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Iron intake and cardiovascular disease
A. E. R. Kartikasrrri, N. A. Georgiou and J. .I. l.l. $larx.
Universifl Ntcdical Crntru Litrecht, T'he Netherlands

6.1 Introduction
Irorr is an essential dictary conrporlent. nscersitrl for a nrrrnhcl of'cellular
liurctions including respirrrion and intmunc response. Sincc tlrcrc rr no
pitysioiogical iron cxcrction- the elemenr is reutiliscrd in the bod.v. and only a
srnall iiaction of tirc btid-v's ircn is gainerl or lc'sr earh day. The d',ril,_v ir,-rn
losses are mostly fron"r<{esquama{ion of epithclia. such as skiu antl t lre l ining
01' gastrointestinal tracl. Ctcatel iron Iosses n"lav occrlr dr.ning grL-l\\itit iti
childlrood, l:aemorrhages, nlenstl.ruition and presnar)cy lr) wornsn.

Besides the lhct tlrat it is a vital slcmcnt in life. irun may participate irr
tlir.clsc pathological ilr{)cssses. This nral' tre duc to its involr,cnrcnt irr thr-:
prr:duction of reactive oxygcn s;rccies^ These spccrcs play irnpor(ant roles in
imnrunc response. Hcwever. they, harre alsct been shon'n tr.r be involrr*d in the
pathogcncsis rrf ser.eral diseases. suc:h as Alzheimer's. Parkinsor:'s. clolrn's
dise;rse, tlitrhctcs. canccr snd arthritis. Furthernrore, considerable cvidl:nce ilas
supported the lolc of trxidative stress in athcrogcnesis. It has besri h,vp$thcsisecl
that iron-nrediatcd oridiit ion is invoi.rcd in this proccss {sull ivan l98l). Scvt:ral
epidernioltlgical studics as well as il uii'r-r anrl lrr litra crpcrimenls arc ir"r lavoirr
of this iron hypothesis. althcugh somc str.ulics havc ,viclticd conflicting results.
Tltis chaplur t lr iscribcs lhc ri,rgulation of dail,v itou irltoke. thc physiclogit:al,
cclltrlar- and rnolccular mr'tabolisrn of iron. the alrnornral condirions of trotlv iron
tTalance^ and thc potcrrli:rl rolc of irotr in thc dr-rvrloFnrerlt ('rf irtlrerrrsclcrosis anrl
cardiovascuIar discascrs.
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6.2 Dietary iron intake, sbsorption and metabolism

Altliough therL: is ng phVsiological meals of iron cx'Jretion. a u'ei!-balancetl diet

containing sufficierrl iron is needetl' Onll' about 10 per ccnt rrf ingesteci irort rs

absorbed in the gut. Therefore, around 1 0-20 rng of dictzu'r iron intake is needed

t0 balance the I or ? rng of daily losses. The normal anlount of total boti5r irtln ts

about 4O-50 rng/kg bod,,- weight, In the body, iron is mailly neecled to fortrt thc

porphyrin 
"on'rpt"* 

of haemoglobin (30 mg/kg), myoglobin in nruscle cells {4*

ir *g[gl antt also iron-containing cn;4rrnes' such as cytochronles' oxidascs antl

penixiOascs. Ijp ro 30 per cent of body iron ( l2 mg/kg) inay bc stored as fe ritin

and helrrosiderin in tlie borie lllal'row' spleen and liver'

The efficierrc-v of rlon absorption is rnainll' rr:gglaterl by body reclulreilents t0

maintain iron homeostasis. Iron dehcicncy catlses an incre':rse in il'ot"r absorption'

while iron overload rsduces but docs not climinate absorption. Fertile rvornen. 1'or

cxamplo, need to absorb up tci 2- 5 mg of irnn each day to contpensatc for tlrc

menstrual blood loss. Many conditions catsing a grcatcr body iron demand may

increasc thc efflciency of dietary iron absorptiot't up to 20 pcr ccnt' A fbet-lback

rnechanism exists to cnhance or dawrr-regulate rron absoqrtion. Excretions liorn

the liver, gall blarider antl pancreas to the ducdenum in{luence the uptake of iron'

6.2,1 Mcchanism af iron uptake
1nn is mainly absor'trerl in the duodenucr and tire upper jejunLior of the srnall

i l testig(r 1p ig.6.1). Br.rth lrasruc irorr and soluble cotrtplexes r;f iron are absorbable.

1on absorpfion frcm the gut lumen across the snterilcvles to 1he circulation occurs ln

two stages: uptake across thc apical memhrane and transfer eercss the basolateral

membrane (Fig. 6.2). The mechanisms of apical iron uptake frorn intestinal lumen to

t6e cnteroclrres depend on the sourcc of iron: Fe(lll or PciIIl) complexes, Flaerne is

alrsorbed in recepteir*nediateri fashion by the enterocytes. The haeme oxygenase-l

releases iron which then is reduced intraccllu'larly- Fetll) conrplexes are readily

absorbed through e transporler called Dlv{T-1. Fe(lII) complcres iue tlrst reduced b1'

a nembrane-bound iron reductase called Dcvtb bclbrc absorbed into thc

cuterocytes, or lrtrturtl tg rnucin anr] irrtracellular.ly reduccd by either' f-inregrin.

nrobilfenin or llavin {non(x}xygenase. The rcduced iniraceliular iron may be store'd

in ferritin. The basolateral iron transfer is mediated by lreg- l . Aftcr n'ansfer, Fe(II) is

immetliately oxidiseri by the membranc-b,runt.l ipr oridase, hephaestirl or by thc

circulating oxidase, ceruioplasmin. F6(III) is then bound to translerrin, an iron

canier protein in tfie circulation. Like any other ceils, the errterocyles can tahc up

transferrin by expressing transferrin receptor qrhcll iron is needed. I-lepcidin is a

signalling protcin producccl by the liver when iron lc\.'el is high in the body. This

rnolecul. nray regulatc iron nbsorption throuqh the entcrocytes r,ia atr iron-sensitivc

protein, IRP. IRP can bind ro iron-respunsive clerttuttt {lR}i) lrreselt in tratrsuriPtiorr

producLs of sevcral genes including Dc1tb. DbtT- l , ireg- I and transfemn receptor

rcgplating the expression o{'these corresprinding pr<tteins. l{FE acts to lacilitattr

l'fR-l-rnediated inrn trptake from plasma intr: crypt cclls'
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Fig. 6.f Duodenal entsrocytes rvithin the.gastrointestinal tract' Iron is absorbed fiorn

iniestinal lumen, through the enterocytes lining the duodenum, to the circulation' The

young enterocytes calle-d the crypt cells move_to^the tip of microvilli z[rd develop itrto

*",ui" villus cells. 'l'hese two iypes of cells differentially regulate the nptake of iron'
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Fie. 6.2 Schematic reprcsentation of iron absorption and metabolism in normal

entero-cytcs. # : in crypt cells only, * = mostly in mature villus enterocytes and hardly

found in crypt cells. Fe(lly = 61uur"n, iron. Fe(III) - trivalent iron. Dcytb : duodenal

cytochrome-'b. DMT-l : divalent metal transporter-1. IRP = iron responsive proteln'

IREC-I = iron-regulated protein-l.
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scveral other organs. such as the macrophagcs and the placeuta rvlrere iron

transt'crrs betrviten matenla! antl letal circularions'

6.2.2 Regulation of iron uPtake

The extent of iron absolption is mainly afi'ect"d by the level of body iron' the

degree of erythropoiesis. th" aT tot'nt of irou in the diet' and the conlpcsition of'

thediei i tsel f 'orhercondi t ic ins.sucha$|ryptrx ia.pregnal ]cvandir l f latrrmat i<,rr .
nray a|so alrer the absorpticrn. Furthennore, ir.on absoq:lion is inappropriate|;r

incrcusctl in prirnalv lraentoclrromatosis

The rron stores legglatilr iniluc{.'s r trtotlc'rirte inr:rease irr irgn absgrptio* as

tlie bocly iron stores fall. and yi6s rrersft. It is still an unresolved questit>n in lrow

the duutcual mucosa is able t0 sense ilre level irnd changes irt demand lbr iron'

Iron conteot of the enterocyres is likely 1o tre an indicating tactor lbr tlris

regulator. A central role of this regulatttry prfiiess i5 65-signed to the recerntly

cliicor,ered hepcidi', a proteirr that is secreted int$ tbe plasma liom the livcr

{Nicalas er al. 2001i.
Approximatety ?0 per. cent of body iron is incorporated into haemoglobin. ln

uu.rug"" an arjult person produces L x 10'l red blotxJ cclls claily cotltaittirtg

;; id* atoms f26mg) of iron. To nleel this daily requuetnent. the boel-v

develops regulatory rnechanisrns rvhereby erythropoiesis profouncll--': ittlluences

iron absorption. This regulator would balance tire rate of er-lthropoiesis in the

bole manow q'ith the ducldenal irr:n absorpt.ion"

Irr}t absorption is aiso nrodulaled by the alxlounl of iron in tlre r'liet and the

composition tif the diet itself. When increasing atl]olrnt-s of iron are ingestetl' the

relative amount of iron absclrbed elecreases owing t() the ieedback mechanism of

the absor.ption niachinert,; however, 15q 3l')5oltrte amou'lt may still itrcrease'

Sevcral cilelatolti present in the diet. such as citratc lionr ciu-us fnri(s' ciin

promore eril incregse in iroil absorpticn. by increasing the solubiliw of iron in ihe

duodenum. In contrast. phytates in B'heat and sonte other cereals' as r'vell irs

tannins in teas, chelate iion but pre'ent its uptake" Several tnetal ions' sttc:h aS

lead, cobait. t.nallganesr and zinc. rvhich are raken rtp h-v the sarne absotpiion

machineql. *"y ulro ble.ck the irtrtr uptake tlrrorlgh colnpetitive inhibition'

Haenre iron torurd in meats is more readily absorbed than non-haerne llon'

The absorption is irdependent ot'duocienal pl'i. Experimental data indicate that

haeme ir-ou absorption is less responsive to the store regulator than tlral of tlon-

haenrc iroil. (ionsequentlv, meat is an excellent nutrtcnt source of iron' Lack of

meat in the diet cali tre a cause rrf iron def'iciencl''

6.2.3 Nletabolism ttf iron

lron absorption. pla.sma i.ron transport. iron rncorporatiorl into cells and irotr

storage are meticr.rlousl-v regulated in the btitiy to naiutain iton hotleostasis'

onl1,-x snrall fractior"r of bc,d.v iron actualll,'circulirtts, while nttrsl of body irc'rn is

pr,rminenrly repressnled in haemoglobin. t'erritin ar.rd haemosiderin.
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Organs ancl cells cqmrnunicate their lreeds for iron via the plasma as thc

central compartment ofiron rtretabolism. Essentiall-v. the bcd.v contains thrt:c

types of cells: (l) those that nl 'ed tci oblairr iron l i 'om tl ie plastna i irotr-t 'e.lrrttrnr:
cells), {2) thgse that need to export iton tor.t'ards the plasma (iron-donor cells).

and t3) tlr6se that *re able it-r take up and release iron fbr the protection of othel

ntore vplnerable cells in thc bod.v.-ihep:rtocytes). Transpeirt ;-tnd slorage of irorr in

these cells ar.c rttodified in situations of iron deticiency or overload.

lron truflir:king ontl ulttttke into rclis
The iron-ilonor cells. nrainly the rnacrophages and the intestinal ntucosal cells.

release iron to the plasma as Feil l). The ma.ioritY of this i i 'ort is rapicliv

oxidiseel by hephaestin or ceruloplasmin, then botttrcl t0 transferfi l l .

Hephaestin is found in the basolateral membfltne of tlre rrraturc villtrs

enterocytes along thc gut, rvhile cemloplasrnin is a hutrrot'ai plotein i)rotltlccl1
and secreted by tlre liver to the prta.rma. Transtbrin-bound ilrlll is r:tfered tt'r

irgn-requiring cells. tvith majr:rit1' gt'rirtg to the er1'thr(rblasts in thc btlnr:
$larro\! f<rr haemoglobin synthesis.

Transt'enin is a 80kDa singie-chain glycoplotein containins t\vo.strttcttrrall l ;

srmilar subunits" eacll with one ir{}n biniling site. Tlrere{rire. olre ft'ansferrt'irt
rnolecule' can bind two FeiIlIl atoms. LJpon binding 1<t iron the sttbttnrt

undergoes a rigic{ rotntiorr to enclose the it-on atom. A distinctive feature of
transtbrin is its dependence ol't a syrrclgistic anion. nonnallY carlronalc trt'
liicarborrrtc fbr F{llI) binding. When this anion is protonated. iron *'ill Lre
expelled frorrr this harborrrirrg pro{ein.

Nornally, all t ire non-haeme irorl in t lte cilculotion rs tround ttr lransferrin.
The liver synthesises transfcrin and secreies it to the plasnra. Transfcn'ins arc
also produced locallv in the tesfes and the central ner\ious syslem" Onl-v arourrd
20-45 per cent of tmnsferrin binding sites arl- occupied rn the circulation. so that
rnost of available fransferrins are free frorn iron. Nevertheless, non-transferrtn-
bound ilon {NTBI) can be detecled iii soltre itr:n*ovcrload conclitions (de Valk ei
d. 2(rA0) and nray be attached to a variety of ligands. iVlost NTBI is taken up by
the hepatocytes via lhe pofial venous systern- F'urtherrnore. NTRI rnav ,rlso entet'
nrany olher ccll types prolltotirlg tissue danrage.

Both ilronoferric and difen'ic trirnsferrins als- interneliscd by receptor-
nrediated endocytosis. Diiferic trar.rsf'errin bir.ids rvith higher irf f-rnit_l. tbau
monr:t'erric transferrin. Trvo ttansferrin receptors htve been dilscribed, i.e. TlR- I
and TfR-3. TtR-I is exprer,ised far mure abundantly in iron-r'equiring cells than
TiR-?. rvhile'TlR-? is constitutively expr:essed in tlte l iver {Catter er o/- 19831.

After binding to its receirlor on llie cell sut'face, lrartsfbrrin is rapidly
internalised through the fonnation of a clatlrin-coated pit, which further der,elops
into an endoc)'tolii t,e-ricL'. This endosonre turdergoes acidit'ication to pil -5.i
rve akerrirrg the assuciation bet\\,een ilur alrd tmnslelrin. A mentbratte itrln-
reductese may heip to t:onrpletcly dissociate ir<in from transferrin (McKie et ,il,
?00i). Iron is then transportecl Io tlre cv{sssl bv DivlT-I. l'he intact recepfor-
apntransferriu then recycles to thc cell surface. where ueutral pFI plomotes
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Iiig. 6.3 Sichelratic reprgsentrtioll t)f iroll rl]elahotrisni anrj its toxic potential (adnlted

li'olD t\'tal'x and I'lider- !:ur' 'l' L-lin Lrrr"c'sr' lljlarch 20{}3i'

tlciachllr:nt of apotransl'erril into thr: cir-cnlatiOn Exporled apotl"nsf'efrin eirtl

rrnti.iLgo I'u$her cycles of iron cieliverV ilto cells. -fhe lrverage transt'en'it1 lliolecule

$itlr a half-lifu of 8 tlays ma-v tre uled tlp to onc hundred times lor iron delivery'

ln inrn or.erload. because r:f excessive iron intake. gelletic delbcts. or repeated

hl,i.d transinsions" c,rnsiderable irmounts c.f NTBI may be pl'esent in plasrna This

rrr)n can be wcakly cofitplcxed to citrate. alhtrmin. amintr acitls (u sugars (Lt'treat et

aI ?000) ir4ost of N'fBl is t'und in the cornplex tbnn o1' Fe{lll) to crlmle" as

sirou,n by nuclear ruagnetlc resonance (NfvtR) spectro:icopy of semm fi'orn patients

rr.t lhirr"rnoverload(Grotrtl.eldelal. l989}.Non-lraelnatopcrietictissues.mainlythe
Iivcr. and also enclocrine organs. kitlreys. fieart and tlle endotlre]iurn lining the

Irlintl vessels, prefer-entially take up NTBI throttqh a lransl'errin-reccptor

irrtlcpentlent mechallis1ll. This meehlnisnt uray ex.piain the col}tinuous uptake oi'

rr'ori by the hepa{ocyres, in q;hich iron ovetload has suptrlfessed'I'fRl expression

irc,v,lnrl cletectabiliqv. Fur{hermore, N-tBl mav generats toxic oxygen radicals anri

pruluote tissue damage in these organs (Fig 6.i). Normal amoul]t oiiron. obtained

1it,nr dietary iron Qr fecycled body iron released lly macrophages. is required fot

nofnal body fuuctionilg. especially lbr haemoglobin lbrmation in, the bone

,tiurow. In the casc ol'iucreased total bodl: iran. cither fi'om incrcasod die taD' tron

luhsorpriorr. rgguli lr hlood transfusion or it l lrg\/enous iron inlection. etcess toxic

iron ma-v enter tlie ctrculation. Toric it'ori is readily taken up lry several ot'qilns'

iile:iudirlg ihe liver, rhe heart and the endothelium lining the blood vessels, atrd may

cur.rse t'ut'ther iissue darnage in thc'se orgnlls'
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f.3 lron homeo$ta$is disorders: primary and secondary
hremochromatosis

Disorders in the iron homeostasis may lead to either iron deficiency or ll'on

overloacl- lron clelicienc.v is a condition w'here the iron intake cloes nr:rt nreet dte

body's demands. Its manifestrtioss at'e paleness, lethargy. palpitations and

shortness gf breatlr. lron overlgael. also termed haenrochromatosis, on the othcr

lrand. is charactc:riscd b1'a progressive trtcrease in the iota] alilount of brxly iron

follorved hy an atrnornrel iron deposilion in nrultiple organs (Fig. 6.3). In

advanced cases, it also causes a bronze colottr of the skin because of tlre

deposition of iron-containing pigntents in various tissues. The disease was onct:

thoughr to be a singular disease rvith varying degrees of severity. Nowadays, it is

known to be heterogeneous, restrtting f'nrm defccts in various geues

6.3,I Primary hererlitary haemachromatnsis
Several types of prin.rary hcrcditarv haernoclrrotnatosis have beelr clcst:ribed

Type-l hereditary haemochromatosis {HH) is a cotnnrcn aulosomal recessiyt

ciisorder a{'fecting nrostly Caucasiatrs. One in 200 {about 3.5 million) Europeatts

is homozygous tbr this, initially symptomless, chrofiic disease tPowell er 41"

2000). Most ir:dividuals with primary haemochrotnatosis absorb excessive

enoun,[ of dietary iron irrespectile of the level of L'ody iron. suggesting thar the

iron store regulator is dysfunctional. The txcess irtln accumulates ovcr titre,

leading to tissue clamage and organ lailure. Ctinical consequences include

hepatic failure, liver ca::cinoma, arthritis. diabetes. inrlxrtetrce and cardiac

lbilure.
'fhis g'pe-l llH is associated rvitlr ilrutations in the HFE gene (Feder el nI

1996). The progressiorl (}f imn overlnading for-this t,r:pe of,lll{ is quite slow. tnd

aflbcted individr:als often start to have clinical symptoms onlv after the flfth ar

sixth decade of life. The initial sytnptolls include fhtigue and ioint c6mplaints. As

ir6n loading is progressing, patients develoi'r skin hyperpigtnentatiqn and liver

disease. which rieteriorates gmdually lrom llbrosis fo cirrhosis. L-ardiomyopatiry

and anhythmias may develop from deposition of iron in the heart. Endocrine

abnormalities, such as hytrxlgonadism and diabetes mellitus, are rllsq colnmon.

I/FE is strongly cxpressed by intestinal cr1pt cells and liver lnacft)phages.

The function of HFE protein ilself is gxtrly understood. It appears to be ii

regulatory Inolecrile that inf-luences the efTicieirc-V of intestinal iron absorption.

and may play an important role in iron horrreostasis through its intetaction t'ith

the transferrin receptor" TfRl" HFE lacilitater TfR-1-rnediated iron uptake fionr

plasma into crypt cells. and its action is abrogated in tlFE-linlied i-ll] in which

there is firnctional loss of -FIFE protein. In the gut of Htl. the cells behavc as

tliough rhey are relatively iron-deficient. causing an increase in intestinal iron

absorption (Monra el r.rl. 1998). HIJ patients have no iron-loading of

macrophages, sincc *'ild type IlFf also lirnctions to inhibit iron release tiorn

these cells (Drakesmith et ol.20A2\, which r"esults in increased release of loiv
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mole$rlar lveight iron as Fe(ll) lrom the cells to the circtrlation' and nray further

pl.omote NTBi f,or*ratio*. The maloriry of t lrpe-l l lH patients cnlr' a trt isscusc

ir*r1nrion (C2B?y) rn FIFf. ffthcr mutations and p6l-vmorphisms (H631)' S65C,

Il05l.. G93R) have been identif ied, buf their ccrntributions ti- '  HH are lot cleatly

.,no,,51qltrcl. -l.reatnent ttrr typc.l HFI is by ph|ebQtonly' irt order tu kcep set.ttttr

f-erritin levels belou,5tls.gli". Initial ireatment is -500 ml phlcbotorny pet w'cck,

ibllgwed by contintrotls treatillent rrf'one to ibtrr times a vear' Cirrhosis usually

occurs in lill patients whcn lrepatic it'on cottcentt-ations exceed 4t'|0 lilnolr'g dry

' , r 'e ight  l iver 122.4 rr tg/g)
Fo,.t4,e-2 LIH- thejuvenile haemochromatosis {Perkitts sl rt l. i965) the

rcsponsiblc gene has nol been idcntif iccl. l 'his type of HH is nlore sL'\ 'ere tl l l t l l

type-1 ancl ii is characterised b;- rapid iron lotiding and clinical nranifestatrons

*ithin the second rjecarle of lif'e. cardiac anti el.tdocrifie abnormalities dorninat*

the cliuical picture. although iiver protrlems are also srgnificant- Type-3 l'lFl is

associated rvith mutatrons in ffR-3 {Canaschella er .?l ' 2000) i ind is

phenotypically sinilar to r.r'ire-l Hll. Type-l {Montosi er ai. l00l: N-ia3ou c'l

al . 2AAo and type-S I{H (Kato t't al. ?AQI) arc irrhcrited in an atttosortt;il

dominant pattem. Type-4 is causcd by missense mutations altering ferropotlin- l.

Patients accnmulnte largc anronnts of iron in the liver macrophages anil liuvc

less h-ansferrin-bound iton. Httu,ever. they eventttally also develop liver, hcffIt

and pancreatic c6mplications. Type-5 I'IH. r.vhich iras so t^ar afl-ected one

Japanese family. affi:cls the tbrritin molecule. whrch in turn catises a ,le t-ect ilr

the iron-stori[g Process.

6.3.X Secondary haemochromatosis
Secon<lar;-haemochromilttrsisnraybecausedtr;iseveralothcrcondil ionsleadrng
to inrn overload Tlrcse include elcess of dietar.v ilon intake. r-:hronic haemolysis

and fi'equent blood transfusions- Phlebotonry is mt)stly impossible in lhese cases'

Tlre treatment rnost commonlv usetl is a contiilllous administration of an ircrr-

chelaling agent.
Chronic anaemia sucli as aFlastic anaeinia. sickle cell anacmia. ancl

thalassaemia cause iron ggerload mostly beclusc r,.f ltequent blorrd tmnslusions.

Each 250 ml nalstttsed reci cells adds abtut 250mg eletnental iron to th* body'

Frequent transfusirrns may prontotL- dirtrctcs mellitus an.i cardiilc lailu|e whell

iron cqneentrations exceetl 268trrinol/g dry r.veight liver (15mgig). The end-

organ manif'estaiions of iron overload. suclr as cirrhosis, cardiac failure'

hepatolellular carcinorna. diabetes mellitus and h.vpopituitarisrn reselnble the

malifestations in hercditary haemochromatosi s patlents-

6.4 The role of iron in cardiovaseular disease

ln significant pilns clf the ntocleru rvorltl, irqrr cverload is lirurtd itt the popul*tion

more ofteu than irolr rleficiency. Consequently, the potential hazarels of iron
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jxr:css are gatning more attention. Excessive iron may promote cardiomyopathy,

iuthmpathf, infection, liver hbrosis. diabetes mellitus and malignancy- as \rell

n, .nio..iir" and 
'eurorJcgcncrative 

4isorders. A relaiively nerv hypothesis has

bcen postulated lry.lerorne Sr.rllivan in l98t (Sullivan 198 1) that iron may play

1n import;rnt role in athenrsclerosis and related cardiolascUlar diSeases. Desptte

significant controversy and the negative results of several sttldies' de Valk and

haon {1999) concluded a strong epidemiological evidcnce for this iron

hypolhesis.

6.4.1 [pidemiological studies in favorrr of the iron hypothesis

licnrm ferritin conccntration as a mcBsurc of body ireln hns been sholvn to

significantly correlate to the risk cf tnyocardial infarction or carotid

rrr.iherosclerosis (Haidari et al. ZA0l; Kiechl et ai. 1994: Kiechl et al. 199i

Klipstein-Grobusch ei o/. 1999b; Salonen et at. 1992'. Salonen et al. l,998'
'Inomainen el a/. l9t)7b, 1998). Lllt inately, Lauffer (1991) shorved significant

corrclation betlveen iron stores, measured by liver biopsy, and cardiovase'ular

irofi&liry" Ackiitionally" lorv prevalence of CHD has been obsen'ed in alea's $'ittr

high prevalence of iron deficiency iSull ivan i9f{l}.

The lower incidence of corolary heart disease in prcmelopausal wotuen

compared with men of thc sartc ages and with postrlenopausal \\'onen \\'3s

shou,n to be tlue tei the lou'er total body iron caused b-v menstrr'ral blood loss

(sutlivan 1989) In merr, hady iron assessed by fenitin conLrentration, rose after

atlolescence, while in wolnen, ferritin began to rise only aiter the age of 45 years

(llurt cl ul. 1993). The Framingharn study showed ihat the risk of heart disease

in women increasecl equally by nahlral or surgical menopause {Gordon ef ai.

1978; Hjortland et a!. l9?6: Kannel et tt l  .197{i). In heterozygotes of tamilial

hvperlipoproteinaemia, the premenopausal lvqfilen had a lower tisk of coronary

heart <lisease than men (Ascherio & Hunter 1994: Stack 1969; Stone et ul' 1974)-

Tlrc irol hypothesis ma.v also cxplain thc associotion lret'veetr tiequent bioocl

rlonatior"rs and retluced risk of myocardial infarction (Meyers et a|.2002,

Salonen er a/. 1998- Sull ivan 1991. Tuomainen ef ri i . 199?b). Adtlit ionally' a

conrtnunity-based prospective cohof{ studl' sholved that haem iron itrtake was

positively associated with the total body iron and the nsk of cardiovascular

diseases (Asc|erio et al. 1994: Klipstein-Crobusch sri: al. 1999a Salonen er

u!.1992: Snowttrn et al. 1984; 'fzonou er al .1998)-

Recent studies fiave identified catriers of hereditary haemqcluomatosis (Hff)

gene to havc significantiy highcr catalytically active iron than the normal

population {de Valk et al.200O}. Some rcports, moreover' detnonstrated an

association between heterczygous HFF. gene mutation and the risk of

c.ardiorrascular evenls {Rattiloto el ,r1. 2000: Hctct el al.20A1: Rasmussetr ci

ili.2001; Roest et ut. 1999, 'Iuomainen et al. 1999). As forp-thalassenia, the

clinical evi{ence of vascular rorrplications has beer"r shr:rrn to match rvith higher

h,.vels of oxidative modificatior-r cf LDL compared with healthy controls (Livrca

cr a/ .  1998i .
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Fig. 6.4 Illustration of the cellular process-and possible.action of iron in the

d.uei;p*"nt ofatherosclerosis. Fe = iron, P-selectin = platelet selectin. E-selectin:

cndothclial sclcctin.vlA-4 - very late activation antigen-4' vcAM-1 = vascular cell

adhesion molecule-1. LFA-I = lymphocyte function-associated antigen-1. ICAM-l =

intercellular adhesion molecule-l, MCP-l : monoclte chemoattractant protein-I CCR-2
= CC chemokine receptor-2. M-CSF: macrophage colony-stimulating factor- TF: tissne

factor. vwF : von willebrand factor- MMP = matrix metallopmteinases. No :

ntononikogen oxide. ROS : reactive oxygen species. LDL : low-density lipoprotein

l"hese celluiar proc€sses may include: rolling, adherence and transendothelial rnigration

of leucocytes, macrophage and T-cell mediated inflammation ieaction, LDL oxidation'

foanr ceil fonnation, decreased NO production, smooth muscle cell proliferation nnd

platelet aggregation'

ln vitro studies

The mechanism by which iron may stimulate atherogenesis is unclear' It is

suggested that the catall'tic role of iron in lipid peroxidation may influence the

formation of atherosclerotic lesions. Iron-catalysed fiee radical formation may

cause oxidation of LDL (Heinecke et al. 1984). The oxidised LDL is recognised

by scavenger-receptors on macrophages, leading to accumulation of LDL in the

""itr. 
tttir ir followed by the formaiion of fnam cells, which are characteristic

for the fatty-steak lesions of early atherosclerosis. Oxidised LDL also has

chemotactic capacity providing recruitment of monocytes and macrophages to

the site of lesions. The oxidised LDL also has cytotoxic capacity that induces

changes in the endothelial cells witlr loss of endothelial integrity.

Tiansendothelial migration of leucocytes is also a fundamental inflammatory

mechanism in atherogenesis (Genity 1981, Ross 1999). This process is panly

pl.telet aggteqation
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mediatecl by chemokines and the interaction between cndothcliai adhesion

molecuies and tl'leif ligands on monocytes (Meerscltaert & Furie 1995; Navab et

ut- 1994: Shang & Issekutz 1998). Monoc]{e chemoattractant protein-l {}\4cP-l}
attracts monocytes bearing the chemokine receptor CCR-2 (Springer 1994).

Scveral adhesion molecules havc been sltorvn to be presenf in hrtmltn

atherosclerotic plaqttes, including two members of' the immunoglobulin

superfamily of aclhesion rcceptors, lCAlvI-l (O'Rrien et al. 1996; Printseva ar

at. 199?', vau tlur Wal et at. 1992j, VCAM-l {0'Brlen et al. 1993 O'Rrien sl ci.

1996), as well as a member of rhe selecrin family" E-Selectin (O'Rrien cz ril.

19961 van der Wal er r.l. 1992). A significant correlation has bccn iound bctn'eetr

the degree of macroplrage infiltration and endothelial ICAM-1, VCAN'I-i and !,-

sclectin cxpression in atherosclerotic lcsions (O'Brien et al. 1996)-

As a redox active metal, iron is capable of catalysing the formation of

hydroxyl radicals in fhe Fentou reaction (Marx & van Asbeck 1996). Several

anrioxidants ha,ve been shown to protecl against the endothelial dysfiinction

associated with atherc,sclerosis {Diaz ef a/. 1997). The oxygen radicals may'
iuvolvc in ttre regglation of nuclear factor KB (NF-nil) IINA binding (Bal,1win

2001). irnportant for the transcripticn of a large ntrmtrer oF genes, including thc

endothelial adhesion rnolecules (Collins et a!- 1995', Neish el al . 1992)-

The infiltration of leucocytes consists of consecutive adhesion-mediated

events {Butcher 1991i. The first stcp ol adherence involves binding of selectirls

to carbohydrate ligands, which tnggen tetlrering of the leucocytes to the

activated endothelium along the vessel wall. After rolling and arest, a firm
adhesion of the leucocytes on activated endothelial cells may occnr depending

on the activation of the integrins includiag VLA-4 and LFA-I {Adams & Shaw
1994; Luscinskas er al.1994', Ross 1995; Springer 1994, 1995). Such activation

may involve signalling initiated by inflammatory cytokines or signalling tlrrougir
binding of the integrins to their receptors (Adams & Lloyd 1997; Dcdhar 1999;

Ebnct et ol. 1996; Ebnet & Vesfweber I9991 Gahmberg 1997; Tuomainen ef ,rl.

1997a). Iron rn yitro upregglates intcrleukin-6 {IL-6) prcduction hy enckrtheliai

cells (Visseren et a|.2002'). while iron chelators inhibit the turnor ncclosis
f-actor-r.r (TNF-a nrediated up regulation af cndo'ihelial adhesion molecuies
(Koo er a/. 2003, Zhang & Frei ?003). Bxpressiotr of tFN-rc-inducible genes in

rnonocytic cells was aftbcted by iron and iron-chelation (Oexle et rtl. 2003\.
Nilorcuvcr, iron vvas shown to increasc secretion ol TNI;-r.r (l-opez et 8l- 2Ul)3)

atd lL-l (Szkaradkiewic:z l9Ql) by rnonocytes.

In vivo studies
The rn vilro experimenlal studies on gsleration of oxidised I.llI hy iron are

supported by cbservation ofthe atherosclerotic lesions. The interior ofadvancetl

human atherosclerntic lesions is a highly pro-oxidant euvironrnent containirtg
reciox-active iron and copper ions which may induce iipid peroxidation (Smith el

cl. 1992). Feritin was also lbund to be highly expressed in the atherosclerotic
lesions {P:rng el c/. 1996). The iron is solocalised u'ith ceroid. an insolublc

cornplex of cxidised lipid and protein. exlracellularly and also intracellularly in



lron intake and cardiovascular disease I l3

ihe foam cells and smooth muscle cells (Lee er al. 1998). lron deposits cansing

stimulation ol macrophage infiltration to the athefosclerotic lesions and

furthermorc plaque rupture fuave rccently been shor.vn (Kolodgie et al.2AA3).

Flrlher stu<ly by means of scan[ing and transmissioir elestron lnicfo$copy

revcaled that erythrocy'tcs contairrirrg haelnoglobin were prcsent in athero-

sclerotic lesions. Erythrophagosy-tosis by rnacrophages also occured in fhe

lesions (Lee et al. 1999a).
Onc study showed fhat patients ra.ith genetic haemoclrronratosis had

significant eccentric hypertrophy of the radial artery, although none of thenr

had aiterial hypertensiorr or evidence ol' cart{iovascllar diseases {Failla et ai.

2000). The slructnral alteration leading to fuiictional problems (stiffening), was

largely reverted by iron depletion (Failla er ai. 2000). Iron was also shon'n to

indnce early functional and stnlctural vascular abnomralities due io endothelial

tlysftinction (Rooyakkers el aJ. 2003) whish is associated $/ith subsecluent

induction of oxldative Sfress. 'l'he racJlcal specles may als0 tmpair the

mononitrogen oxide (NO) productiort. leading to the conclition of arterial

stiffiress (Cheung et at. 2OO2). I'he vascular condition could be improved after

administration of iron chelator (Duffu et al.200lj. rvhich may indicate a reduced

risk of cardiovascular events.

6.4.4 Animal studies
Several animal studies sholv the involvement of iron in the developtnent of

atheroscletoSis ancl related cardiovaScular diseaSes- lron overload $'aS sllorr'n

to stirnulate the formation of atherosclerotic iesions in hypercholestct'olaemic

rabbits (Araujo et al. \995). lron overload also incrcases the susceptibility of

rat hearts to oxygen reperiusion damage (r,an der Kraaii er a/. i 988; Voogd el

ul. 1992\. Several shril;es shnwerJ a prrotectirre eflbct of iron chelators in the

post-ischaemic cardiac injury perioci in animals, in<licating that iron pla,vs a

role in reperfusion injury in tissues after ischaemeic insult (Badvlak et al.

198?; Boll i et al.1987: Reddy eI al.1989; van der Kraali et o/. 1988' 1989;

Williams el a/. i99i). Dierary iron restriction protccted thc apoE-dcficient

mice from developing the lesions {l-ee et a/- 1999b}, and from having plaque

r-gpfrr(Lee et a/. 2003), Finally, iron cheltrt ioll in exp€ritnental rabbits

showed antiathcrosclcrotic efTect by reducing plaque fom'ratiotr (Minqtn er al.

2003).

6.5 Mcasuring iron toxicit-y"

In the early course of iron overload. nunerous horneostatic meclralrisnrs prevent

datnage fi'om accumulating iron. These include increased ferritin production

needetj to sequestsr the labile ir<rn, and increment in indir,idual antioxidants and/

or antioxidant cnzymcs ro protect against radical <lamage promoled by iron.

Ffowever. these mechanisms rnight f'ail as tnore iron accrtmnlates-
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Measurement of iron toxicit-v is cmcial for cliagnosis and management of
patients rvith iron or.erload fiorn such disorders os hcreditary haemochr<lnratosis.

thalassenria rnqior. sickle cell disease. aplastic anaemia and ntyelodysplesiti.
Bocly iron can be measured by several parameters including serum ferritin

concclltl?tion and trransferin saturation. The nomul rauge of sentm fenitin is

l8-300ngirnl. A decreascd value of serun.r tbrrititr is associated r.vith irott

deficiency, while an increased value may iudicate an increase of total body iron.
However, it is also elevaled in liver tliscases, inflammatory ccrnditions and

malignant neoplasm. Another simple nleasure but insufficiently indicating total

body iron (Beaton er a/. 1989; Cook ez a/. 1976) is transferrin iron satrrratiorr.
which is calculated as the concelltration of serum iron divided by TIBC.

Estimation of total body inrn using this measure is less conclusive owing to high
individual variation and strong influence of inl'lammation. The nolmal rangc of
iransfet'r in saturatit-rn is I 5-55 per cent atrd the valrre increases in
haemochromatosis. Furtherrnore. when moderate to severe iron overloild is

suspected, liver biopsy is necessatl to he perlbmed.
Magnetic lEsonance irriaging illlRl) potentially prcivides rhe best available

tecl"urique for examining the three-dimensional distribution of excess iron in tlre
body; horvever, n')easr.rrements nnd techniques rnust be calibrated for eaclr
individual maclrine. Biomagnetic susceptotnetty such as superconclucting
quantum interfercnce device (SQUID) suscepton'lefy (Brittenham el a/. 1982)
or, potentially. rnagne{ic resonance susceptometrv- (Brittenham er al. ?AAI)
provides the only noninvasive method to rnea*sure tissue iron stores that has heen
calibrated, validated and used in clinical stndies, but the conrplexity, cost and
technical demands o{' the liquid-helium-cooled superconducting instnimenfs
required have restrictcd clinical ac{.:ess to the method.

As previously niertioned, iron in tlle circulation is noitnally attached to
ffansferrin. Hoq,ever in the case of iron-overloacl, NTtsl is present (de Vaik et a/.
2000). Some species of NTBI rnay lre safely hound to endogenous chelators.
other species, holel,er, may be catalrtticall-v active and capable of generating
oxygeir radicals, which is the major source o[ iron toxicity. This active NTBI is
tcrmed labile plasrna iron ILPI) (Esposito et ril. 2003). This iran species can also
accumulate inside the cr:ll and is termed labile ircn pool {t,lP). l,IP may becotne
catalytically actirre and is crucial for regulating the expression oi many iron-
relatcd irruteins. The {indings meillioned abtrve stress the ueed to identify the
potentially toxic species of iron in both plastua and cells. Different means firr
small- and large-scale estimation of NTBI, t,PI and LIP should be available with
reliable and inexpensive methods to det€ct subjects at risk. Providentially, one ol
thern is being develcped i.Breuer & Cabantchik 2001).

6.6 Methods of preventing iron damage

Screening for iron uverloatl wrth biochernical methods ancl genotypirtg in
patients who are suspecied of having iron overload, such as type 2 diabetes
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meilitus. atypical cardiac failure, early onset impotence in men and arnenorrhea

in rnomen,- ear{y arthritis, high concentrations of liver enzynes, initability'

depression, joini pain a'd fatigue, is a recolntnended medical practice' Earll'

cleiei":tion of haemochromatosis is essential to prevent the potentially serious

complications such as progfession to severe organ damage. currentlv' screentng

is not commonly done ur purt of routine medical care or check-ups, and many

cases go undetected. A reJatively inexpensive screening test lbr iron overload

can aJtually be done by measuring the ferntin concsntralion togelher u'ith titc

transferrin saturation from a blood sample 
classicalPhlebotomy is rhe besl solutioll for prerrendng iron damage tn

haemochrornatosis. Hou'ever. this treatment is not sultable for anaetnia-related

iron overload, and severa! other distinct forms of iron-overload. For these

pat ients ' i rondamagecatbeprer.entedbyadminister inganironchelatot .
besfemxamine (reviewed by Giardina & Grady 20011 comrnercially named

Desfbnal@, is the only fttlly registerecl iron chelator that ha^s been. However' the

dmg needs to be administeted intravcnously, is expensive and occasiotrall-v has

.uoi" to*i. side effects such as pain and s*'elling at the injection site, and rarelY'

impairment of vision and hearing or a general atlergic or anaphylactic reaction.

Paiients may dislike wearing the purnp, and fail to carry out the treafinent' An

altemative, iafe, antl effective oral iron chelator is urgently needed. An oral iron

chelator, 1.2-dimethyl-3-h-vdroxypyrid-4-one {also knorvn es L1'.CP20 or

Deferiprone) {I{uehns "' 
oj. lggg), which is less expensive and relatively safe,

has been recently recommended i1 Europe to be used i1 patients suff-ering frorn

iron overload who cannot receive (too eipensive) or cannot toierate Desfentl'r:'

(Konroghiorghes et a1.2000). Experience with this drug has also been gained in

danada and lndia. Extensive research to develQp safer and more effective oral

iron clrelators is in Progress.
Furthermore. non-absorbable non-roxic oral iron chelators may also be

beneficial to reduce irnn absorption by the enterocytes of not only Flff patients

but also HH carriers- Additionally- since iron toxicity has been generally'

associatecl with a conclition of free radical-mediated cell and tissue damage' the

use of dietary antioxidants rnay help to prtrtect against toxic effects of iron'

6.7 Conclusion end future trends

ln summary. thsrc is growing evidence for the role of iron in the developmenl of

athernsclerosis and related cardiovascular diseases' Wilh all the possible

confounding t'actors being taken into account, the epidemiological studies

suggest a positive conelatior beltveen bocly irun level and this vascrrlar disease.

In vitro studies shotv several possible mechanisms irr rvhich iron may play a role

in atherosclerosis. 1n viyo studies confirm the meclunisms of iron action in

atherosclerotic plaque formation. The animal studies further validate the

invoivement of iron in this disease. Furthennore. slevated body iron level and

NTBI have been obsened in the carriers of hereditary haematochromatosis {de
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Valk et at.2AOO\. The affected ̂ Ffff gene has * prevalence ct l0 per cent nt

Caucasian population- 'Iogethet rvith the tendency of having iron overload in the

modem rvoricl, n'lor]-V lnore people llay thercbv su{Icr fronr tirc tisk of'

developing early cardiovascuiar disease.

lron-deficiency atraetnia repraitls a prevalent and dehil itating i l l less tn

tleveloping countries as lvell as in specific groups of the Westcn'r population'
'Lhe diieaie mostly atfects prcgnant women andyoung childrefi at levels of 79

per cent in South €ast Asia antl 44 per cent in Suir-saharan Africa, based on UN

figures from the mid-1990s. In children, the illness may cause a penllanent

cognitive impainnent. Identifying and caring for iron deficiency cases ls

certainly cmciai 1br people especially lrom these reglons'

,\s o conscquence, iron supplcmcntation is u conrmon practicc i lr many

countries. Wl{O progralrmes also endtrse this practice. Companies advertise

their products- rnenlioning the belelits of iron forti{lcatiott. However' tltcsc

berneficial rneasures can have deleterious effects, especially in people wittr

hercditary haeinochromatosis and anaemia*\ associated with irol Overload.

There are lnan)r narkers for iron deficiency' rvith serum ferritin anii

hypochromic red cell percentage currently the best markers availabls in clinical

practice. Iron fcrr-titicatlon is necessirry in this easily diaguosed condition. Ural

irun supplementation is inexpensive and safe, but poor patient compliance and

re<luced intestinal absorption ma-v lirnit its ctlicacy. Ilttravenous iron. on the

other hand, is effective, hut it rnay have the potential crf inducing iron overload'

The side effects of iron overload- such as infections. malignancies and

vasculst tliseases" are *'ell recognised. I-Ion'ever. no guidelines exist for safe

practice. A well-balanceel diet containing a sufficient amount ol iron is al.uva.vs

necessaly. tn the westeru rvorld, horn"ever, the case of iron overload is

increasing" Srtme dietary l'estrictiorl s'ould tre usefll to avoid iron accrtmulatiolr

in the body, for example by linriting thc cousumption of iron-rich foods stich as

liver, red meat and iron-fortified cereals, in subjects rvho are Rot prone to irotr

dcficicncy.
In the case of haemochromaiosis, early Screening llas beCome cost etfective,

particularlV for certain grouns of people. Relatives. especially sihlings. of

patients q'ith haemochromatosis should be tested for gcnes that indicatc

predisposition to the disease. allowing earlli treatulent and prevention of the

dissase and tissue damagc.

6.8 Sources of t'urther information and advice

The sources mentioned beh.rrv provide further relevant information. Two books

provide more and up-to-d:rte information on the process of alherosclcrosis. tlre

lisk factors inchrding nutrient iron, and some prevention advice-

l. Imnune nrctltanisnr,s of athert;gene.sis, Ming K. I-leng and Madalene Heng

(eds). Landes Bioscience; lst edition (June 2003)' ISBN: I 58706-037--X,
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2- Atkts of' athera,sclerosi-s: rrs* fac'tor.s ancl lreatmeni, Peter Wilson (ed')'

(lurrent Medicine; lrd editiotr (june 2003). ISBN: 15734i)1810'

Anothcr book explains more t lc lat ls oJ '  both pr lmary and secondary

haemochronratosis. tl:e sylnPtonls, scleetring strategies' available tl'ealtnenls

an<l furthennorc thc complications including vascrtlar problelns'

3. Ilemo<:hramqfosLr; genefics. pathophl,sip/ogr', iliagrosi.r and treatnrcti;

James C. Barton and cor\r.ln Q. hdwards (eds], Llniversify llress: I st edition

(March 2000). ISBN: 0521593808.

The last book provides mole recent iufonnation on available iron chelators,

especially fbr medical use.

4. lron chelators: neu.tle,-elopnl7rt stNltegie.r. I)avid C. Badman, Raynlond J.

tsergeron, cary M. Brittenham (ecls), Saratoga Publisli ing GroLtp,

Incr:rporated; (N{ay 2000), ISBN; l8?9894?01

Furthermr'lre, we u,orrld like to intrgdtcc e rvebsitt: of a joiaed scicntific pro-iect

supported by the European Commission: http://r.vww'.nutrientirontoxicity.nl,

which especially examines the deleterious ei'ilcts of this essential iron nutrient.

irr diffbrent target orgalts-
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