
par&ﬁﬁ%bi&lﬂﬁﬂ%ﬁﬁ@?ﬁiéé‘npl‘éﬁiaWQtreA@?ﬁﬂ cBeNNEISAZCD0INdTCiBg 482gatp@tion of large-conductance

voltage-independent channels. The two-pore domain potassium channels are inactivated by AA as weII in contrast
18. VVan der Yusse, G.J. Albumin as ﬁatt a}%fi ansporter, Drug Metab. Pharmacokine t]

to what usualy occurs with classical K'c e oc |ng rugs 287 Transient receptor potential ¢ annels TPR) are
msteag actlvated directly by AA and its lipoxygenase (LOX)-derived metabolites 8! (namely, 12- and 15-(S)-

hydroperoxyeicosatetraenoic acids, 5- and 15-(S)-hydroxyeicosatetraenoic acids, and leukotriene B,). LOX
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20. Nelson, G.J.; Schmidt, P.C.; Bartolini, G.; Kelley, D.S.; Kyle, D. The effect of dietary arachidonic
As !}Iconcerns membrane%wdlty, aEumln g the maﬁl %Xfy aCSId-bI dﬁ\ protein |en extrace u?ar %% havllng seven
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1997, 32, 421-425, . . . .
manner, by Iriteracting with membrane phospholipids on the extracellular surface; in particular, positively charged
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[19]
2‘%@81‘%@%%?}%'Is?%gtisctivation of platelet function through G protein-coupled receptors. Circ. Res.
2006, 99, 1293-1304.

le%iaslzrljggeﬂ!elgeﬁrgaqrggﬁgh rlgtica Q/r%rgn%%%!ggtl ngeraggregability state. Vet. Res.

ng:m%bs}%gg\legcérﬁgﬁg%%'related to platelet function are thromboxane and prostacyclin, both metabolites

20f AP A iavripaaetVfromaiatales menmsrpa gy Rosehaianss, A (Ridiardrie dyaArolzias fiedkndbetween

the Fegeamnd, @ty maidadeBhProIRISa RN 68w rabiesia imgpeRa Fyperieriedtéhlenikencimeiabeiigied by
cyc@ggggasg7§%,_g¢g@{ating prostaglandin G,, and thereafter prostaglandin H,. Afterwards, two different
pathways can take place: the first one, within the platelets, leads to the synthesis of thromboxane A, (TXA,) and

25. Colucci, M.; Carsetti, R.; Cascioli, S.; Serafinelli, J.; Emma, F.; Vivarelli, M, B cell phenotype i
subseguentfy B, (TXB,); the second one, Wlth% the enc!othehaEl cerWs, leads to the synthesis of%rostacellgln JPDGIZ)
.pe

EdES iéa)tric idiopathic nephrotic syndrome. Pediatr. Nephrol. 2019, 34, 177-181.

26. Chebotareva, N.; Bobkova, I.; Lysenko, L. T regulatory cells in renal tissue of patients with
nephrotic syndrome. Pediatr. Int. 2020, 62, 884—885.

27. Chambers, E.T.; Gbadegesin, R.A. AReiERideMieaéiee!ls: Biomarker or pathogenic factor in
childhood nephrotic syndrome? Kidney Int. 20fl9, 96, 818-820.
PLA2

28. Guimaraes, F.T.L.; Melo, G.E.B.A.; Qardelhdddmic &eidcin, V.; Vieira, E.R.; Pereira, W.F,;
Pinheiro, |S.\.B.; Miranda, A.S.; Simées-E-Sil\ja, Bo1 T-lymphocyte-expressing inflammatory
cytokines underlie persistence of proteinuria i cﬁﬁﬁ?en with idiopathic nephrotic syndrome. J.
Pediatr. 2018, 94, 546-553.

29. Alsharidah, A.S.; Alzogaibi, M.A.; Bayoumy, ! MEFEghonaim, M. Neutrophil chemokines levels in
different stages of nephrotic syndrome. SaudilJméney Dis. Transplant. 2017, 28, 1256-1263.

30. Calder, P/C. The relatiog@mip be Eﬁlhiﬂ‘lehd composition of immune cells and their

function. . Essent. Fat. Acids 2068, 79, 101-108-
31. Triggiani,|M.; ., MarareGi2. !lochemical functions of a

pool of arachi W ALER s Th humag nflammafory cefls. Int. Arch.
Allergy Immunol. 1%6&5507, 261-263

32. Wei, J.; Gronert, K. Eicosanoid and sp®#%&fA @M reresolving mediator regulation of lymphoid
cells. Trends Biochem. Sci. 2019, 44, 214-225. "
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phdkbh@®asi.A, (PLA,) and subsequently metabolized by COX1 and COX2 to obtain prostaglandin G, (PGG,)

3%?%{7'&;%59??)Fu, X.; Chen, Q.; Part, J.K.; Wang, D.; Wang, Z.; Gai, Z. Arachidonic acid metabolism

nd ki inflammation, Int. J. Mo]. Sci. 2019, 20, . L -
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36. Smith, W(J_ The ?icosanoi s?nq their biochemica mech%nis s of a%tion Biochem, J, 1989, 259,
er 'incidence of increased platelet aggregation and thromboembolism has been reported in nephrotic

A hi
3%.5—324. . . . - .
syndrome, in relation to consistently elevated levels of fibrinogen. Moreover, both hyperlipidemia and

3ypoatpeibkiia Brudkinendvehiletrensit Alhtiegs bf, Kepluséc RyRdostag|andéade2tatondoxglan ceaidoilie),
thrangighite ipriwiictionadfdiessityretiesdtrerapeutie ehancalsof XA, Bidthiers Géll Biel. SQL0,Meb8Bm

und2@¥ing this process is still unknown, but it probably involves an increase in PLA, activity, related to the
lly hi holesterol s (241 T f hidoni id, which is,t f th b
9 O IGee R e Smpall S B SHABTIS BR 1R O ATk SRS ErS Sh Aty ARACKARhvaY Pe
idered. ial pl in th telet-relat lati g .
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Qf.io?ﬁr“ IRnl_u ngg %F Pé?staglandin E2 and cAMP inhibit B lymphocyte activation and
sfmultaneougy pror¥ote?g and IgG1 synthesis. J. Immunol. 1992, 149, 2984-2991.
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4incr\(?ase in mt?\pln”o&yg cells inKIN%@..Moreovek/lother. studice:s s\R/leizg—:‘d a delcheagi_ehof Trleg cfells 28] dysregulation
._Yang,J-,, ViaKkl-Fetaja, K., eriyan, J.; niery, G inson, I.o. e role o . A
0 T-cer?lg [ﬁ] lower Ieveﬁsjof NK ang NIXT ceIIJs, angli:'ncre sed [evels 0 ?nf&mmatory markers during grotelnurla [28]

epoxyeicosatriengic acids in the cardiovascular system. Br. J. Clin. Pharmacol. 2015, 80, 28—44
29], ‘H1e¥e studies confirm & that {hehmmune system plays a plr\Potz!iQf rofe In non-genetic INS an spec?flca y in the

dds$-aiintge Qarishelnr tadier\Waaipny hwdamngtiby\WeRdlenohaytgghienss s gpmoggesase-dependent
arachidonic acid metabolites in kidney physiology and diseases. Sheng Li Xue Bao 2018, 70,
In imguosgells, like lymphocytes, neutrophils, and monocytes, AA constitutes about 20% of total fatty acids, while

EPA and DHA constitute 1% and 2.5%, respectively B9, It was reported that oral administration of omega-3 fatty

43. Wang, D.; DuBois, R.N. Epoxyeicosatrienoic acids: A double-edged sword in cardiovascular .
aclas cranges tHe pa’[tern OFpI’O(}IUCt(I:OH O¥ elcosanolgs, by cl)ncreas(?n resons pI’OdUCcf{IOI’], ﬁws affectlng

diseases and cancer, J. Clﬁ)n Investig. 2012, 122, 19—

phagocytosis, T-cell signaling, and antigen~presentation ’capat%%t'y. These effects seem to be mediated at the
ddvefleraniaggveNBScular cytochrome p450 enzymes: Physiology and pathophysiology. Trends

Cardiovasc. Med. 2008, 18, 20-25.

The distribution of AA within intracellular lipid pools in inflammatory cells has an important role in regulating

45. Kim, J.; Yoon, S.P.; Toews, M.L.; Imig, J.D.; Hwang, S.H.. Hammock, B,D.; Padanilam, B.J.. .
3cosan0|’2is procpucﬁon. In fact, 'a pool of g\A was | entﬁllgd wmwln the mglycer%es of mast cells, eosinophils,

Pharmacological inhihition of soluble epoxide hydrolase prevents renal interstitial fibrogenesis in
monocytes, and aatgﬁets%. P y b 9

obstructive nephropathy. Am. J. Physiol. Ren. Physiol. 2015, 308, F131-F139.

ANPRAIGTIITMatREFRbEiRB ISt GHdb R el oRigastydFerasBaIRbER IR PARBRIRI Rty étfo theasdlorad duarially

inceReaassinfedntReR/ UG aherie 0elygomyppggBembrane phospholipids again after cell activation has
ended (2,
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2) anicpovsibels: Adesosinssactivated and cytochrome P450 monooxygenase-derived arachidonate

metabolites. Pharmacol. Rep. 2005, 57, 191-195.
Table 2. Effects of AA metabolites on immune cells B8; AA metabolites affect immune cells in various ways,

48. é/ViIIiamsH J.M.; Sharma, M.; Anla#'ahh, S.; Falck, J.R.; Roman, R.J. Role of endogenous CYP45
modu thei dinl t

ating mmune response an

ammaton.

metabolites of arachidonic acid in maintaining the glomerular protein permeability barrier. Am. J.

Cell Type AA Metabolite Effect
4 Basophil PGD, Stimulates basophil chemotaxis ology. J.
Stimulates eosinophil chemotaxis
[~ . . . . . P
9 Eosinophil PGD, Blocks eosinophil apoptosis » Py
|
Activates eosinophils
Naive t cell TXA, Inhibits proliferation of naive T cells
£ ulates
B-cell PGE, Enhances IgE class switching by B cells
5 LTB, Stimulates DC production of IL-6 Front.
Participates in cell migration
o LTCq4 s)-
1 Enhances cells activation and functions
)00,
PGD, Inhibits cells migration
E Stimulates IL-10 production
Dendritic cell Modulates cell migration ‘get.
PGE, Downregulates major histocompatibility complex C class Il expression
[~
Inhibits IL-12 and IFN-& production
1anges
Inhibits the expression of CCL3/CCL4
£ PGJ, Induces apoptosis vildren
TXA, Inhibits interaction with T cell
< . . short-
PGE, Promotes the migration and maturation of Langerhans cells
Langerhans cell
PGD, Inhibits cells migration .
£ Tomsic,
Lymphocyte PGE, Inhibits interactions with endothelial cell | PLA2
Macrophage PGE, Suppresses cytokine production atl.

IV ITTLIVVUY.

59.Yiu, S.S.; Zhao, X.; Inscho, E.W.; Imig, J.D. 12-Hydroxyeicosatetraenoic acid participates in
angiotensin Il afferent arteriolar vasoconstriction by activating L-type calcium channels. J. Lipid
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Cell Type AA Metabolite Effect
L Suppresses chemokine expression
€ Olivier, J.L..: B
regulaton of | PGJ, Inhibits release of IL-10 and IL-12 188,
Mast cell PGE, Enhances antigen-stimulated degranulation
€ Neutrophil LTB, Activates cells matory
cid
NK cell PGE, Inhibits IL-12 and IFN-& production )53
€ LTB, Enhances cell recruitment ne
PGE, Inhibits cell proliferation 84,

Inhibits interactions with dendritic cells

€ T cell Juced
Regulates the elimination of self-reactive cells

TXA2 Cell
Increases cell proliferation and activation
€ Enhances local cytotoxic cell function 'IB
. . 014, 4,
Th2 PGD, Stimulates chemotaxis

65. Djudjaj, S.; Boor, P. Cellular and molecular mechanisms of kidney fibrosis. Mol. Asp. Med. 2019,

Re&édﬂ@'BofFNK, and T cells, the main AA metabolites involved are PGE,, LTB,4, and TXA,.

66. Duffield, J.S. Cellular and molecular mechanisms in kidney fibrosis. J. Clin. Investig. 2014, 124,
PGEQéﬁgp_@gts%ed by nearly all cells within the body 8. Secreted PGE, acts in an autocrine or paracrine manner

through its four cognate G protein-coupled receptors EP1 to EP4 BZ. [t inhibits T-cell and NK-cell proliferation, as
QZeIP&@“‘E@\%F]MH%ﬁm&&dn@ymm&rﬁmlgu%@?@t@ﬁ\grp @ %J&EJZVQE% ’ﬁ{i’\%ksaélgell activation

se BRI CAGIRIRAYATY LYRERE AR NP IPLANSIED G UG Jrocsafgiasells. J. Nephrol.
2009, 22, 137-143.

o8B RISSRRIRIR TSR B BRGSO VRIRGRAYRSIANA 99 URIRA1RS GHBRR-SERRESRoR) DAMARAYR PR~
cony R FRAANERHIRAR T, SROYER TSy o RS 2624 A3, Treg generation and increases

interleukin-17 (IL-17) cytokine production during T-cell differentiation. LTB, also regulates the migration of various

O9rmpRG A% v B OF Yy Tl diter@nt WS ihat VARG epedcl bn HODMUEHNY) tRIGR 0kdi20-HETE in
hypertension and renal end organ damage. Eur. J. Pharmacol. 2018, 833, 190-200.

70 n @RS REASA OUAMDMRIRRIRR NETRES AR A7 R Redlifaraior AT e Al eiRsinan, TALe T

YmRRfGTSH bt A A& ERIRGER Y B GiTE RS o 8 rRIAHEARIAB P AP LyRtRR, and has

beelHinnnie %%Mﬁ]%%ﬁé%%ﬁ%‘ﬂ%ﬁBfé'ﬂ%ﬂfmmaegﬁ%theliaI dysfunction. Arterioscler.

Thromb. Vasc. Biol. 2012, 32, 1917-1924. N
Moreover, eosinophils, mast cells, macrophages, dendritic cells, and Th2 lymphocytes have surface membrane

TecEatakyonarathidoamaativkt metabolithtanaggnianiaNio Mdrsinahom B, Algayiai, Iukotrienes D, and E,,
andMokaiag B2l aundys Mdidggparesh KeeARpienidal $0lR0h haisariniangistensin-aldosterone
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Oth%ﬁ%r%’ﬂ&s‘,’.ﬁm‘?ﬁ‘. R)i%l.irég}.eﬁﬂg, it&gj%%ggdevelopment for kidney diseases like diabetic nephropathy,
glomerulonephritis, and idiopathic membranous nephropathy 241,

73. Lausada, N.; de Gbmez Dumm, I.N.; Raimondi, J.C.; de Alaniz, M.J. Effect of cyclosporine and
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It has been shown that sustained production of 20-HETE in the tglomerulus is required to maintain the glomerular
80. Mazzocchi, A.; Agostoni, G Long-Chain w-3 Polyunsafurated Fatty Acids: Do Genetic Steps

permeabilitK/Ibarrier to albumin 28\, It isstill unclear which cell %pes in the glomerulus express the CYP enzymes
Match Metabolic Needs? J. Nutr. 2019, 149, 1690-1691. _ N
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desaturases. Annu. Rev. Nutr. 2004, 24, 345-376. _ _ _
20-HETE is also involved in podocyte apoptosis, by regulating the canonical transient receptor potential-6 (TRPC6)
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M.J.; Schmitz, G.; Hicks, A.A.; et al. Genetic adaptation of fatty acid metabolism: A human specific
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In?ecﬁons acm/atepﬁwe {Pn%un% system, tHg&lerfng I%ehln}'lvammatory cascade. It was recently reported that during

inflammation two enzymes are induced: 15-lipoxygenase (15-LO) and secreted phospholipase A, (sPLA,) (38,
Notably, 15-LO is expressed in human podocytes B2 while sPLA, is expressed in platelets, neutrophils,
eosinophils, and macrophages 89, sPLA2 releases AA from membrane phospholipids BB acting in a paracrine

way.

In glomerular podocytes, intracellular free AA is metabolized to PGE,, which, by interacting with the EP 4 receptor
(prostaglandin E, receptor 4) expressed by podocytes, reduces AA release 2. This loop regulates podocyte

function in both physiological and pathological conditions and is able to change PGE, synthesis [62],

As described above, during the course of an infection, intracellular AA levels increase due to the action of sPLA, It
was reported that in podocytes, an excess of AA activates protein kinase A, which in turn promotes c-Abl activation
and nephrin phosphorylation, thus causing actin cytoskeleton remodeling and podocyte injury ©3l. This mechanism
could partially explain the frequent recurrence of proteinuria during infectious episodes in children. Moreover, an
increase in sPLA, 1B levels and PLA,R expression has been observed to be positively associated to podocyte

apoptosis in kidneys of patients with idiopathic membranous nephropathy 64!,

Podocyte foot process injury and podocyte apoptosis due to cytoskeleton remodeling were also attributed to a
change of Ca?* efflux B4, driven by 20-HETE, the main AA metabolite. It has also been observed that 20-HETE
increases the current Ca2* flowing through TRPC6 channels in the podocyte B which are located at the slit

diaphragm, possibly leading to cellular injury.

| 7. Renal Fibrosis

Renal fibrosis is a process that progresses independently of the primary renal disease 83 and represents a failed

wound-healing process of the kidney tissue. Renal biopsies of patients with steroid-resistant nephrotic syndrome
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often show glomerulosclerosis and interstitial fibrosis, which are associated with progression to end-stage kidney
disease in more than 50% of cases 83, a poor prognosis that heightens the necessity of increasing our knowledge

of the mechanisms underlying fibrosis.

Renal fibrosis is characterized by connective tissue deposition in the kidney parenchyma, particularly in the
interstitial space and within the walls of glomerular capillaries, and by the consequent cellular processes. Fibrosis

also interferes with normal tubular function, leading progressively to organ failure 631681,

The scar tissue contains fibrillar collagen | and 1ll as well as some constituents of the normal capillary basement

membrane, like collagen IV and V, fibronectin, laminin, perlecan, and heparin 58,

Fibrosis is associated with leukocyte recruitment, angiogenesis, vascular leak, and the appearance of
myofibroblasts. In particular, both the glomerulus and the interstitium attract large numbers of leukocytes, the
majority of which are of myeloid lineage, and mostly neutrophiles in acute settings, whereas macrophages and
dendritic cells predominate in chronic settings. In the case of chronic immune-mediated diseases, T lymphocytes

are predominant [68],

Activated macrophages may either damage the tissue directly or generate profibrotic cytokines, including TGF-3
and other growth factors, and are capable of producing some matrix constituents. It is therefore evident that fibrosis

and renal inflammation, primarily driven by immune system activation, are closely related.

Beyond its role in immune function regulation, AA is also directly related to fibrosis. In vitro experiments of cell
cultures incubated with PUFAs showed that AA is able to induce upregulation of the expression of TGF-[3,
fibronectin 1 (FN1), connective tissue growth factor (CTGF), and collagen 1V, all compounds related to fibrosis 7.
AA also enhances in vitro angiotensin 1l (Angll)-induced gene expression &7, activating mechanisms that mediate
renal damage. Interestingly, omega-3 EPA and DHA, if administered with AA, suppress the effects of both AA and
Angll 7 On the other side, angiotensin Il is degraded to form angiotensin-(1-7), which inhibits angiotensin II-
stimulated phosphorylation of the mitogen-activated protein kinases (MAPKs) p38, extracellular signal-related
kinase (ERK1/ERK2), and C-JUN N-terminal kinase (JNK) in proximal tubular cells, thus exerting a protective role
against fibrosis. As a matter of fact, the p38 MAPK phosphorylation leads to the release of AA and the production of

TGF-B 1 and extracellular matrix proteins (8],

20-HETE, an AA metabolite, also plays a distinct role in fibrogenesis, by activating the renin-angiotensin-
aldosterone system (RAAS), by inducing vascular expression of ACE downstream of NF-kB activation B9, |t s
well known that the RAAS is involved in renal fibrosis (21l because it increases TGF- expression, which starts a

biomolecular cascade driving to renal fibrosis.

On the contrary, PGE,, another AA metabolite, has been shown to inhibit collagen type 1 production and to induce

matrix metalloproteinase 1 (MMP1) expression in dermal fibroblasts 2 by binding to the EP-1 receptor on
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fibroblasts, starting a pathway-regulated ERK1/2 and IP3 signaling that leads to a reduction in collagen expression

and an increase in MMP1 expression 72,

| 8. Drug and Gene Interactions

Idiopathic nephrotic syndrome is usually treated with glucocorticoids or with immunosuppressive drugs, particularly
calcineurine inhibitors (CNI), such as cyclosporine A (CsA) and tacrolimus (Fk). CNIs are metabolized mainly by
cytochrome P450, encoded by the CYP gene cluster. As seen above, the CYP gene is also involved in AA

metabolism, but in the literature, there are no reports of enzymatic competition between these drugs and AA.

With regard to the relationship between CNI and AA blood levels, an in vitro study reported that CsA decreases the
activity of Delta 9 desaturase and increases the activity of Delta 6 and Delta 5 desaturases 2! through unknown
mechanisms. However, as Delta 5 desaturase is involved in the last step of AA biosynthesis 2], CsA therapy could

increase AA blood level of patients with INS.

On the same line, it has been suggested that CsA mostly increased the availability of free AA instead of decreasing
AA blood levels through the acceleration of AA conversion by the cyclooxygenase pathway 4, but a further in vitro
study concluded that CsA had no effect on AA release and metabolism 2], This result was confirmed more recently

in a study of CsA and glucocorticosteroids in human peripheral blood mononuclear cells Z8],

With regard to the role of AA metabolism in determining CNI side effects, it is well known that CsA treatment may
cause gingival overgrowth, which depends on PGE, production in gingival fibroblasts. In fact, CsA potentiates TNF-
o to stimulate the release of AA from fibroblasts, with consequent enhanced production of PGE, and gingival

overgrowth 2. There are no studies reporting the same effect in other tissues.

The nephrotoxicity of CsA is well established, and Fk administration is associated with the same side effect, which
has been linked to CYP2C8*3 and CYP2C8*4 polymorphisms and a consequent reduction of EETs: it was
observed that a circulating Fk plasma concentration of 10 ng/mL is able to reduce the production of eicosanoids by
35%. It follows that CNIs-induced nephrotoxicity could be due to a reduced activity of CYP2C8*3, which reduces

the production of EETs, enhancing drug nephrotoxicity [Z8,

Pre-treatment with Fk is also known to enhance glucocorticoids to inhibit AA and PGE, production 2! by inhibiting
COX2 expression, but the co-administration of Fk and glucocorticoids does not inhibit COX2 expression, allowing

for normal PGE, production 2,

| 9. Dietary Balance Between AA and LA and AA Sources

AA, which belongs to the omega-6 series, and docosahexaenoic acid (DHA), which belongs to the omega-3 series,
are the most important byproducts of essential fatty acids linoleic and a-linolenic acid, and their imbalance has

been associated with inflammatory and chronic disorders 9,
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While LA and AA are mostly known as inflammatory molecules, operating within an interdependent network through
their metabolites 89, AA metabolites also have anti-inflammatory and protective roles, while LA metabolites affect

immune function by binding cellular receptors and altering signaling molecules [£11,

AA and DHA levels depend on both to genetic predisposition and diet intake. Blood AA levels, as shown in Figure
1, can be modulated through dietary habits, taking into account that there is a marked difference between the
amount of AA supplied with the diet and the amount synthesized by human metabolic pathways. In the latter case,
the main rate-limiting enzymes are the A5- and A6-desaturases, which are encoded by the genes FADS1 and
FADS2, and different polymorphisms in the fatty acid desaturases genes might even increase or decrease the
production of these LC-PUFAs [82. As a matter of fact, looking at the frequencies of the 28 SNPs in the FADS

haplotypes, their distribution in the 3 main haplotypes is evident over the world 831,

Unlike other fatty acids, omega-3 and omega-6 precursors (LA and linolenic acid, respectively) cannot be
synthesized de novo by mammals (they are essential dietary compounds indeed), so the relative abundance of

these PUFAs in the diet has a major influence in humans.

LA is the most represented omega-6 PUFA in most western diets, and is widely distributed in foods: it represents
more than 50% of the lipid content in various vegetable oils, including safflower, sunflower, corn, and soybean oils;
it is present in high amounts in nuts and seeds, while lower levels are found in whole grains, legumes, some
meats, eggs, and dairy products B4, Notably, it was recently reported that a strong reduction in dietary intake of LA

was not associated with a linear decrease in circulating AA levels 85,

The AA state depends on the endogenous synthesis from the essential precursor LA, undergoing desaturation and
elongation, and the direct dietary intake €. Since LA to AA conversion efficiency is low in humans, AA intake

through the diet appears to be significantly more effective in raising its circulating levels.
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