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INHERITED RED CELL DISORDERS BEYOND HEMOGLOBINOPATHIES

     Diagnosis and clin i cal man age ment
of enzymopathies 
    Lucio   Luzzatto  
 Department of Hematology and Blood Transfusion, Muhimbili University of Health and Allied Sciences, Dar es Salaam,  Tanzania; and University of 
Florence , Firenze, Italy 

   At least 16 genet i cally deter mined con di tions qual ify as red blood cell enzymopathies. They range in fre quency from ultra-
rare to rare, with the excep tion of glu cose - 6 - phos phate dehy dro ge nase defi  ciency, which is very com mon. Nearly all  these 
enzymopathies man i fest as chronic hemo lytic ane mias, with an onset often in the neo na tal period. The diag no sis can be 
quite easy, such as when a child pres ents with dark urine after eat ing fava beans, or it can be quite dif fi  cult, such as when 
an adult pres ents with mild ane mia and gall stones. In gen eral, 4 steps are recommended: (1) rec og niz ing chronic hemo lytic 
ane mia; (2) exclud ing acquired causes; (3) exclud ing hemo glo bin op a thies and membranopathies; (4) pinpointing which 
red blood cell enzyme is defi  cient. Step 4 requires 1 or many enzyme assays; alter na tively, DNA test ing against an appro-
pri ate gene panel can com bine steps 3 and 4. Most patients with a red blood cell enzymopathy can be man aged by good 
sup port ive care, includ ing blood trans fu sion, iron che la tion when nec es sary, and sple nec tomy in selected cases; how ever, 
some patients have seri ous extraerythrocytic man i fes ta tions that are dif fi  cult to man age. In the absence of these, red blood 
cell enzymopathies are in prin ci ple ame na ble to hema to poi etic stem cell trans plan ta tion and gene ther apy / gene editing.  

   LEARNING OBJECTIVES 
   •    Update clin i cal, hema to logic, bio chem i cal, and molec u lar approaches to the diag no sis of red blood cell enzymop-

athies 
  •    Pinpoint the role of sup port ive treat ment, targeted treat ment, and advanced forms of treat ment in the man age-

ment of red blood cell enzymopathies 
  •    Update knowl edge about the molec u lar basis of red blood cell enzymopathies  

  Introduction 
 Red blood cell enzymopathies are genetic dis or ders affect ing 
the intraerythrocytic metab o lism. 1,2  Red blood cells, hav ing 
sac ri fi ced their nucleus and other organ elles to the unself-
ish task of pro vid ing oxy gen to all  other cells, are lim ited in 
their capac ity to with stand met a bolic impair ment and also 
lim ited in how they will be affected: when one impor tant en-
zyme is defi  cient, the red blood cell life span is nearly always 
com pro mised, with con se quent hemo ly sis. Most red blood 
cell enzymes are ubiq ui tously expressed  “ house keep ing ”  en-
zymes ( Table 1 ); there fore, there may be pathol ogy in other 
tis sues as well. Because red blood cells do not have pro tein 
syn the sis, how ever, they are in gen eral more vul ner a ble. 

 The main met a bolic fuel of the red blood cell is plasma 
glu cose, and its break down within the red blood cell pro vi des 
2 key com pounds: aden o sine tri phos phate (ATP), required 
mainly for the oper a tion of the cat ion pump, and   nicotinamide 
adenine dinucleotide phosphate, reduced (NADPH), required 
mainly for keep ing up the sup ply of reduced glu ta thi one (GSH) 

essen tial for the detox i fi  ca tion of hydro gen per ox ide (H 2 O 2 ) 
and of other reac tive oxy gen spe cies (ROS). ATP is pro duced 
by reac tions of the  “ clas sic ”  gly co lytic path way; NADPH is 
pro duced by the pen tose phos phate path way ( Figure 1 ). 3

Therefore, it is nat u ral to clas sify red blood cell enzymopa-
thies according to these 2 groups. A third group com prises 
enzymes involved in nucle o tide metab o lism (Table 1). 

 Features of hemo lytic ane mias due to enzymopathies 
can be best illus trated through clin i cal sum ma ries of indi-
vid ual patients. 

 CLINICAL CASE 
 A 1 - year - old boy born in 1963 from par ents not known to 
be con san guin e ous, although both were from Morcone 
(a small town not far from Naples, Italy), was found by his 
local pedi a tri cian to have ane mia with reticulocytosis. Since 
birth he had had mod er ate jaun dice that did not respond 
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Table 1.  List of red blood cell enzymopathies underlying CNSHA*

Enzyme (Acronym) Gene Chromosomal 
location

Extraerythrocytic 
Clinical Manifesta-
tions†

Notes

Glycolytic 
pathway36

Hexokinase (HK) HK1 10q22 Ma�y benefit from splenectomy;  
bone marrow transplantation 
(BMT) has been done.

Gl�ucose-6-phosphate 
isomerase (GPI)

GPI 19q31.1 Ra�rely myopathy,  
central nervous 
system (CNS)

Ra�nks second in frequency within 
the glycolytic pathway group 
(after PK). May benefit from 
splenectomy.

Phosphofructokinase (PFK) PFKM 12q13.3 My�opathy, 
myoglobinuria

Pr�imarily a muscle disease, with 
glycogenosis in muscle. CNSHA 
mild.7

Aldolase ALDOA 16q22-24 Myopathy, CNS Fe�ver may trigger potentially fatal 
massive rhabdomyolysis.37

Tr�iose phosphate isomer
ase (TPI)

TPI1 12p13.31 CN�S (severe), car
diomyopathy

Di�sease very rare, but same mutation 
(p. Glu104Asp) found in several 
cases, suggesting founder effect.

Gl�yceraldehyde-3- 
phosphate dehydroge
nase (GAPD)

GAPDH 12p13.31- Myopathy He�molytic anemia reported in some 
cases but link with enzyme defi
ciency not clearly established.

Bi�sphosphoglycerate 
mutase (DPGM)

BPGM 7q33 No� hemolysis; erythrocytosis can be 
attributed to low 2,3-DPG, left-
shifted Hb-O2 dissociation curve, 
relative hypoxia.

Ph�osphoglycerate kinase 
(PGK)

PGK1 Xq21.1 CNS myopathy Ma�y benefit from splenectomy; 
BMT has been done. Early-onset 
parkinsonism reported.38

Pyruvate kinase (PK) PKLR 1q22 Iron overload Ra�nks first in frequency in the glyco
lytic enzyme group. May benefit 
from splenectomy; BMT has been 
done.

Redox16,39 Gl�ucose-6-phosphate dehy
drogenase (G6PD)

G6PD Xq28 Ve�ry rarely 
granulocytes

In� almost all cases, only AHA from 
exogenous trigger‡; CNSHA only 
with class I variants.

Glutathione synthase GSS 20q11.22 CNS Ma�y be associated with high 
5-oxoproline and metabolic 
acidosis.40

Glutathione reductase GSR 8p12 Cataracts AH�A from exogenous trigger 
(favism).

γ-glutamylcysteine synthase GCLC 6p12.1 CNS Mutations affect catalytic subunit.41

Cy�tochrome b5 reductase 
(CBR)

CYB5R3 22q13.2 CNS Me�themoglobinemia rather than 
hemolysis.

Nucleotide 
metabolism

Adenylate kinase (AK) AK1 9q34.11 CNS May benefit from splenectomy.

Py�rimidine 5′-nucleotidase 
(P5N)

NTSC3A 7p14.3 Ra�nks third in frequency among all 
red blood cell enzymopathies 
(leaving aside G6PD). May benefit 
from splenectomy.

*The molecular basis of an enzymopathy is in the mutation(s) in the respective gene. Most enzymopathies are autosomal recessive disorders. 
Therefore, the patient has a mutation in each of the 2 allelic genes encoding the respective enzyme: the mutation may be the same in both alleles 
(homozygosity), or there may be 2 different mutations (compound heterozygosity or biallelic mutations). In most cases the mutation causes insta
bility of the protein: since mature red blood cells cannot make proteins, the enzyme activity with which a reticulocyte is endowed will decay as 
the red blood cell ages in circulation.
†Since we are dealing with ubiquitously expressed genes, the presence of such manifestations is not surprising. Whether they are present or not, 
and to what extent, depends mainly on 3 factors: (1) nonerythroid cells may express alternative forms of a particular enzyme, from the same gene 
or from other genes; (2) if the main mechanism of deficiency is enzyme instability, cells other than erythrocytes may compensate by increased 
biosynthesis; (3) if the main mechanism of deficiency is a qualitative change (eg, in the active site), all cells expressing the gene will be affected. 
The last 2 factors may explain why extraerythrocytic manifestations may vary even within the same enzymopathy.
‡G6PD deficiency is widespread in malaria-endemic areas, consequent on malaria having been the selective agent for this polymorphism.42 In areas 
endemic for Plasmodium vivax malaria, a test for G6PD deficiency should be carried out before giving primaquine or tafenoquine, the only drugs 
that prevent relapse. This has been a strong stimulus for the development of quantitative point-of-care tests for G6PD deficiency.43
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Figure 1. Red blood cell metabolism. Glycolysis (the Embden-Meyerhof pathway) generates ATP required for cation transport and for 
membrane maintenance, while NADH maintains hemoglobin iron in a reduced state. The hexose monophosphate shunt generates 
the NADPH that is used to reduce GSH, which protects the red blood cell against oxidant stress (Figure 7); 6-phosphogluconate, after 
decarboxylation, can be recycled via pentose sugars to glycolysis. At the side of glycolysis is the Rapoport-Luebering cycle, which 
provides 2,3-isphosphoglycerate (2,3-DPG): its level is a critical determinant of the oxygen affinity of hemoglobin. G6PD deficiency is 
highly prevalent in many parts of the world (Figure 6); all other enzymopathies are rare to ultrarare. Among them, the order of preva-
lence is PK, followed by P5N, followed by GPI. 
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to bar bi tu rates. Over sev eral years his hemo glo bin (Hb) level 
fl uc tu ated in the range from 7 to 11   g / dL, and he received sev-
eral blood trans fu sions. At the age of 18, when he was fully reas-
sessed (  B. Rotoli, MD, in Naples), phys i cal exam i na tion showed 
pal lor, mild icterus, and spleno meg aly. There were no neu ro log-
i cal signs or mus cle weak ness. Hb was 10.4 G / dL;   mean corpus-
cular volume, 104 fL, retic u lo cytes, 480    ×    10 9  / L; and uncon ju gated 
bil i ru bin, 5   mg / dL; eryth ro cyte mor phol ogy showed anisocytosis 
and baso philic stip pling in 4 %  of cells. There were no abnor mal
hemo glo bins, osmotic fra gil ity was nor mal, and the autohemolysis 
test showed increased lysis not corrected by glu cose. A  51 Cr study 
showed reduc tion of the red blood cell half - life by about 40 % , 
with increased radio ac tive uptake in both the spleen and liver. 
A panel of red blood cell enzyme assays (  A. Zanella, MD, Milan) 
revealed a marked defi  ciency of glu cose - 6 - phos phate isom er-
ase (GPI). 4  The patient, who had been placed on daily folic acid 
(5   mg / day), con tin ued to require an aver age of 2.5 blood units 
per year until, at the age of 25, he devel oped obstruc tive jaun-
dice due to gall stones. He under went sur gery that included cho-
le cys tec tomy, choledochoduodenostomy, and sple nec tomy. The 
spleen weighed 500   g; micro scopic exam i na tion showed marked 
con ges tion, erythrophagocytosis, and small foci of eryth ro poi e-
sis. A liver biopsy showed evi dence of cho le sta sis. The Hb level 
increased and remained for years in the range of 10 to 11   g / dL; 
there fore, reg u lar blood trans fu sions were no lon ger needed. 
Reticulocytes remained high (in the range of 250 - 350    ×    10 9  / L). At 
the age of 27, the patient com pleted his doc tor ate in phi los o phy. 
When the patient was 31 years old, sequenc ing of the  GPI  gene 
revealed that the patient was homo zy gous for a p.Q343R muta-
tion iden ti cal to that inde pen dently observed at about the same 
time in a patient from Japan. 5,6  

 At the age of 44, the patient devel oped severe jaun dice that 
persisted for weeks (the bil i ru bin peaked at 80   mg / dL) and was 
admit ted to a unit that spe cial ized in liver trans plan ta tion (  Dr G. 
Ramadori, G ö ttingen). Imaging stud ies revealed an acces sory 
spleen. A liver biopsy (  reviewed by Dr Tania Roskam, Leuven) 
showed mas sive bil i ru bin over load, cho le sta sis, ballooned hepa to-
cytes, ceroidosis of the Kupffer cells, and mod er ate centrolobular 
perisinusoidal fi bro sis but no evi dence of cir rho sis. On sup port ive 
treat ment (includ ing trans fu sion of 10 units of blood), the patient 
grad u ally improved. Quantitative mag netic res o nance - imag ing 
stud ies (  R. Galanello, MD, Cagliari) revealed sig nifi   cant iron over-
load in the liver; deferoxamine was recommended as the iron -
 che lat ing agent least likely to be hep a to toxic. 
   At the age of 52, after 3 fur ther epi sodes of severe jaun dice, 
imag ing stud ies showed ste no sis of the choledochoduodenos-
tomy with prox i mal dila ta tion of the com mon duct, numer ous 
stones, pos si ble cholangitis, and evi dence of iron in the acces-
sory spleen and in the liver. The patient under went sur gery 
(  Dr A.D. Pinna, Bologna) consisting of remov ing innu mer a ble 
stones, includ ing a large one, reconstructing the bil i ary - intes-
ti nal anas to mo sis, and remov ing the acces sory spleen. Immu-
nization against cap su lated bac te ria was car ried out. Since that 
time the patient has been sta ble clin i cally and hematologically, 
with an Hb of about 11   g / dL, retic u lo cytes about 4 times the 
upper nor mal limit, and mildly ele vated bil i ru bin. The patient, 
now 58, is head librar ian in an aca demic insti tu tion in Rome; he 
has recently published a book on the lib er al ism of the Ital ian phi-
los o pher Benedetto Croce. The last time I had con tact with him 
it was to rec om mend that he receive a COVID - 19 vac ci na tion. 

 Glycolytic enzymopathies 
 Patient 1 reca pit u lates the clin i cal and hema to logic fea tures of 
patients not just with   GPI defi  ciency but with chronic nonsphero-
cytic hemo lytic ane mia (CNSHA) due to a defi  ciency of any of 
the gly co lytic enzymes: chronic hemo ly sis, spleno meg aly, gall-
stones. What varies greatly is the sever ity of these fea tures, not 
only from one enzymopathy to another but even from patient to 
patient within the same enzymopathy. This explains why the age 
of pre sen ta tion may range from death in utero to adult hood. The 
ane mia is normocytic and normochromic: if it appears to be mac-
ro cytic, it is usu ally on account of marked reticulocytosis. A short-
age of folic acid might also con trib ute to a high mean corpuscular 
volume, and since the increased rate of eryth ro poi e sis increases 
the require ment of this vita min, folic acid sup ple men ta tion is rec-
ommended. Although there is con sid er able indi vid ual var i a tion in 
tol er at ing ane mia, in all  chronic ane mias the body tends to adapt. 
The best - known red blood cell intrin sic mech a nism of adap ta tion 
is an increase in   bisphosphoglycerate (2,3 - DPG) that shifts the 
Hb - O 2  dis so ci a tion curve to the right: this can be expected if the 
fl ow of gly col y sis is impaired down stream, but not upstream, of the 
Rapoport - Luebering cycle (Figure 1). Indeed, with phos pho fruc to ki-
nase defi  ciency 2,3 - DPG decreases, 7  but with pyru vate kinase (PK) 
defi  ciency, it increases, and the increased O 2  deliv ery to the tis sues 
is of ben e fi t to the patient. 8  

 The path o phys i  ol ogy of hemo ly sis in this group of enzy-
mopathies con sists mainly of the removal of red blood cells by 
mac ro phages, ie, extra vas cu lar hemo ly sis. That is why sple nec-
tomy is so often ben e fi  cial ( Figure 2 ). It can not be claimed to 

Figure 2.   Splenectomy does not cure but does ameliorate CN-
SHA of PK defi ciency.  In each of these 10 patients with PK de-
fi ciency, a signifi cant increase in the steady - state hemoglobin 
level was seen after splenectomy (left panel). Whereas in most 
types of CNSHA an improvement of anemia, resulting from de-
creased hemolysis, is usually associated with a decrease in the 
reticulocyte count, in PK defi ciency reticulocytes often increase 
after splenectomy. This paradoxical phenomenon suggests that 
the spleen selectively removes PK - defi cient reticulocytes; the 
mechanism is not yet well understood. 48  From Zanella et al.8
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be a radical treatment, but if it raises the Hb level sufficiently 
to avoid regular blood transfusion, it will also avoid, in most 
cases, the need for iron chelation therapy, leading to a substan
tial improvement in quality of life. The accessory spleen was 
an uncalled-for extra hitch in patient 1: over the years, being a 
site of hemolysis, it may have become larger than it had been 
originally, and perhaps that is why it was missed during the first 
operation.

Except for phosphoglycerate kinase deficiency, which is 
X-linked, all other glycolytic enzymopathies are autosomal reces
sive: ie, heterozygotes are not affected. This must mean that a 
50% reduction in enzyme activity (Figure 3) does not compromise 
red blood cell survival. Enzymopathy patients are either homozy
gous for a loss of function mutation, or they have 2 different muta
tions in the 2 alleles at the same locus (compound heterozygotes, 
also referred to as biallelic). Whenever a patient is homozygous 
for a very rare mutation, it is likely that the parents, even if not 
known to be consanguineous, may be ancestrally related. In other 
genetic disorders, there are now algorithms aiming to estimate 
the probability that a particular previously unknown mutation is or 
is not pathogenic. In the case of enzymopathies, this is not gener
ally necessary because a loss of enzyme activity is in itself a good 
readout of pathogenicity.

The autohemolysis test used in patient 1 was developed 
by J.V Dacie.9 It was based on the observation that when red 
blood cells from patients with a wide range of hereditary ane
mias are incubated in vitro at 37 °C for 24 to 48 hours, some 
fraction of them undergo hemolysis. If the abnormality is in the 
membrane, supplying extra glucose usually helps to reduce 
hemolysis; if the abnormality is instead in glycolysis, glucose 
does not help. It was a clever test that gave a strong hint—cor
rect in our case—that the patient had an enzymopathy. The 
test is so economical that in practice it is no longer used. The 
suspicion of enzymopathy must be raised in any patient with 
chronic hemolytic anemia presenting early in life, or even later, 
who does not have a hemoglobinopathy and the morphology 
characteristic of red blood cell membranopathies; therefore, 
sound clinical hematology is still paramount. Once the suspi
cion is formulated, the choice is between a battery of quan
titative enzyme assays and a genomic approach. Today the 
latter is probably preferable: it consists in obtaining from the 
patient’s DNA the sequence of genes whose mutations may 
cause a red blood cell enzymopathy, or congenital hemolytic 
anemia in general.10 This approach has been used successfully 
with a panel of 71 genes,11 at a price (to the Italian National 
Health Service) of about $950 per patient; several commercial 

Homozygous
normal

Heterozygous

Homozygous
deficient

PK deficiency
(autosomal)

G6PD deficiency 
(X-linked)

Figure 3. Different phenotypes of heterozygotes for red blood cell enzymopathies. In a heterozygote for PK deficiency, encoded by 
an autosomal gene (Table 1), the level of enzyme is about one-half of normal in all red blood cells. Since this level of enzyme is suffi-
cient, there are no clinical consequences—ie, PK deficiency is recessive. In a heterozygote for deficiency of G6PD, encoded by an X-
linked gene, the situation is quite different: X chromosome inactivation generates red blood cell mosaicism, whereby some red blood 
cells are entirely normal, and others are G6PD deficient. Therefore, G6PD deficiency is expressed in heterozygotes: it is not recessive.
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panels are now available. The genomic approach is also advan
tageous when the patient is heavily transfused, making a red 
blood cell enzyme assay unreliable.

Among the glycolytic enzymopathies, the one that has been 
best characterized in terms of management is PK deficiency (red 
blood cell morphology in Figure 4),12 mainly because it is the 
most common (although, with an estimated frequency in the 
United States of 5 per 100 000, it is still a rare disease); therefore, 
the range of the clinical burden is better known. From the clini
cal point of view, it is noteworthy that iron overload is frequent, 
even in patients who are not transfusion dependent.13 This may 
be due to hepcidin suppression, consistent with a component 
of ineffective erythropoiesis in the anemia of PK deficiency.14 
In this respect it is interesting that, upon diagnostic testing of 
inherited anemias by sequencing a gene panel, several patients 
who had been diagnosed with congenital dyserythropoietic 
anemia had in fact PKLR mutations, ie, PK deficiency.11

Mitapivat, an allosteric activator of PK (Figure 5), produced a 
significant increase in hemoglobin level in one-half of 52 patients 
with PK deficiency in a phase 3 multicentric clinical trial; this was 
associated with a decrease in bilirubin and in reticulocytes.15 
Mitapivat may be on track to become the first approved drug for 
a red blood cell enzymopathy.

In the management of patient 1, at least 7 senior colleagues 
from 4 different countries with specialized expertise in different 
areas have been involved: I found their help invaluable. At the 
same time, it must be noted that a person with a potentially 

disabling disease can still hold on and have a quality of life that 
enables him to contribute to the life and culture of others.

CLINICAL CASE
A 3-year-old girl from Egypt was seen in London for an assessment 
of her clinical state. Her parents also requested genetic counsel
ing. The patient was the couple’s firstborn. Her height and weight 
were in the lower 10th percentile, and she was thin but did not 
appear malnourished. She had bilateral choreoathetosis, involun
tary muscle movements and spasms, and upward eye movements; 
her speech was limited and dysarthric. Her history was highly sig
nificant in that she had been born at 35 weeks’ gestation and at 
birth had had severe jaundice, but no hospital records were avail
able. On one occasion after eating fava beans, she had become 
lethargic and had passed dark urine. At the time of her visit, her 
blood count, including reticulocytes, was normal: there was no 
evidence of CNSHA. The 3 members of the family were all Rh+, 
and there was no ABO incompatibility setup. Red blood cell glu
cose-6-phosphate dehydrogenase (G6PD) assays yielded values 
of 1.5 in the patient, 7.2 in her mother, and 0.6 in her father (normal 
values, 7-10 IU/g Hb). The most likely diagnosis was severe neu
rological damage from kernicterus. We inferred from the G6PD 
results that the father was hemizygous G6PD deficient: sequence 
analysis of his G6PD gene identified a previously unknown muta
tion, p.N135T, that was hence named G6PD Cairo; the daughter 

Figure 4. Red blood morphology in select enzymopathies. Left panel: in a patient with CNSHA due to PK deficiency, the blood smear 
is not diagnostic; however, the presence of “prickle red cells” should raise suspicion. From Mahendra et al.49 Middle panel: “bite cells,” 
hemighosts and microspherocytes, characteristic of oxidative hemolysis, are seen in this smear from a child who received a dap-
sone-chlorproguanyl combination for the treatment of acute P. falciparum malaria. From Pamba et al.50 Right panel: red blood cells 
with fine basophilic stippling in a patient with P5N deficiency. This enzymopathy is the most common inherited cause of basophilic 
stippling, which is also seen with lead poisoning (lead inhibits many enzymes, including P5N, and it can produce a phenocopy of P5N 
deficiency). From Rees, Duley, and Marinaki.51
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was heterozygous and the mother, normal. The mode of inher
itance of G6PD deficiency and its implications were explained 
to the family. Father and daughter were advised not to eat fava 
beans. We informed them that the problem of neonatal jaundice 
(NNJ) was unlikely to recur if a subsequent baby were male, but 
unfortunately, it might recur in a female, although it might be less 
severe. We emphasized the importance of having the baby in a 
location where NNJ could be appropriately managed.

Redox enzymopathies
The most prominent enzymopathy in this group is indeed G6PD 
deficiency.16 From an epidemiological point of view, whereas the 
glycolytic enzymopathies are all rare to ultrarare, here we are 
at the other end of the spectrum: G6PD deficiency is present in 
an estimated 500 million people worldwide (Figure 6). From a 
clinical point of view, we are dealing with a very different situa
tion. Whereas the glycolytic enzymopathies cause lifelong CN-
SHA, G6PD deficiency in itself does not cause anemia and is not 
even a disease; rather, it is a genetic abnormality that in most 
cases remains asymptomatic for a lifetime (except for the very 
rare variants that cause CNSHA, clinically similar to that from 
glycolytic enzymopathies16). However, it can manifest at birth 
through NNJ (as in patient 2) or at any age,17 like a thunderbolt 
out of a blue sky, in the form of acute hemolytic anemia (AHA), 
when the person is challenged by an agent that causes oxida
tive damage to the red blood cells (Figure 4).18 The agent may 
be the ingestion of fava beans, or infection, or a drug (probably 
in that order of frequency: for the mechanism, see Figure 7).19 

In G6PD-deficient persons, AHA is a prototype example of a 
gene-environment interaction causing a disease that can be 
life-threatening. Favism in children can be fatal if not promptly 
treated, and rasburicase, potentially a lifesaver in a patient with 
an incumbent tumor lysis syndrome, can become a serious haz
ard if the patient happens to be G6PD deficient (Figure 7B)—a 
typical example of a pharmacogenetic hazard.20

Patient 2 illustrates that NNJ, a clinical manifestation of G6PD 
deficiency known for decades,21,22 is no less important than 
AHA. In most G6PD deficient babies, the hyperbilirubinemia is 
mild: it overlaps with “physiological jaundice” of the newborn. 
However, in some cases, like this one, it was severe enough to 
cause kernicterus. In many countries, G6PD deficiency is the 
most common cause of severe NNJ: in 1 study in Nigeria among 
babies admitted to the hospital after showing clinical signs of 
kernicterus, the frequency of G6PD deficiency was 78%—com
pared to 22% in the general population.23 The underlying G6PD 
variant was G6PD A−, the same that accounts for many cases 
of NNJ, including severe ones, in the United States and one of 
the reasons why neonatal screening for G6PD deficiency has 
been advocated.17,24 The reasons for severity may be environ
mental (eg, infection, exposure to naphthalene) or genetic 
(coexistence of 1 or 2 UGT1A1 mutant alleles),25 and they are 
in part unknown. The management of G6PD-related NNJ is no 
different from that due to other causes: this child should have 
had exchange blood transfusion, but unfortunately, she did not. 
G6PD Cairo, the G6PD variant first identified in patient 2, was 
subsequently found to be quite common in Egypt and else
where, particularly in patients presenting with acute favism.26

Figure 5. Mitapivat is an allosteric activator of PK. Top panel: the sigmoid-shaped dependence of PK activity on the concentration of 
AG-348 (mitapivat) suggests cooperative interaction among the PK subunits. Bottom panel: diagram of the three-dimensional struc-
ture of the PK tetramer with bound mitapivat (gray). Blue: the substrate phosphoenolpyruvate PEP; brown: the physiological activator 
fructose-1,6-bisphosphate (FBP). Modified from Kung et al.52
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The importance of G6PD being X-linked cannot be overem-
phasized. First, since males have only 1 X chromosome, they 
are either hemizygous G6PD normal or hemizygous G6PD defi
cient; females can be homozygous normal or G6PD deficient 
(biallelic, whether homozygous or compound heterozygous) 
or heterozygous for G6PD deficiency (ie, with 1 normal allele). 
Second, in any population, according to the Hardy-Weinberg 
rule, heterozygous females are more common than hemizygous 
G6PD-deficient males (Table 2). Third, since G6PD is subject to 
X chromosome inactivation, in heterozygous females there is 
red blood cell mosaicism, whereby a proportion of red blood 
cells are just as deficient in G6PD activity as in a hemizygous 
male (Figure 3). In heterozygotes the expression of G6PD defi
ciency is highly variable, and since X inactivation can be ran
domly “skewed,” their enzyme levels range from normal to 

markedly deficient so that in an individual female the propor
tion of G6PD deficient red blood cells may be high (even up to 
90%). This last point is clinically relevant, as it was unfortunately 
in our patient 2.

Given the high frequency of G6PD deficiency in many parts 
of the world (Figure 6), blood donors may be G6PD deficient. 
A recent careful investigation has found that after blood bank 
storage for 6 weeks the majority of G6PD-deficient blood units 
still meet, 24 hours after transfusion, the in vivo red blood cell 
survival target of >75%.27

Some ultrarare enzymopathies in the redox category involve 
either the biosynthesis or the function of GSH (Table 1). GSH 
reductase deficiency can manifest as favism,28 confirming the 
key role of GSH in the defense of red blood cells against oxida
tive stress.

Figure 6. Epidemiology of G6PD deficiency throughout the world. Each country on the map is shaded in a color based on the best 
estimate of the mean frequency of G6PD deficiency allele(s) in that country (this is the same as the frequency of G6PD-deficient 
males). The larger panel gives a color-coded list of 10 common G6PD variants associated with G6PD deficiency: asterisk-shaped sym-
bols in the corresponding colors are shown in the countries where these variants have been observed (for graphic reasons symbols 
could not be inserted in all countries where the respective variants are present). Modified from Luzzatto, Ally, and Notaro.16
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Cytochrome b5 reductase (CBR) deficiency is an enzymop-
athy that does not cause hemolytic anemia: it instead causes 
recessive congenital methemoglobinemia,29 often presenting as 
cyanosis in infants, that may mislead one to suspect congenital 
heart disease. This NADH-dependent enzyme (formerly known 
as diaphorase), capable of reducing methemoglobin (Fe+++) back 
to hemoglobin (Fe++), is encoded by CYB5R3.* Most missense 
mutations in this gene cause only methemoglobinemia (type I 
disease), whereas nonsense mutations, deletions, and some spe
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Figure 7. The role of G6PD in protecting red blood cells from oxidative damage. (A) In G6PD-normal red blood cells, G6PD and 
6-phosphogluconate dehydrogenase—2 of the enzymes of the PPP—provide an ample supply of NADPH, which in turn regenerates 
GSH when this is oxidized by ROS (eg, superoxide, O2

− and H2O2). Thus, when O2
− (meant here to represent itself and other ROS) is 

produced by pro-oxidant compounds such as primaquine, or the glucosides in fava beans (divicine), or the oxidative burst of neutro-
phils, these ROS are rapidly neutralized; similarly, when rasburicase administered to degrade uric acid produces an equimolar amount 
of H2O2, this is rapidly degraded by the combined action of GSH peroxidase, catalase, and Prx2 (peroxiredoxin-2: all 3 mechanisms 
are NADPH dependent). (B) In G6PD-deficient red blood cells, where the enzyme activity is reduced, NADPH production is limited, 
and it may not be sufficient to cope with the excess ROS generated by pro-oxidant compounds and the consequent excess H2O2. 
This diagram also explains why a defect in GSH reductase has very similar consequences to G6PD deficiency. Modified from Luzzatto, 
Nannelli, and Notaro.53 PPP, pentose phosphate pathway.

*In red blood cells there is also an NADPH-dependent enzyme that can 
reduce methemoglobin back to hemoglobin: it was formerly called flavin 
reductase and is now known to be identical to biliverdin-IX reductase.30 
Once again it is from genetic evidence that we know that CBR is the 
enzyme responsible for the physiologic maintenance of hemoglobin in 
the Fe++ state since mutations of CYB5R3 cause methemoglobinemia, 
whereas mutations of BLVRB do not.
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cific missense mutations cause, in addition, a devastating neu
rological syndrome (type 2 disease, probably mediated by the 
role of the enzyme in the biosynthesis of myelin phospholipids).  
A point of practical importance is that in patients with methemo
globinemia (whether from CRB deficiency or from hemoglobin 
M) pulse oximetry measured with bedside devices is not reliable.

CLINICAL CASE
A 12-year-old boy from Izmir, Turkey, the firstborn from first-cousin 
parents with normal blood counts, was referred to an academic 
hematology department because of hemolytic anemia diagnosed 
at the age of 2. The anemia was moderate most of the time but with 
exacerbations, concomitant to infection, that sometimes required 
blood transfusion. Physical examination revealed pallor, jaundice, 
hepatomegaly (2 cm below the costal border) and splenomegaly 
(4cm below the costal border). He had anemia, with a hemoglo
bin of 7.5 g/dL and a reticulocytosis of 160 × 109/L. White blood cell 
count, platelets, and liver enzymes were within the normal range. A 
direct Coombs test was negative. The patient showed an increased 
unconjugated bilirubin of 2.1 mg/dL (upper normal limit 0.8 mg/dL) 
and lactate dehydrogenase 678 IU (upper normal limit 300). Hapto-
globin was undetectable. A peripheral blood smear revealed aniso-
poikilocytosis, macrocytes, polychromatic cells, rare elliptocytes 
and spherocytes, and basophilic stippling (Figure 4). Hemoglobin 
electrophoresis was normal, and a test for unstable hemoglobin 
was negative. Folic acid and vitamin B12 levels were normal. An 
osmotic fragility test was normal. A bone marrow aspirate showed 
erythroid hyperplasia; an iron stain did not reveal sideroblasts. An 
enzyme assay panel yielded normal values of glycolytic enzymes 
and of G6PD. The ultraviolet spectrum of an extract of red blood 
cell metabolites showed an abnormal purine/pyrimidine ratio, sug
gestive of pyrimidine 5′-nucleotidase (P5N) deficiency. Sequencing 
of the NT5C3 gene in the patient’s DNA revealed homozygosity for 
a frameshift mutation (c.393-394del TA, K132Rfs7*). Both parents 
were heterozygous for the same mutation.31

Courtesy of Dr Paola Bianchi.

Nucleotide metabolism enzymopathies
P5N deficiency, although rare, ranks third in frequency among 
enzymopathies (after G6PD deficiency and PK deficiency).32 
P5N, encoded by the gene NT5C3A, is particularly important 
during the last stage of erythroid maturation. Reticulocytes, 
having no RNA synthesis, are unable to recycle pyrimidine 
nucleotides arising from RNA degradation (as would be the 
case in other cells), and these must be hydrolyzed to nucle
osides before they can exit through the membrane. With P5N 
deficient, encumbrance by pyrimidine nucleotides seems to 
hinder the ability of reticulocytes to get rid of their last ribo
somes or of their remnants. These become visible under the 
shape of basophilic stippling,33 a morphological abnormality 
characteristic of P5N deficiency (Figure 4) but not unique to 
it (see patient 1). The hematologic consequences of this en-
zymopathy are illustrated by patient 3, who has a moderately 
severe CNSHA.

The other (ultrarare) enzymopathy in this group is adenylate 
kinase (AK) deficiency. AK, by catalyzing the interconversion 
of ADP into ATP and adenosine mono-phosphate (AMP), is gen
erally important in controlling the level of these compounds.3 
In red blood cells ATP is crucial for the cation pump, and AMP, 
a precursor of the signaling molecule cyclic AMP,3 may be 
important in maintaining erythrocyte deformability.34 Indeed, 
in AK deficiency there is evidence of intravascular hemolysis.35 
For both P5N and AK, it is through their respective genetic 
defects that we know they have an essential function in red 
blood cells.

Conclusion
Red blood cell enzymopathies are now understood at the bio
chemical and molecular levels, and their clinical and hemato
logic features are reasonably well characterized. G6PD defi
ciency stands out in terms of epidemiology because it is a 
widespread, mostly asymptomatic abnormality: it bears wit
ness to the role of malaria in shaping human evolution, and its 
clinical manifestations are largely preventable and manage
able. Although recognizing chronic hemolytic anemia is not dif
ficult, the other enzymopathies are probably still underdiag-
nosed; DNA testing by gene panels should gradually overcome 
this diagnostic gap. In contrast, the targeted treatment of red 

Table 2. G6PD deficiency in several sample populations

Examples Frequency of G6PD deficiency in 
(hemizygous) males, %

Frequency of G6PD deficiency 
in females, %

Heterozygous Homozygous

US 2.5 4.9 0.06

Nigeria 22 34 4.8

Sardinia 12 21 1.4

Thailand 7.3 13.5 0.5

Frequency in US from Chinevere et al44; in Nigeria, from Luzzatto and Allan45; in Sardinia, from Cocco et al46; in Thailand, from Bancone et al.47 The 
frequency of G6PD deficiency in hemizygous males is identical to the frequency of the G6PD mutant allele (or the sum total of the frequencies if 
more than 1 mutant allele is involved). From the male frequency, it is easy to calculate the frequencies of the female genotypes, on the assumption 
that the population is in Hardy-Weinberg equilibrium. The data in this table show that, as all textbooks say, homozygous females are few com
pared to hemizygous males; on the other hand, heterozygous females are almost twice as common as hemizygous males (which most textbooks 
fail to say). Because of epigenetic mosaicism consequent on X chromosome inactivation, all heterozygotes have some G6PD deficient red blood 
cells: on average 50%, but with a wide range of variation. This is why in heterozygotes clinical manifestations are, on average, less severe, but not 
always so. In every series of patients with favism, there are always heterozygous girls.19
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blood cell enzymopathies is nearly uncharted territory. Since 
most of them qualify as orphan diseases, there are incentives 
to developing new therapies.
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