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ABSTRACT

Background Alkaptonuria, caused by mutations
in the HGO gene and a deficiency of homogentisate
1,2-dioxygenase, results in an accumulation of ho-
mogentisic acid (HGA), ochronosis, and destruction
of connective tissue. There is no effective therapy for
this disorder, although nitisinone inhibits the enzyme
that produces HGA. We performed a study to delin-
eate the natural history of alkaptonuria.

Methods We evaluated 58 patients with alkaptonuria
(age range, 4 to 80 years), using clinical, radiographic,
biochemical, and molecular methods. A radiographic
scoring system was devised to assess the severity of
spinal and joint damage. Two patients were treated
with nitisinone for 10 and 9 days, respectively.

Results Life-table analyses showed that joint re-
placement was performed at a mean age of 55 years
and that renal stones developed at 64 years, cardiac-
valve involvement at 54 years, and coronary-artery cal-
cification at 59 years. Linear regression analysis indi-
cated that the radiographic score for the severity of
disease began increasing after the age of 30 years,
with a more rapid increase in men than in women.
Twenty-three new HGO mutations were identified. In
a b1-year-old woman, urinary HGA excretion fell from
2.9to 0.13 g per day after a 10-day course of nitisinone
(7 days at a dose of 0.7 mg per day and 3 days at 2.8
mg per day). In a 59-year-old woman, urinary HGA fell
from 6.4 g to 1.7 g per day after nine days of treatment
with nitisinone (0.7 mg per day). Plasma tyrosine lev-
els in these patients rose from approximately 1.1 mg
per deciliter (60 wmol per liter) in both to approximate-
ly 12.8 mg per deciliter (700 wmol per liter) and 23.6
mg per deciliter (1300 wmol per liter), respectively,
with no clinical signs or symptoms.

Conclusions The reported data on the natural histo-
ry of alkaptonuria provide a basis for the evaluation
of long-term therapies. Although nitisinone can re-
duce HGA production in humans with homogentisate
1,2-dioxygenase deficiency, the long-term safety and
efficacy of this treatment require further evaluation.
(N Engl J Med 2002;347:2111-21.)
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HIS year marks the 100th anniversary of Sir

Archibald Garrod’s description of alkapto-

nuria (Mendelian Inheritance in Man num-

ber 203500) as the first disorder in humans
to be found to conform to the principles of mendelian
autosomal recessive inheritance.! In his Croonian lec-
tures of 1908.2 Garrod coined the term “inborn error
of metabolism” and proposed that alkaptonuria results
from a deficiency of an enzyme that normally splits the
aromatic ring of homogentisic acid (HGA) (Fig. 1), a
tyrosine-degradation product known to accumulate in
patients with alkaptonuria.? Indeed, alkaptonuria is as-
sociated with deficient homogentisate 1,2-dioxygen-
ase (HGO) activity in the liver,* and the gene for HGO
is mutated in patients with alkaptonuria.’ HGO de-
ficiency causes excretion of large quantities of HGA
daily in the urine,®” which turns dark on standing. In
urine, as in tissues, HGA oxidizes to benzoquinones,
which in turn form melanin-like polymers. Accumu-
lation of HGA and its metabolites in tissues causes
ochronosis, with darkening of cartilaginous tissues and
bone, arthritis and joint destruction, and deterioration
of cardiac valves.367 Treatment with vitamin C to en-
hance HGA degradation has not proved helpful .38
However, 2-(2-nitro-4-triflutoromethylbenzoyl)-1,3-
cyclohexanedione, or nitisinone (Orfadin), has been
proposed as potential therapy® because it inhibits the
enzyme that produces HGA (i.e., 4-hydroxyphenyl-
pyruvate dioxygenase) (Fig. 1).1 We performed a
clinical, biochemical, and molecular evaluation of 58
patients with alkaptonuria.

METHODS

Patients

Sixty-four patients (33 male and 31 female; age range, 4 to 80
years) from 54 different families were enrolled in the study. The pro-
tocol was approved by the institutional review board of the National
Institute of Child Health and Human Development, and all patients

From the Section on Human Biochemical Genetics, Heritable Disorders
Branch, National Institute of Child Health and Human Development, Be-
thesda, Md. (C.P, WJ.I, LB., D.L.E, PD.A., M.-H., Y.A., WA.G.); the
Rehabilitation Medicine Department, National Institutes of Health Clinical
Center, Bethesda, Md. (M.B.P,, L.H.G.); the Department of Radiologic
Pathology, Armed Forces Institute of Pathology, Washington, D.C.; the
Department of Radiology, University of Maryland Medical Center, Baltimore;
and the Departments of Radiology and Nuclear Medicine, Uniformed Serv-
ices University of the Health Sciences, Bethesda, Md. (M.D.M.). Address
reprint requests to Dr. Gahl at 10 Center Dr., MSC 1851, Bldg. 10, Rm.
10C-103, Medical Genetics Branch, National Human Genome Research
Institute, National Institutes of Health, Bethesda, MD 20892-1851, or at
bgahl@helix.nih.gov.

www.nejm.org - 2111

The New England Journal of Medicine
Downloaded from nejm.org on March 18, 2019. For personal use only. No other uses without permission.
Copyright © 2002 Massachusetts Medical Society. All rights reserved.



The New England Journal of Medicine

NH,

Phenylalanine

CH, — CH— COOH

Phenylalanine
hydroxylase

NH, Tyrosine
HO CH,— CH— COOH
Tyrosine
aminotransferase
(6] 4-Hydroxyphenylpyruvic acid
HO CH,—C—COOH

4-Hydroxyphenylpyruvic
acid dioxygenase

CH,— COOH

HO OH

Homogentisate
1,2-dioxygenase

Homogentisic acid

Alkaptonuria

Maleylacetoacetic acid

Succinylacetoacetic acid

Fumarylacetoacetic acid

Figure 1. The Tyrosine Degradation Pathway.
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The basic defect in alkaptonuria is deficient homogentisate 1,2-dioxygenase activity. Nitis-
inone inhibits 4-hydroxyphenylpyruvic acid dioxygenase.

(or their parents) gave written informed consent. Elevated urinary
HGA levels confirmed the diagnosis in 58 patients; 6 women had
normal urinary HGA levels and were therefore excluded. Two pa-
tients were also enrolled in a separate study of nitisinone (Inves-
tigational New Drug exemption number 46865, held by Swedish
Orphan International), for which they also gave written informed
consent. Capsules containing nitisinone were prepared by the Phar-
maceutical Development Service of the National Institutes of
Health.
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Joint Assessment

The Medical Outcomes Study 36-item Short-Form General
Health Survey (SF-36)!112 was completed by each patient. Each pa-
tient also underwent a comprehensive musculoskeletal examination.
Axial and appendicular joints were palpated for pain and swelling
and assessed for range of motion and effusions. Spinal flexion was
measured with the use of the Schober test.1314 Small joints of the
hands and feet were evaluated by visual inspection and palpation.

A radiographic scoring system was used to assess the severity of
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disease in the joints and spine. In each of the cervical, thoracic, and
lumbar segments, the disk spaces were scored as normal (0), mini-
mally narrowed (1), or substantially narrowed (2). Calcification was
scored as absent (0), mild (1), or marked (2). For each spinal seg-
ment, the maximal score (the combined scores for disk-space in-
volvement and calcification) was 4; for all three segments of the
spine, the maximal total score was 12. For large joints, involvement
of the joint spaces was scored as absent (0); minimal, with osteo-
phytes, subchondral cysts, or both, but no narrowing of joint spaces
(1); mild, with minimal joint-space narrowing (2); moderate, with
marked joint-space narrowing (3); or severe, with bone on bone or
replacement of a joint (4). Joint calcification was scored as absent
(0), mild (1), moderate (2), or extensive (3). The maximal com-
bined score for joint-space involvement and calcification was 7 for
cach of 12 joints (hips, knees, shoulders, elbows, wrists, and ankles).

Assay of Homogentisic Acid

We measured urinary and plasma homogentisate levels according
to the spectrophotometric method of Lustberg et al.,'s with linearity
of the assay in the range of 6 to 60 uM.

Mutational Analysis

Genomic DNA was extracted from whole blood according to
standard methods.!¢ Polymerase-chain-reaction (PCR) amplification
of the 14 exons of HGO was performed as described elsewhere,!”
and the product was screened for mutations with the use of dena-
tured high-performance liquid chromatography. Heteroduplex PCR
products were obtained by heating the products to 95°C for five
minutes, followed by gradual cooling to room temperature. Each
PCR product (5 ul) was analyzed with the use of the WAVE DNA
Fragment Analysis System (Transgenomic) at various temperatures.
Fragments exhibiting an abnormal retention pattern were sequenced
on an automatic sequencer (CEQ 2000, Beckman Coulter) with the
use of a kit (CEQ Dye-Terminator Cycle Sequencing), according
to the manufacturer’s protocol. Direct DNA sequencing was per-
formed on all exons when fewer than two mutations were detected
by denatured high-performance liquid chromatography.

Statistical Analysis

Kaplan—Meier analyses and Student’s t-tests were performed as
described elsewhere.!8 Pearson’s correlation coefficient!® was deter-
mined for measurements of lumbar spinal flexion and for analyses of
SE-36 scores according to age.

RESULTS
Diagnosis

Alkaptonuria was diagnosed before 1 year of age
in 12 of the 58 patients (21 percent); the mean age at
the time of diagnosis in the other 46 patients was 29
years. Thirty-two patients (55 percent) received the
diagnosis because of dark urine, and 26 (45 percent)
because of chronic joint pain (12 of the 26 were female
[mean age, 46 years], and 14 were male [mean age,
37 years]). Two patients were given an incorrect diag-
nosis of porphyria and four underwent ear or skin bi-
opsies before the correct diagnosis was made.

Joints

Among the 47 patients who were more than 30
years old, low back pain began before the age of 30
in 23 (49 percent); among the 35 patients who were
more than 40 years old, low back pain began before

the age of 40 in 33 (94 percent). Symptoms in the
lumbar and thoracic spine preceded those in the cer-
vical spine. Narrowing of the disk space was followed
by disk calcification and fusion of the disk. Of the 35
patients who were more than 40 years old, 15 had lost
height, with a mean decrement of 7.9 cm (range, 3.8
to 12.7). Kyphosis was present in 31 of the 58 patients.
The Schober test of the extent of lumbar spinal flex-
ion,2° which is normally 15 cm but gradually decreas-
es with age,1* was clearly abnormal (<13 cm) in 34 pa-
tients. Characteristic radiographic findings are shown
in Figure 2A.

Arthropathy was common. Seventeen patients had
undergone knee replacement, 10 hip replacement, and
2 shoulder replacement. Fifty percent of the patients
had undergone at least one knee, hip, or shoulder re-
placement by the age of 55 years (Fig. 2B). Eight pa-
tients had had three or more joints replaced. The range
of motion was reduced by at least 21 percent in the
hips of 33 patients, the shoulders of 2 patients, and
the knees of 7 patients. Small-joint involvement, deter-
mined by pain on palpation, was present in only 10
patients. The composite radiographic score for the se-
verity of spinal and joint disease was 0 until the age
of 30 years, after which it rose in a roughly linear fash-
ion with age (Fig. 2C). The severity increased more
rapidly in men than in women.

The overall score for physical health, derived from
the SF-36 questionnaire, declined with age (P<<0.001),
whereas the overall score for mental health did not
change significantly (data not shown).

Connective-Tissue Involvement

Pigmentation of the sclera and ear cartilage oc-
curred only after the age of 30 years and was extreme-
ly variable in severity (Fig. 3). Thirty-three patients
(57 percent) had tendon-related findings, including 12
with thickened Achilles tendons. Three had muscle
tears after minimal trauma (2 in the hamstring and
1 in the quadriceps), and 23 had joint eftusions, 18
of which involved the knee. Six patients had supra-
patellar bursa eftusions, and three had synovitis involv-
ing the knee, ankle, or metacarpal phalangeal joint.
Two patients had ligament tears involving the anterior
cruciate ligament or the ankle.

Stone Formation

Kidney stones were documented on the basis of
the history or ultrasonographic studies in 13 male and
3 female patients. The mean age at the time that kid-
ney stones appeared was 64 years (Fig. 4A); the me-
dian age was 48 years. Of the 27 men who were 31 to
60 years old, 8 (30 percent) had prostate stones (Fig.
4B). The development of prostate stones was not as-
sociated with the development of kidney stones.
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Cardiac Involvement

The mean age at the time that aortic dilatation or
cardiac-valve involvement was detected (i.e., aortic- or
mitral-valve calcification or regurgitation on echocar-
diography) was 54 years (Fig. 4C); the median age was
52 years. Three patients, each over the age of 50 years,
had undergone aortic-valve replacement. No patient
had coronary-artery calcification before the age of 40
years, but 50 percent had computed tomographic
(CT) evidence of coronary-artery calcification by the
age of 59 (Fig. 4D). There was no correlation between
coronary-artery calcification and an elevated serum
cholesterol level.

Laboratory Values

Only 1 of the 58 patients had a reduced creatinine
clearance (29 ml per minute; normal range, 90 to
125); that patient had diabetic nephropathy and a
plasma HGA level that exceeded the levels in the oth-
er patients.!” One patient, with low-grade hepatitis,
had an elevated alanine aminotransferase level (88 U
per liter; normal range, 6 to 41). The mean (+SE) to-
tal cholesterol level was 190.1£37.9 mg per deciliter
(4.92x0.98 mmol per liter; normal range, 100 to 200
mg per deciliter [2.59 to 5.17 mmol per liter]), the
mean hemoglobin level was 139*14 g per liter (nor-
mal range, 115 to 167), and the mean alkaline phos-
phatase level was 105.2+58.1 U per liter (normal
range, 37 to 116). Eleven patients had elevated eryth-
rocyte sedimentation rates, ranging from 55 to 110
mm per hour (normal range, 0 to 42). Levels of os-
teocalcin, reflecting new bone formation, were ele-
vated in 3 patients, whereas levels of urinary collagen
N-telopeptide, reflecting bone resorption, were elevat-
ed in 24; the mean urinary collagen N-telopeptide val-
ue was 73.6*=20.1 nmol per millimole of creatinine
(normal range, 19 to 66). The mean plasma tyrosine
level was 1.4*0.3 mg per deciliter (79+18 umol per
liter; normal range, 1.2+0.3 mg per deciliter [68+17
pmol per liter]). The mean plasma HGA level was
6.6x2.6 pg per milliliter (range, 3.0 to 27.8); in nor-
mal subjects, it is undetectable.?! Urinary HGA lev-
els were increased by a factor of approximately 300
(3.12%1.11 mmol per millimole of creatinine; normal
value, <0.01), and total daily excretion ranged be-

tween 0.4 and 12.4 g. HGA excretion was not cor-
related with sex, age, or age at the time of the first
joint replacement. The urinary HGA level varied even
among family members with the same HGO muta-
tions; in one family, the urinary HGA values in three
affected siblings were 2.8, 2.8, and 4.7 mmol per mil-
limole of creatinine.

HGO Mutations

In 57 patients, at least 1| HGO mutation was iden-
tified (GenBank accession number AF045167); 23
of these mutations had not previously been reported
(Fig. 5). Forty-six patients were compound heterozy-
gotes. In total, mutations were identified in 104 of 116
alleles (90 percent). There were 3 different nonsense
mutations, 24 different missense mutations, 3 differ-
ent frame-shift mutations, and 5 different intronic mu-
tations resulting in splice-site abnormalities. The mu-
tations involved exons 1 through 13 but not exon 14.
Fourteen patients had at least one M368V mutation.
Seven patients were also either homozygous or heter-
ozygous for H80Q, which is considered a common
polymorphism.22 We found no correlation between
the presence or absence of any type of HGO mutation
and either the level of HGA excretion or the severity
of disease.

Treatment

Thirty patients (52 percent) had not received any
treatment for alkaptonuria. Twenty-two (38 percent)
had taken or were taking vitamin C, in doses rang-
ing from 0.25 to 4 g per day. Twelve of the 22 had
stopped taking vitamin C. In the 10 patients who were
still taking vitamin C (dose range, 0.25 to 4.0 g per
day), the mean urinary HGA level was 3.17+1.11
mmol per millimole of creatinine (range, 1.8 to 6.1),
which was similar to the level in 45 untreated patients
(3.00=1.01 mmol per millimole of creatinine [range,
1.0 to 5.5]). Six patients adhered to a low-protein
diet; the mean urinary HGA level in these patients
was 3.93%+1.63 mmol per millimole of creatinine
(range, 1.8 t0 6.6). Two patients were taking oral glu-
cosamine.

Two patients received nitisinone on an investigation-
al basis, without dietary modifications. One of the two,

Figure 2 (facing page). Stages of Disk Disease, Joint Replacement, and Severity Scores in 58 Patients with Alkaptonuria.

Panel A shows radiographs in 4 of the 58 patients. Patient 48 (18 years old) has normal, wide disk spaces. Patient 34 (34 years old)
has minimally narrowed disk spaces and calcification (arrow). More extensive calcification and more marked narrowing at all vis-
ualized disk spaces are evident in Patient 50 (46 years old). (Lumbar kyphosis is also present.) Patient 53 (62 years old) has similarly
marked disk narrowing and calcification, with osseous ankylosis at L1-L2 and L4-L5. Panel B shows the results of a Kaplan—Meier
life-table analysis of joint replacement. Panel C shows radiographic scores for the severity of spine and joint disease as a function
of age in the 58 patients. The maximal score (indicating the most severe disease) was 4 for each segment of the spine and 7 for
each of 12 joints. The straight lines are the regression lines (for male patients, y=0.94x—21.96 [r=0.78]; for female patients,

y =0.80x—24.80 [r=0.70]).
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Figure 3. Ochronotic Pigmentation of Sclerae and Ear Cartilage at Various Ages.
These are examples of the most extensive involvement for each age group.

a 51-year-old woman who was a compound hetero-
zygote for the W97R and F136Y mutations, received
0.35 mg of nitisinone twice a day for seven days. The
urinary HGA level decreased from approximately 2.9
to 0.9 g per day (Fig. 6A). The dose was increased
to 1.4 mg twice a day for three days, after which the
urinary HGA level fell to 0.13 g per day and the uri-
nary hydroxyphenylpyruvate level became very elevat-
ed. The plasma tyrosine level rose from approximately
1.1 mg per deciliter (60 wmol per liter) to 12.6 mg per
deciliter (697 wmol per liter) on day 7 and to 13.0 mg
per deciliter (719 umol per liter) on day 10. At that
time, laboratory tests performed on day 7, showing an
clevated plasma tyrosine level, became available, and
the treatment was stopped. There were no symptoms
of photophobia, and a slit-lamp examination of the
corneas showed no abnormalities. The plasma tyro-
sine level fell to 2.5 mg per deciliter (140 wmol per
liter), and the urinary HGA level increased to 3.0 g per
day over the next 14 days (Fig. 6A).

The other patient, a 59-year-old woman who was a
compound heterozygote for the G161R and S305F
mutations, received 0.35 mg of nitisinone twice a day
for nine days. Her urinary HGA level fell from 6.4 g
per day on day 0 to 1.7 g per day on day 9 (Fig. 6B).

The plasma tyrosine level rose from 1.2 mg per dec-
iliter (67 wmol per liter) to 20.8 mg per deciliter (1147
pmol per liter) on day 8 and to 23.3 mg per deciliter
(1288 wmol per liter) on day 9. At that time, labo-
ratory tests performed on day 6, showing an elevated
plasma tyrosine level, became available, and the treat-
ment was stopped. The plasma tyrosine level fell to
2.5 mg per deciliter (137 pumol per liter) over the next
25 days. The patient remained asymptomatic.

DISCUSSION

The Egyptian mummy Harwa, dating from 1500
B.C., had alkaptonuria,? but the term “alcapton” was
first used in 1859 to describe a patient’s urinary re-
ducing compound,?* later identified as 2,5-dihydroxy-
phenylacetic acid, or homogentisic acid.2s By 1908,
Garrod had proposed that alkaptonuria was an inborn
error of metabolism,? and by 1909, Neubauer had
mapped the complete tyrosine-degradation pathway.26
A review of cases of alkaptonuria throughout the
world noted that approximately 600 cases had been
described through 1962.7 We estimate that the cur-
rent incidence of alkaptonuria is 1 case in 250,000 to
1 million live births.

Clinically, alkaptonuria resembles ankylosing spon-
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Figure 4. Kidney and Prostate Stones and Cardiac Involvement.

Panel A shows the results of a Kaplan—Meier life-table analysis of kidney stones. The pelvic radiograph on the left-hand side of
Panel B shows collections of prostate stones (arrows) in a 46-year-old man with alkaptonuria. The photograph on the right-hand
side of the panel shows a black prostate stone passed by a 47-year-old man. The longest dimension is 1 cm. The results of Kaplan—
Meier life-table analyses of cardiac-valve involvement and coronary-artery calcifications are shown in Panels C and D, respectively.
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Figure 5. HGO Mutations in the 58 Patients with Alkaptonuria.
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Exons are represented by vertical red bars, and introns by the horizontal black line. Mutations are listed above each exon and are
color-coded according to type. For splice-site mutations, the nucleotide involved is indicated; for other mutations, the amino acid
residue is indicated. Deletions and insertions involve a single base pair. Asterisks indicate mutations that have not previously been
reported. The GenBank accession number for HGO complementary DNA is AF045167; the number for the HGO protein sequence

is AA02698.

dylitis?” in its particular damage to the spine and
large joints but differs in sparing the sacroiliac joint.
The spinal involvement results in kyphosis, height loss,
and decreased lumbar flexion, and the joint disease
decreases the range of motion and causes effusions.
Ochronotic arthritis resembles a crystalline or inflam-
matory arthritis in its waxing and waning course. Joint
symptoms typically begin in the third or fourth decade
of life and progress until chronic pain prompts a knee,
hip, or shoulder replacement; on average, this occurs
at the age of 55 years. Tendon and ligament ruptures
occur with minimal provocation, and kidney stones
probably form because of the extremely high levels of
urinary HGA excretion (renal clearance rates of 400
to 500 ml per minute).3 This tubular secretion rids the
body of HGA and presumably reduces its accumula-
tion in tissues.

Recent diagnostic innovations have advanced the
characterization of alkaptonuria as a disease entity.
Magnetic resonance imaging can show thickening of
the Achilles tendon. CT and echocardiographic stud-
ies can reveal coronary-artery calcifications and cardi-
ac-valve deterioration, respectively. Ochronotic pros-
tate stones are visible on radiographs, and radiolucent
kidney stones can be seen on ultrasonograms. Bio-
chemical assays of urinary collagen N-telopeptides in-
dicate that bone resorption occurs in patients with
alkaptonuria, probably because of a combination of
the primary effects of ochronosis and the secondary
effects of arthropathy-related disuse.

Molecular analyses, which have only recently be-
come available, reveal a striking spectrum of HGO mu-
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tations, reflecting the disorder’s clinical variability.
Analysis of the HGO gene and its 1715-bp transcript
showed that 46 of the 58 patients in our study were
compound heterozygotes. We also identified 23 new
mutations, bringing to 67 the total number of HGO
mutations reported to date,52228-32 and indicating that
most HGO mutations are unique to a family. An ex-
ception is the M368V mutation, a common mutation
believed to have spread throughout Europe with past
migrations?? and found in 15 of the 116 alleles in our
patients. In contrast to studies in Slovakia?9:32 and the
Dominican Republic,3? our study showed no evidence
of a mutational hot spot or a founder effect.

Several therapeutic approaches have been used in
patients with alkaptonuria. High-dose vitamin C de-
creases urinary benzoquinone acetic acid but has no
effect on HGA excretion,? and no credible studies have
shown that treatment with vitamin C is clinically ef-
fective.? In our patients, neither vitamin C supplemen-
tation nor protein restriction was associated with a re-
duction in urinary HGA excretion. Surveillance for
cardiac, renal, and prostate complications after the
fourth decade of life and strict attention to pain con-
trol are also advisable.

We propose that the next therapeutic step be direct
pharmacologic reduction of HGA production. The-
oretically, this could be achieved with nitisinone, a
triketone herbicide that inhibits 4-hydroxyphenylpyru-
vate dioxygenase by rapid, avid binding (50 percent in-
hibitory concentration, 40 nM) that is reversible.3435
Nitisinone is approved by the Food and Drug Admin-
istration for the treatment of tyrosinemia type 1.3¢ A fa-
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Figure 6. Effect of Nitisinone Treatment on Urinary Homogentisic Acid (HGA) and Plasma Tyrosine Lev-

els in Two Patients with Alkaptonuria.

One patient, a 51-year-old woman, initially received 0.35 mg of nitisinone twice a day; the dose was
subsequently increased to 1.4 mg twice a day (Panel A). The other patient, a 59-year-old woman, re-
ceived 0.35 mg twice a day, with no increase before the treatment was stopped (Panel B). Start denotes
the start of treatment, and Stop the cessation of treatment.

tal hereditary liver disease, tyrosinemia type I results
from a deficiency of fumarylacetoacetate hydrolase, an
enzyme distal to homogentisate 1,2-dioxygenase in the
tyrosine catabolic pathway (Fig. 1). The only known
side effects of nitisinone are elevated plasma tyrosine
levels and resulting corneal irritation, which can be
ameliorated by severe restriction of dietary tyrosine
and phenylalanine. The recommended dose of nitis-
inone in children with tyrosinemia type I is 1 mg per
kilogram of body weight per day, given in two divid-

ed doses. In a study involving healthy men, a single
such dose led to plasma tyrosine levels as high as 19.9
mg per deciliter (1100 pmol per liter) — approximate-
ly 15 times the normal value; the plasma tyrosine level
remained approximately 8 times the normal value
for 14 days,?” returning to the base-line level within
2 months. Oral nitisinone (approximately 0.1 mg) re-
duced urinary HGA excretion by more than 80 per-
cent in a murine model of alkaptonuria.38

We administered nitisinone in two of our patients
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with alkaptonuria, at a dose of 0.01 and 0.04 mg per
kilogram per day — less than Y20 the dose used in
mice with alkaptonuria or in children with tyrosine-
mia type L. The drug reduced urinary HGA excretion
by 69 percent or more in our two patients, providing
proof of principle for the ability of nitisinone to low-
er HGA production.

However, several key issues concerning nitisinone
treatment must be addressed. The ocular effects of
long-term treatment must be assessed, since hyperty-
rosinemia generally does not cause symptoms in the
short term. Dietary restriction of either tyrosine and
phenylalanine or total protein should be considered
as a means of preventing hypertyrosinemia, although
compliance would be extremely difficult for adults. In
addition, treatment with nitisinone could theoretical-
ly lead to the development of tyrosinemia type III, or
4-hydroxyphenylpyruvate dioxygenase deficiency, an
extremely rare disorder.3¢ Neurologic complications
have been reported in patients with this disorder, but
a causal relation between biochemical abnormalities
and neurologic symptoms has not been established.3¢
Children treated with nitisinone have not had neuro-
logic problems but have also been treated concomi-
tantly with dietary restriction of phenylalanine and ty-
rosine, resulting in minimally elevated tyrosine levels
(i-e., 3.6 to 7.2 mg per deciliter [200 to 400 pmol
per liter]).

Although our life-table analyses and diagnostic eval-
uations provide substantial data on the natural history
of alkaptonuria, longitudinal studies are needed to de-
termine the course of joint complications. Diagnosis
of the disorder, which currently relies on documenta-
tion of an elevation in urinary HGA excretion by a
factor of 100 to 600, on the basis of gas chromato-
graphic—mass spectrometric analysis of organic acids,
must be improved. Screening of newborns should be
considered. Finally, treatment with nitisinone warrants
further investigation, with attention to the dose, long-
term efficacy, tyrosine levels, and ophthalmic, neuro-
logic, and dermatologic complications.
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