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ABSTRACT

Many texts on sickle cell disease (SCD) usually highlight on its patho-
physiological features, and the clinical correlates, turning ablind eye, asit
were, to the enzymatic actions behind these features. Even when authors
touch on the enzymes, they are done in a piece-meal manner. This review
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looks at the various studies on sickle cell disease, in which the actions of
enzymes underlying the SCD condition have been considered. The search
engine used isHINARI, that allows free access (particularly to researchers
like some of usin the developing countries) to some top biochemical and

medical journals.

INTRODUCTION

Thegamut of enzymescovered

The review begins on the premise that a person
with sickling hemogl obinopathy is proneto oxidant
stress. Therearephysiologically, prooxidant and anti-
oxidant processes, which should bein adelicate bal-
ance. Particularly, thevariousenzymatic reactions serv-
ing elther as prooxidantsor antioxidantsarereviewed,
together with other rel ated processes.

SCD isbasically aproblem of thehemoglobin pig-
ment contained inthered cell. Thoughthered cell is
of tiny size, becauseit carries oxygen, the most es-
sential moleculerequired by mammalsto sustainlife,
itsfunctionisindispensable. The servicesof thered
cellsarerequired by al living tissues of man. In SCD
persons, their red cells contain amutant HbS instead
of thewild-type HbA.
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The shape of thered cell isdependent on theright
compartmentalisation of the haemogl obin molecules
withinthered cdll, vis-a-vis the other cellular contents,
including thecytoskeleton and cell membranelipid bi-
layer. Foritsoptima functioning, thered cdl metabolises
glucoseto provideenergy and reducing equivalents.
However, thecomposition of thered cell itself (unsat-
urated fatty acidsinitsmembrane, presenceof iron|l,
atrangtion meta ion, itstransport of oxygen), makesit
ligbleto prooxidant skirmishes. Thisisworsenedinan
SCD person with the mutant HbS, characterized by
ingtability and insol ubility, compared to HbA.

Superoxideanion, produced from theunstable HbS,
through the action of superoxidedismutaseformshy-
drogen peroxide and oxygen. Thenfollowstheaction
of other enzymes; catal ase, glutathione peroxidase, glu-
tathi one reductase and the rol e of the hexose mono-
phosphate shunt, through the action of glucose-6—phos-
phate dehydrogenaseto make available NADPH asa
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cofactor for glutathionereductasefor regenerating re-
duced glutathionefrom the oxidized form. Theuse of
two sequentiad enzymes, y-glutamylcysteine synthetase
andy-glutamylcysteinylglycine synthetase or glutathione
ligasefor the de novo synthesis of the Glutathioneis
asofestured.

By theformation of irreversibly sickled cdllsthrough
oxidation and dehydration, somedensered cellsare
formed, with disturbed asymmetry of thered cdll phos-
pholipid membrane, externdizing phosphotidylserineon
the outer monolayer. Thedisruptioninthe membrane
asymmetry is linked to a disordered action of three
membrand trand ocase enzymes, theflippase, floppase
and scramblase.

Thesickling of red cellsleadsto prematureintra-
vascular breakdown of red cells. The
decompartmentalised hemoglobin or the cell-free he-
moglobin, ispotentialy vasulotoxic, if not carried tothe
reticul oendothelial system, especialy the spleento be
broken down. The hemeis split off from the globin,
giving off ironand carbon monoxide. Theroleof heme
oxygenasein breaking down hemeto biliverdin, which
inturn, getsreduced by the action of biliverdin reduc-
taseto unconjugated bilirubinismentioned. Theydlow
pigment, bilirubiniswater—insoluble, has to form wa-
ter—soluble conjugate in the liver through the action of
UDP glucuronosyltransferase, which shows polymor-
phismsin both the coding and non—coding regions of
thegene.

On one hand, Nitric oxide synthase (NOS) is
looked at asit producesnitric oxide, which exertssome
sd utary effectson theendotheliumand platelets, but on
the other hand, wea so look at theinimical effectsdue
totheinactivation of NO by cell-free hemoglobin from
hemolyssasit causesendothdid dysfunctionand stimu-
lating the expression of adhesivemolecules. How the
freeradical gaseousNO exertsitsactionviathesoluble
guanylatecyclasetoreducetheintrace lular calciumion
concentration, asameans of modul ating vasomotor
tone, is briefly considered. Next, how phosphodi-
esterasesreducethelevelsof cyclic nucleotidesisfea
tured. Another off—shoot of hemolysis is the release of
arginasefrom red cellsto depletethelevelsof L-Argi-
nine, the same substrate for NOS. The possibility of
NO, throughitshinding to the porphyrin-like corrin of
methioninesynthaseto causetheaccumul ation of asym-
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metricdimethyl arginine(ADMA), acompstitiveinhibi-
tor of arginineto NOS s brought on board. Other en-
zymes producing ROS are xanthine oxidase,
cyclooxygenase, lipooxygenase and NADPH oxidase.
Also not | eft out are the phospholipases; phospholi-
paseA, and secretory phospholipase. Theroleof the
respiratory burst NADPH oxidase, augmented by
myel operoxidase of polymorphonuclear leucocytesis
aso covered. Thusit appearstheclinicd conditionof a
SCD patient could be a symphony or cacophony of
enzymatic actionsin the steady state or crises.

Clinical corrdatesof thesickling pathophysiology

Sicklecdll diseaseissaid to bethefirst molecular
disease to have been discovered dueto the efforts of
Pauling et a 1Y who used thetechni que of moving bound-
ary dectrophoresisto unravel themutationin hemoglo-
bin, theconjugated protein involved in thetransport of
oxygeninvertebrates.

The o—globin is made up of 141 amino acid resi-
dues, whilethe p—globin, 146 residues. In a normal he-
moglobin designated asHbA (a.B,), thesixth position
of the B—globin chain is occupied by glutamic acid, a
dicarboxylic amino acid. Themutation givingriseto
SCD occursin the -chain, giving rise to f(found in
HDbS), inwhichthesixth amino acidisvaline, ahydro-
phobicaminoacid.

Itisthissingleand smpledifferencein the geno-
typeof SCD patientsthat are responsiblefor the defi-
ciency inthefunction of HbS, as compared to HbA.
The changefrom acharged to aneutral, hydrophobic
amino acid createsasticky patch on themolecular sur-
facethat causes aggregetion upon deoxygenation,’ seen
as polymerization of the deoxy HbSintoage .

Themain pathophysiologicd festureof SCD isthat
the polymerization of the deoxygenated HbSleadsto
erythrocyterigidity, distortion, membranedamageand
hemolysis.*® Itisthecyclesof erythrocytessickling
which causethecellsto becomefragilefor lysisto oc-
cur reducing the RBC life span from thenormal 120
days to about 10 days producing chronic hemolytic
anemial®

The polymerized deoxyHbSrendersthered cells
non—deformable to traverse the small capillaries. As a
consequence, sicklecdl patients suffer repeated vaso-
occlusiveeventscharacterized by ischemia-reperfusion
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injury and inflammation.l”® Thesechronic vascular in-
sultslead to numerous end—organ complications such
asvascular necrogisof bones, retind infarctions, stroke,
acute chest syndrome, pulmonary hypertension, splenic
infarction, kidney failureand skin ulceration.® Diggs
and Ching,® in (1934), werethefirst to propose the
link between pol ymerization vaso—occlusion and the
clinica manifestationsof SCD. Their hypothesisem-
phasizedtheroleof irreversibly sckled cdlsininitiating
stasis, hypoxemiaand vaso-occlusion.

The pathophysiology of sickling hasbeenlinkedto
theinsolubility andinstability of HbS, leadingtothede-
hydration and adhesivity of red cellscontaining thishe-
moglobin variant. However, it can beinferred that the
insolubility of HoS, culminatinginthedehydration, Sck-
ling and adhesivity of red cellsare the consequences of
theinstability of HbS. Thevaso—occlusive events are
now seen to be attributabl e to the oxidant stress an
SCD patient facesdueto theinstability of HbS* Eryth-
rocytesof SCD patientsare ableto produce morere-
active oxygen and nitrogen speciesthan normal eryth-
rocytes.

SCD as an oxidant stress condition: Role of su-
per oxide dismutase, per oxidase, catalaseand al-
lied enzymes

Aspart of the physiologica processesof thebodly,
some oxidants are produced. However, because high
levelsof such oxidants could be del eteriousto thebody,
the body has also evolved asystem to neutralize the
excessive levels of the oxidants that are produced.
Wherethe capacity of thebody isoverwhemedin han-
dling the oxidants produced, thenthe body issaid to be
under oxidative or oxidant stress, or the antioxidant
capacity issad to have beenlowered. The antioxidant
capacity of thebody isenabled by the presence of en-
dogenoudly daborated enzymesand other compounds
(e.g.uricacid, biliverdin, bilirubin, etc.), supplemented
by someexogenoudy-supplied compounds.*!

Oxidative stress can damage specific molecular tar-
getslikelipids, proteinsand nucleic acids, resultingin
cdll dysfunction and/or death.*** Theaccd erated pro-
duction of ROSwill affect the cellular redox state, and
increasetherisk of oxidative damage of proteinsand
lipids.2 Compared with personswith normal hemo-
globin, SCD patients havethe grester propensity to di-
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rectly generate reactive oxygen species'?*® and/or
stimulatesuch generation from endothdlia cdls*¥ SCD
erythrocytes produce more reactive oxygen species
(ROS), including superoxide, hydrogen peroxideand
hydroxyl radical s.*2*8 However, the SCD patient has
animpaired antioxidant defence.[*®!

Theabnormal rheological propertiesresulting from
the polymerized HbS,™® may a so serveasastimulus
to the endotheliumto produce oxidants. Unsuprisingly,
sicklered blood cellsat basdline, exhibit increased lev-
elsof thiobarbituric-reactive substances (TBARS).[*)
Intheerythrocyte, deoxygenation of hemoglobinisac-
companied by theformation of superoxide, O, Such
areaction occursto asmall extent in normal erythro-
cyte, but HbSisauto-oxidized at 1.7 times the rate of
HbA, accounting for the greater generation of super-
oxidein SCD erythrocytes.'2

Despitethereduced affinity of HbSfor oxygenin
comparisonto HbA, thetwo areableto reversibly bind
with oxygen to become oxygenated. Itisparticularly
under hypoxic conditionsthat the differencesbetween
thetwo formsbecome evident. Intheprocess of deoxy-
genation, theorigind ironll isoxidizedtoiron|ll which
forms methemoglobin, and thelost eectronfromiron
(11 picked up by oxygen moleculeto form the super-
oxide.” Asafreeradicd, superoxideisvery reactive.
Furthermore, in methemoglobin, the bond betweeniron
and the heme becomes weakened to facilitatethere-
lease of ironand heme, aspart of the oxidative damage
of hemoglobinthat will lead toitsdenaturation and pre-
cipitation to form hemichromes of ROS.”?! The
hemichromes, which areinsoluble, aggregateto form
Heinz bodies.?? The Heinz bodies, which adhereto
theblood cell membrane, may themsalves cause dam-
ageto the membrane.?? Another cause of oxidative
stressin SCD isthe high level of freeironand iron-
contai ning compounds such ashemin and hemoglobin
intheblood of patients, resulting from hemolysisand
blood transfusions.@

Onthe other hand, after theformation of the super-
oxide, it could dismutate enzymaticaly through super-
oxidedismutase (SOD), to produce hydrogen perox-
ide and oxygen. Being another ROS, H,O, hasto be
eliminated asit can contributeto the oxidative stress.
Thisiswhere catal ase comesin to break down the hy-
drogen peroxideto water and oxygen. Another means
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of handling H,O, isthrough the use of theenzyme glu-
tathione peroxidase (GSHPX). In the presence of the
tripeptide, reduced glutathione (GSH), hydrogen per-
oxideisbrokendownto water per thefollowing equa
tion:
H,0,+2GSH —>H,0+GSSG
where GSSGisthe oxidized form of glutathione.
Similarly, lipid peroxides (intermediates formed
when ROS react with unsaturated fatty acids, for ex-
ample, asfound in erythrocytes membrane) are also
acted upon by GSHPx as part of the protective mecha
nism. Compared with HbA red cells, HbSred cells
have been reported to generate 2 fold greater extents
of H,0,, hydroxyl radical (OH) and lipid oxidation
products (LOOH, LOO), with gregtly diminished GSH
levels®
TheOxidation of GSH totheoxidized form,® leads
to adecreaseinthelevel of GSH inacell. Torestore
theintracellular level of GSH, another enzyme, GSH
reductase, catalysesthe reduction of the glutathione
disulphide (or oxidized glutathione),inaNADPH—de-
pendent reaction. What ensures a constant supply of
NADPH, avery important reducing equivaentinthe
erythrocyteistheefficient operation of glucose-6-phos-
phate dehydrogenase, theratelimiting enzymeof the
pentose phosphate pathway; the enzymethat catalyses
the oxidation of glucose-6—phosphate to 6—
phosphogluconatein aNA DP*-dependent reaction.
GSH plays an important role in the protection
against oxidant damage asit can be oxidized directly
by ROS, and serves asan el ectron donor for GSPHX,
which reduceslipid peroxides.* Thus, themajor en-
zymesinvolved in the ROS defence mechanism are
GSHPX, catal ase and superoxide dismutase. GSHPx
islinked to the balance between GSSG and GSH.[#
Through theinteraction with GSHPx, GSH can neu-
trdizehydroxyl radica sand detoxify the peroxides.
There can a so be the de novo synthesis of GSH
from its constituents amino acidsin atwo-step reac-
tion. theratelimiting step isthe use of they-carboxyl
group of glutamic acid to form ay-peptide bond with
theamino group of cysteine (an unusud typeof peptide
bond) to form adipeptide, y-glutamylcysteine. In the
second step, thethird amino acid, glycinereacts. These
two reactions, both ATP-dependent, are catal ysed by
cytosolicenzymes, glutamylcysteinesynthetaseand glu-
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tathione synthetase, respectively.” However, the use
of thisde novo synthesisof GSH, in energy termsis
very expensive, hence the dependence on thereduc-
tive pathway.’®

If theanti oxidant defence mechanismisinadequate,
the RBCisparticularly susceptibleto oxidant damage™
Thethreemain conditionsthat favor freeradica forma-
tion arearich supply of oxygen, the presence of atran-
stion metd catalyst, and ahigh degree of unsaturation
inthelipid substrate.® Human erythrocytes meet all
three requirementsand hence are very susceptibleto
oxidative/peroxidativedamage. Much of their metabolic
activity isgeared toward reductive processesthat com-
bat thethreat of oxidation. If thesereductive processes
aredeficient or overwhel med, oxidative damageto cel-
lular congtituents occur, leading to hemolysis*2

Dasand Nair® have shown decreased levels of
superoxide dismutase and catal asein erythrocytes of
SCD patients, implying that thereisincreased availabil-
ity of superoxide and hydrogen peroxidein these pa
tients.[® It has further been demonstrated by
Hammerman et al ¥ that exposureof endothdlid cdls
to plasmafrom patientswith acute chest syndromere-
sultsin the decreased activity of the antioxidant glu-
tathione reductase systemin vitro, favouring thefor-
mation of peroxynitrite(ONOQO) fromnitricoxide(NO)
and superoxide.

Wetterstroem et d . also showed |owered GSH
levelsin SCD patients. Thelowered erythrocyte GSH
in SCD isnot dueto reduced substrate availability or
decreased synthesis, but rather increased consump-
tion™ Thedepletion of cdlular GSH, puttingthecdll in
doublejeopardy for oxidative damageto protein and
lipid components,*® isakey factor accounting for the
formation of dense RBCsthat contributesto vaso—oc-
clusveevents.

Disruption of erythr ocytesmembraneasymmetry
by imbalancein flippase, floppaseand scramblase
activities

Innormd red cdlls, the phospholipidshilayerischar-
acterized by an asymmetry in which the anionic
phosphatidylserineisconfined to thecytopl asmic mono-
layer of the erythrocyte membrane,*”* which hasto
be maintai ned® through the cooperative action of an
ATP-dependent aminophospholipid translocase or
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flippase (trangports phosphatidyl serine and phosphati-
dylethanolaminefromtheouter toinner surfacd*? and
anon-specific floppase (moves phospholipidsfromthe
inner to theouter membrane. Ontheother hand, there
can bethescrambling or non-specific bidirectiond trans-
port of the phospholipids acrossthe membrane, result-
ing intheexposure of phosphatidyl serine on the outer
monol ayer, aprocesswhich can berapidly induced by
aca cium-dependent scramblase.**43 Whileat physi-
ologic cytoplasmic concentrations, the activities of
flippaseand floppase maintai n phospholipid asymme-
try,?¥ at high level s of cytoplasmic concentrations of
Ca* ions, scramblaseisrapidly activated, accounting
for theexternalization of phosphotidyl serine.429

Because macrophagesrecognize and phagocytose
red cellsthat expose phophatidlyserine at their outer
surface, the confinement of thisphospholipidsinthein-
ner monolayer isessentid if thecell isto survivethe
frequent encounterswith the macrophagesof thereticu-
loendothdlid system, especially the spleen.® Loss of
lipid asymmetry | eading to exposureof phophatidylserine
on the outer monolayer has been suggested to play a
rolein prematuredestruction of red cellsin SCD and
thal assemia.%® The gppearance of phophatidylserineon
the surfaceisacharacteristic marker of apoptotic cells
and participatesin the recognition and €l imination by
macrophages of dying, injured, senescent, or necrotic
cells.®®  Furthermore, the restriction of
phophatidyl serineto theinner monolayer dsoinhibits
theadhesion of normal red cdllsto vascular endothelid
cells, thereby ensuring inimpeded transit through the
microvascul ature.*d

Cydesof invivo sckling/uns ckling, with polymer-
ization/depol ymerization of HbS, and the accompany-
ing red cell membrane changesand microvesiclefor-
mation can lead to the abnormal exposure of
phosphatidylserine.*¥ Other factors such asreduced
flippaseactivity,*4 membrane oxidative damage,/® in-
creased levelsof intracellular calciumiong® and dehy-
dration“d can disrupt the phospholipidsasymmetry. The
lossof membraneasymmetry produces severa patho-
physiol ogic consequences, which have been shownto
occur invivo in patientswith hemolytic anemias, in-
cluding sicklecdll diseaseand thalassemia*® Potentia
fall-outsfrom phospatidyl serineexposurein thehemo-
globinopathiesincludetheworsening of anemiadueto
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enhanced phagocytic recognition and removal of cells
with exposed phosphatidyllserine, apoptosisand acti-
vation of coagulation, asthe exposed phosphatidylserine
sarvesasa““‘docking site” for specific proteins involved
in coagul ation processes.

The persistence of the phosphatidylserine—exposing
RBC in SCD patientsisbelieved to contributeto the
morbidity of the disease, by dysregul ation of hemogtetic
processes, increasing the patient’s risk for stroke,
adtering the adhesive propertiesof RBC,1“®! decreasing
red call surviva ¥ aswell astheprovisonof acdlular
substratefor secretory phospholipase. A 2(505U-

Conversion of ringed protopor phyrin of hemeto
straight chain bilirubin by heme oxygenase

Hemeisan ubiquitous, hydrophobic, iron—contain-
ing compound that greatly increases cellular suscepti-
bility to oxidant-mediated injury.’? Hemeisreadily
cleaved from methemogl obin® and rapidly intercd ates
into themembrane of cells. Asadefence mechanism
againgt reactive hemere eased in the course of hemoly-
Ss, thevasculatureisinduced to produce cytoprotective
genesfor heme oxygenase, ferritin and bilivervinre-
ductase.™

Hemeoxygenase (HO) istherate-limiting enzyme
inthedegradative pathway of heme, asit convertsheme
to biliverdin, facilitating therelease of iron and carbon
monoxide(CO). Thebiliverdinissubsequently reduced
to bilirubin, ayellow pigment, through the action of
biliverdin reductase. There arethreeisoformsof heme
oxygenase, oneinducibleisozyme, HO-1 and two con-
stitutiveforms, HO-2 and HO-3. Heme oxygenase—2
isbasi cally expressed dbundantly in thekidney.™ The
induction of HO-1 can betriggered by factorssuch as
heme, oxidants, cytokines, ischemia, hypoxiaand other
stressors.5! Some evidence supporting theinduction
of HO-1 in SCD include the increased production of
carbon monoxidein human SCDP® and increased ex-
pression of MRNA for HO-1 and biliverdin reductase
in human SCD.™

Unfinished business of heme oxygenase contin-
ued by UDP-glucuronosyl transferase

Theunconjugated bilirubin, produced inthereticu-
loendothelial systemistransported intheblood to the
liver, whereit is conjugated and then excreted in the
bile, into thegal | bladder for onward secretioninto the
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smdl intestine. Bilirubin catabolismisthefinal stepin
the breakdown of hemefrom hemoglobin and hemo-
proteinturnover.¥ The primary bilirubin catabolising
hepatic enzyme, UDP glucuronosyltransferase,
UGT1A1, mediatesthe conjugation of bilirubinintoa
water-solubleformthat isexcreted in bile.>® A non-
sense mutation of the UGT1A1 gene has beenidenti-
fied to cause apronounced defect in glucuronidation of
bilirubin, giving riseto Crigler-Najjar syndrome.!®
Thereisalso amutation inthe promoter region of the
gene, givingriseto aless severe condition, Gilbert’s
syndrome, marked by varying degrees of hyperbiliru-
binemia, depending onthetypeof mutation.’®! According
to Strasshurg et d. 64 therearenineUGT 1A 1 isoforms,
expressed to varying degreesin theliver. The number
of TA repestsinthe TATA promoter regionof UGT1A1
hasbeen shownto beinversely associated with thetran-
scriptional activity of UGT1A1, withfiveand six re-
peats associ ated with high activity and seven and eight
repeats associated with low activity.®

Theco-inheritance of Gilbert’s syndrome with dis-
ordersthat increasethe turnover of red blood cellsor
their precursors, has been reported in SCD patientson
hydroxyureatherapy.[ Associationsamong UGT1A1
promoter variations, highindirect bilirubin levelsand
gdlstoneformation, have aso been reportedin SCD.[®
Inastudy by Maddray et a.[ on some SCD patients,
theactivity of glucuronosyltransferase of jaundiced pa-
tientsweretwo-fold greater than non-jaundiced per-
sons. That study showed an enhanced conjugation of
bilirubinin SCD patients, probably dueto induction of
theglucuronosyltransferase.

Beutler et a.'® proposed that UGT 1A 1 promoter
polymorphism may provideaba anced polymorphism
that maintainshilirubinlevelsin arangehigh enoughto
protect against oxidative damage, but not sohigh asto
causeahighincidenceof kernicterus.

I nability of NOStorescuetheendothelium under
siege from reactive species. activation of endot-
helium and expression of adhesive molecules

Nitricoxide(NO) isasignaing molecule, adiffus-
ible gas, synthesized by three nitric oxide synthase
(NOS) isoforms; a neuronal (NNOS), inducible
(INOS)57 and endothelial nitric oxide synthase
(eNOS)I'*7, NO is synthesized from the terminal
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guanidinenitrogen atom of thesemi-essentia aminoacid,
L-arginine.”™™ Using NADPH ascofactor, inthe pres-
ence of tetrahydrobiopterin,[™® these enzymes convert
argininetocitrullineand NO.

Nitric oxideisamediator of cell-cell communica-
tion asit diffusesfrom production siteto target cells
and bindsto theferrous deoxyheme moiety of soluble
guanylate cyclase (sGC), causing a conformational
changeintheenzyme, and hencetheenzyme’s activa-
tion, resultingintheincreasedintracd lular cyclicGMP
concentration.!®” Theincreasein cGMPleve isthe
ma or mechanism underlying many of the cardiovascu-
lar and neural effectsof NO.

Withinthevasculature, therisein cGMPinducesa
sequence of protein phosphorylation which ultimately
causesafal intheintracellular Ca?* ion concentration,
andthen, smooth musclere axation.'®™ Under normal
circumstances, theinteraction between endothdiumand
smooth musclecellsleadsto alow vascular resistance
inthepulmonary circulation.’®”

SCD patients and animal models of the disease,
likethetransgenicsicklemice, show alower blood pres-
surethan normal subjects.™ Thefactorsleadingtoa
lower blood pressure and a lower peripheral resis-
tance’ insicklecell anemiaarenot fully defined, but
postulated mechanismsinclude, dteredlevelsof vaso-
active substances and an atered vascul ar reactivityto
vasoactivestimuli ™M Sicklecdll anemiapaientsshowa
higher NO production.®” The bluntedvasodilatory
effect of acetylcholinein transgenic sicklemiceiscon-
sistentwith anincreased NO/NOS activity that would
result in adepressor effect on the vascular tone. Fur-
thermore, the diminished arteriolar responseto sodium
nitroprussideisaso accounted for by anincreased gen-
eraionof endothelid NO, resultingin continua stimula
tion of guanylatecyclase-cGMP activity in thevascular
smooth musclel® It has been further shown® that the
arteriolar responsesto acetyl choline and sodium nitro-
prussidearenot atered after blockadewithindometha
cin, suggesting that these responses areindependent of
prostacyclin activity. Indomethacinisanon-steroidal
anti-inflammatory agent that inhibits the action of
cyclooxygenase but not NOS. Nitric oxideinhibitsthe
upregul ation of cell adhesi on moleculesand monocyte
adhesion to endothelial cells.™ Nitric oxidealso acts
toregulate platel et function, preventing platel et aggre-
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gation,®® and adhesionto endothdlid cells.®

Nitric oxide, besdesthe mediation of vasodilation
through cGMP-dependent pathways, also inhibits
endothelin-1-induced vasoconstriction.[™

Rother et a.1® observed that the rel ease of hemo-
globin by lysed erythrocytesinto the blood plasma, un-
vellsitsvascul otoxic potentid by directly impairing en-
dothelid function and generating inflammatory and oxi-
dative stress. Moestrup and Mol ler®! al so showed how
the decompartmentaised/free hemoglobinform ahigh-
affinity complex with haptoglobin (aplasmaprotein), to
display a neoepitope, which is then recognized by
CD163, thehemogl obin-scavenger protein expressed
onthereticuloendothdlid cdlls. Receptor-ligand endocy-
tosis of the complex rapidly clearsit from the blood
plasma, and further stimul atesthe expression of anan-
tioxidant pathway involving heme oxygenase-1 and
biliverdin reductase.®

Decreased nitric oxidebioavailability, resultingin
endothelia dysfunction contributesto chronic vasocon-
striction, together with hemostati c activation and vas-
cular smooth muscleproliferation, featuresa so associ-
ated with pulmonary hypertension, priapism, and cuta-
neousleg ulcerationin SCD and other disordersinwhich
intravascular hemolysisisso severeasto overwhelm
the hemogl obin-scavenging mechanism.8 Despitethe
beneficia actionsof nitric oxide, inthe presence of oxy-
gen and oxygen-rel ated compounds, it preferentially and
rapidly formsthe powerful oxidants, nitrite (NO,), ni-
trate (NO,) and peroxynitrite (ONOO).1%I Thefor-
meation of thesereactivenitrogen speciesnullify theben-
eficia effectsof NO, asthereispreferential shunting
towardsthetoxic metabolites of nitrogen.[®

Phosphodiesterasesin strategic control of concen-
trationsof cyclic nucleotides

Theeventsin the hemodynamicsof smooth muscle
contraction areregulated by extracellular stimulation
through dteration of intracel lular cyclic nuclectidelev-
els, which are determined by abal ance between their
production and degradation.[®® The 3’5’cyclic
phophodiesterases (PDES) are phosphohydrol asesthat
regulatethe cellular level s of the second messengers,
cAMPand cGMP, by controlling their rates of degra-
dation, andtherefore, signd transduction.®** Thereare
devendifferentisoformsof thePDEsinmammdiantis-
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sues, and many of these PDEsaretightly connected to
different physiologicd functionsinthebody, and by in-
ference, different pathological conditions.**% There-
fore, the PDEshave becometherapeutictargets, asthere
isthepossibility of designing isoform-sdlectiveinhibi-
torsthat can target specific functionsand pathol ogical
conditions, without causing non-specific sdeeffects®Y

PDESA isoneisoform, with highexpressoninthe
lung®¥ and penis,'® whereit serves asaregulator of
vascular smooth muscle contraction through the con-
trol of cGM P concentration. In thelung, inhibition of
PDESA opposes smooth muscle vasocongtriction, and
s0 PDES inhibitorsarebeingusedinclinical trid for the
treatment of pulmonary hypertension.®¥ Using a
transgenic mode of sickle cell mouse, De Francesschi
et a . found that under prolonged hypoxia, therewas
upregul ated PDE4 geneexpression, and that rolipram,
aPDE4 inhibitor prevented the hypoxia-induced PDE4
gene upregulation, and so prevented the devel opment
of pulmonary hypertension, most likely through modu-
lation of vascular tone and inflammation. Neutrophils
from sickle cdll patientsdemongtrateincreased adhe-
sivepropertiesin vitro.®? But treatment of SCD neu-
trophilswith nitric oxidedonorsor astimulator of SGC,
decreases the adhesive properties of these cells.[®d
Thereisthe PDE9A isoformwhichishighly expressed
inneutrophils, with even higher expressionin SCD pa
tients, and that in vitro inhibition of thisenzymein
leucocytes decreased their adhesive properties.*1 The
useof sldendfil (Viagra) for themanagement of erectile
dysfunctionislinkedtotheinhibition of PDE5SA inthe
penile carvenosal smooth muscle, enhancing therelax-
ation of the smooth muscle by NO and cGMP and
thereby stimulating penileerection.l®

NO modulation of homocysteine concentration, a
stimulustoADM A to competewith L-Arginine

Nitric oxided so modul ates homocystei ne concen-
tration by inhibiting methionine synthase, theenzyme
involvedinthe synthesi sof methioninefrom homocys-
teine and 5-methyltetrahydrofolate,® resulting in
hyperhomocysteinemia Thehyperhomocysteinemiathat
occursin SCD, apparently enhancesthe production of
asymmetricdimethylarginine(ADMA), which competes
with L-arginine as the substrate of NOS.[®% |n the
absence or deficiency of L-arginine, NOS becomes
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“uncoupled” as the normal flow of oxygen within the
NOSisdiverted so that theenzyme preferentialy pro-
duces superoxide rather than NO.[
Hyperhomocysteinemiamay producevascular dysfunc-
tion and promote oxidative stressby increasng thelev-
elsof ADMA ['® Theincreased plasmahomocysteine
levelsinducesendothelial dysfunction by way of in-
creased generation of reactive oxygen speciesand de-
creased NO bioavailability.l*%

M ethionine synthase contains cobal amin (vitamin
B12) asacofactor.[*%? Just asNO isableto exert its
effect on sGC by binding to the hemewhich contains
iron, itisalso ableto bind to the corrin group of me-
thionine synthase, ascobdaminissmilar instructureto
heme.[*?! [ron and cobdt aretransition metals, and the
porphyrin ring of hemeandthecorrinring of cobdamin
are substituted tetrapyrrolerings.*2 ADMA, an en-
dogenous competitiveinhibitor of NO, isamodified
amino acid derived from proteins that have been
posttrand ationally methylated and subsequently hy-
drolysed.’® ADMA isgenerated from the hydrolysis
of ubiquitous proteins containing methylated arginine
residues. Themethyl groups can be distributed sym-
metricaly or asymmetrically on guanidium nitrogen of
arginine, giving severa isomers, withtheADMA being
the most predominant.** Thismetaboliteisthought to
be liberated during the turnover of red cells during
hemolysis.['%! Crosshy,!* earlier in 1955, had sug-
gested ADMA might be produced from the breakdown
of proteinscontainedin sicklered cdlswhichturnover
a aratetwenty timesnorma. Thelevelsof ADMA are
dightly increasedin SCD but becomesignificantly €-
evated in patientswith elevated pulmonary pressure,
indicating that NOS inhibition may contributeto pul-
monary hypertension.[**? The elevation of ADMAin
SCD persons has also been found to be associated
with production of solublevascular cell adhesivemol-
ecules-1 (svCAM-1), amarker of endothelial activa-
tion, normally suppressed by nitric oxide.l*%® Further-
more, ADMA isassociated with lower hemoglobinlev-
els, suggesting itscorre ation with severeintravascular
hemolysis* ADMA and similar methylated arginines
can bepartidly excreted inthe urine.** Furthermore,
an enzyme, dimethylargininedimethylaminohydrolase
(DDAH) can hydrolyse ADMA to L-citrulline and
dimethylamine™% Reduced cdlearanceof ADMA inrend
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failureisassociated with endothelia dysfunction, re-
versibleby theadministration of L-arginine.** In con-
ditionslikehypertension, hyperhomocysteinemiaand
hyperglycemia,[*1%14 where thereis oxidative stress,
ADMA iselevatedtoalevel that caninhibit NOS ac-
tivity. Ineach of theseconditions, thedevaionof ADMA
isdueto the oxidative stressthat impairsthe ability of
DDAH to hydrolysesADMA .1

It has been proposed that mild
hyperhomocysteinemiaof sicklecell patientsmay con-
tribute to the vascular complications of the disor-
der.21%3 |n astudy to examine the relationship be-
tween stroke and plasmahomocysteine concentration,
SCD patientswith ahistory of stroke had significantly
higher plasmaleve sthan those without stroke.4

Antagonistic action of arginasetoNOS

Arginaseispresent predominantly intheliver and
kidney, andisaso present inred blood cells.[*9 It hy-
drolysesL-Arginineto ureaand ornithine, being the
central enzyme of the hepatic ureacycleand theprinci-
pa routefor thedigposa of excessnitrogenfromamino
acid and nucleotide metabolism.[*" Increased argin-
aseactivity iscorrelated with increased intravascul ar
hemolysis, and to alesser extent, with markersof in-
flammation and solubleadhesi on molecules® Elevated
arginase activity will causeadecreaseinthearginine/
orthinineratio, asituation that can cause elevated pul-
monary artery pressure, 115119 pulmonary thromboem-
bolism and progressivethrombosis, al of which con-
tributeto pulmonary hypertension.

In SCD, bioavailability of arginineand nitric oxide
isdecreased by severa mechanismslinked to hemoly-
gs. L-Arginine, thesubstratefor nitric oxide synthesis
isdeficientin SCDI*2Y, Destruction of erythrocytesaso
resultsintherelease of arginase, which catalysesthe
conversion of L-Arginineto ornithing*?2 shifting argi-
ninemetabolism toward ornithine production, and de-
creasing theamount availablefor nitric oxide produc-
tion. Thebioavailability of arginineisfurther decreased
because ornithineand arginine compete for the same
transporter system for clular uptake’> Furthermore,
endogenoussynthesisof argininefrom citrullinemay be
compromised by renal dysfunction, acommon prob-
lemin SCD.*?2 Thisstate of resistanceto nitric oxide
isaccompanied by acompensatory up-regul ation of
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NOS and non-nitric oxide-dependent vasodilators.[*4
Under conditionsof low arginine concentration, NOS
isuncoupled, producing reactive oxygen speciesingtead
of nitric oxide, "% potentially further reducing nitric
oxide bioavailability in SCD and enhancing oxidant
stress8 Arginaseisaso abletoinhibitiNOS activity
viathe generation of ureaand by sensitization of NOS
toitsendogenousinhibitor, ADMA 1241

Phagocytic action of neutr ophilsdueto activity of
NADPH oxidase

Phagocyticleucocytesareanimportant part of the
innateimmunesystem that has evolved to respond rap-
idly to the presenceof invading bacteria, fungi and para-
sites. Neutrophils are one type of phagocytesin hu-
mans, whichareabletoingest bacteriaintointracellular
compartments, phagosomes, fromwherethey produce
cytotoxic agentsagaingt the microbes*? TheNADPH
oxidase, also called therespiratory burst oxidase, isa
phagosomal and plasmamembrane-associated enzyme
complex that isdormant in quiescent neutrophils, but
arerapidly assembled when cells are activated by a
variety of inflammatory stimuli.[2"12

When faced with pathogens, neutrophilsare stimu-
lated to induce arespiratory burst, characterized by
intense uptake of oxygen, to form superoxide, thefirst
product of NADPH oxidase.[*?? Superoxide hasmini-
mal antibacterial action,™* and dismutatesto produce
hydrogen peroxide. Thetoxicity of theperoxideisgreatly
potentiated by the heme enzyme, myloperoxidase
(MPO), which usesthe peroxideto convert chlorideto
HOCI 131
Cl'+H,0,-»HOCI+H,0

Therefore, oxidants are believed to bethe main
componentsof the neutrophil defence system.[27

When polymorphonuclear neutrophils(PMNSs) are
under chronicoxidativesiressasin -thalassemia, or fol-
lowinginwitro exposureto oxidants, their ability to gen-
eraterespiratory burstsiscompromised, and their anti-
bacterid functionsmay belesseffective** Stimulation
of leucocytesfrom SCD patientsrel ease more superox-
ideanionthan smilarly treated cellsfrom normal sub-
jects*= |t hasd so been demonstrated by Amer et 134
that the oxidativestressin SCD rendersthe PMN bac-
tericidd action defective, partly accounting for thesus-
ceptibility to recurrent infectionsin SCD petients.

BIOCHEMISTRY (mm—

Xanthineoxidase (XO) and reperfusion injury

Onemajor source of superoxidein reperfusedtis-
sueof heart, kidney, intestinesand liver isxanthineoxi-
dase (XO), andisrdeased into thecirculationfollowing
avariety of pathogenic events* Mammalian xanthine
oxidoreductases (X OR) catalysethe hydroxylation of
hypoxanthineand xanthine, thelast two stepsinthefor-
mation of uricacid. XOR can exist intwo forms; xan-
thinedehydrogenase (XDH) which usesNAD+ aselec-
tron acceptor, and xanthineoxidase (X O), which utilises
mol ecul ar oxygen asthe electron acceptor, leading to
theformation of superoxide anion and hydrogen per-
oxide.*® Inacdll, XDH isthe dominant form but can
bereadily convertedto X O, either by oxidation of SH
residuesor by proteolysis.** The conversion of XDH
toXOisof mgjor interest asit hasbeenimplicated in
diseases characterized by oxygenradica-induced tis-
sue damage, such as post-ischemic reperfusioninjury
asin SCD.[*7

Themechanism of X O-mediated reperfusioninjury
was suggested by Granger et a.[**1 They hypothesi zed
two stepsthat could predisposetissuesto reperfusion
injury. Thefirstisthebreakdown of ATPtoAMP, and
to hypoxanthine, to providethe substratefor XO. The
second stepistheintracel lular conversion of XDH to
XO, whichwould compel the enzymeto usedioxygen
instead of NAD+ asthe el ectron acceptor or oxidant.
During pathologica conditions such ashepatoce lular
damage, ischemia-reperfusion,i*®¥ andin SCD,*" or-
gansrichinxanthine oxidoreductase (XOR) can re-
leasethispro-inflammatory enzymeintothecirculéion,
and plasmaXO levelsincrease.

Duringischemia, XOR can be converted to XO by
ether proteolytic deavageof theaminoterminusor more
rapidly, by intramolecular and mixed disulfideforma
tion.*8 Repeated interruption of blood flow and the
resultant transi ent i schemiaassociated with SCD can
providethebasisforischemicliver injury and elevated
plasma X O levels.'In support of this, XO hasbeen
shown to beincreased in vessdl wallsand the plasma,
both dinicalyandinatransgenic, knockout murinemodel
of SCD that expressesexclusively human HbS 1 Mice
expressing human S-hemoglobindisplay indicesof in-
creased lipid oxidation and aromatic hydroxylationre-
actionsand, upon exposureto hypoxia, had about 10%
increaseinthe conversion of liver and kidney xanthine
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oxidoreductase (XOR) to the O,  and H,O,-produc-
ing oxidaseform.[*39

Arachidonicacid; hydrolyticproduct of phosphali-
pases action, in a tug of war between cyclooxy-
genase and lipooxygenase

Theanti-inflammatory and anti-microbia actionsof
leucocytesthrough the respiratory burst are comple-
mented by other effects produced by the various me-
tabolitesfrom arachidonic acid, rel eased fromtheleu-
cocytemembrane. Theview that vasoactive processes
maly contributeto theinitiation and/or maintenance of
vaso-occlusivediseaseissupported by thefact that cir-
culating leve sof vasoactivespecies, such asendothelin
and prostanoids, areincreased in SCD patients, espe-
cidly during crisis**¥ Thereisevidencefor andevated
rend prostaglandin synthes sin nephropathy associated
withsicklecdl anemia*¥

LungsperfusedwithsickleRBCs, or sckleRBCs
plusautologousplatel etsreveal ed high perfusatelevels
of thearachidonatemetabolites, thromboxaneA.,, and
prostaglandin E,. In astudy by Baggiolini etal.,/*¥ it
was proposed that polymorphonuclear neutrophil
(PMN) activation, asmay occur in responseto infec-
tionsor other injurious agents, increasessickle RBC
retention/adherencein the pulmonary circulation of iso-
lated perfused rat lung viaamechani sm or mechanisms,
whichinvolvetherelease of platel et-activatingfactor
(PAF) and leukotriene B, (LTB,) from the activated
PMN. Such PMN activation, asseenininflammation
andinfection,™ initiates vaso-occlusion throughthe
release of phospholipid products, whichincreasesickle
RBC retention/adherencein the pulmonary circul ation.

Apart from thebiomechanica changesof dudging
by vaso-occlusion, seenwith PMN activation, aseries
of enzymes; phospholipases C, D and A2 [(PLC),
(PLD) and (PLA.)] areinvolved in the generation of
phospholipid products by the PMN, while NADPH
oxidaseisactivated.* Of particular interestare oxi-
dantsand the products of membrane phospholipidsand
PLA,, lyso-PAF-acether, and free arachidonic
acid.[*2142 Thelyso-PAF-acether isinactive, but when
acetylated by an acetyltransferase, itsmetabolicaly ac-
tive product, PAF is formed.'*4 PAF and LTB,, on
being formed, could stimulateincreased sickle RBC
retentionin the pulmonary circul ation. Themgjor prod-
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uct of arachidonic acid, which is secreted by human
PMNs, isthe 5-lipoxygenase product LTB,.[* Both
PAF and LTB, can causetherelease of other inflam-
matory mediators, and influencevascular permesbility,
cell infiltration, and PM N adhesion to vascular endot-
helium, (1441461

Theenzymethat catalysesakey reactionleading to
theformation of prostaglandinsfrom arachidonic acid
isthe cyclooxygenase, whilethelipooxygenase cataly-
sestheformation of theleukotrienes. High concentra-
tions of superoxide have been found to re-orient the
arachidonic acid pathway in cellstowardsthe produc-
tion of thromboxaneA " causing an imbal ance be-
tween prostacyclin and thromboxaneA,,.

Thromboxane, aprostaglandin, isavasoconstric-
tor, whileprostacyclinisavasodilator. Cyclooxygenase
(COX) catalysestherate-limiting step in the conver-
sionof arachidonic acid to prostaglandins,**¥whichare
important mediatorsof acuteand chronicinflammeation,
development and immunefunctions.**? Therearetwo
isozymes, COX, and COX,, the constitutive and in-
ducibleformsrespectively. The constitutiveisoform
gppearsto regulatemany normd physiologicfunctions
inseverd cdl types, whereastheinducibleform, isusu-
ally expressed at low levelsinmost tissuesand cells,
but issignificantly induced by awiderange of inflam-
matory stimuli such aslipopolysaccharide, cytokines
and chemical s>

Transgenic knockout Berkeley (BERK) mice,
which expressexclusively human a- and 3-S-globins
with very low levels of y-globin (<1%), are associ-
ated with increased oxidative stress, Sckling, hemolytic
anemiaand reduced availability of NO. The compen-
satory response in these mice include induction of
COX, and eNQS, both catalyse the generation of
vasodilators. Kaul et al.*5Y suggested theinduction of
COX,, and the associ ated vasodilation isacompen-
satory response to accomplish adequate oxygen de-
livery under anemic conditions.

Secretory phospholipaseA2typella(sPLA2) and
inflammation

Secretory phospholipase A2 hasastrong affinity
for phospholipids that are negatively charged (e.g.
phosphati dyl serine and phosphatidylethanolamine) at
physiological pH.™3 Norma mammaian cellsdo not
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appear to act astargetsfor sPLA2, but when PS be-
comesexternalized on membranes, the phospholipids
become vulnerable to hydrolysis by sPLA2.50153]
Secretory phospholipaseA2isalow molecular weight,
ubiquitousenzymethat iselevated ininflammation. Its
actiononlipidsonred cdl membranewith externdized
PSwill givelysophopholipids, and arachidonic acid,
precursor of thromboxane and leukotrienes. On PS
exposure, SPLA, can also generate lysophosphatidic
acid, whichaffect vascular integrity.® It hasfurther been
shown®Y that the elevation of SPLA2 after injury pre-
dictshypoxemia, andisrelaed tomultiorganfailure. In
addition, eevation of sSPLA2ispredictor of acutechest
syndromein SCD.*

| sopr ostanes, oxidant-gener ated prostanoids

Unlike prostaglandinsthat are formed through the
action of cyclooxygenase enzyme, isoprostanes are
formed asaresult of freeradica-mediated peroxidation
of arachidonic acid, independent of COX. Itisthose
isoprostanesthat contain F-type prostanerings, iso-
meric to PGF2a that are referred to as F,-
|soprostanes.™* These F,-Isoprostanes are the most
studied classof such compounds, and because of their
stability, they afford the most accurate measure of oxi-
dant stress.

| soprostanes are vasoconstrictive oxidant-gener-
ated prostanoids, increasedin states of oxidative stress
attended by altered vascular reactivity.[™>? F,
isoprostanes areformed in situ on the plasmamem-
brane, and then rel eased into the bloodstream viathe
action of yet unknown phospholipases.**2 They are
specul ated to beformed wherefreeradicalslike .OH
and NO, attack unsaturated lipids like arachidonic
acid.’*3 Animportant structural distinction between
isoprostanesand cyc oxygenase-derived prostaglandins,
which affords marked differencesin biologica activi-
tiesisthat theformer contain chainsthat are predomi-
nantly cistotheprostanering, whilethelatter have ex-
clusively trans side chain.[**4 A second important dif-
ferenceisthat theisoprostanesareformedin situ, while
esterified to phospholipids, and are subsequently re-
leased by phospholipase(s),** prostaglandinsare gen-
erated only from freearachidonic acid. The phospholi-
pase (s) responsiblefor the hydrolysisof isoprostanes
from phosphoalipidsisunknown. Previouswork showed
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various secretory phospolipasesfrom lower animals
wereabletordeasetheisoprostanes, but it isunknown
whether anal ogous mammalian enzymes possessthis
activity.*¥

CONCLUSION

Thisreview on SCD hasfocused on how over a
scoreof enzymatic actions could account for the patho-
physiological features of the commonest hemoglobin-
opathy. Itisnoteworthy that theseenzymesarenot those
involved in mainstream metabolic processesfor gen-
eration of energy or elaboration of tissue components.
The pathophysiological features of the diseaseisfun-
damentdly linked to theaberrant HbS structure, which
causes the deoxygenated HbSto polymerise, distort-
ing the erythrocyte membrane, making the HbS-con-
taining red cell rigid and non-deformableasit sickles.
Theimbal ances between generation and utilization of
oxidants, vasodilators and vasoconstrictors,
procoagul ant and anti coagul ant, etc. giving riseto het-
erogenousclinical features have been considered. But
whatever theclinica features, anemia, acutechest syn-
drome, stroke, priapism, choldlithiasis, renal damage,
etc., thereare some underlying enzymatic defects, and
these have beenthefocusof thisreview. Could thevar-
ied defectsin the plethoraof enzymatic activitiesbethe
reasonfor theclinical heterogeneity of SCD?
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