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Abstract Alkaptonuria (AKU) is a rare inherited metabolic
disorder of tyrosinemetabolism that results from a defect in an
enzyme called homogentisate 1,2-dioxygenase. The result of
this is that homogentisic acid (HGA) accumulates in the body.
HGA is central to the pathophysiology of this disease and the
consequences observed; these include spondyloarthropathy,
rupture of ligaments/muscle/tendons, valvular heart disease
including aortic stenosis and renal stones. While AKU is con-
sidered to be a chronic progressive disorder, it is clear from
published case reports that fatal acute metabolic complications
can also occur. These include oxidative haemolysis and
methaemoglobinaemia. The exact mechanisms underlying
the latter are not clear, but it is proposed that disordered me-
tabolism within the red blood cell is responsible for favouring
a pro-oxidant environment that leads to the life threatening
complications observed. Herein the role of red blood cell in
maintaining the redox state of the body is reviewed in the
context of AKU. In addition previously reported therapeutic
strategies are discussed, specifically with respect to why re-
ported treatments had little therapeutic effect. The potential
use of nitisinone for the management of patients suffering
from the acute metabolic decompensation in AKU is proposed
as an alternative strategy.

Abbreviations
AKU Alkaptonuria
HGA Homogentisic acid
HGD Homogentisate-1,2-dioxygenase
BQA 1,4-benzoquinone-2-acetic acid
AKI Acute kidney injury
CKD Chronic kidney disease
NAC N-acetyl cysteine
RBCs Red blood cells
MetHb Methaemoglobin
PPP Pentose phosphate pathway
NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
ROS Reactive oxygen species
G6PD Glucose-6-phosphate dehydrogenase

Alkaptonuria

Alkaptonuria (AKU, OMIM: 203500) is a rare autosomal re-
cessive disorder of tyrosine metabolism that occurs in one in
250 000 of the general population (Phomphutkul et al 2002).
In certain countries it is observed more commonly; for exam-
ple in Slovakia it is estimated to occur in one in 19 000 of the
population (Zatkova 2011; Milch 1960).

AKU results from a defect in the enzyme homogentisate 1,2-
dioxygenase (HGD, E.C.1.12.11.5). This results in the accumu-
lation of homogentisic acid (HGA) in the blood. Typically, the
kidney clears HGA effectively in AKU leading to the presence
of gram quantities in the urine so that the amounts of HGA
within the body are minimised. This is achieved both by glo-
merular filtration and tubular secretion of HGA. Patients with
AKU that have preserved renal function demonstrate fractional
clearances several hundred times greater than normal (Introne
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et al 2002). Increased urinary excretion of HGA is diagnostic of
AKU (Phomphutkul et al 2002).

The accumulation of HGA in blood is central to the path-
ophysiology of the disease. It is proposed that HGA is
oxidised to 1,4-benzoquinone-2-acetic acid (BQA) (Zannoni
et al 1969). It is thought that BQA polymerises to form a
melanin like pigment, which deposits in connective tissues
in a process called ochronosis. The consequences of this
chronic process are typically observed from the third to fourth
decade of life and include spondyloarthropathy, rupture of
ligaments/muscle/tendons, valvular heart disease including
aortic stenosis and renal and prostate stones (Ranganath et al
2013). Acute metabolic decompensation can occur in AKU
presenting with fatal complications, including oxidative
haemolysis and or methaemoglobinaemia. It is the latter that
will form the basis of this article. Herein the pathophysiology
of why these acute complications may occur and the current
literature will be reviewed.

Acute metabolic complications associated
with alkaptonuria

There are eight cases in the literature reporting the acute fatal
metabolic complications that can occur in AKU (Table 1).
These include three patients that had oxidative haemolysis
and methaemoglobinaemia (Abreo et al 1983; Suehiro et al
2007 ; Mul l an e t a l 2015) ; th r ee pa t i en t s w i th
methaemoglobinaemia (Liu and Prayson 2001; Uchiyama
et al 2010; Miyasaka et al 2013) and two patients with oxida-
tive haemolysis (Heng et al 2010; Bataille et al 2014). In all
cases the outcome was death.

Common to all of these cases is that all patients had
acute kidney injury (AKI), in some cases this was a new
presentation and in others it occurred on a background of
chronic kidney disease (CKD). Five of eight patients also
presented with sepsis (Liu and Prayson 2001; Suehiro et al
2007; Uchiyama et al 2010; Miyasaka et al 2013; Mullan
et al 2015). As previously mentioned the kidney plays a
critical role in the elimination of HGA from the body, and
thus it is reasonable to expect significant increases in the
circulating concentration of HGA when kidney function is
impaired. In all eight cases reported HGA was not mea-
sured, but is presumed to have been increased as kidney
function was impaired.

Introne et al (2002) reported on a patient with AKU and
CKD, where an increased plasma concentration of HGAwas
observed along with worsening clinically apparent
ochronosis. Three months post renal transplantation the con-
centration of HGAwas decreased from 126.3 to 43.7 μmol/L
demonstrating the importance of kidney function in the elim-
ination of HGA.

Interestingly, no acute oxidative haemolysis or
methaemoglobinaemia was reported despite the very high
concentrations of plasma HGA. This is in keeping with others
(Venkataseshan et al 1992; Kazancioglu et al 2004; Faria et al
2012) where CKD has been reported in AKU and no fatal
metabolic complications have been observed. This highlights
that an elevated concentration of HGA alone is not responsible
for the fatal metabolic complications that have been observed
in other reported cases (Abreo et al 1983; Suehiro et al 2007;
Mullan et al 2015; Liu et al 2001; Uchiyama et al 2010;
Miyasaka et al 2013; Heng et al 2010; Bataille et al 2014).
The authors’ hypothesise that multiple ‘insults’ to anti-oxidant
defence mechanisms have a cumulative effect and are respon-
sible for the reported haematological complications.

In all published cases where fatal metabolic complications
were observed treatments utilised were unsuccessful. The rea-
sons for this are not entirely clear. Treatments were based
around renal replacement therapy (haemodialysis and
haemofiltration), blood transfusion and anti-oxidant therapies
including; vitamin C, N-acetyl cysteine (NAC) and methylene
blue. Some of these therapies can act as pro-oxidant mole-
cules, thus worsening the metabolic complications.

Pathophysiology of acute haematological
complications observed in AKU

Mechanisms maintaining the pro- and anti-oxidant
balance

Oxidative stress is a disturbance between the pro-oxidant re-
actions and anti-oxidant defence mechanisms, which favours
the former. Under healthy physiological conditions, pro-
oxidant reactions do not predominate as red blood cells
(RBCs) have greater than 250 times more reducing capacity
than oxidizing potential (Burak Cimen 2008). Some of the
consequences of a pro-oxidant environment predominating
include damage to DNA, membrane ion transport systems,
enzymes, proteins and lipid peroxidation (Al-Omar et al
2004; Masella et al 2005).

Oxidative stress can lead to the generation of free radicals.
These are chemical entities that possess an unpaired electron
and are formed from a one or two electron reduction of oxygen.
Reactive oxygen species (ROS) include the non-radical hydro-
gen peroxide and singlet oxygen, as well as the radicals: super-
oxide anion, hydroxyl radical and nitric oxide (9) (Fig. 1).

Enzymatic systems, principally found within RBCs, act as
defence mechanisms against oxidative stress (Figs. 1 and 2).
Key enzymes include: glutathione peroxidase, glutathione re-
ductase, catalase, cytochrome b5 reductase, superoxide dis-
mutase, glucose-6-phosphate dehydrogenase (G6PD) and
thioredoxin reductase. Non-enzymatic factors that contribute
tomaintaining the redox state of the body include: (a) vitamins
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A and E, ubiquinone and melatonin, all of which are lipophil-
ic, and (b) vitamin C, glutathione, uric acid, caeruloplasmin,
transferrin and haptoglobin all of which are water soluble.

Disturbance of the pro- and anti-oxidant balance in AKU

HGA is present at very high concentrations in individuals with
AKU (serum HGA approximately 30–40 μmol/L, non-AKU
reference range <3.1 μmol/L (Davison et al 2015)). HGA
alone is unlikely to be directly responsible for promoting a
pro-oxidant environment, and the consequent acute oxidative
haemolysis or the formation of methaemoglobinaemia that
have been observed in AKU due to oxidative stress.

HGA undergoes auto-oxidation to form BQA polymers,
also referred to as ‘soluble melanins’ (Hegedus and Nayak
1994). The latter are purported to have pro-oxidant properties.
It is proposed that the oxidative stress associated with these
melanins and their associated metabolites/free radicals (i.e. of
oxygen radicals such as superoxide anion, hydroxyl radical
and hydrogen peroxide) are a potential ‘trigger’ for oxidative
haemolysis. Adding vitamin C and glutathione to cultured

cells has been shown to reverse oxidative haemolysis
(Hegedus and Nayak 1994).

The role of oxidative stress and its contribution to the
mechanisms of the ochronotic process have been studied ex-
tensively. This is a progressive chronic disorder and thus an
extensive discussion is beyond the scope of this article that is
concerned with the acute metabolic complications that can be
observed in AKU (see Braconi et al 2015 for a recent review).

CKD has been shown to reduce the anti-oxidant capacity of
the body (Stepniewska and Ciechanowski 2005; Stepniewska
et al 2006; Olszewska 2004). However when kidney function
is stable in CKD, acute complications are not frequently ob-
served. Rapid decline of renal function resulting from an acute
insult to the body, for example due to an infection or drug
toxicity, can lead to AKI (Table 1). It is thought that this
may predispose an individual to the acute oxidative
haemolysis.

When AKI occurs in AKU it is proposed that there is a
significant retention of HGA, owing to the reduced excretory
capacity of the kidney. This in turn may mean that more HGA
is oxidised to ‘soluble melanins’, and an excess of ROS are

Table 1 Cases of the acute haematological complications observed in pateints with Alkaptonuria reported in the literature. CKD—chronic kidney
disease; AKI—acute kidney injury; COAD—chronic obstructive airways disease; MetHb—methaemoglobin

Age
gender

Primary illness Trigger MetHb present/max
concentration (%)

Treatment Outcome Reference

50y Male Arthropathy Exacerbation of COAD Yes Methylene blue Death (Abreo et al 1983)
Type 2 diabetes Metabolic acidosis 34
CKD Haemolysis

66y Female Aortic valve surgery AKI Yes Unknown Death (Liu and Prayson 2001)
COAD Sepsis No value reported
Hereditary telangiectasia

Diabetes

59y Male CKD Exacerbation of CKD Yes Haemodialysis Death (Suehiro et al 2007)
Metabolic acidosis 29.9 Methylene blue

Haemolysis Vitamin C

Sepsis Transfusion

79y Male Arthropathy AKI Yes Transfusion Death (Uchiyama et al 2010)
Sepsis 27.9 Vitamin C

24y Male CKD Exacerbation of CKD No Haemodialysis/filtration Death (Heng et al 2010)
Hypertension Haemolysis N-Acetyl cysteine

Epilepsy Metabolic acidosis Vitamin C

Transfusion

50y Female None AKI Yes Haemodialysis Death (Miyasaka et al 2013)
Sepsis 26.8 Methylene blue

Transfusion

27y Male CKD Haemolysis No Haemodialysis Death (Bataille et al 2014)
Renal transplant Thrombocytopenia Antibiotics

Aortic insufficiency Acute liver failure Transfusion
?Erythropoietic protoporphyria

63y Male CKD Urosepsis Yes Haemodialysis/filtration Death (Mullan et al 2015)
Hypertension Hydronephrosis 25.1 N-Acetyl cysteine

Calculi Vitamin C

Exacerbation of CKD Transfusion
Metabolic acidosis

Haemolysis
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generated. Together these exceed the anti-oxidant capacity of
the body by consuming the substrates required for the anti-
oxidant defence mechanisms (e.g. NADH, NADPH, vitamin
C). This may be exacerbated further by underlying deficien-
cies in anti-oxidant defence mechanisms; these may have a

genetic (e.g. reduced enzyme activity) and or an environmen-
tal basis (e.g. poor nutrition). Together these factors are likely
to contribute to oxidative haemolysis and or methaemoglobin
(MetHb) (Fig. 1), both of which can be fatal as they reduce
oxygen carriage to tissues and lead to cyanosis. It is also

Alkaptonuria
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important to consider that while AKI can occur as a conse-
quence of oxidative stress it can result from massive
haemolysis (e.g. G6PD deficiency).

Secondary amyloidosis is another important consideration.
It is a serious life threatening complication of AKU and is
known to contribute to the decline of renal function in AKU
(Millucci et al 2015; Millucci et al 2012). Amyloid A protein
is responsible for amyloid A amyloidosis, which occurs in
long term inflammatory conditions (Urieli-Shoval et al
2000). The N-terminal fragment of serum amyloid A is an
apolipoprotein synthesised by the liver under the transcrip-
tional regulation of inflammatory cytokines (Simons et al
2013). In a minority of patients a sustained inflammatory stim-
ulus and the overproduction of amyloid A protein can lead to
protein mis-folding and amyloid deposition (secondary amy-
loidosis) may occur resulting in kidney damage (Simons et al
2013; Millucci et al 2015).

In considering the impact of CKD on the pro- and anti-
oxidant balance we can get an appreciation of why, when AKI
occurs, specifically in patients with AKU the outcome can be
fatal. It is clear that there appears to be no single factor that is
responsible, rather an intricate interplay of several factors.

In CKD (Stepniewska and Ciechanowski 2005;
Stepniewska et al 2006; Olszewska 2004) and AKI
(Himmelfarb et al 2004) the anti-oxidant capacity of the body
is reduced.

Uraemic toxins, observed in CKD have been shown to be
associated with enhanced oxidative stress. This occurs indirectly
by carbonyl compounds which are generated from the metabo-
lism of carbohydrates and lipids to form advanced glycation and
lipid end products, and by the carbonyl modification of proteins
(Inagi and Miyata 1999; Miyata et al 2001). The consequences
of this are observed in dialysis related amyloidosis.

Treatment of uraemic patients with haemofiltration or
haemodialysis has also been shown to increase oxidative
stress and reduces the concentration of anti-oxidants in the
blood (Stepniewska and Ciechanowski 2005; Stepniewska
et al 2006; Olszewska 2004). In addition, lack of vitamins A
and E, and selenium, blood transfusion and parenteral iron
administration have been shown to promote a pro-oxidant
environment (Stepniewska and Ciechanowski 2005;
Stepniewska et al 2006; Olszewska 2004; Agarwal et al
2004; Karkouti 2012). More specifically it has been shown
that in the RBCs of patients with CKD the pentose phosphate
pathway (PPP) does not generate adequate supplies of reduc-
tive equivalents (i.e. NADPH) necessary to restore reduced
glutathione (GSH) (Stepniewska et al 2006), an important free
radical scavenger, thus increasing oxidative stress.

Furthermore as haemodialysis causes a significant loss of
glucose, which is essential for the PPP, significant changes in
the anti-oxidant system of the blood of patients with CKD
occurs. It has been demonstrated that the activity of RBC
glutathione peroxidase decreases with the duration of dialysis,

thus potentiating the effects of oxidative stress (Stepniewska
et al 2006). Lower RBC concentrations of selenium in
dialysed patients have also been shown to correlate with lower
glutathione peroxidase activities (Stepniewska et al 2006).

RBCs in patients with CKD are also exposed to an in-
creased activity of free radicals. The net consequence of this
is that peroxidation of lipids and proteins in RBC membrane
occurs (Ceballos-Picot et al 1996). This reduces the stability
of the RBC and increases the likelihood of haemolysis. Ad-
vanced oxidation protein and glycation end products also con-
tribute to this and increase the likelihood of haemolysis
(Ceballos-Picot et al 1996).

Disturbances of anti-oxidant enzyme activity in other met-
abolic pathways can also occur. These include reactions that
involve superoxide dismutase, glutathione peroxidase, catalase
and glutathione reductase (Fig. 2). The extent to which these
pathways are altered is determined by the stage of CKD and
efficiency of treatment (Stepniewska andCiechanowski 2005).

Of particular note is that the energy production in RBCs
depends largely on glycolysis, with glucose as the principal
substrate. Both glycolysis and the PPP generate NADH and
NADPH, respectively to reduce MetHb, which is being con-
tinuously produced. If aberrations occur in these systems a
pro-oxidant environment will dominate and MetHb will be
present at higher concentrations (normal reference range
<1.5 %, fatal >70 %).

In health there are two main mechanisms to minimise the
formation of MetHb (Skold et al 2011). The first is to mini-
mise the formation of ROS and the second to reduce ferric
(Fe3+) iron back to its ferrous (Fe2+) state. Themain enzyme in
RBCs that does this is cytochrome b5 reductase, which utilises
NADH to reduce cytochrome b5which in turn reducesMetHb
(Skold et al 2011).

A second enzyme called flavin reductase also contributes
to maintaining haemoglobin in the ferrous state through its
utilisation of NADPH and the co-factor methylene blue, to
form leukomethylene blue (Fig. 1). Riboflavin, flavin adenine
dinucleotide and flavin mononucleotide also act as electron
acceptors to reduce MetHb back to its ferrous state.

A very important consideration in RBC oxidative stress is
the activity of the enzymeG6PD. This enzyme is central to the
formation of the reducing equivalents NADH and NADPH. A
deficiency in G6PD can lead to inadequate formation of
NADPH and NADH, the consequence of which is that the
demands of anti-oxidant regulatory pathways are not met.
This predisposes an individual to an increased risk of
haemolytic anaemia and ormethaemoglobinaemia (Cappellini
and Fiorelli 2008). In all cases reported (Table 1) the activity
of G6PD was not documented, and may have been an inde-
pendent risk factor for the development of the fatal metabolic
complications observed.

Altered activities of other enzymes responsible for main-
taining the balance between anti- and pro-oxidants are also
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important to consider. It has been suggested that cytochrome
b5 reductase, catalase and glutathione synthetase deficiency
may pu t i nd i v i du a l s a t r i s k o f d r u g i n du c ed
methaemoglobinaemia or haemolytic anaemia (Cappellini
and Fiorelli 2008; Beutler and Baluda 1963).

Treatment options currently employed in haemolysis
in AKU

All therapeutic strategies employed in the eight cases reported
(see Table 1) failed to demonstrate therapeutic benefit, as all
patients died. It is important to consider why this is the case.
Treatments included vitamin C, NAC, methylene blue, blood
transfusion and renal replacement therapy (i.e. haemodialysis
and or haemofiltration).

Regardless of treatment it is clear that the supply of reduc-
ing equivalents were inadequate to meet the cellular demands
to minimise oxidative stress, thus oxidative haemolysis and or
the formation of MetHb occurred.

Increased oxidative stress from the generation of ‘soluble
melanins’ (pro-oxidants) may have saturated anti-oxidant
mechanisms causing depletion of NADPH and thus when
these treatments were given they were ineffective.

Both vitamin C and NAC (Fig. 2) are key co-factors in the
recycling of thioredoxin and glutathione, respectively. Vita-
min C is a self-limiting anti-oxidant mechanism as humans
cannot synthesise vitamin C.Moreover, vitamin Cwhen given
at high concentrations has been shown to induce haemolysis
in patients with G6PD deficiency (Cappellini and Fiorelli
2008). No patients were reported to have G6PD deficiency;
however this may have been a contributing factor in the lack
of therapeutic response to anti-oxidant therapy.

The use of NAC is entrenched in themedical literature for the
treatment of oxidative liver damage, observed in paracetamol
overdose. This is because of its role in the recycling of glutathi-
one. While its use in AKU has not been assessed for clinical
efficacy, it has been used (Heng et al 2010; Mullan et al 2015)
based on its purported benefits as an anti-oxidant. It is likely that
therapeutic benefit has not been demonstrated in patients with
AKU due to the magnitude of pro-oxidant species present.

Methylene blue has a number of clinical uses but at first
glance seems counter intuitive as therapy for the treatment of
oxidative stress in AKU as it can behave as a pro-oxidant at
higher concentrations, thus potentially exacerbating oxidative
stress. In addition there are concerns over its use in patients
that have G6PD deficiency as it can lead to life threatening
haemolytic anaemia (Beutler and Baluda 1963). It is proposed
that leukomethylene blue can diffuse into G6PD deficient
RBCs resulting in haemolysis (Beutler et al 1963).

Haemodialysis and or haemofiltration were used as treat-
ments in five of the eight cases reported (Suehiro et al 2007;
Mullan et al 2015; Miyasaka et al 2013; Heng et al 2010;
Bataille et al 2014). While this in principle may have

facilitated the removal of HGA, thus potentially reducing the
formation of ‘soluble melanins’ and oxidative stress. It is
known that haemodialysis increases oxidative stress as anti-
oxidant defences are reduced by pro-oxidant haemodialysis
factors, which is more profound in patients with renal anaemia
(Stepniewska and Ciechanowski 2005; Stepniewska et al
2006; Olszewska 2004). Therefore this treatment is not with-
out its limitations.

As a consequence of haemolysis the majority of patients
(Table 1) were given blood transfusions. This is a lifesaving
treatment during haemolysis; however it is known that trans-
fusions can harm the kidney. The exact mechanism of how
this occurs is not fully understood. It is know that RBCs dur-
ing storage undergo biochemical and morphological change
and it is thought that after transfusion these changes promote a
pro-inflammatory state impairing oxygen delivery to tissues
and promoting oxidative stress (Karkouti 2012).

In all it can be seen that there were limitations to all medical
therapies given in the cases reported. In principle renal trans-
plantation could serve to reduce the circulating concentration
of HGA (Introne et al 2002) and thus reduce the risk of oxi-
dative haemolysis and or the formation of MetHb, however
this is not a treatment that could be implemented rapidly and
has its own challenges (i.e. risk of graft rejection). A poten-
tially lifesaving therapy could be the utilisation of a therapy
that decreases the production of HGA and this can be achieved
by a drug, namely nitisinone.

The need for more effective therapy in AKU complicated
by acute haemolysis—the case for nitisinone

Nitisinone is a reversible competitive inhibitor of HGD
(McKiernan 2013). It is used off licence for the treatment of
AKU in Liverpool at the National Centre for AKU and is now
being evaluated in a long term (5-years) multi-centre trial
(SONIA-2) comparing a 10 mg daily dose to no treatment.
Nitisinone is not yet licenced to treat children with AKU.

Nitisinone has been demonstrated to significantly reduce
the serum concentration of HGA (Phomphutkul et al 2002;
Introne et al 2011; Suwannarat et al 2005; Ranganath et al
2014). This has also been shown in a mouse model of AKU
(Preston et al 2014). If the additional ‘insult’ for the haemato-
logical complications in AKU is the formation of pro-oxidants
as a consequence of HGA accumulating and being
metabolised to ‘soluble melanins’ then the inhibition of the
formation of HGA would be a highly suitable treatment.
Moreover, the drop in HGA concentrations is rapid, with ap-
proximately 60 % decrease in circulating HGAwithin 48 h on
2 mg dose (unpublished data) and thus is an efficacious treat-
ment. Published trials have demonstrated a significant dose
response decrease in urinary HGA in AKU with 8 mg daily
dose reducing urinary HGA to 98.8 % of baseline concentra-
tions (Ranganath et al 2014).
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One of the major biochemical consequences of nitisinone
therapy is that serum tyrosine concentrations can increase ten-
fold (Phomphutkul et al 2002; Introne et al 2011; Suwannarat
et al 2005; Thimm et al 2011; De Laet et al 2011; Ranganath
et al 2014). The metabolic fate of this is largely unknown in
AKU, apart from reports of tyrosine keratopathy (Stewart et al
2014).

Elevated serum tyrosine concentrations are also a docu-
mented consequence of nitisinone therapy in hereditary
tyrosinaemia-1 (HT-1). It is proposed that the supra-
physiological concentrations of tyrosine may be responsible
for the cognitive impairment observed in HT-1 (Thimm et al
2011; De Laet et al 2011). Other reported side effects in HT-1
include thrombocytopenia, leukopenia and ocular symptoms
(Mayorandan et al 2014).

Natural protein restriction is recommended with essential
amino acid supplementation in patients treated with nitisinone
that have HT-1. The overall aim is to ensure serum tyrosine
concentrations are <400 μmol/L (Mayorandan et al 2014).

The authors’ postulate that treatment with nitisinone
should be made available earlier even if renal function
is normal rather than waiting for decline in renal
function and the presentation of haematological
complications. This approach is also recommended as
there may be delays in obtaining nitisinone quickly, in
what could be a rapidly fatal event. The importance of
the above is demonstrated by the recent report by
Mullan et al (2015) where the patient died within a
week of hospitalisation.

Conclusions

The acute haematological complications associated with
AKU are complex and can be fatal. Astute recognition
of these complications and appropriate medical manage-
ment present significant challenges. It is however the
view of the authors’ that nitisinone may provide a suit-
able lifesaving treatment especially in the context of
deterioration in renal function and suboptimal anti-
oxidant defence mechanisms. Moreover it is recom-
mended that G6PD should be measured following the
diagnosis of AKU so patients at risk can have appropri-
ate dietary and drug modifications made to minimise
depletion of NADPH and NADH, thus limiting oxida-
tive stress.
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