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Abstract — Partial deficiency of the last enzyme of the hemsynthetic pathway (namely ferrochelatase, FECHjumans
is responsible for erythropoietic protoporphyriaPf. This disorder is characterised by painful pbensitivity, due to
excessive production of protoporphyrin IX (PPIX) é&ythrocytes. Controversial hypotheses have beapoped to explain
the hematologic and iron status of EPP patientshénpresent work, we explored these paramete&s ipatients with
dominant EPP recruited at the French Center of Boigsh(Colombes, France) and confirmed by molecatalysis. Our
data show that erythrocyte accumulation of PPIERP patients influences hematologic and iron st&asents studied had
a mild anemia and thrombocytopenia, as shown bydinenward shift of hematologic parameters, whiclsitpeely
correlated with the amount of erythrocyte PPIXelastingly, erythropoiesis did not seem to be Bohiby iron supply in
patients, since serum iron and soluble transfer(iffy receptor (STfR) were normal. However, iron and Tiusstion
negatively correlated with erythrocyte PPIX. Moregvand as previously described in a mouse modEP&f, we noted a
positive correlation between erythrocyte PPIX arideVels. Altogether, these results suggest a peséffect of PPIX on
the synthesis on Tf, which could facilitate the rfization of tissue iron stores to meet erythrog@eequirement. Based on
these observations and previous results in EPPenowoslel, we propose that the PPIX-liver transfgsethway plays a role
in the orchestration of iron distribution betweeanipheral iron stores, the spleen and the boneowarr
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common intronic single-nucleotide
polymorphism (SNP), IVS3-48C, is inherited
INTRODUCTION trans to a dominant mutation [12] that abolishes
or markedly decreases FECH activity [13].
Erythropoietic  protoporphyria ~ (EPP, The most common clinical manifestation

Mendelian Inheritance in Man [MIM] 177000) isof EPP is lifelong acute, painful photosensitivity
an inherited disorder of heme biosynthESiS th@if Sun-exposed skin due to the photodynamic
results from a partial deficiency of ferrochelatasgction of PPIX [5]. In addition, accumulation of
(FECH, EC 4.99.1.1.), the final enzyme of hem@p|X in the liver may result in hepatic
biosynthetic pathway [22; 24]. FECH is an innegomplications, such as cholelithiasis or fataltive
membrane  mitochondrial  enzyme  whickajlure (in about 2 % of patients) [20; 25-26].
catalyses the insertion of ferrous iron into Mild anemia is observed in 20 to 50 % of
protoporphyrin IX (PPIX) to form heme. Its EPP patients [7; 23], but the pathogenesis of the
deficiency in bone marrow erythroid cells leadfematologic symptoms is not yet fully
to increased synthesis of PPIX that accumulatg@derstood. The pathophysiological feature of
in the bone marrow, erythrocytes, liver, plasmghe human disease can be studied using the
and skin [6] Usually, EPP is inherited in arhomozygous mutant mOUSEGCHﬂIPaS, which
autosomal pseudo dominant manner, in which ashows a residual FECH activity of 5 % in the
liver and spleen, skin lesions and hepatic
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dysfunction with PPIX deposits [1; 4; 28].stopped by the addition of a dimethyl sulfoxide/aetol

Interestingly, investigation of iron metabolism jnMixture (30:70 [v/v]). After centrifugation, the jsernatant

. . . . was transferred to a fluorometry cell, and the fhsgence
these mice has lead to the observation that if they. - ..<red at 580 nm Withyan excitation wavéheog

develop anemia, their total body iron is normali1o nm. The enzymatic activity was expressed as
and is redistributed from peripheral tissues to thenomoles of zinc-mesoporphyrin formed per hour per
spleen [1; 19]. In addition, these mice showed Apilligram of protein at 37°C (normal value = 4.83091

: : ean = SD] nmol mesozinc/h/mg). The erythrocyte
increase of plasma Tf [19], suggesting tha[{?otoporphyrin (PPIX) was determined by standarthiogs

erythrocyte PPIX could act as a sensor of iron {94).
stimulate the synthesis of hepatic Tf in situation

of anemia (probqbly th_rOUQh . an Indll’eC‘HematoIogical, iron status and biological parameter
pathway), therefore increasing the iron supply for Al analysis was carried out in the same laboratory
erythroid cells. Hematocrit (Ht), hemoglobin (Hb), red blood celluod

Although anemia in EPP patients probabl&RBC count), mean cell volume (MCV) and platelets were

. determined by standard automated methods (Siemens
reflects the lack of FECH activity to form hemet:ompany). Transferrin  (Tf), transferrin saturatiofTf

the precise mechanisms involved in such disordgfiration), iron binding capacity of transferritBET),
and its relationship with iron metabolism remairerritin and iron were also measured (Dade BehrRyj.
elusive. In order to precise theses points, weax). sTfR were determined by immuno-nephelometry

; ; i limidi ; iemens medical healthcare, BN Pro3petiepatic
investigated the hepatic, lipidic, hematologic alnEjzlrameters (alkaline phosphatase, total bilirul@amma

iron status of a well-defined group of 55 patientg scoT/ASAT and SGPT/ALAT) and lipid parameters
from EPP families recruited at the French Centefiglycerides, cholesterol, cholesterol HDL and L)Dvere
of Porphyrias (Colombes, France). determined by standard automated methods (Dader®ghri
RxL max).
MATERIALS AND METHODS Statistical methods
Data were analysed using Microsoft Excel software.
Patients recruitment and molecular diagnosis Results are expressed as mean * standard deviaiion f
All the procedures involving human subjects werenormally distributed data. Correlation studies were
performed in accordance with the 1983 revision lué t performed by linear regression using Statview safew
Declaration of Helsinki, and the study was approbgdhe Statistical significance of correlations was evsddausing
Hospital Ethics Committee of Hopitalmbroise Paré, in the non parametric Spearman test. Statistical teesutre
Paris. Normal values for haematological, hepatid Bpid corrected using the Bonferroni correction for npiéi
parameters have been established in a control godup analyses.
healthy blood donors or children matched in sexagel
The cohort consisted in 55 subjects (age rangihgdsn 12 RESULTS
and 45 years old). from EPP families recruitechatFrench
Center of Porphyrias (Colombes, France) between af€0 . . .
2007. All the subjects presented a documentedcalirind Patients and porphyrins analysis
laboratory history, and a high level of free pratgghyrin in All the patients recruited at the French

their erythrocytes (52,292 + 37,580 [mean * SD] nMCenter of Porphyrias (C0|0mbesl France)

normal <1,900 nM). All these patients had no asgedi A ;
etiology for iron deficiency and/or liver dysfunmti and presented a clinical and laboratory history of

never received iron supplementation. Molecular wsisl EPP, and their molecular dlagn(_)S|s (_:onflrmed

confirmed the diagnosis of the disease in thesemniat that 39 of them had orfeECH mutation with one
or two FECH IVS3-48C alleles. As shown in

Lymphocyte 'FECH Enzyme Assay and Enthrocyigaple 1, erythrocyte PPIX is increased in all

Protoporphyrin Measurements . . .
We assayed peripheral lymphocyte FECH enzymgUPI€Cts with low FECH activity (<3.5 nmoles of

activity in all the patients. FECH activity was detined by ZNPPIX/hour  per miligram of protein).
fluorometric measurement of zinc-mesoporphyrin fation ~ Consistent with previous report [14], PPIX
after incubation for 60 min at 37°C, as previouslyconcentration was higher in men than in women,

established [18], with some modifications. For ioet ; ot i
assays, a peripheral lymphocyte homogenate wasiEep although not being statistically significant.

in 50 mM Tris-HCI (pH 7.6) and 20% glycerol, and the ] ] ] ]
protein concentration measured using the Bradforthose Hematological analysis and iron metabolism
(Bio-Rad reagents). The reaction consisted of a 5-min Results of hematological analysis are

preincubation period at 37°C, with 2Q0 of lymphocyte ; ;
homogenate, 200l of incubation buffer (250 mM Tris-HCI shown in table .2' Ht, Hb co_ncentratlon, RBC
[bH 7.6], 1% [viv] Triton X-100, and 1.75 mM paligt countand MCV in the EPP patients were towards
acid), and 40 ul of 0.5-mM mesoporphyrin (final the lower end of the reference values, particularly
concentration 43M). Then, 20ul of 1-mM zinc acetate in women. This hypochromic microcytic anemia
solution was added (final concentration @Bl), and the g5 mild. Only two women had an Hb below
incubation continued for a further 60 min. A blankas

prepared without the cell homogenate. The reactiais 10g/dl, and none of the men had an Hb below
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Table 1.Ferrochelatase activity and erythrocytes PPIX itiep#s with EPP.

patients EPP reference value
all WOIen men
(n=533) m=27) n=28)
FECH activity * 1.86+ Q8D 1.8+ 039 168+ 0.68 =35

Erythrocyte PPIX P 52207+ 37580 | 4817827333

[

4557 = 45177 =1900

Ferrochelatase (FECH) activity and erythrocytes PRéXe evaluated in 55 patients with EPP.
Data are expressed as mean + SD.

a: in nmoles of ZnPPIX/hour per milligram of prateneasured in peripheral lymphocytes.

b: in nmoles/liter.

Table 2.Hematologic and iron parameters in patients witP EP

patients EPP reference value
Hematologic parameters all § womet ) e .
(n=28) (n=14) (n=14)
Ht * (%) 364= 46 356= 46 3T3=45 330-430
Hb level (g/dL) 12313 118+12 12712 11.5-16.0
RBC count (x 1014/L) 45+ 05 43=04 47+ 04 400-6.00
MCV (x 10 L) 805+ 1146 781=153 820= 36 77-100
Platelets (x 10°L) 201.9= 683 1926 = 62.0 2112+ 753 130 - 400
Iron parameters al_l - wromen . e .\
(n=53) (n=2T) {n=28)
Ti(g/L) 282+ 058 200+ 062 265+ 050 2.00-4.00
Tf saturation (%) 229+ 121 217+ 106 242+ 132 20-45
sTER ** (mg/L) 1.12 = 0.13 1.00 = 0.14 115+ 0.10 08-16
IBCT (pmol/L) 705+ 146 740+ 156 6.3+ 123 30-70
Ferritin (ug/L) 328+ 373 229+ 189 422+ 474 8-100
Iron (ML) 135= 74 136= 69 13.5= 80 10-26

Hematologic status (hematocrit [Ht], hemoglobin [Herythrocyte [RBC] count, mean corpuscular volumeCN{j and
platelets)

was evaluated in 28 to 40 (*) patients with EPBn Istatus (transferrin [Tf], Tf saturation, serufrirdceptor [STfR],

Iron Binding Capacity of Tf [IBCT], ferritin and ironyas evaluated in 55 or 27 (**) patients with EPP.

Data are expressed as mean + SD.
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11g/dl. The defect in erythropoiesis seems tmodified by the level of PPIX. Results are shown
increase with the level of PPIX, although thisn table 3: the parameters measured are all
was not statistically significative’(F 0,145 p = included in the interval of reference values. No
0,019 Figure 1A). As shown in table 2, thecorrelation was noted between any of these
soluble transferrin receptor (sTfR) was 1,12 parameters and erythrocyte PPIX.

0,13 mg/mL and iron is normal in patients EPP.

These results suggest that the defect in DISCUSSION

erythropoiesis affecting hemoglobinisation in

these patients is not the consequence of limited FECH has two substrates, iron and PPIX,
iron supply. and only PPIX seems to accumulate in excess in

Interestingly, patients also present a milgpp Hence, 20 to 50% of the EPP patients
thrombocytopenia (table 2), and correlatiijevemp a mild anemia, the pathogenesis of
studies showed a highly significant and negatignich is unclear. In contrast to sideroblastic
correlation between erythrocyte PPIX angnemia [10] and congenital erythropoietic
platelets (f= 0,395 p = 0,0002, Figure 1A). orphyria [29] which also strongly affect

As shown in table 2, Tf saturation ancErythroid heme biosynthesis, the anemia resulting

These both parameters positively correlated withq does not induce iron overload.

Hb in patients (not shown). In addition, and as The homozygous mutant mouSech ™"
expected in iron-deficient anemia situation [8]represents a useful model to study the
linear regression shows that iron and Thathophysiological feature of the human disease,
saturation m_versely correlates with erythrocytQith a residual FECH activity of 5 % in the liver
PPIX of patients (= 0,219 p=0,0005 and¥ anq spleen, skin lesions and hepatic dysfunction
0,309 p<0,0001, respectively, Figures 1B). Agth PPIX deposits [1; 4; 28]. Characterisation of
shown in figure 1B, we also noted a significativgrythropoiesis in these mice has revealed that
increase of Tf with the amount of erythrocytg=gcH deficiency induces microcytic
PPIX in EPP patients%0,194, p = 0,0006). On pypochromic  anemia, the severity of the
the other side, there was no significativghenotype being strain-dependent [19]. In the
correlation  between  ferritin - and  PPIX.present work and as previously described [14],
Altogether, these results suggest mild irofye show that the remaining FECH activity in

depletion in patients with EPP. patients with EPP is not sufficient to maintain
. o ) full erythropoiesis. Indeed, the patients present a
Hepatic and lipidic metabolism shift towards lower values of the hematologic

Because PPIX accumulates in hepatocyt€§arameters and a defect in hemoglobinisation
chronic liver disease may be observed in EPRat seems to grow with the level of PPIX.
patients [21].' Therefore, we evaluated hepatic Strikingly, patients with EPP also present a
parameters in our cohort, such as alkalingjig thrombocytopenia, the number of platelets
phosphatase, total bilirubin, gamma GT, ASATeing inversely correlated with erythrocyte PPIX.
and ALAT (table 3). One or more of theserprombocytopenia is a common complication of
parameters was increased in 39 (71%) patientfronic liver disease, although its pathogenesis is
(12 for alkaline phosphatase, 4 for total bilirubin, ot clear. Indeed, serum thrombopoietin has been
14 for gamma GT, 9 for ASAT, 36 for ALAT). shown to inversely correlate with liver failure of
Anyway, no significant correlation was observeghatients with chronic hepatitis [15] and cirrhosis
between any of these parameters and erythrocyiq] resulting in thrombocytopenia. Although
PPIX (figure 2). In addition, no correlation wasye did not notice significant alteration of hepatic
observed between ferritin and any of the hepatignction in patients with EPP, one can speculate
parameters. _ , that accumulation of PPIX in the liver could

Because of its hydrophobic nature, PPIXnterfere with the production and/or the secretion
can only be removed from the body through thgs thrombopoietin, thereby explaining at least in
liver, where it complexes to lipids to bepart the mild thrombocytopenia.
thereafter secreted into bile and excreted by fecal  Tissue iron depletion is described as a
elimination [3]. Therefore, we investigated lipidcommon feature in EPP [27]. Our results further
metabolism (cholesterol, triglycerides, HDL andguggest that tissue iron stores are reduced in

LDL) in EPP patients to evaluate if it could bepatients with EPP, as shown by the downward
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Figure 1. Hematologic and iron parameters correlate withreogyte PPIX in EPP patients.
(A): correlation between hematologic parameters anghrocyte PPIX in EPP patients.

Hb concentration was evaluated in 28 patients E®P.Platelets concentration was evaluated in 28 EPRmatand it

strongly negatively correlates with erythrocyte$P@? = 0,395 p = 0,0002) in these patients.
(B): correlation between iron parameters and eryttyie PPIX in EPP patients.

Iron and Tf saturation were evaluated in 55 EPReptst and show a negative correlation with eryti®PIX (f= 0,219
p=0,0005 and®= 0,309 p<0,0001, respectively). Tf level was easd in 55 EPP patients and show a positive cdiwala
with erythrocyte PPIX =0,194, p=0,0006).
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Figure 2. Absence of correlation between hepatic parameteteg/throcyte PPIX in EPP patients.

Hepatic parameters (alkalin phosphatase, totalibila,, gamma GT, and ALAT [SGPT]) were were deteri by standard
automated methods (Dade Behring, RxL max).
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Table 3.Hepatic and lipidic parameters in patients withPEP

patients EPP reference value
Hepatic parameters al Womet e
Alepatc paramerers - . . . .
(n=50) (n=24) (n=26)
Alkalin phosphatase (IU/L) 1211= 898 103.8= 865 1371+ 01 4 =150
Total bilirubin (nmol/L) 105+35 103=33 108+37 <17
Gamma GT (IU/L) 312=184 25697 36.1=226 38
SGOT/ASAT (IU/L) 242=104 219=96 262=10.0 <31
SGPT/ALAT (IUL) 409=212 367177 448=235 134
Lipidic parameters al women en
L (n=42) (n=21) (n=21)
Triglycerides {mmol/L) 12+ 08 10= 05 13=10 05-20
Cholesterol * (mmol/L) 45+ 08 45=08 45=08 46-6.5
Cholesterol HDL * (mmol/L) 14+ 03 14=03 14=103 =0.0
Cholesterel LDL * (mmol/L) 26+ 06 25=06 26=07 26-44
LDL/HDL * 1.9+ 0.6 19+ 07 1.9= 06 =32

Hepatic parameters (alkalin phosphatase, totalibili, gamma GT, ASAT [SGOT] and ALAT [SGPT]) wesealuated in
50 EPP patients .

Lipidic parameters (triglycerides, cholesterol §ioHDL and LDL]) were evaluated in 42 or 36 (*) EPRatients.

Data are expressed as mean + SD.

shift of ferritin and the decrease of iron and Tépleen, with no loss of total body iron [19].
saturation with the amount of erythrocyte PPIXHowever, iron of patients with EPP could also be
Although these observations are reminiscent gresent at the site of erythropoiesis, in bone
what is observed in true iron-deficiency anemiaarrow. The intriguing observation of excess
[8], we could not demonstrate severe anemia iron in erythroblasts of patients EPP despite low
our patients but only indices of mild anemia. Inissue iron store [23] could suggest such a
addition, as previously described [14], weedistribution of iron towards the site of
observed no modification in the level of sTfR irerythropoiesis in EPP. Anyway, tissue iron
patients with EPP, suggesting that the decreaseditribution has never been extensively
tissue iron store is not the cause for the defectinvestigated in these patients. This is a very
erythropoiesis. important issue since the existence of such
Interestingly, previous investigations thatredistribution of iron in the spleen would be in
have described a mild anemia in patients witbontradiction with the iron supplementation
EPP [7; 23; 27] showed no evidence for iron logherapy recommended for patients with EPP that
[23]. Rather, iron has been described to b#o not present additional iron loss. On the
abundantly localised in erythroblasts, asontrary, such treatment could enhance the
membrane-bound ferritin  particles, namelyphotosensitivity of these EPP patients.
sideroblasts [23]. Such abnormal iron deposits Although PPIX accumulates in
are also usually observed in molecular defects efythrocytes in EPP, accumulation of iron seems
genes implicated in intramitochondrial iron useto be prevented, by a mechanism that remains so
erythroid-specific 5-aminolevulinate synthase [9ar elusive. However, study of iron metabolism
and ABCB7 [2]. In theFech ™" mice, no in Fech ™" mice has revealed a strong
sideroblasts were observed, but iron was shovaorrelation between erythrocyte PPIX levels and
to be redistributed from peripheral tissues to theerum Tf levels [19]. In addition, direct injection
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of PPIX into these mice has been shown téyer injury in erythropoietic protoporphyriaAm J Physiol.

. . ; 005288(6):G1208-16.
dlreCtIy stimulate  Tf SyntheSIS [19]' Theseg Bekri S., Kispal G, Lange H, Fitzsimons E, Tolndie

_observatl_ons SqueStEd that PP'_X may l-‘L‘?II R, Bishop DF. Human ABC7 transporter: gene
involved in the increased of synthesis of hepatigructure and mutation causing X-linked siderolitast
Tf in response to insufficient iron supply foranemia with ataxia with disruption of cytosolic irenkur
erythropoiesis, to mobilise iron from tissugProtein maturationBlood, 200096(9): p. 3256-64.
stores. In the present work, we confirm thi)g. Bloomer J., Wang Y, Singhal A, Risheg Molecular

.. . tudies of liver disease in erythropoietic protgpwyria. J
positive correlation between erythrocyte PPDgjin Gastroenterol, 200894 Suppl 2): p. S167-75

and Tf (r’: 0,194 p = 0,0006) in patients with4. Boulechfar, S., Lamoril J, Montagutelli X, Guerdt,
EPP. The way PPIX could influence thePeybach JC, Nordmann Y, Dailey H, Grandchamp B, de
synthesis of hepatic Tf remains to be preciseé{erneuil H.Ferrochelatase structural mutant (Fechml1Pas)

Ith hi it tudi th t in’ the house mous&enomics, 199316(3): p. 645-8.
although In vitro studies rather suggest ary Brun, A., Sandberg $lechanisms of photosensitivity in

?ndireCt pathwqy [19] |n_ additio_n, the limited porphyric patients with special emphasis on erytiiefic
iron accumulation in patients with EPP coulgbrotoporphyria.J Photochem Photobiol B, 19910(4): p.
result from diminished iron absorption and?85-302.

; : s Cox, T.M.. Erythropoietic protoporphyria. In The
supply, although still matches with the limite orphyrin Handbook, Vol 14, Medical

rate of erythropoiesis. Indeed, although nQspects of porphyrias, K.M.Kadish, K. M.Smith, R fard,
alteration of the expression of the intestinal irosds. (Amsterdam:Academic Press), 2003, pp. 121-150
reductase Dcytb was noticed in the mouse modél DelLeo, V.A., Poh-Fitzpatrick M, Mathews-Roth M,
FeChm/PaS[19], one cannot rule out the possibilityHarber LC Erythropoietic protoporphyria. 10 vyears

.. .~ experienceAm J Med, 197660(1): p. 8-22.
that FECH deﬂC'enCy or PPIX accumUIa“OnB. Fillet G., Cook J.D.,. Finch C.At&age iron kinetics.

itself could affect duodenal iron transport by &i1. A biologic model for reticuloendothelial irdransport.
different pathway that remains to be determined.Clin Invest, 197453(6): p. 1527-33. _
Indeed, the metabolite of griseofulvin (which®: Fitzsimons E.J., May AThe molecular basis of the
inhibits FECH), has been shown to decrea eroblastic anemiasCurr Opin Hematol, 19963(2): p.

) . . 7-72.
duodenal iron transport both vitro andin vivo 1 Fontenay M., Cathelin S, Amiot M, Gyan E, Solfry

[16; 17]. This study in humans strongly suppontiitochondria in hematopoiesis and hematologicakdises.
previous data found in an EPP mouse model afcogene, 200€5(34): p. 4757-67. _
indicates that PPIX could induce an activation of- Goulis J., Chau TN, Jordan S, Mehta AB, Watkinson

h tic Tf thesis. Th lati olles K, Burroughs AK.Thrombopoietin concentrations
epatic syntnesis. ere was a correlaliof}e oy in patients with cirrhosis and thrombocytolaesind

between erythrocyte PPIX and serum transferrifte restored after orthotopic liver transplantatiout,
levels. These results raise the intriguind999.44(5): p. 754-8.

possibility that serum PPIX acts as a sensor éf- Gouya L., Puy H., Robreau A.-M., Bourgeois M.,

: : : - : amoril J., Da Silva V., Grandchamp B., Deyback. J.
iron supplies to erythroid cells, signaling to th‘!ﬁow the phenotype of a dominant Mendelian disordetis

liver to stimulate transferrin synthesis when thesgodulated through the wild-type allele expressienel.
supplies are insufficient. The precise mechanismature Genet, 20020, 27-8
involved still remains to be established. Iri3. Gouya L, Schmitt C, Robreau AM, Da Silva V, Brun P

particular, considering the potential deleteriouéimonin S, Lyoumi S, Grandchamp B, Beaumont C, Puy H,
eybach JC. Contribution of a single common SNP & th

effects o_f iron_su_pplgme_ntation, the_investigatiogenetic predisposition to Erythropoietic Protopofit
of body iron distribution in these patients and th@m. 3. Hum. Genet. 20088 : 2-14.

precise role of PPIX in this pathway may be4.Holme S.A., Worwood M, Anstey AV, Elder GH,

helpful to individualise and adapt the treatmeﬁgadminton Mr?l. Erythropoiesis arr]]d irlon dmetabolism in
: ominant erythropoietic protoporphyri@lood, 2007.
for each EPP patient. 15. Koruk M., Onuk MD, Akcay F, Savas MGerum

thrombopoietin levels in patients with chronic héfig@and
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