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Preface

During the last 25 years, medical schools have
extensively integrated the teaching of basic
science, including biochemistry, into the clini-
cal world. It is now rare to find a medical
school curriculum in which biochemistry is
taught in isolation as a vast array of reactions,
chemical mechanisms, and metabolic path-
ways dissociated from the normal and patho-
physiological processes involved in human
health and disease. Despite the current diver-
sity in form of medical curricula—which range
from traditional lectures, through various mix-
tures of lectures and small group formats, to
the “new pathway,” which relies primarily on
small group, problem-based learning—the con-
tent is now solidly oriented in a clinical con-
text. As such, many courses in biochemistry,
particularly those located in or associated with
medical schools, have a need for teaching ma-
terials in which biochemical concepts and par-
ticulars are articulated and developed through
presentations of specific examples of human
disease.

From its inception, this book was designed to
meet this growing need. Both the first edition,
published in 1987, and the expanded, revised
1997 edition have served effectively as compan-
ion texts to many of the standard textbooks of
biochemistry, particularly at institutions that
have retained much of the traditional lecture
format.At the same time, experience has shown
that the 8- to 14-page chapters that constitute
this collection of actual case reports are suffi-
ciently comprehensive and self-contained to
stand on their own. As such, the book has been
and can be used as the primary resource in “bio-
chemistry of disease” courses at the advanced
undergraduate level or in masters or doctorate
graduate programs.

The chapters in the current edition have been
substantially revised to incorporate new ad-
vances, particularly in molecular biology and in
gene therapy, and to integrate more coherently
into a comprehensive presentation of medical
biochemistry. In addition, new chapters have
been developed to expand the scope of the
book, including collagen structure (osteogenesis
imperfecta) and mitochondrial metabolism (mi-
tochondrial myopathy) and reverse cholesterol
transport (Tangier disease).A new chapter on hy-
perhomocystinemia provides discussion of re-
cent insights on the effects of impaired
metabolism of sulfur-containing amino acid me-
tabolism on vascular disease. There is also more
coverage of nutritional biochemistry, including
new chapters on protein-calorie malnutrition,
obesity, vitamin A deficiency, calcium deficiency
rickets, and iron metabolism (hemochromatosis.)

Each chapter begins with a detailed case re-
port that includes the relevant history, perti-
nent clinical laboratory data, and physical
findings.In some cases, the patient about whom
the chapter is developed was the same case
that was the first of its kind described in the
medical literature; in others, a more recent case
is utilized to discuss advances in our under-
standing of the pathophysiology underlying en-
hanced diagnosis or therapy. The contributors
to this book have been careful to define med-
ical terms with which the readers might be un-
familiar and to minimize their need to resort to
a medical dictionary. The case presentation is
followed by a brief Diagnosis section, which in-
cludes a brief discussion of differential diagno-
sis and criteria needed for establishing the
diagnosis. In addition, this section of each chap-
ter usually explains the principles behind key
laboratory and diagnostic tests.
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The Biochemical Perspectives section forms
the heart of each chapter and is the longest sec-
tion; it goes into considerable detail in explaining
the fundamental defect that lies at the core of
this case. Incorporating recent advances in mo-
lecular biology and human genetics, this section
provides molecular biological as well as classic
biochemical-enzymological explanations of per-
tinent physiological mechanisms.The fourth sec-
tion of each chapter, Therapy, provides a concise
account of how the disease in question is
treated. If applicable, this section also incorpo-
rates discussion of current and experimental
therapies based on molecular approaches.

Each chapter ends with a list of key primary
and perhaps secondary references and a set of
questions designed to test the reader’s compre-
hension of the case in all its dimensions. The
questions also serve to stimulate group discus-
sions if the book is used in a small group or tu-
torial setting.

The diseases and disorders chosen for discus-
sion and the order of presentation parallel sub-
ject matter taught in most first-year medical
biochemistry. Chapters in the first part of the
book, Nucleic Acids and Protein Structure, illus-
trate the relationships of protein structure and
function with respect to collagen (Osteogenesis
Imperfecta) and hemoglobin (Sickle Cell Ane-
mia). The chapters Fragile X Syndrome and
Hereditary Spherocytosis discuss key aspects of
DNA and protein structure and their respective
role in chromosomal and cytoskeletal structure.
The chapter cardiac troponin and myocardial in-
farction provides an up-to-date demonstration of
the usefulness of both structural proteins and
enzymes as markers of cardiovascular disease,
while the chapter o,-Antitrypsin Deficiency dis-
cusses the important role of endogenous en-
zyme inhibitors.

The second section of the book is Fuel Me-
tabolism and Energetics. Important pathways
and enzymes involved in fuel utilization are dis-
cussed in the chapters Pyruvate Dehydrogenase
Complex Deficiency, Mitochondrial En-
cephalomyopathy, and Systemic Carnitine Defi-
ciency. The role of gluconeogenesis in glucose
homeostasis is illustrated by a discussion in the
chapter Neonatal Hypoglycemia.

An expanded section, Intermediary Metabo-
lism, constitutes the third part of the book. Dis-
orders of glucose and fatty acid metabolism are
discussed in the chapters Glucose 6-Phosphate

Dehydrogenase Deficiency, Biotinidase Defi-
ciency, and Adrenoleukodystrophy. Catabolism
of essential amino acid skeletons is discussed in
the chapters Phenylketonuria and HMG-CoA
Lyase Deficiency.The chapters Inborn Errors of
Urea Synthesis and Neonatal Hyperbilirubine-
mia discuss the detoxification and excretion of
amino acid nitrogen and of heme. The chapter
Gaucher Disease provides an illustration of the
range of catabolic problems that result in lyso-
somal storage diseases. Several additional chap-
ters deal with key aspects of intracellular
transport of enzymes and metabolic intermedi-
ates: the targeting of enzymes to lysosomes
(I-Cell Disease), receptor-mediated endocytosis
(Low-Density Lipoprotein Receptors and Famil-
ial Hypercholesterolemia) and the role of ABC
transporters in export of cholesterol from the
cell (Tangier disease).

The fourth section deals with various as-
pects: Digestion, Absorption, and Nutritional
Biochemistry. The chapter Obesity considers
current problems with respect to the ever-
increasing incidence of imbalance between
energy intake and utilization. Key problems of
undernutrition are discussed in the chapters
Protein-Energy Malnutrition and Vitamin A
Deficiency in Children. The chapters Lactose
Intolerance, Pancreatic Insufficiency, and
Abetalipoproteinemia focus on the biochemi-
cal processes underlying food digestion and
absorption. Calcium Deficiency Rickets, Vita-
min B,, Deficiency, and Hemochromatosis pro-
vide discussions of absorption and utilization
of vitamin D, vitamin B,,, and iron, respec-
tively.

The last section, Endocrinology and Integra-
tion of Metabolism, includes chapters on hor-
monal regulation of energy metabolism (Type I
Diabetes) and steroid hormone metabolism
(Congenital Adrenal Hyperplasia).

This book could not have been put together
without the assistance of the skilled and patient
investigators who contributed chapters to this
third edition of Clinical Studies in Medical Bio-
chemistry; many have first-hand experience
with the clinical disorders they describe. Fur-
thermore, most of the authors of these chapters
are themselves engaged in educating medical
students.Whatever success this book enjoys, we
owe to these contributors and to our skilled ed-
itors at Oxford, Jeffrey House and at Bytheway
Publishing, Kim Hoag.
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Fragile X Syndrome

YUJI'YOKOYAMA, SHINSUKE NINOMIYA, and KOJI NARAHARA

CASE REPORT

The patients were brothers, aged 2 years 9
months and 1 year 8 months, and were referred
to our hospital for evaluation of developmental
delay.

The Elder Brother

The elder brother was born at term when his
mother was 22 years old and his father 33.
Pregnancy and delivery were uneventful, and
birth weight was 3260 g. Neonatal screening
for metabolic diseases and hypothyroidism was
unremarkable. However, gross psychomotor re-
tardation became apparent; head control was
achieved at the age of 5 months, sitting un-
aided at 12 months, and walking began at 20
months, but the child had not acquired any
meaningful words at the time of examination
(2 years 9 months).

Physical examination revealed a hyperactive
boy with a height of 94.5 cm, weight of
13.2 kg, and head circumference of 47.8 cm
(Fig. 1-1a). His face was somewhat long and
square with a high forehead and large, promi-
nent ears. The left lower incisor was absent,
and the testes were not enlarged. Psychometric
testing revealed developmental quotient to be
38% that of a normal child of the same age. The
child exhibited unique behavioral abnormali-
ties characterized by hyperactivity, short atten-
tion span, poor eye contact, and excessive
withdrawal response to strange people or envi-
ronments; however, these behaviors did not
meet the Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition (DSM-IV)

criteria for childhood autistic disorders. Elec-
troencephalography (EEG) and acoustic brain-
stem response were normal.

The Younger Brother

The younger brother was born at the 36th week
of gestation with a birth weight of 2780 g. Mod-
erate psychomotor retardation was noted; he
achieved head control at the age of 4 months,
sat unaided at 10 months, and could stand up
holding onto furniture at 20 months but had not
acquired any meaningful words at the time of
examination (1 year 8 months).

Physical examination revealed a hyperactive
boy with normal height and head circumfer-
ence. His face was somewhat square with a
prominent forehead, everted ears, and absent left
lower incisor, like his elder brother (Fig. 1-1b).
Developmental quotient was assessed as 47% of
normal. He had a short attention span but no
social aversion or hand mannerisms. At the age
of 20 months, EEG and acoustic brainstem re-
sponse were unremarkable; however, from 18
months, massive epileptic discharges had be-
come evident in the bilateral parieto-occipital
regions during sleep.

The Family

Investigation of the patients’ family (Fig. 1-2) re-
vealed the presence of mental retardation in
one maternal aunt (II-6, closed circle). She had
been born at term with a birth weight of
3080 g. The pregnancy had been complicated
by upper gastrointestinal radiographic expo-
sure in the first trimester. While her motor
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Figure 1-1. The two patients, the older brother, aged 2 years 9 months (left), and the
younger brother, aged 1 year 8 months (right), showing the square faces, high forehead,

and large everted ears.

development was reported to be almost normal,
speech was grossly delayed, and she had at-
tended special educational schools. Anticon-
vulsant drugs were administered for EEG
abnormalities. Menstruation started at the age
of 13 years and remained regular. Physical ex-
amination at age 20 years revealed a shy girl

with mental retardation. Height and head cir-
cumference were normal although she had a
somewhat long face with prognathism; how-
ever, her ears were not malformed. Speech dis-
turbance was characterized by lack of fluency,
echolalia, and inappropriate grammar. Psycho-
metric testing demonstrated an intelligence

2

@

T

5 6 3 8
ND
. O:Fra(X] (+), MR(+)
CD:Fra(X} (+), MR(-)

|N| @ :Fra(X) (-), MR(-)
o)

:Not determined

Figure 1-2. Family pedigree of the patients. Solid squares and circles indicate subjects
with mental retardation, and circle with hatched lines denotes a person with borderline

intelligence.
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Figure 1-3. Partial karyotypes of Giemsa-stained human chromosomes showing various
manifestations of the fragile X site (arrows): a chromatid break («), an isochromatid gap
(b), a chromosome break (¢), and endoreduplication ().

quotient (IQ) of 45 (normal range, 77-124). The
remaining maternal siblings appeared to be in-
tellectually normal, although psychometric tests
were not performed. Other than for one uncle
(II-'1) who left high school to work as a truck
driver, no family history of education problems
was reported. The mother’s IQ was assessed at
92 on the Wechsler Adult Intelligence Scale. The
maternal grandmother (I-2) was the sixth of a
seven sibship and denied the presence of men-
tal retardation in her brothers and sisters.

The mother became pregnant again 6 months
after the first visit regarding her two sons. She
refused prenatal fetal diagnosis on religious
grounds, and a female infant weighing 3462 g
was delivered at term by cesarean section. Psy-
chomotor development of this infant was almost
normal with the exception of speech; she began
to speak a few meaningful words at 2 years 10
months. Examination revealed normal height and
head circumference. She had a somewhat square
face but otherwise appeared normal. Her intelli-
gence was assessed at 85% that of a normal child.

DIAGNOSIS

The two probands presented with moderate-to-
severe developmental retardation not associated

with any recognizable malformation syndromes.
Dysmorphic features included a long, square
face, large prominent ears, and prominent fore-
head. The elder brother exhibited unique be-
havioral abnormalities and appeared to display
autistic traits. Borderline mental retardation was
also evident in the younger sister. Although the
existence of mental retardation in one maternal
aunt was difficult to explain, the familial disease
was thought to be consistent with X-linked in-
heritance with low penetrance (the frequency
with which a heritable trait is manifested by
those carrying the affected gene) in females. Be-
cause fragile X syndrome represents about 40%
to 50% of all forms of X-linked familial mental
retardation, a diagnostic workup was initiated.
Cytogenetic studies have indicated that frag-
ile X syndrome is associated with a rare fragile
site at Xq27.3 (Fig. 1-3) and is caused by a muta-
tion in the fragile X mental retardation 1
(FMR1I) gene. Although diagnosis of the disor-
der should be based on molecular studies,
cytogenetic studies are useful to exclude subtle
abnormalities of sex and autosomal chromo-
somes frequently associated with nonspecific
mental retardation. The fragile site, fra(X)
(q27.3), can be induced under specific culture
conditions (e.g., use of a medium deficient in
folate or supplemented with methotrexate,
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Table 1-1. Cytogenetic Studies of the Family

NUCLEIC ACIDS AND PROTEIN STRUCTURE AND FUNCTION

Intelligence Fra(X)(q27.3) Ratio of Inactivated
Subject Sex Age (yr) Quotient Expression (%) fra(X) Positive X (%)
I-1 M 59 Normal* 0 ND
12 F 53 Normal 0 ND
II-1 M 27 Normal 0 ND
II-2 M 35 Normal 0 ND
11-3 F 25 92 9 48
11-4 F 23 Normal 0 ND
II-5 M 21 Normal ND ND
11-6 F 20 45 19 53
17 F 18 Normal ND
11-8 F 16 Normal ND
1I-1 M 2 38 28 ND
1I1-2 M 1 47 32 ND
1I1-3 F 2 85 18 58

ND, not determined.

*Normal range: 77-124.

fluorodeoxyuridine, or excess thymidine during
the final 24 hours of culture to disturb folate
metabolism).As shown in Table 1-1, the two pa-
tients (III-1 and III-2), sister (III-3), mother (II-
3), and aunt (II-6) all expressed fra(X)(q27.3),
whereas the remaining family members did not
demonstrate this fragile site.

To determine whether selective inactivation
of X chromosomes could be related to pheno-
typic differences in the female carriers with
fra(X)(q27.3), we studied DNA replication pat-
terns of the X chromosome using bromod-
eoxyuridine (thymidine analogue) incorporation
during the final 7 hours of incubation. These
studies demonstrated that the ratio of inactivated
late-replicating X chromosomes (those incorpo-
rating large amounts of bromodeoxyuridine into
DNA,) carrying fra(X)(q27.3) did not differ sig-
nificantly among the three female carriers.

The fragile X mutation involves expression
of a CGG repeat stretch in the 5' encoding re-
gion of FMRI. Hypermethylation (a chemical
alteration of DNA induced by methylation of
deoxycytidine to 5-methyldeoxycytidine in the
CG sequence where cellular regulation of gene
expression or X inactivation is believed to oc-
cur) of a regulatory CpG island (a DNA region
of high deoxycytidine and deoxyguanosine
content linked by a phosphodiester bond lo-
cated near the protein-coding region of a gene
and related to its regulation of gene expression)
just upstream of the CGG repeat segment and
nonexpression of FMR1 protein.

We investigated the length of the CGG repeat
segment and the methylation status of the CpG
island in the patients’ family using Southern
blot hybridization with pPCRFX1 (a kind of
Pfxa3) as a DNA probe that detects restriction
fragments containing the CGG repeat (Fig. 1-4).
Digestion with a methylation-insensitive restric-
tion enzyme, EcoRI generates a 5.2-kilobase
(kb) fragment containing the mutable region.
This fragment may be further digested by a
methylation-sensitive restriction enzyme Eagl
into 2.4-kb and 2.8-kb fragments if the Eagl site
is not methylated. Normal males demonstrate a
2.8-kb band, whereas normal females will have
a 2.8kb band and a 5.2-kb band. The two pa-
tients (III-1 and III-2) exhibited an indistinct
smear band (i.e., a dispersed expansion) rang-
ing from 6 to 9 kb (0.7- to 4-kb expansion of the
CGG repeat segment), and the aunt (II-6) also
had an indistinct smear band ranging from 6 to
9 kb in addition to the 2.8- and 5.2-kb normal
bands. The grandmother (I-2) and mother dis-
played additional 2.9-kb and 3.8-kb bands, re-
spectively. Furthermore, the maternal uncle
(II-1) had a 3.1-kb band instead of a normal 2.8-
kb band. Intriguingly, the sister (III-3) exhibited
an additional 4.0-kb band. The other family
members showed normal blotting patterns.
From the results of this analysis, the two pa-
tients and the aunt were diagnosed as having
fragile X syndrome, and the mother, sister, un-
cle, and maternal grandmother as fragile X pre-
mutation carriers.
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Figure 1-4. Southern hybridization analysis

DNAs with EcoRI and Eagl.

MOLECULAR PERSPECTIVES

Fragile X Syndrome

The incidence of mental retardation is well
known to be higher in males than in females. In
1943, Martin and Bell (1943) reported a familial
mental retardation consistent with X-linked in-
heritance, and this family has now been demon-
strated to be the first example of individuals
with fragile X syndrome. Increasing interest in
the etiological and biological mechanisms of
mental retardation has stimulated much re-
search in this area in the decades since the late
1960s.In 1969, Lubs (1969) described a marker
X (a constriction in the distal long arm of the X
chromosome) present in affected males and ob-
ligate carrier females of a family with X-linked
mental retardation; however, this finding was
not readily reproduced by standard cytogenetic
techniques. It was not until 1977 that Suther-
land (1977) reported that the induction of rare
fragile sites, including marker X, is dependent
on the composition of medium used for cultur-
ing peripheral blood lymphocytes. This condi-
tion was termed fragile X syndrome because,
among all rare fragile sites, only the expression
of the fragile in band Xq27.3 (FRAXA) is associ-
ated with clinical disease (Sutherland and
Richards, 1994).

of the family using double digestion of

The establishment of cytogenetic methods
for detecting fragile X syndrome prompted
epidemiologic studies of its prevalence in vari-
ous populations. The syndrome occurs in all
ethnic groups and affects approximately 1 in
1250 males and 1 in 2500 females, accounting
for around 20% of all familial mental retarda-
tion. This estimated prevalence is comparable
to that of Down syndrome (1 in 800-1000) as
a cause of mental retardation. However, deter-
mination of frequency in these studies has
been based on cytogenetic detection, and the
true prevalence may be even higher using a
newly available molecular test for population
screening.

The phenotypic features of fragile X syn-
drome in relation to puberty are summarized in
Table 1-2. Although the syndrome is apparent
from birth in affected patients, it is difficult to
diagnose during early infancy. Prepubertal males
tend to exhibit only nonspecific clinical find-
ings, and characteristic physical features become
obvious with age. Typical postpubertal males
with fragile X syndrome exhibit a clinical triad
of the so-called Martin-Bell syndrome: mental
retardation, long face with large everted ears,
and macro-orchidism (abnormally large testes).
Other craniofacial features include prominent
jaw, large forehead, and relative macrocephaly.
Additional features are suggestive of connective



8 NUCLEIC ACIDS AND PROTEIN STRUCTURE AND FUNCTION

Table 1-2. Clinical Features in Males with Fragile X Syndrome

Prepubertal

Birth weight: a mean at approximately the 70th percentile

Height: mostly between 50th and 97th percentiles
Head circumference: slightly increased

Developmental delay: sit alone at 10 months, walk at 20.6 months, first meaningful words at 20 months
Abnormal behavior: hyperactivity, hand mannerisms, excessive shyness, tantrum, autism

Postpubertal
Mental retardation

Craniofacial features: prominent forehead, prominent jaw, large prominent ears, long face

Macro-orchidism

Additional features

Orthopedic: joint hyperextensibility, flat feet, torticollis (a contracted state of the neck), kyphoscoliosis (backward and

lateral curvature of the spinal column)
Ophthalmologic: myopia and strabismus

Cardiac: mitral valve prolapse and dilatation of ascending aorta

Dermatologic: fine velvety skin with striae

Genitourinary: cryptorchidism (failure of the testes to descend into the scrotum) and inguinal hernia
Others: epilpsy, hyperreflexia, gynecomastia (excessive development of the male mammary glands)

tissue dysplasia: hyperextensible joints, mitral
valve prolapse (allowing retrograde flow into
the left atrium), and dilatation of the ascending
aorta (aortic root dilatation). Developmental de-
lay and mental retardation are the most signifi-
cant and prominent symptoms of fragile X
syndrome. Most male patients have IQ scores in
the 20 to 60 range, with an average of 30 to 45.
In particular, prepubertal boys with fragile X ex-
hibit characteristic behavioral abnormalities, in-
cluding hyperactivity, short attention span,
emotional instability, hand mannerisms, and
autistic features.

The physical and behavioral features of the
disease in female patients are usually milder
than in affected males. Somatic features may be
absent or mild, although the faces of mentally
retarded females tend to resemble those of
male patients with advancing age. The intelli-
gence deficit of female patients is less severe,
with most patients having mild-to-borderline
mental impairment. There is evidence of an in-
crease in psychological and psychiatric prob-
lems among female patients.

The inheritance pattern of fragile X syn-
drome is unusual. While about 80% of males
who inherit the mutation exhibit mental retar-
dation and a more or less definitive phenotype,
the remaining 20% of carrier males are pheno-
typically normal. Such clinically normal hemizy-
gous males are termed transmitting males
because the mutation is transmitted through
their unaffected daughters to grandchildren,

who often manifest this syndrome. The risk of
mental retardation in grandchildren is 74% for
males and 32% for females but is much lower
among siblings of transmitting males (18% for
males and 10% for females). Male offspring of
mentally impaired carrier mothers have a higher
risk of mental retardation (100%) than do fe-
male offspring (76%). The large variation in risk
of mental retardation in fragile X families con-
taining transmitting males cannot be explained
by classic genetics and is termed the Sherman
paradox after its discoverer (Sherman et al.,
1985).

Because the cytogenetic approach is of lim-
ited value in detecting transmitting males and
carrier females, efforts to identify and character-
ize a putative fragile X gene were undertaken in
many molecular genetic laboratories. The associ-
ation of the fragile site Xq27.3 with this form of
X-linked mental retardation suggested the puta-
tive gene is located at or near the fragile X site.
Tarleton and Saul (1993) described how posi-
tional cloning of the fragile X site was achieved.
In addition to conventional analysis of restriction
fragment length polymorphisms, new molecular
tools, such as pulsed field gel electrophoresis and
the yeast artificial chromosome, were used to de-
fine and isolate this region. The yeast artificial
chromosome can accommodate large DNA frag-
ments from species other than yeasts, facilitating
the cloning of a gene of interest, while restriction
fragment length polymorphisms provide useful
molecular landmarks on chromosomes, thereby
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Figure 1-5. Diagram of the fragile X mental retardation (FMR1) gene with restriction
map and FMR1 probes used for diagnostic Southern blots. The circle indicates the CpG
island, and the box represents the first exon. The dark region shows the location of

triplet repeats.

enabling segregation analysis and risk assess-
ment of the probability of inheriting a disease
(linkage analysis).

The FMR1 Gene

In 1991, several groups of investigators re-
ported almost simultaneously that the mutation
responsible for fragile X syndrome was an ex-
pansion of the trinucleotide sequence CGG (or
CCG) within a gene termed fragile X mental re-
tardation 1 (FMR1) (Oberle et al., 1991;Verkerk
etal, 1991;Yu et al., 1991). The FMR1 gene en-
compasses 38 kb on the X chromosome at the
position of the fragile site and it comprises 17
exons. The triplet repeat of sequence CGG lies
within the 5' untranslated region of the first
exon, 69 base pairs (bp) upstream from the
initiation codon and 250 bp downstream from
the CpG island regulatory gene (Fig. 1-5).

This microsatellite repeat is polymorphic in
normal humans, ranging from 6 to 52 repeats,
with a mean of 30. In affected patients with
fragile X syndrome, however, this repeat con-
tains many times the normal number of triplet
repeats: between 230 and several thousand

copies of CGG.When the trinucleotide repeats
exceed 230 copies, they are chemically modi-
fied in such a way that the FMR1 gene will no
longer function. The deoxycytidines within
the repeats become methylated, producing 5-
methyldeoxycytidines.These methylation events
extend upstream into the regulatory CpG is-
land, which is normally unmethylated, and pre-
vent the gene from being expressed. Virtually all
affected patients lack detectable FMRI mRNA,
and the loss of FMR1 function as a result of the
suppression of transcription is believed to be the
cause of fragile X syndrome. Three instances of
non-CGG mutations of the FMR1 gene,including
deletions of the FMR1 locus and a missense mu-
tation involving the critical domain of FMR1 in
patients with apparent fragile X syndrome, have
provided further supporting evidence for this
hypothesis. It should be emphasized that a muta-
tion resulting from triplet expansion has not
been recognized as a cause of human genetic
disease.

Although its complete sequence is known,
the exact function of the FMRI gene has not
yet been defined. The FMR1 gene has proper-
ties of a housekeeping gene; it is expressed in
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diverse tissues and exhibits DNA sequences
that are highly conserved in other species.Alter-
nate splicing produces a considerable number
of mRNA molecules.As would be expected, the
gene is most intensely transcribed in both the
brain and testes. Its protein product (fragile X
mental retardation protein), which is predomi-
nantly cytoplasmic, has multiple functional do-
mains, including two types of RNA-binding
domain, a nuclear export signal, and a nuclear
localization signal (Eberhart et al., 1996; Siomi
et al., 1993). Extinction of an interaction be-
tween fragile X mental retardation protein and
a subset of brain mRNA in neurons is thought
potentially to play an important role in the neu-
rological manifestation of fragile X syndrome.
Moreover, autopsies of patients with fragile X
have revealed defects in neurite density and
morphology (Irwin et al., 2001), suggesting that
FMR1 may play a role in neurite branching.

Drosophila has proven to be a good model
of fragile X syndrome since this species con-
tains a single homolog of FMRI, dfxr (also
called dfmr1). DFXR, the protein product of the
dfxr gene, is expressed in brain neurons but not
in glia. Loss of DFXR function results in marked
loss of neurite extension, and irregular branch-
ing, and axon guidance defects in dorsal cluster
neurons. The lateral neurons show variable de-
fects in extension and guidance (Morales et al.,
2002). The dfxr mutant alleles were found to
cause failure of adult eclosion and disordered
circadian rhythm (Dockendorff et al., 2002).
DFXR constructs a complex that includes two
ribosomal proteins, L5 and L11, along with 5S
RNA, and Argonaute 2 (AGO2), which is an es-
sential component of the RNA-induced silenc-
ing complex that mediates RNA interference
(RNA)) in Drosophila (Hammond et al., 2001)
and a Drosophbila homolog of p68 RNA helicase
(Dmp 68) (Ishizuka et al., 2002). It is possible
that RNA, and DFXR-mediated translational con-
trol pathways intersect, and that RNA,related
machinery plays an important role in the con-
trol of neural function.

Fragile X families exhibit two types of FMR1
gene mutation. The repeat expansion of more
than 230 copies with subsequent methylation
of the CpG island is referred to as a full muita-
tion. All males and about half of the females
who carry full mutations have mental retarda-
tion. Mosaic males with full mutations are al-
most always affected to the same extent as fully
affected males, while mosaic females vary in

clinical phenotype. The mosaic state is thought
to reflect different degrees of expansion or
DNA methylation in somatic cells. The other
mutation, in which the repeat ranges from 50 to
230 copies, is termed a premutation. Because
premutations are not methylated and are tran-
scriptionally active, phenotypic abnormalities
do not occur in any male or female carriers with
this type of mutation. However, it should be un-
derstood that no precise number of copies
marks the transition from the normal chromo-
some to premutation or from premutation to
full mutation. In general, geneticists have agreed
to define a copy number between 50 and 230
as premutation and one of more than 230 as full
mutation.

The most prominent characteristic of the
CGG repeat is the variation in its length. Be-
cause expansion occurs after conception, the
range of repeat expansion varies in different
cells from the same tissue in the same affected
person.This variation is particularly prominent
when the expanded repeat is transmitted from
mother to child. When women transmit the re-
peat to offspring of either sex, the sequence
usually increases in size (although it has been
known to decrease); however, when transmit-
ted by males, sequence size either remains con-
stant or decreases. As males do not transmit
more than 230 copies of the repeat, their
daughters do not have fragile X syndrome. This
means that even an affected male with a full
mutation in nearly all of his cells may be essen-
tially within the premutation range with re-
spect to the repeat number in his sperm. No
new mutation from the normal number of re-
peats has been seen in fragile X syndrome, and
a complete family investigation always identi-
fies a premutation in one of the ancestral gen-
erations. It is likely that small premutations
may have segregated through many genera-
tions before a further repeat expansion oc-
curred.

The Sherman paradox (Sherman, 1991; Sher-
man et al., 1985) was resolved by analyzing the
FMR1 gene in fragile X families with transmit-
ting males (Fu et al., 1991). Transmitting males
always have premutations, and the daughters of
transmitting males inherit about the same num-
ber of CGG repeats as found in their fathers.
The premutations become unstable after ooge-
nesis (the process of gamete formation) in the
daughters, leading to full mutations with over
several hundred CGG repeats in their offspring.
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Table 1-3. RFLP Patterns by Southern Blot Analysis from Normal Individuals, Premutation Carriers, and

Patients Affected with Fragile X Syndrome*

DNA Digestion With EcoRI + Eagl or

BssHII Hybridization With Pstl
DPE5. 1 Pfxa3 or StB12.3 Pfxa3
Normal (6-50 repeats)
Male 24+28 2.8 1.0
Female 24+4+28+52 28+5.2 1.0

Premutation carriers
(50-230 repeats)
Male 2.4+ (2.9-3.3)
Female 24+28+4+(29-33)+5.2

Patients with
full mutations
(> 230 repeats)
Male >5.7
Female 24+28+52+>5.7

Mosaic patients
Male (2.9-3.3)+>5.7
Female

24+28+(2.9-3.3)+52+>5.7

(2.9-3.3) (1.1-1.6)
2.8+4(2.9-3.3)+5.2 1.0+ (1.1-1.6)
>5.7 >1.6
28+52+>57 1.0+>1.6

(2.9-3.3)+>5.7
2.8+ (2.9-33)+5.2+>5.7

(1.1-1.6) +>1.6
1.0+ (1.1-1.6) + >1.6

RFLP, restriction fragment length polymorphism.

*Sizes of bands are expressed in kilobases.

Because the mothers of transmitting males
have copy numbers of CGG repeats in the
lower end of the carrier range (50-70), broth-
ers of transmitting males are much less likely to
have full mutations than premutations. Premuta-
tions larger than 80 CGG repeats, however, al-
most always expand into the full mutation
range when passed through mothers. Therefore,
the Sherman paradox indicates that the variation
in the propensity of premutations to become full
mutations may be related to the size of the pre-
mutation and the gender of the carrier.

The fragile X site is expressed when the CGG
repeat is expanded to a copy number higher
than 230. The expression of the fragile site is
thought to be the result of an incomplete DNA
replication in the expanded region caused by
depletion of intracellular pools of dCTP and
dGTP under specific culture conditions. How-
ever, the enormous expansion of CTG triplets
in myotonic dystrophy, another genetic disease
characterized by trinucleotide repeat expan-
sion, has never been associated with any visible
fragile site, suggesting that the nucleotide com-
position of the amplified repeats is also crucial
to the expression of the fragile site. Unlike CTG
repeats, CGG repeats undergo methylation,
which might stabilize tetraplex DNAs formed
by CGG tracts. These stable tetrahelical struc-
tures could suppress transcription, replication,

and chromatin condensation, leading to genera-
tion of the fragile site.

Now that the molecular basis of the fragile X
syndrome has been defined and characterized,
exclusion of this disorder on clinical or cytoge-
netic grounds is no longer warranted. Once a
child is identified with this syndrome, family
members should be evaluated to detect individ-
uals at risk of having affected children and to fa-
cilitate decisions about future reproduction.

Southern Blotting

Molecular diagnosis of fragile X syndrome is
now possible using Southern hybridization and
PCR methods (Brown et al., 1993; Rousseau
et al., 1991). Southern hybridization is the diag-
nostic method of choice because it can deter-
mine the extent of CGG repeat expansion as
well as the methylation status of the CpG is-
land. The choice between restriction enzyme
and probe depends on the diagnostic informa-
tion expected (Table 1-3). Cleavage with Pstl
and hybridization with a Pfxa3 probe is suitable
for detecting small premutation alleles. To ex-
amine the methylation status and CGG repeat
length simultaneously, double digestion with a
methylation-sensitive enzyme, such as BssHII or
Eagl, can be used (see Fig. 1-5).A 5.2-kb band is
observed from the inactive X, and two smaller
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bands (2.8 and 2.4 kb) are observed from the
active X of the female and the single X of a nor-
mal male. As the CGG repeat lies in the 2.8-kb
band, males with premutations show a band
slightly larger than 2.8 kb, corresponding to an
increase in the repeat length. Males with full
mutations demonstrate a band larger than
5.2 kb, reflecting the methylated and expanded
FMR I mutation. Females with premutations ex-
hibit the three bands seen in the normal female
pattern (unmethylated active state of 2.4 and
2.8 kb and methylated, inactive state of 5.2 kb)
plus one additional premutation band, which
sometimes merges into the normal bands. In
full-mutation females, the expanded CGG re-
peat is always overmethylated, and a smear
band in excess of 5.7 kb can be seen in addi-
tion to the normal female bands. The interpre-
tation of data in mosaic female patients is
more complex because the pattern of bands
reflects the methylated and unmethylated
states of both normal and abnormal X chromo-
some alleles.

Polymerase Chain Reaction

The PCR approach is particularly useful when a
more accurate determination of CGG repeat
numbers is necessary in normal or premutation
carriers. Initial attempts to analyze the fragile X
mutation by PCR were not successful owing to
the difficulty in amplifying DNA regions with a
high CG content, the preferential amplification
of the smallest allele in females, and the failure
to amplify full mutations. These disadvantages
have been partially overcome by the substitution
of 7-deaza-dGTP for dGTP, the use of improved
primers, and the introduction of sequencing
acrylamide gels. The advantages of PCR are that
it is rapid and requires only minimal amounts of
DNA. It will likely become the technique of
choice in the diagnosis of fragile X syndrome if
a method that can reliably amplify full muta-
tions is devised.

PRENATAL DIAGNOSIS

Because no effective therapy is available, prena-
tal diagnosis of fragile X is of prime importance
in pregnancies of female carriers who are at
risk of having affected children. Cytogenetic
analysis no longer has a place in the prenatal di-
agnosis of fragile X syndrome. Prenatal diagno-
sis can be accomplished by analyzing DNA

obtained by chorionic villus (a villus on the ex-
ternal surface of the chorion:fetal tissue) sam-
pling using Southern blot analysis or, more
recently, using PCR, which can detect the num-
ber of CGG repeats.

Male fetuses with 50 to 230 copies of the re-
peat should be asymptomatic, whereas those
with more than 230 copies will have fragile X
syndrome. Female fetuses with 50 to 230 copies
also will be asymptomatic; however, it is diffi-
cult to predict the extent of mental retardation
in female fetuses with more than 230 copies of
the repeat. Although hypermethylation of the
CpG island is a poor prognostic indicator, it
is not always present in DNA extracted from
chorionic villus samples (Sutherland et al.,
1991). Empiric data showing that female carri-
ers with full mutations have nearly a 50% risk
of mental impairment should be considered
reliable.

GENETIC DISEASES ASSOCIATED
WITH DYNAMIC MUTATIONS

Fragile X syndrome was the first of 12 human
genetic diseases in which dynamic mutation of
the trinucleotide repeat was identified as the
cause (Table 1-4). In these diseases, the se-
quence of the trinucleotide repeat and the ef-
fect of the expansion on the function of the
gene in which it resides can differ. Genetic an-
ticipation (a phenomenon in which the disease
has an earlier age of onset and becomes in-
creasingly severe in succeeding generations) is
a common feature in these diseases and can be
explained by the expansion of the repeat
when transmitted from parent to child. Gen-
der bias regarding the parent contributing the
most severe form of the disease is evident in
some of these disorders. For example, the form
of myotonic dystrophy that is apparent from
birth occurs only in children who have inher-
ited the mutation from their mother. In con-
trast, the juvenile-onset forms of Huntington
disease and spinocerebellar ataxia type I de-
velop primarily when the mutation is transmit-
ted from the father. It should be noted that
expression of another fragile site, FRAXE (frag-
ile site, X chromosome, E site), has a similar ge-
netic mechanism to fragile X syndrome: an
expansion of the CGG repeat and methylation
of the CpG island, resulting in mental retarda-
tion. In contrast to fragile X syndrome, the re-
peat number in the FRAXE can expand or



Table 1-4. Genetic Diseases Associated with Dynamic Mutations

Sex Bias of Parent

No. of Copies

Chromosome Repeated Contributing Normal No. Associated with
Disease Location Sequence Severe Form of Copies the Diseases Gene Product
Fragile X syndrome Xq27.3 CGG Maternal 6-50 Premutation: 50-230 FMR1
Full mutation: 230-2000
Fragile XE syndrome Xq28 CGG (=) 6-25 Premutation: 25-200 FMR2
Full mutation: >200

Spinobulbar muscular atrophy Xql1-12 CAG ? 11-31 40-62 Androgen

receptor
Huntington disease 4p16.3 CAG Paternal 9-37 Premutation: 30-38 Huntingtin

Full mutation: 37-121

SCA1 6p22-23 CAG Paternal 25-36 43-81 Ataxin 1
SCA2 12q24.1 CAG Paternal 15-24 35-59 Ataxin 2
Machado-Joseph disease 14q32.1 CAG Paternal 13-36 68-79 Ataxin 3
SCAG6 19p13 CAG ? 5-20 21-30 Ataxin 6
SCA7 3p12-21.1 CAG ? 7-18 37-200 Ataxin 7
DRPLA 12p13.31 CAG Paternal (mainly) 7-23 49-75 Atrophin
Friedreich’s ataxia 9q13 GAA Maternal 30-40 200-900 Frataxin
Myotonic dystrophy 19q13.3 CTG Maternal 5-35 Premutation: 50-80 Myotonin protein

Full mutation: 80-2000

kinase

DRPLA, dentatorubral-pallidoluysian atrophy; SCA, spinocerebellar ataxia.
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Figure 1-6. Models for instability and hyperexpansion involving Okazaki fragment
slippage. For copy number below 80 (n = a), only one single-stranded break is likely to
occur within the repeat during replication (a). Slippage of the elongated strand during
polymerization can result in the addition or deletion of a few copies (y). For copy
number above 80 (n =b), it is possible that two single-stranded breaks occur within
the repeat in the process of replication (b). The strand between these breaks is not an-
chored at either end by unique sequence and is therefore free to slide during poly-
merization, enabling the addition of many more copies (z) than were present in the
original sequence (b) pending the outcome of the repair process. From Richards and

Sutherland (1994).

contract and is equally unstable when passed
through the mother or father.

The molecular mechanism of repeat expan-
sion in fragile X syndrome is not known. Link-
age analyses of microsatellite markers flanking
the CGG repeat have suggested a founder effect
in fragile X syndrome: Numerous full fragile X
mutations are derived from a few ancestral pre-
mutations that could increase in the genetic
pool due to their relative stability and selective
neutrality. There is other evidence that the CGG
repeat of the FMR1 gene in normal individuals
exhibits AGG interruptions, and that repeats
with documented unstable transmission have
lost AGG interruptions (Eichler et al., 1994). This
suggests that either DNA sequences flanking the
repeat or variations in the repeat itself are in-
volved in the mutation mechanism. The massive
expansion of triplet repeats associated with

fragile X syndrome, when transmitted from a
parent with more than approximately 80 copies
of the repeat, cannot be explained by simple re-
combination. Okazaki fragment slippage (the
tendency for a single-strand DNA with free ends
caused by two breaks slides along a template
strand, resulting in a greater likelihood of muta-
tion after DNA replication) has been proposed
as a possible mechanism for such rapid expan-
sion (Fig. 1-6) (Richards and Sutherland, 1994).

THERAPY

Because no specific treatment for fragile X
syndrome is available, medical, physical, and
occupational interventions are directed toward
alleviating neurological and behavioral manifes-
tations of the disorder (Hagerman, 1989). It is
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also important for parents to have contact with
other fragile X families for further support and
information. Medical management of fragile X
syndrome includes pharmacological treatment
for specific behavioral problems and follow-up
of frequently encountered complications. Folic
acid supplementation is no longer recom-
mended for treatment of the intellectual and
behavioral deficits in fragile X syndrome since
several studies have found that it is of no bene-
fit. Central nervous system stimulants, such as
methylphenidate and dextroamphetamine, have
proved to be effective in improving the atten-
tion span and learning performance of some hy-
peractive fragile X children.

Educational interventions can be instituted
after diagnosis of the disorder have been made
and extensive genetic counseling of the family
has been initiated. Teachers and therapists
should create an educational program in keep-
ing with neuropsychological characteristics of
fragile X patients. Fragile X patients have more
difficulty with auditory processing than with vi-
sual processing, which relates to their atten-
tional problems, impulsivity, and distractibility,
thereby validating the use of central nervous
system stimulants in fragile X patients. Calming
techniques, such as deep breathing, relaxation,
and music therapy, are sometimes effective in
avoiding emotional upsets and outbursts in
new situations or confusing circumstances. The
goal of speech and occupational therapies is to
help fragile X patients reach their intellectual
potentials.

QUESTIONS

1. What clinical features do prepubertal
male patients affected with fragile X syn-
drome have?

2. Why is it important for medical personnel
and scientists to understand the molecu-
lar basis of fragile X syndrome?

3. What is the Sherman paradox in fragile X
syndrome, and how can this paradox be
resolved on a molecular basis?

4. How would you go about informing the
mother (II-3) and the uncle (II-1) of the
patients regarding their risk of having chil-
dren affected with fragile X syndrome in a
future pregnancy?

5. Both the aunt (II-6) and the sister (III-3)
of the patients had fragile X expression
and apparent full mutation. Why was the

phenotype of the sister much milder than
that of the aunt?

6. What other human genetic diseases have
been attributed to dynamic mutation of a
trinucleotide repeat?
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KEITH QUIROLO

CASE HISTORY

The patient was an 11-year-old girl diagnosed
at birth by newborn screening as having hemo-
globin F and hemoglobin S. She was subsequently
determined to be hemoglobin SS. She had a
long history of complications of her sickle cell
disease, beginning with splenic sequestration
at 6 months of age.At that time, she was treated
with transfusions and eventually required a
partial splenectomy. She was admitted to the
hospital at 19 months of age with acute chest
syndrome as a complication of respiratory syn-
cytial viral infection.

Over the next several years, she had re-
current episodes of reactive airway disease. At
the age of 4 years, she had a life-threatening
episode of acute chest syndrome requiring ad-
mission to the intensive care unit and exchange
transfusion. She was subsequently transfused
with red blood cells monthly for 6 months to
prevent recurrence. Two years later, she was
again admitted to the intensive care unit with
acute chest syndrome. During this admission,
she was found to have Streptococcus pneumo-
niae sepsis and pneumonia. She again received
RBC transfusions monthly for 6 months. Follow-
ing this course of transfusion therapy, she was
offered therapy with hydroxyurea, but this ther-
apy was never instituted.

She had been well until the evening prior to
admission, when she developed a fever without
other symptoms. On admission to the emer-
gency room, her parents gave a history of a
cough, decreased physical activity, and fever at
home of 38.8°C (normal is 37°C). She was admit-
ted to the emergency room and seen immedi-
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ately. Her only prescribed medications were
250 mg penicillin twice a day, 1 mg folic acid per
day, and albuterol using a metered dose inhaler
given as two inhalations on an as-needed basis.

Her admitting examination was performed at
1230 hours. Her examination revealed an alert
but toxic-appearing young girl with slightly la-
bored and rapid breathing, decreased activity,
and intermittent sleepiness. She was asking for
food and drink. Her initial temperature was 38°C
orally, her heart rate was 158 beats per minute,
her respiratory rate was 24 to 28 breaths per
minute (normal is 12-20 breaths per minute),
and her blood pressure was 90/40 mmHg (nor-
mal for sickle cell disease is 104 to 110/60 to
74 mmHg). Her oxygen saturation on room air
was 99% (normal is 98% to 100%).

On physical examination, she had icteric
sclera, dry mucus membranes, shotty anterior
cervical adenopathy, and an erythematous pos-
terior pharynx. Her chest was clear to ausculta-
tion; her heart had a regular rate and rhythm
with a grade II/VI systolic ejection murmur (a
flow murmur is common in children, particu-
larly in those who have anemia due to the re-
quired increase in blood flow to maintain
normal tissue oxygenation). Her abdomen was
diffusely tender with the liver edge palpable
2 cm below the right costal margin. Her skin
had a fine scarlatiniform rash (an exanthem
consisting of a generalized erythematous erup-
tion of small bright red macules, commonly
caused by infection with streptococcal organ-
isms); she was pale and appeared slightly jaun-
diced. With the exception of her lethargy, her
neurological examination was normal.

Her initial laboratory evaluation showed a



18 NUCLEIC ACIDS AND PROTEIN STRUCTURE AND FUNCTION

hematocrit of 17.5% (normal is 30%-43%) with
hemoglobin of 62 g/L (normal for this patient
was between 60 and 70 g/L; normal for children
of her age is 115 to 135 g/L), with a reticulocyte
count of 12.9% (normal for age is 1.18%-3.78%).
Her total leukocyte count was 9.1 x 10%/L (nor-
mal is 4.5-13.5 x 10%/L). The differential in-
cluded 46% neutrophils and 25% band forms
(normal is 35%-54% neutrophils, 3%-5% bands).
Her platelet count was 1860 x 10%/L (normal is
1300 to 4000 10°/L). She had normal elec-
trolytes, a serum glucose of 2.8 mmol/L (normal
is 4.1-5.9 mmol/L), bicarbonate of 15 mmol/L
(normal is 22-29 mmol/L), serum urea nitrogen
of 8.2 mmol/L. (normal is 2.1-7.1 mmol/L),
and a creatinine of 115 mmol/L (normal
is 62-115 mmol/L). Her unfractionated (.e.,
total) bilirubin was 32.5 mmol/L (normal is
3-22 mmol/L). A urinalysis revealed a specific
gravity of 1.005 (normal is 1.002-1.030), trace
bilirubin, and a normal microscopic examina-
tion. Additional laboratory tests included a type
and crossmatch for 3 units of leukopoor (blood
filtered after collection to remove white blood
cells), phenotypically matched (blood matched
for red cell antigens in addition to the usual ABO
blood groups) packed red blood cells.

A chest radiograph was obtained,; it revealed
atelectasis (loss of lung volume due to collapse
of the lung) of the right lung base and mild car-
diomegaly. Due to her tender abdomen, she also
had a radiograph of her abdomen, which re-
vealed a mass in the right upper quadrant com-
patible with hepatomegaly.

She was treated with a 20-mL/kg bolus of
lactated Ringer’s solution for her hypotension
and was given ceftriaxone (75 mg/kg) for pre-
sumed sepsis. She appeared so ill that she was
also given vancomycin (10 mg/kg) in the event
she had a bacterial infection resistant to the
cephalosporin. Shortly after receiving antibi-
otics, she became more hypotensive and re-
quired further intravenous fluids; her oxygen
saturation decreased to 92% on room air. An
arterial blood gas was obtained that showed a
pH of 7.29 (normal is 7.35-7.45), an arterial
oxygen pressure (pO,) of 6kPa (normal is
11.1-14.4 kPa), a pCO, of 4.30 kPa (normal is
4.26-5.99 kPa), bicarbonate of 15 mmol/L (nor-
mal is 22-29 mmol/L),and an oxygen saturation
of 76%. She was immediately placed on oxygen
by nasal cannula and transferred to the inten-
sive care unit. The time was now 1500 hours,
which was 2.5 hours after her initial examina-
tion in the emergency department.

On arrival to the intensive care unit, she was
lethargic but sitting up and able to cooperate
with the staff. Her oxygen saturation suddenly
decreased to 67%, and she became pale and un-
responsive. A femoral access line was placed;
she was intubated and placed on a ventilator
with 100% oxygen. The packed red blood cells
ordered in the emergency room were available,
and she was given a blood transfusion as a rapid
bolus to increase her perfusion and blood pres-
sure; her hemoglobin was 17 g/L on the bed-
side blood-monitoring device. It was noted that
she had an enlarging right upper quadrant
mass. With the blood transfusions and 100%
oxygen via endotracheal tube her arterial blood
gas had a pH of 7.29,an O, of 6 kPa,a pCO, of
4.30 kPa, and bicarbonate of 15 mmol/L. After
intubation, her blood gas improved, but she
continued to become more acidotic: pH 7.22,a
pO, of 70.4 kPa, a pCO, of 2.80 kPa, and a bi-
carbonate of 9 mmol/L. A blood count after
transfusion revealed a hemoglobin of 81 g/L,a
platelet count of 17,000, and a leukocyte
count of 12.7%. Her glucose was 2.8 mmol/L,
and her calcium was 2.00 mmol/L (normal is
2.15-2.50 mmol/L).

She began bleeding from all venipuncture
sites, and bruising was noted on her trunk and
lower extremities. Her blood pressure could
not be maintained with intravenous fluids con-
sisting of fresh frozen plasma, cryoprecipitate,
platelet concentrates, and normal saline. She
was begun on vasopressors along with volume
support. She was noted to have no urine output
after a Foley urinary catheter was placed. At
1800 hours, 6 hours after presenting in the
emergency department, she expired from sep-
tic shock.

It was noted that she had gram-negative rods
on her blood smear; her blood culture grew
penicillin-sensitive Streptococcus pneumoniae,
in 6 hours. At autopsy, she was noted to have
Streptococcus pneumoniae endocarditis of the
right ventricle, focal ischemia of the left ventri-
cle, bilateral pleural effusions, hepatic conges-
tion with thrombosis, renal congestion, bilateral
adrenal hemorrhage, and necrosis. Death was
due to septic shock from Streptococcus pneu-
moniae.

DIAGNOSIS

The diagnosis of sickle cell disease is based on
the identification of the hemoglobin type found
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in the patient’s red cells, usually determined
at the time of newborn screening and subse-
quently confirmed by follow-up testing. Opti-
mally, parental hemoglobin samples are used to
establish the diagnosis with certainty. When
only one parent is available, DNA methods can
be used to establish the hemoglobin mutations
present in the newborn.

Newborn screening for sickle cell disease
was implemented on a large-scale basis in the
United States in the early 1990s. In some states,
ethnic groups were targeted for hemoglobin
screening, historically missing about 20% of
newborns with sickle cell disease. Prior to that
time, an individual with sickle cell disease was
diagnosed due to a symptom of the disease
prompting the individual’s physician to investi-
gate sickle cell disease as a possible diagnosis.
This is still the case in areas where newborn
testing is not performed.

Currently, almost all states in the United
States and some members of the European
Union require newborn screening for hemoglo-
binopathies, including sickle cell disease. A
blood spot is obtained by the Guthrie method
of blood collection on filter paper from a new-
born. The dried blood can be used for high-per-
formance liquid chromatography (HPLC) or for
isoelectric focusing as the initial screening test.
Both of these methods use the molecular
charge on the hemoglobin molecule to differen-
tiate between normal and variant hemoglobins.
States performing hemoglobinopathy screening
require a second test to confirm and refine the
initial diagnosis. This confirmatory testing in-
cludes hemoglobin electrophoresis, B-globin
chain analysis by DNA testing such as reverse
dot-blot, amplification refractory mutation sys-
tem, DNA sequencing, or o-gene mapping as re-
quired to make an accurate diagnosis.

The separation of hemoglobin species de-
pends not only on the net charge of the mole-
cule but also on the ability of the hemoglobin
species to migrate through the media with the
application of an electric field. Therefore, use of
varied pH and media will separate hemoglobins
by charge and migration. Many hemoglobin
species have similar net charge and size and mi-
grate together. Generally, more than one
method is needed for definitive identification of
hemoglobin type.The two most useful solid me-
dia for hemoglobin electrophoresis are cellu-
lose acetate at a pH of 8.2 to 8.6 and citrate
agar at a pH of 6.0 to 6.2 (Fig. 2-1).

Isoelectric focusing uses a pH gradient to

separate hemoglobins at their isoelectric points.
The isoelectric point is the point at which the
hemoglobin molecule has no net charge.There
are polyacrylamide or cellulose acetate gels em-
bedded with amphoteric molecules with var-
ied isoelectric points that create a pH gradient
across the gel. When hemoglobins are mi-
grated across the gel in an electric field, they
are held at their isoelectric points. The hemo-
globins are then stained and can be read with
respect to standard hemoglobins as well as
quantitated using a densitometer. Although
most hemoglobins are sharply separated using
this method, there are some hemoglobins that
comigrate together even in this system.

HPLC consists of a negatively charged station-
ary absorbent column over which the hemoglo-
bin solution is passed. Within the column, the
different hemoglobin species are separated by
charge.The hemoglobin is then eluted by an in-
creasingly positive buffer competing with the
hemoglobin for sites on the absorbent.The net
charge on the hemoglobin molecule determines
the elution time. The system is automated and
computerized, and the hemoglobin can be iden-
tified and quantitated. This is the most com-
monly used method for mass screening of
newborns in the United States. Variant hemoglo-
bin species detected by HPLC are confirmed by
other methods.

BIOCHEMICAL PERSPECTIVES

Sickle cell disease was first diagnosed in West-
ern medicine in 1904 when a medical intern,
Ernest Irons, observed “pear shaped elongated
forms” on the blood smear while investigating a
patient who had pneumonia. Dr. Irons was serv-
ing at the Presbyterian Hospital in Chicago. The
patient was Walter Clement Noel, a dental stu-
dent from Barbados, who had been ill for a
month with respiratory symptoms. The attend-
ing physician, James Herrick, had an interest in
blood and cardiovascular diseases. Dr. Herrick
followed this patient for the next 2.5 years. In
1910, he published a brief article describing the
blood findings for Mr. Noel in the Archives of In-
ternal Medicine (Herrick, 1910); it was the first
characterization of sickle cell disease in a jour-
nal publication. After finishing dental school, Dr.
Noel returned to Grenada and died 9 years later
from acute chest syndrome. Serjeant (2001) has
written a review of the history and medical ad-
vances in the treatment of sickle cell disease.
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Figure 2-1. Diagnostic testing. The three upper figures are cellulose acetate, citrate
agar, and isoelectric focusing; high-performance liquid chromatography is shown on the
bottom. High-performance liquid chromatography is used in most states for newborn
screening. The result is confirmed by a combination of electrophoretic methods and

DNA studies.

In 1922,V.R. Mason (Mason, 1992) published
a case review in the Journal of the American
Medical Association entitled “Sickle Cell Ane-
mia,” and the homozygous condition has since
then been referred to by the description of the
shape of the red cells seen by Dr.Irons a decade
earlier. In his review article, Dr. Mason promul-
gated the misconception that this disease was
exclusively seen in persons of African origin. In
1923, Sydenstricked and colleagues reviewed
the cases of two children with sickle cell dis-
ease and observed the blood smears of Cau-
casian and African Americans and concluded,
with Mason, that sickle cell anemia was a condi-
tion peculiar to people of African descent. Neel
(1949) reviewed blood smears of families with
sickle cell disease over a 2-year period and cor-
rectly concluded that sickle cell anemia was a
disease with Mendelian inheritance.

Also in 1949, Pauling, Itano, Singer, and Wells
published a now-famous article in the journal
Science: “Sickle Cell Anemia: A Molecular Dis-
ease.” Itano, working in Pauling’s laboratory,

used electrophoresis to separate hemoglobins
from individuals who had clinical evidence of
sickle cell disease, related individuals who had
abnormal hemoglobin electrophoresis without
the disease, and individuals who had normal he-
moglobin. He showed that there was a slight
charge difference between these three hemo-
globins. Pauling, who had a research interest in
antigen-antibody reactions, deduced that there
must be a conformational change in the hemo-
globin molecule that caused the molecules to
align and change the shape of the red cell. In
1956 Ingram was able to separate hemoglobin A
from hemoglobin S and showed that hemoglo-
bin S had a positive charge relative to hemoglo-
bin A. In 1957, Ingram published a report
showing that there was more valine and less
glutamic acid in hemoglobin S. Twenty years
later, Morotta showed that this was consistent
with a one-nucleotide change of an adenine for
a thymine, a residue in the B-globin gene: GAG
to GTG, leading to the amino acid substitution
predicted by Ingram. The mutation was shown
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to be at the position of the sixth amino acid on
the B-globin chain.

In the late 1940s and 1950s, researchers in
Africa searched for kindred having sickle cell
disease but were unable to find evidence of a fa-
milial pattern of inheritance. In 1949 and again
in 1956, Lehmann and Raper described a com-
munity in Uganda in which they predicted 10%
of the population would have sickle cell anemia.
However, they could find no children or adults
with the disease. Other scientists studying popu-
lations in different areas of Africa confirmed this
observation. Later, it became evident that these
early studies in Africa sampled populations after
young children, like the child in the case study,
had died. The infant mortality rate and life ex-
pectancy of indigenous Africans was so short
and infant death was so common that it was not
immediately apparent that those affected by
sickle cell disease had not survived childhood.

Although the homozygous condition for
sickle cell disease leads to early mortality, the
heterozygous condition confers a positive sur-
vival advantage. This is termed a balanced poly-
morphism. Many hemoglobinopathies, including
sickle cell disease, occur in areas where Plas-
modium falciparum malaria is common. Het-
erozygosity for sickle hemoglobin S with normal
hemoglobin A confers a selective advantage to
children living in these areas. These children
have lower rates of infection and less para-
sitemia than children with normal hemoglobin.
There have been many theories concerning this
phenomenon, including one that contends that
the dehydration and sickling of hemoglobin AS-
containing red cells kills infecting trophozoites,
changes adhesion molecules for P, falciparum,
and changes cytokine production, leading to a
moderation of malaria in AS individuals. How-
ever, a definitive pathophysiological mechanism
for this effect has not been determined. The
protective effect of the sickle gene is most com-
pelling between the ages of 2 and 16 months,
when parasitemia and anemia are most preva-
lent and when children have lost the protection
of maternal antibodies but have not developed
natural immunity.

The mutation for sickle hemoglobin oc-
curred at least three times in Africa and once on
the Indian subcontinent. The disease has spread
from Africa to the Mediterranean, areas of
Turkey, North and South America, the Caribbe-
an, and the United Kingdom. The sickle hemo-
globin combined with common hemoglobin
variants in those areas: P-thalassemia in the

Mediterranean, o-thalassemia and hemoglobin
C in Africa, and hereditary persistence of fe-
tal hemoglobin in North Africa and India.
These combinations have created diverse pre-
sentations of this disease, the most severe be-
ing hemoglobin SS and hemoglobin SP zero
thalassemia.

An understanding of sickle cell disease re-
quires an understanding of the hemoglobin
gene clusters occurring on chromosomes 11
and 16 and their expression, as well as the
structure and function of the hemoglobin mole-
cule. Max Perutz is most responsible for eluci-
dating the structure and function of the
hemoglobin molecule. Dr. Perutz together with
Sir John Kndrew received the Noble Prize in
1962 for their research on hemoglobin.

Current understanding of the hemoglobin
gene clusters required the work of so many sci-
entists that there is not a readily identifiable sci-
entist whose work brought understanding to
their structure and function. In the 1970s, there
was a burst of activity related to determining
the structure of hemoglobin genes using South-
ern blotting and gene cloning. Pioneers in the
hemoglobin field had characterized the struc-
ture of the hemoglobin protein and determined
the function and organization of the hemoglo-
bin genes without knowing the exact location
or structure of the genes. This knowledge
greatly facilitated the efforts of the later molec-
ular biologists in their research on the -globin
gene structure and function. A historical review
of this period of hemoglobin discovery was
published by Weatherall (2001).

Two similar gene clusters code for the two
globin proteins (Fig. 2-2). The B-globin gene
cluster is found on the short arm of chromo-
some 11 (11p15.4), and the o-globin gene clus-
ter is found on the short arm of chromosome 16
(16p13.3). The globin gene clusters are highly
conserved, probably arising from duplication
and unequal crossing over within these regions.
The genes are similar all vertebrates, including
humans.

In both the o- and B-genes there are three ex-
ons, or coding regions, and two introns or inter-
vening sequences. Within the B-globin gene
cluster, there are five functional genes and one
pseudogene. Within the a-gene cluster, there are
three functional genes and two pseudogenes.
The o-gene mutations most commonly involve
deletions, duplications, and triplications. In con-
trast, in the B-gene, point deletions predominate.
In both gene clusters, the genes are arranged in
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Figure 2-2. o- and B-globin gene clusters. Gene arrangement on the two clusters and
their ontogenic order of expression. The regulatory locus control region (LCR) and the
hypersensitive region (HSR) are 5' to the clusters. The middle graph shows relative
levels of hemoglobin and hemoglobin switching. The second bar shows the sites of
hematopoiesis through development. Not shown is hemoglobin A2, which appears near
the 12th week after birth and plateaus soon after birth, reaching about 2.5% of the total
hemoglobin. Reproduced with permission from Weatherall (2001).

the order of expression during fetal develop-
ment from the 5' end to the 3' end. During fe-
tal development, there are two B-like globin
switches, epsilon to gamma and gamma to beta;
and one o-like globin switch, zeta to alpha, in
early fetal development. During these switches,
the hemoglobin produced changes from the
embryonic Gower 1 and 2 ({,¢, and ,0,) and
Portland ({,Y,) hemoglobins to fetal (0,,Y,) he-
moglobin. After birth, hemoglobin switches to
adult hemoglobin: A (a,,p3,) and A2 (0.,,5,) or, in
the case of sickle cell disease, S (0,,3%,).
Promoter regions control each globin gene.
The globin gene promoter regions share con-
served sequences that bind transcription fac-
tors. The entire B-globin cluster is controlled
upstream by a locus control region consisting
of five hypersensitive sites. The o-globin cluster
is controlled by a similar hypersensitive region.
There are numerous erythroid-specific and non-

specific trans-acting factors not coded on ei-
ther chromosome 11 or chromosome 16 that
regulate hemoglobin gene expression. An exam-
ple of an erythroid-specific trans-acting tran-
scription factor is the erythroid Krupple-like
factor. This protein is a member of the zinc fin-
ger proteins and binds to CACC motifs in the
promoter region of the B-globin gene. It is a spe-
cific activator of the B-globin gene and may be
involved in the globin switch from y- to B-globin
expression during the transition from fetal to
adult hemoglobin. The most important general-
ized regulator of gene function for hemoglobin
F synthesis on frans-acting chromosomes is at
Xp22.2 on the X chromosome.

A dominant theme in the treatment of sickle
cell disease is the manipulation of the hemoglo-
bin switch from fetal to adult hemoglobin. If the
switch did not occur at all or if the y-globin
gene did not completely switch to B-globin
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after birth, then the symptoms of sickle cell dis-
ease would be greatly attenuated. An under-
standing of hemoglobin maturation has greatly
advanced the search for treatment modalities
and the basic science of hemoglobinopathies,
including sickle cell disease.

Each individual globin chain envelopes and
stabilizes the oxygen-binding heme moiety. The
globin chains interact with each other under
the influence of heterotophic ligands: hydro-
gen ions, carbon dioxide, chloride ions,and 2,3-
bisphosphoglycerate. All of these ligands, all
different (heterotrophic), have a stabilizing ef-
fect on the deoxyhemoglobin species, thereby
decreasing oxygen affinity and shifting the oxy-
gen equilibrium curve to the right. Oxygen and
carbon monoxide (CO) are considered ho-
motrophic ligands; the binding of oxygen or
CO to one of the hemes in the hemoglobin
molecule increases the affinity of the other
three for oxygen, shifting the oxygen equilib-
rium to the left. Hemoglobin influences the sol-
ubility of carbon dioxide in plasma by the
release of protons (Bohr effect) when hemo-
globin is deoxygenated. Deoxyhemoglobin is
also a carbon dioxide transporter.When carbon
dioxide is bound covalently to o-amino groups
on the globin chains, protons are released, and
chloride ions are drawn into the cell. 2,3-
bisphosphoglycerate is synthesized in the red
cell and stabilizes deoxyhemoglobin.

The interaction between hemoglobin and
these heterotrophic ligands changes hemoglo-
bin affinity for oxygen and alters the shape of
the molecule through what are called allosteric
effects. Allostery refers to the ability of a ligand
to change the structure of an enzyme by bind-
ing to a site distant from the active site of the
enzyme, or in this case the heme moiety of he-
moglobin. Most proteins that exhibit allostery
also exhibit cooperativity. In the presence of
these heterotropic ligands, the hemoglobin
molecule is in the deoxygenated or “tense
state” (T structure), whereas in the presence of
oxygen the hemoglobin molecule is in the “re-
laxed state” (R structure). The cooperative ef-
fect of hemoglobin refers to the progressively
increased oxygen affinity when the second or
the third oxygen molecule is bound to the he-
moglobin. It is at this point that the hemoglobin
molecule switches from the T to the R structure
(Fig. 2-3). The classic allosteric enzyme exhibit-
ing cooperativity is described by the familiar
sigmoid plot of the oxygen dissociation curve
(Fig. 2-4).

The polymerization of sickle hemoglobin
only occurs with the hemoglobin in the T, de-
oxygenated, state. Heterotrophic ligands in-
crease polymerization of sickle hemoglobin. In
the absence of oxygen, only 1 in 3 million mole-
cules of hemoglobin are in the R state, a condi-
tion that greatly increases the probability of
polymerization within the red cell.

Besides combining with oxygen, hemoglobin
also binds CO and nitric oxide (NO). NO is a
potent vasodilator. During hemolysis, there is an
increased level of CO production. The role of
CO and heme oxygenase in sickle cell disease
has not been studied. However, NO has been
studied extensively, and its effects in sickle cell
disease are just being appreciated. The concen-
trations of both NO and its precursor, arginine,
are low in patients with sickle cell disease. Re-
placing arginine has a beneficial effect in sickle
cell disease.

The polymerization of deoxygenated sickle
hemoglobin is the pathognomonic event in
sickle cell disease (Fig. 2-5). The requisite fea-
tures are hemoglobin in the deoxygenated T
state and increased concentration of hemoglo-
bin within the red cell. Other factors favoring
polymerization are low pH, increased tempera-
ture, and decreased availability of oxygen.

Reflecting on the scenario of the case his-
tory, one can infer what was occurring at the
molecular level during the child’s illness. Our
young patient presented with a history of fever,
dehydration, metabolic acidosis, and relative hy-
poxia due to anemia and pneumonia. All of
these factors contribute to an increase in sickle
hemoglobin polymerization. Due to acidosis,
her hemoglobin remained in the T state with a
decreased ability to take up oxygen in the pul-
monary capillaries. Regional hypoxia leads to
V/Q mismatch, a condition in which areas of
the lung with decreased oxygenation due to at-
electasis or other disease process experience a
reflexive decrease in blood flow in the pul-
monary vasculature. She then developed hemo-
globin polymerization in her lungs, a unique
complication of sickle cell disease, namely the
acute chest syndrome.

In dilute solutions, both hemoglobin A and
hemoglobin S have identical oxygen-binding
curves. At the concentrations of hemoglobin
occurring within the red cell, the solubility of
hemoglobin S is decreased.This decreased solu-
bility increases the possibility of polymerization
when the red cell enters the microcirculation
and releases oxygen, increasing the hemoglobin
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Deoxyhemoglobin

Oxyhemoglobin

Figure 2-3. Hemoglobin transition statesT (tense): deoxygenation state; R (relaxed):
oxygenated state. (a) Viewed perpendicular to the axis showing rotation along this axis
and sliding of the alpha and beta chains over each other. (b) Viewed from the top show-
ing narrowing of the central cavity with oxygenation. Sickle hemoglobin polymerization
can only occur in the T state. Reproduced with permission, Mathews, Van Holde, Ahern,

1999. © Irving Geis.

in the T state within the cell, therefore favoring
polymerization. During the journey of red cells
through the relatively hypoxic microcircula-
tion, there is an increase in T-state hemoglobin
and an increase in the possibility of nucleation
formation of sickle hemoglobin. Polymerization
begins with homogeneous nucleation of indi-
vidual hemoglobin molecules with a uniform
delay time. This nucleation progresses to a het-
erogeneous process with new nuclei for poly-
merization occurring on the surface of the

existing polymer, leading to a stochastic in-
crease in growth of the polymers. At low oxy-
gen tension, sickle hemoglobin and sickle
hemoglobin polymers are in the T state, bind-
ing oxygen with low affinity. At low oxygen
tension, cooperativity is lost, shifting the
oxygen-binding curve to the right. This shift is
actually beneficial to the patient since in-
creased amounts of oxygen become available
to the tissues.

Under normal conditions, only about 5% of
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Figure 2-4. Oxygen dissociation curve for adult hemoglobin (HbA) demonstrating the
characteristics of allosteric positive comparativity. Right shift of the curve caused by het-
erotrophic ligands and increased temperature leads to decreased oxygen affinity.

sickle red cells actually undergo polymer forma-
tion while traversing the microcirculation. Im-
peding polymer formation are the variability of
transit time, the variability of hemoglobin con-
centration in individual red cells, and the het-
erogeneity of the concentration of hemoglobin
F in the red cells. Many of the sickled cells re-
gain their normal shape after reoxygenation;
however, some cells become irreversibly sick-
led cells (ISC). These ISC can be those that are
subjected to repeated cycles of polymer forma-
tion or can be formed after one cycle of poly-
merization. These ISC are dense cells with a
mean hemoglobin concentration as high as
500 g/L.ISC tend to be younger red cells with a
shortened life span. In the case history, our
young patient had severe dehydration, leading
to red cell dehydration, which resulted in in-
creased polymerization of hemoglobin within
the red cell.

The molecular contacts between hemoglobin
S occur in axial and lateral planes.The B6 sickle
mutation is involved in the lateral contacts be-
tween the B-globin chains. The unoccupied
space is taken up by water, thereby giving rise
to the formation of hydrogen bonds in the free
space between the B-globin molecules. The axial
contacts are much more complex. Seven double
strands make up each hemoglobin fiber, which
has a helical arrangement with a periodicity of
22 A (Fig. 2-6). Both hemoglobin A and hemoglo-
bin C can copolymerize with hemoglobin S due
to the fact that these two hemoglobins have
charged amino acids at the 36 site.

Neither hemoglobin F nor hemoglobin A2
copolymerize with sickle hemoglobin, and both
inhibit sickling. Hemoglobin A2 differs from he-
moglobin A by 12 amino acids, but only one
change, at the amino acid site 687 (Glu to Thr)
on the B-chain, inhibits copolymerization. He-
moglobin F differs from hemoglobin A by 39
amino acids, at least 2 of which are involved in
the inhibition of copolymerization, Y80 (Asp to
Asn) and Y87 (Glu to Thr). The mechanism of
hemoglobin F inhibition of polymerization is
not completely understood since there may be
other of the 39 amino acid changes involved in
inhibition.

Polymerization and sickle hemoglobin affect
the red cell membrane, which in turn interacts
with the microvascular epithelium and molecu-
lar environment within the circulatory system
to account for the pathognomonic changes of
sickle cell disease. Sickle hemoglobin itself
causes oxidative damage to the cell membrane
by creating hemichrome (an oxidation product
of methemoglobin) that can be seen micro-
scopically within the red cell as Heinz bodies
on the inner membrane. During polymeriza-
tion, the hemoglobin fibers cause red cell
membrane-cytoskeleton uncoupling, which re-
sults in the release of microvesicles of red cell
membrane and free hemoglobin into the cir-
culation. The altered membrane damages the
proteins responsible for maintaining the asym-
metry of the lipid membrane. This results in
phosphatidylserine exposure to the circula-
tion and activation of the coagulation cascade,
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Figure 2-5. Pathologic changes in sickle cell dis-
eases. Vaso-occlusion is a combination of exposure
of phosphatidylserine on the red cell membrane,
activation of vascular endothelial cells, activation of
leukocytes, and a state of increased coagulability.
From Steinberg, 1999. Copyright © 1999, Massachu-
setts Medical Society. All rights reserved.

measured by an increase in markers of fibrinoly-
sis, and d-dimer formation.

In addition, vascular endothelial cells be-
come activated in patients with sickle cell dis-
ease, resulting in the exposure of adhesion
molecules, in particular, vascular cell adhesion
molecule 1 (VCAM-1), which is present on the
surface of the vascular endothelium in sickle
cell disease. An integrin on the red cell, desig-
nated very late activation antigen 4, binds with

VCAM-1, causing upregulation of this adhesion
molecule. Soluble VCAM-1 is found in increased
amounts in plasma during inflaimmation and
sickle vaso-occlusive episodes. VCAM-1, inter-
cellular adhesion molecule-1 (ICAM-1), and
E-selectin are all molecules found during in-
flammation and upregulated in sickle cell dis-
ease, and all these have been implicated in the
vascular endothelial damage occurring during
sickle cell vaso-occlusion.

Sickle cell disease can be characterized as a
state of abnormally activated vascular endothe-
lium that promotes increased adhesion of the
red cells and leukocytes as well as a procoagula-
tant state. The catastrophic events described in
the case history were the direct result of sepsis,
hepatic sequestration of red blood cells, and
acute chest syndrome. Most of the chronic ef-
fects of sickle cell disease can be explained by
inflammation, coagulopathy, and arteriolar ob-
struction. Membrane disruption and adhesion
to endothelial surfaces disrupts the red cell
membrane, leading to hemolysis and anemia.
Vaso-occlusion is a complex event involving en-
dothelial activation, leukocyte and red cell ad-
hesion, hemoglobin polymerization, vessel
occlusion, and tissue damage from necrosis. In
this case, pain was not a feature of the child’s
presentation, illustrating that even without pain
the effects of sickle cell disease can be severe.
Had this child survived her infection and he-
patic sequestration, she would have been at risk
for vessel occlusion within the cerebral arteries
and stroke. As the life span of patients with
sickle cell disease increases, they become at
risk for pulmonary hypertension, renal failure,
bone necrosis and osteoporosis, brain injury, co-
agulopathy, red cell destruction, vessel obstruc-
tion, and the effects of inflammation.

THERAPY

Therapy for sickle cell disease has changed
dramatically since the mid-1990s. Prior to the
1980s therapeutic interventions for sickle cell
disease consisted of supportive care during
acute illness, opioids for pain management,
and occasional transfusions for severe anemia
or life-threatening complications. At that time,
sickle cell disease was considered a pediatric
disease as there were few children who survived
into adulthood. In 1986, the Penicillin Prophy-
laxis Study was conducted, providing evidence
that early intervention with penicillin prevented
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Figure 2-6. Electron micrograph of individual fibers of sickle hemoglobin. Individual
strands of polymerized hemoglobin in red cell are shown.The inset shows an electron
micrograph of an individual fiber with a periodicity of 22 A. The model reveals the seven
double strands making up each hemoglobin § fiber with one pair detailing the helical
arrangement of the fibers.Adapted with permission from Josephs (1999).

80% of life-threatening infections by Streptococ-
cus pneumoniae. Penicillin was subsequently
established as a therapy for newborns and chil-
dren with sickle cell disease. This intervention
made sickle cell disease and, by default, all he-
moglobinopathies eligible for inclusion in new-
born screening programs. Penicillin therapy and
newborn screening ushered in a new era of
treatment for patients with sickle cell disease.
In 1984, hydroxyurea was shown to be effec-
tive in increasing fetal hemoglobin levels in
patients with sickle cell disease and was the
first accepted therapy to treat the basic patho-

physiology of sickle cell disease, namely, hemo-
globin polymerization. Hydroxyurea is a drug
that inactivates ribonucleoside reductase and
blocks the synthesis of deoxynucleotides, thus
inhibiting DNA synthesis. Hydroxyurea is ab-
sorbed from the gastrointestinal tract and has
a halflife of about 2 hours in the circulation.
After trials were conducted in adults to deter-
mine efficacy and in children to determine
safety it was found that this drug has numerous
effects in addition to increasing fetal hemoglo-
bin that were not generally appreciated in the
early studies.
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Hydroxyurea therapy results in a decreased
leukocyte count, a decrease in markers of in-
flammation, a decrease in endothelial adhesion
markers, an increase in NO, and with pro-
longed use, an increase in hemoglobin concen-
tration. Hydroxyurea has been shown to
decrease the incidence of most complications
of sickle cell disease, with the possible excep-
tion of first stroke. Hydroxyurea therapy re-
quires close monitoring because of the side
effects that can occur with this therapy. Hy-
droxyurea therapy may increase the possibility
of malignancy, birth defects or other complica-
tions; however, as of 2004, these effects were
not reported in patients with sickle cell disease.

Other chemotherapeutic agents have been
used in sickle cell disease and are currently in
trials. These agents include magnesium, clotri-
mazole, and other novel inhibitors of membrane
transport used to induce red cell hydration and
decrease the concentration of hemoglobin;
arginine-containing compounds to increase sub-
strate for the production of NO; compounds
that decrease cell adherence; and agents to in-
crease fetal hemoglobin. Combination therapy is
under investigation, such as with hydroxyurea
and magnesium.

For many years, blood transfusion has been a
therapy for children and adults with sickle cell
disease. Prior to the 1980s, due to the lack of
availability of blood products and the standard
of care at that time, transfusion was used infre-
quently and generally only for catastrophic
complications of this disease. During the 1980s,
the risk of infection through transfusion was so
high that transfusion continued to be used infre-
quently. When reliable testing for infectious dis-
eases (e.g., HIV and hepatitis) in blood products
became available, the use of red cell transfusion
became standard of care for complications of
sickle cell disease.

In 1988, transfusion to prevent stroke be-
came the standard therapy after the Stroke Pre-
vention Trial in Sickle Cell Disease (the STOP
trial). Transfusion therapy decreases morbidity
in acute chest syndrome and surgery, and de-
creases the recurrence of stroke in sickle cell
disease. By reducing the red cells containing he-
moglobin S to 30% or less of the total hemoglo-
bin, stroke risk is decreased dramatically.
Reducing hemoglobin S to 50% can decrease
the morbidity of the disease. An emerging and
severe complication of sickle cell disease, and
of hemolytic anemias in general, is pulmonary
hypertension. It is not clear that transfusion

alone can reduce the incidence or severity of
this complication.

An unavoidable complication of blood transfu-
sion is iron accumulation in body tissues, called
transfusion-induced bemosiderosis. There are
no excretory pathways to eliminate excess iron,
and accumulation results in organ damage and
failure. The challenge in transfusion therapy is
the reduction of iron overload in transfused pa-
tients with the administration of chelator drugs
such as desferrioxamine. Chelating agents must
be given daily by subcutaneous injection over
hours. Exchange blood transfusion by erythrocy-
tapheresis can delay or prevent the accumula-
tion of iron in some patients and is the standard
of care for transfusion in sickle cell disease.
Blood donors and patients with sickle cell dis-
ease are generally ethnically diverse, and the red
cell antigens (other than ABO and Rh) present
on the majority of donor red cells occur at differ-
ent frequencies than in most recipients. Patients
with sickle cell disease are typed for these minor
red cell antigens and receive antigen-compatible
blood beyond the usual red cell ABO, Rh identifi-
cation, decreasing antibody formation against
the transfused red cells.

Stem cell transplantation using bone mar-
row, peripherally collected stem cells, or umbili-
cal cord blood has been used to cure sickle cell
disease (Walters et al., 2000). There is an ongo-
ing effort to increase the availability of stem
cells with sibling umbilical cord blood collec-
tion and unrelated cord blood banking. There
are efforts to reduce the toxicity of bone mar-
row transplantation with the use of nonmye-
loablative therapies and new therapies for
graft-versus-host disease. Studies are ongoing to
modify T-effector cells involved in graft-versus-
host to make this complication less likely. There
can be significant morbidity from this therapy,
and it is generally reserved for those patients
who have severe disease due to stroke, severe
acute chest syndrome, or other chronic compli-
cations. The patients who have the best out-
comes are those under the age of 2 years.
Usually, these children have not declared them-
selves to be patients with severe disease meet-
ing the criteria for stem cell transplant.

QUESTIONS

1. Patients who have hemoglobin SS as well
as a mutation that produces hereditary
persistence of fetal hemoglobin have few
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symptoms of sickle cell disease. Explain
why this is the case.

2. An infant has 96% hemoglobin F and 4%
hemoglobin S at birth. What are the possi-
ble diagnoses? What tests can be done to
confirm the newborn screening test?

3. Couples who each have sickle cell trait
have three children; none of their children
have sickle cell disease.They tell you they
do not want to have another child be-
cause they know there is a one in four
possibility for their children to have sickle
cell disease, and they already have three
unaffected children. What is the probabil-
ity their next child will have sickle cell dis-
ease? If they have another child and this
child has sickle cell disease, then what is
the probability that one of the other chil-
dren will be an HLA match?

4. Describe the concept of allostery as it ap-
plies to hemoglobin and to regulatory en-
Zymes.

5. A mother complains to you at a clinic visit
that her 10-year-old child, homozygous for
hemoglobin S, still has enuresis at night.
Can you explain to her, and to yourself,
why this might be the case? What other
organ dysfunction might be expected in a
child this young?

6. Why does deoxygenated hemoglobin $
polymerize? Besides polymerization, what
are the causes of the clinical manifesta-
tions of sickle cell disease?

7. How could the child in the case study
have died from pneumococcal sepsis if
this bacterium was sensitive to penicillin?

8. If both hemoglobin A and hemoglobin S
have the same oxygen-carrying capacity
and exhibit the same oxygen saturation
curves when at low hemoglobin concen-
trations, then why does hemoglobin §
have a decreased oxygen-carrying capac-
ity at the concentrations found in the red
cell? Trace the path of a red cell in sickle
cell disease from the lungs to the capillary
bed and back to the lungs, noting the he-
moglobin changes that are likely to occur
during the journey.
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Osteogenesis Imperfecta

ARMANDO FLOR-CISNEROS and SERGEY LEIKIN

CASE REPORTS

Patient 1

The patient is a 1.5-year-old white female admit-
ted to the NIH Clinical Center for evaluation of
bone deformities in the lower extremities, gen-
eralized osteopenia,and a recent left femur frac-
ture. She was the product of an uncomplicated,
full-term pregnancy delivered by cesarean sec-
tion and was born with normal Apgar scores
and a birth weight of 2954 g (normal for full-
term newborns). A prenatal ultrasound done at
35 weeks of gestation suggested shortening and
bowing of femurs, tibias, and fibulas and rhi-
zomelic proportions (shortening of proximal
limb segments) of the upper extremities. Her
perinatal hospital course was uncomplicated.
However, she was noted to have bilateral clavi-
cle fractures at birth.

The past medical history was significant for a
dislocated left elbow at 6 months of age that re-
solved spontaneously, left femur fracture at 16
months of age that occurred while she was try-
ing to pull up to stand,and chronic sinusitis due
to an underdeveloped ethmoidal-sphenoid si-
nus (airfilled cavity in the skull behind the
bridge of the nose). Her psychosocial develop-
ment appeared normal. She was able to crawl
and scoot but could not cruise yet.

On physical examination, her height was
63.6 cm (<3rd percentile for chronological age
and 50th percentile for a child aged 4 months).
Her weight was 7.2 kg (<3rd percentile for
chronological age and 50th percentile for a
child aged 6 months), and head circumference
was 46.2 cm (45th percentile). Her skull shape
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was normal with slightly triangular facies and a
flattened midface. Her anterior fontanelle was
open; measuring 3 X 2 cm. Sclera hue was light
blue with normal reflexes and extraocular
movements. Her ears were in normal position
and shape, and her oral examination revealed
seven erupted gray-translucent pointed teeth.
Her heart, lungs, and abdominal examination
were normal. Her spine was straight, and her
upper extremities had no major deformities. Ex-
amination of her lower extremities revealed
mild bowing of both femurs and anterior bow-
ing of her tibias. Both upper and lower extremi-
ties had normal range of motion with no
muscle contractures. Her neurological exam
was entirely normal.

Her initial x-rays (babygram) revealed os-
teopenia (low bone mineral density) through-
out the bony structures. There were deformities
of multiple thoracolumbar vertebral bodies
(bony segments of upper and lower spine), and
her ribs appeared thin. The proximal left femur
and distal right femur showed mild anterolat-
eral bowing. Anterior bowing of both tibias and
fibulas was also seen. A bone densitometry
study of the L1-L4 spine done at 3 years of age
was 6.66 standard deviations below the mean
for children of the same age.

Patient 2

The second child was a 9-month-old white fe-
male admitted to the NIH Clinical Center for
evaluation of multiple long-bone fractures. She
was born to a 31-year-old mother with a previ-
ous spontaneous miscarriage. The patient was
the product of a normal pregnancy born at 38



Osteogenesis Imperfecta 31

weeks of gestation with pronounced cran-
iotabes (softening of the skull bones) and a
large posterior fontanelle. The delivery was
vaginal with normal Apgar scores and a birth
weight of 2800 g. At 4 weeks of age, the baby
was admitted to the local hospital for irritability
and inconsolable crying. Physical examination
at that time revealed an infant with swollen bi-
lateral upper leg areas and a flaccid right arm. A
bone survey revealed generalized osteopenia,
bilateral femur and right tibia midshaft frac-
ture, right humerus fracture, a right clavicle
fracture with new callous formation, and an old
posterior fifth rib fracture. Her past medical
history was significant for poor weight gain
and growth, constipation, and an umbilical her-
nia.At 5 months, she fractured her left humerus,
and 3 months later she fractured both femurs
again.

On physical examination, her weight was
5.8 kg (<3rd percentile for chronological age
and 50th percentile for a child aged 4 months),
her height was 63 cm (<3rd percentile for
chronological age and 50th percentile for a
child aged 4 months), and her head circumfer-
ence was 45 cm (50th percentile). Her head
showed a flattened occiput with frontal bossing,
a triangular face with small chin and a wide-
open anterior fontanelle measuring 4 X 6 cm
(abnormally enlarged for age). Her sclerae were
blue, and her ears were low set and posteriorly
rotated. Her heart and lungs were normal. Her
chest had a pectus carinatum shape (protrud-
ing chest), and her abdomen showed a small
umbilical hernia. Examination of her upper ex-
tremities revealed moderate bowing of right
and left humerus and left ulna. Her lower ex-

tremities showed pronounced bowing of right
and left femurs and distal left tibia.

Her x-ray series revealed generalized under-
mineralization throughout the bony structures.
Her ribs were thin, and the spine showed the
presence of multiple compression fractures at
the thoracolumbar level. There was marked
bowing of all extremities with evidence of old
fractures in femurs, humerus, and left ulna. A
bone mineral density study of the lumbar verte-
bral bodies (L1-L4) performed at 5 years of age
revealed a value of 6.57 standard deviations be-
low the mean for children of the same age.

DIAGNOSIS

The clinical presentation and the radiological
abnormalities seen in both patients suggested a
moderately severe form of osteogenesis imper-
fecta (OI) with moderate bone fragility in pa-
tient 1 and a severe, progressively deforming
form of OI in patient 2. OI—also known as brit-
tle bone disease—is a relatively rare (-1 per
10,000 for all types of OD), heterogeneous group
of heritable disorders (Table 3-1) characterized
by bone fragility, usually accompanied by other
connective tissue abnormalities (Byers and
Cole, 2002).

Many epidemiological, clinical, genetic, and
biochemical studies have been conducted since
the first widely recognized descriptions of OI in
the 18th century. The disease has been shown
to be caused by defective synthesis of type I
collagen, a triple helical protein made from two
ol(D- and one o2(D-chains with fibers that
form the structural frame of bone matrix.

Table 3-1. Clinical Heterogeneity and Inheritance of Osteogenesis Imperfecta

OI Type Clinical Features Inberitance

1 Normal stature; little or no deformity; blue sclerae; hearing AD
loss in 50% of individuals; dentinogenesis imperfecta rare but may
distinguish a subset

11 Lethal in the perinatal period; minimal calvarial mineralization; thin AD (new mutations) with
beaded ribs; marked long bone deformity; platyspondyly parental mosaicism

I Progressively deforming bones, usually with moderate deformity at AD with parental mosaicism;
birth; extreme short stature; sclerae variable in hue, often lighten autosomal recessive (rare)
with age; common dentinogenesis imperfecta and hearing loss

v Mild-to-moderate bone deformity; variable short stature; white or AD with parental mosaicism
blue sclerae; common dentinogenesis imperfecta; hearing loss in
some patients

A% Bone fragility; mild-to-moderate short stature; no dentinogenesis Probably AD

imperfecta; radioulnar synostosis; hyperplastic callus formation

AD, autosomal dominant.
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Abnormal electrophoretic mobility confirmed
the presence of defects in type I collagen from
both patients (see next section). Subsequent
DNA sequencing revealed a glycine-to-serine
substitution at helical position 238 in the a2()-
chain from patient 1 and a similar substitution
at helical position 193 in the ol(D)-chain from
patient 2.

Sillence Classification of
Osteogenesis Imperfecta

Although the majority of OI cases are caused
by type I collagen mutations, current approach
to clinical diagnosis of different OI forms is still
based on family history and physical and radi-
ographic findings rather than biochemi-
cal analyses or underlying pathophysiological
mechanisms. The original Sillence classification
(Sillence et al., 1979) distinguishes four differ-
ent types of OI.

OI type I is the mildest and most common
form of the disease, with autosomal dominant
mode of inheritance. Affected individuals usu-
ally have blue sclerae and mild-to-moderate
bone fragility prior to puberty. Fractures rarely
occur in utero. During infancy and childhood,
the fractures are related to moderate trauma.
The height of individuals with type I OI is usu-
ally normal or near normal. About half have
early hearing loss that usually starts in the late
teens and may progress to severe loss by adult-
hood.Type I OI is subdivided based on the ab-
sence (IA) or presence (IB) of dentinogenesis
imperfecta. Additional clinical findings for OI
type I are mitral valve prolapse, easy bruising,
and hyperextensibility of large joints.

OI type II is the most severe form of the dis-
case, leading to fetal demise or death in the
perinatal period. It is caused mostly by new,
dominant mutations. The small rate of recur-
rence of this phenotype among siblings is
most consistent with parental mosaicism. In-
fants are usually stillborn or born prematurely
with both weight and length small for their
gestational age. If they survive birth, then af-
fected infants usually die of respiratory failure
within the first 2 months of life. Type II OI is
characterized by triangular face, flat midface,
small beaked nose, and bluish-gray sclerae.The
head is large for body size with an extremely
soft calvarium and a large anterior and poste-
rior fontanelle. The thorax is deformed and
small with a narrow apex. Radiographic exami-
nation reveals multiple in wutero fractures in

various stages of healing. The long bones are
osteopenic, cylindrical, and deformed with
very little cortex.

OI type III or progressively deforming OI
(Fig. 3-1B, 3-1D) is the most severe form of the
disease compatible with life beyond infancy.
The majority of cases appear to result from
dominant mutations, but rare autosomal reces-
sive cases have also been reported. Affected in-
dividuals are recognized after birth because of
long bone fractures and cranial abnormalities
(as seen in patient 2). Many individuals with
type III OI die in childhood or in adulthood
due to respiratory, cardiac, or neurological
complications.Those who survive exhibit grad-
ual deformity of the long bones and spine with
pronounced vertebral compression. Patients
with type III OI have extreme growth defi-
ciency; adults have the height of prepubertal
children. Clinically, these individuals usually
have macrocephaly (increased head circumfer-
ence) and a triangular, flat midface. The sclera
is initially bluish and whitens with age. Radi-
ographically, there is generalized osteoporosis,
wormian bones (irregular plates of bone inter-
posed in the sutures between the large cranial
bones), and “codfish” vertebra. As childhood
progresses, a flared long bone metaphysis devel-
ops, and the long bones appear thin, twisted,
and cylindrical.

OI type IV (Fig. 3-1A, 3-1C) envelops a large
spectrum of moderately severe forms of domi-
nantly inherited disorders characterized by mild-
to-moderate bone fragility. Some children with
type IV OI have prenatal fractures and deformity
at birth, while others have mild-to-moderate
bowing. During childhood, they may have sev-
eral fractures per year. The fracture frequency
usually declines after puberty. In addition to os-
teoporosis, these individuals have modeling ab-
normalities of the long bones, and about one
third of patients develop progressive scoliosis.
Clinically, these patients have variable short
stature, grayish to normal sclerae, and macro-
cephaly. Similar to type I, OI type IV is also sub-
divided into type IVA and IV B based on
dentinogenesis imperfecta (abnormal dentin for-
mation).The clinical and radiological findings for
patient 1 are most consistent with OI type IV.

Additional OI types

Since the original classification was proposed,
25 years of studies revealed difficulties in sepa-
rating the wide and nearly continuum spectrum
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Figure 3-1. (4), (B) Phenotypic characteristics of osteogenesis imperfecta (OD: (4) OI
type IV and (B) OI type III. (C), (D) Radiographs of the long bones of the lower limbs:
(O) patient 1 with type IV OI and (D) patient 2 with the deforming type III OI.

of OI phenotypes into four distinct categories.
Most commonly, patients not fitting more nar-
rowly defined types I-III are diagnosed with
type IV O], resulting in a rather broad range of
clinical and radiological findings within this cat-
egory. However, several new Ol types were pro-
posed based on differences in bone histology
observed within the Sillence type IV group
(Rauch and Glorieux, 2004).

OI type V is now widely recognized as a dis-
tinct OI phenotype with characteristic clinical
and radiological features, such as predisposition
to formation of hypertrophic callus at sites of
fractures or surgical interventions, early calcifi-
cation of the interosseous membrane of the
forearm, and appearance of dense metaphyseal
bands in radiographs. Patients have moderate

bone fragility, white sclerae, and no dentinogen-
esis imperfecta. Their histological examination
reveals a characteristic, meshlike bone lamella-
tion pattern. Type V OI has an autosomal domi-
nant inheritance pattern, but no evidence of
type I collagen abnormalities has been found.
Unusual histological findings of increased os-
teoid formation and abnormal, “fish scale” bone
lamellation pattern were used to suggest a new
type VI OI (Rauch and Glorieux, 2004). So far,
these findings were reported in fewer than a
dozen patients, and the mode of inheritance of
the disorder was not established. Another pecu-
liar disorder with recessive inheritance (unusual
for type IV OI) was observed in a community of
Native Americans in northern Quebec (Rauch
and Glorieux, 2004). In these patients, bone
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fragility was accompanied by prominent short-
ening of proximal limb segments (rhizomelia)
and a decrease in the femoral neck shaft angle
(coxa vara). The mutation was localized to chro-
mosome 3p22-24.1, outside the loci for type I
collagen genes. The authors of this study pro-
posed to classify this disorder as type VII OL
There is little doubt regarding the merits of
grouping OI cases with distinct histological and
genetic findings. However, so far these cases
have not been demonstrated to have distinct
clinical and radiological features common for
many unrelated patients, which could be used
as phenotype criteria following the tradition es-
tablished by the original Sillence classification.
Therefore, the available information is still not
sufficient for determining whether these
groups truly represent newly recognized dis-
tinct Sillence types of Ol

BIOCHEMICAL PERSPECTIVE

Since OI is a dominant genetic disorder, a cure
for it would require repair, removal, or inacti-
vation of the affected genes—a daunting task
likely to require many years of research
(Prockop, 2004). However, the same mutations
often cause drastically different OI phenotypes,
for instance, several patients with the same
Gly238Ser substitution in 0:2(I)-chain as patient
1 but different symptoms were described, in-
cluding severe type III OI and moderate type IV
OI. One case was even originally classified as
mild type I OI. Large variation in the OI severity
was also found in unrelated patients with iden-
tical mutations, within affected families, and in
the Brtl mouse model of OI (Forlino et al.,
1999). These observations suggest that better
knowledge of OI biochemistry underlying the
phenotype variability might lead to simpler
pharmacological treatments, reducing severity
of the disease. Some progress in understanding
molecular origins of OI has been made, but
much remains to be discovered before such
treatments become a reality.

Osteogenesis Imperfecta Mutations

The overwhelming majority of OI cases are
caused by mutations in COL1A1 and COL1A2
encoding the o1(I)- and o2(I)-chains of type
I collagen, respectively. Several hundred differ-
ent OI mutations were described (see, e.g.,
an online mutation database at wwuw.le.ac.uk/

genetics/collagen/; Dalgleish, 1998). Based on
their effect on collagen synthesis, these muta-
tions can be separated into three groups:
COL1A1 and COL1A2 “null allele” and structural
mutations.

COL1A1 null allele mutations do not pro-
duce mutant collagen. Instead, the affected al-
lele fails to produce functional o.1(I)-chains, and
cells make about half the normal amount of col-
lagen. Insufficient synthesis of normal collagen
is believed to be the primary cause of type I OI
(Byers and Cole, 2002).

COL1A2 null allele mutations produce colla-
gen that has three o.1(I)-chains rather than two
al(@)- and one o2(I)-chains (50% of all type I
collagen in heterozygous and 100% in homozy-
gous cases). The al(I)-homotrimer does have a
“normal” role, but only as a minor collagen in fe-
tal tissues. Mutations that result in exclusive
synthesis of al(D-homotrimers cause rare re-
cessive forms of OI and Ehlers-Danlos syn-
drome (Schwarze et al., 2004).

Structural mutations in COL1A1 or COL1A2
produce abnormal type I collagen with substitu-
tions, deletions, or insertions of amino acids. Mu-
tations of this group usually cause type II, III, or
IV OI (Byers and Cole, 2002). However, patients
with phenotype closer to type I OI were also re-
ported (e.g., one with the same Gly238Ser sub-
stitution as patient 1). By far the most common
type of structural mutations (>80%) is substitu-
tions of “obligatory” glycines as in patients 1 and
2; these mutations are the focus of this chapter.

Collagen Structure and Stability

The obligatory glycines are located in every third
position of the collagen triple helix. They are re-
quired for maintaining the structural integrity of
mature type I collagen molecule, which consists
of a long triple helix (1014 amino acid) flanked
by short (11-26 amino acids), nonhelical pep-
tides. Preponderance of glycine substitutions
indicates that disruptions of the triple helix
structure are the primary cause of moderate, se-
vere, and lethal OI. However, the relationship be-
tween structural defects and OI symptoms is not
straightforward, as illustrated by studies of colla-
gen thermal stability.

In particular, the triple helix irreversibly de-
natures within minutes at 41°C-42°C unless it
is incorporated into fibers, where it becomes
substantially more stable (Leikina et al., 2002).
Structural defects caused by OI mutations re-
duce the denaturation temperature 7,,, some by
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Figure 3-2. Analysis of collagen thermal stability by differential scanning calorimetry
(DSC). DSC measures the heat of denaturation on temperature variation at a constant
scanning rate (here 0.125°C/min). DSC thermogram of normal (control) collagen has a
single denaturation peak with the apparent denaturation temperature 7, = 42°C. Addi-
tional peaks with lower T, in DSC tracings from patients 1 and 2 are associated with mu-
tant molecules. Patient 2 collagen molecules with one and two mutant a1(I)-chains have
a similar 7, , so only one broadened mutant peak is observed.The fraction of mutant mol-
ecules can be estimated from the area under the corresponding peak (e.g.,45% + 5% mu-
tant in patient 1 and 70% * 5% mutant in patient 2). Some mutations reduce the apparent
T,, to normal core body temperature or even below it (e.g., T, = 37.5°C for o1(I)-
Gly25Val substitution). Other mutations have minimal effect on 7, (e.g., only a single

broadened peak of mutant and normal collagen is observed for at1(1)-Gly832Ser).

as much as 5°C-6°C (Fig. 3-2). At least in model,
collagenlike peptides, larger changes in 7, cor-
relate with larger structural disruptions of the
triple helix (Beck et al., 2000).The change in T,
might also directly affect fibrillogenesis and ma-
trix formation (e.g., if T,, drops below normal
body temperature and molecules denature be-
fore they have a chance to form fibers). Thus,
one could expect T, changes to correlate with
the severity of OI, but no such correlations were
found (Bachinger et al., 1993).It was argued that
the T,, values traditionally measured by triple-
helix susceptibility to proteolytic enzymes
might be unreliable. However, our studies of sev-
eral dozen mutations by differential scanning
calorimetry (DSC) did not produce any correla-
tions as well (DSC is widely accepted as the
most reliable and accurate technique for T,
measurement). For instance, despite the pheno-
type differences, DSC tracings showed the same
2°C change in T, for both of our patients (Fig. 3-
2).A smaller 7,, change (<1°C) is observed in a

patient with an ol1(I)-Gly832Ser substitution,
and a much larger change (~5°C) is seen in a pa-
tient with an o1(I)-Gly25Val substitution, al-
though both patients have type IV OL

Chain Synthesis and Association

To understand how structural defects in collagen
could cause OI, we need to follow the collagen
fiber synthesis pathway (Fig. 3-3). It starts from
synthesis of precursor (procollagen) chains.Asso-
ciation of two pro-o.1(I)- and one pro-02(I)-chains
at their C-propeptides initiates procollagen fold-
ing, which proceeds in a zipperlike manner from
C- to N-terminal end of the molecule (Engel and
Prockop, 1991).These processes occur inside the
endoplasmic reticulum (ER) and are assisted by a
variety of ER chaperones and enzymes (Lamande
and Bateman, 1999).

Substitutions of the obligatory glycines do not
affect collagen chain synthesis and association.
Thus, heterozygous substitutions in a.2(I) should
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Figure 3-3. Collagen matrix synthesis pathway.Type I collagen precursor (procollagen) is a heterotrimer of two pro-o.1(I)- and one pro-o.2(I)-chains.
It is synthesized and folded within endoplasmic reticulum (ER) (steps a through ¢). Procollagen folding is triggered by association of fully synthesized
chains at C-propeptides (b).It proceeds in a zipperlike manner from C- to N-terminal end (¢). Chain synthesis, association, and folding processes are as-
sisted by chaperones and are accompanied by hydroxylation of proline residues within Xaa-Pro-Gly triplets, hydroxylation of some lysine residues,
and glycosylation of hydroxylysine residues. Folded procollagen is transported from ER through Golgi and secreted from cells (d). Mature collagen is
a 300-nm long triple helix flanked by short (11-26 amino acids) nonhelical peptides. It is formed by cleavage of C- and N-propeptides from procolla-
gen by specialized proteases (e). Propeptide cleavage triggers self-assembly of collagen triple helices into fibrils ( f).The fibrils bind proteoglycans and
other molecules (g) and assemble into a complex fiber network, which serves as a matrix for bone and other connective tissues.
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generate 50% molecules with one mutant chain
and 50% normal molecules (assuming equal
expression of both alleles). Mutations in o1(D)
should also generate 50% molecules with one
mutant chain, but only 25% normal molecules
and 25% molecules with two mutant chains.
Interestingly, glycine substitutions in o1(D)
generally lead to more severe OI than similar
substitutions at the same site in o.2(D). This ef-
fect might be caused by a larger amount of de-
fective collagen produced by ol(D-mutations
and could explain the more severe phenotype
of patient 2 compared to patient 1. However, it
cannot explain the phenotype variation in cases
with the same 02(I)-Gly238Ser substitution.

Procollagen Folding

Procollagen folding is preceded by hydroxyla-
tion of prolines in Y positions of sequential
Gly-Xaa-Yaa triplets and is accompanied by hy-
droxylation and glycosylation of some lysines
within unfolded regions of procollagen chains.
Folding of collagen molecules with glycine sub-
stitutions proceeds normally from the C-termi-
nus up to the mutation site, where it stops
(Engel and Prockop, 1991). Folding resumes
only after a conformation of the chains accom-
modating the mutation is found, and helix for-
mation is renucleated. The resulting prolonged
exposure of unfolded chains on the N-terminal
side of the mutation to ER enzymes leads to ex-
cessive hydroxylation and glycosylation of lysine
residues. This posttranslational overmodifica-
tion is the hallmark of structural mutations. It is
usually detected by slower migration of collagen
chains and their CNBr fragments in gel elec-
trophoresis (Fig. 3-4).

The overmodification of collagen from pa-
tients 1 and 2 is weak because it occurs only on
the N-terminal side of the mutation. Mutations
located closer to the C-terminal end lead to sub-
stantially larger overhydroxylation and overgly-
cosylation. In principle, this overmodification
gradient could explain milder OI symptoms ob-
served for N-terminal glycine substitutions
(e.g., almost no lethal substitutions in the N-ter-
minal quarter of collagen were reported, and
many of these cases were classified as type I
OD. However, no consistent severity gradient
and no correlations of symptoms with over-
modification were found for mutations located
further toward the C-terminal end. Thus, the
role of overmodification in OI phenotype still
remains unclear.
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Figure 3-4. Gel electrophoresis of (4) collagen
chains and (B) a1(I) CNBr peptides (B) and (C)
location of different cyanogen bromide (CNBr)
fragments on ol(I)-chain. Posttranslational over-
modification can be detected from slower migra-
tion of mutant chains in (4) or asymmetric shape
of CB spots in (B).The spots correspond to pep-
tides obtained by CNBr digestion of ol1(I)-bands
and electrophoresis in a second, perpendicular di-
rection. Slower migration of overmodified, mutant
ol(D-chains is clearly visible in the Gly997Ser lane
in (4) but barely detectable in patients 1 and 2
due to substantially weaker overmodification (typ-
ical for mutations in the first 200-300 amino acids
from the N-terminal end). Correspondingly, all
0a1(D-CNBr peptides from Gly997Ser collagen ap-
pear to be overmodified. In collagen from patient
2, only CB 8+5 has the characteristic asymmetric
shape. Since only the fragments located on the
N-terminal side of the mutation are overmodified,
analysis of CNBr fragments allows estimation of
approximate mutation location. For instance,
Gly997Ser mutation at the C-terminal end of the
molecule causes overmodification of all CNBr
peptides, while Glyl193Ser mutation in patient 2
causes overmodification of CB 8+5 but not CB 6,
CB 7,CB 3,0r CB 8.

Secretion

After completion of folding, procollagen is trans-
ferred from ER, transported through the Golgi
system, and secreted from cell (Kadler, 1994).
Abnormal protein is retained within ER and tar-
geted for degradation. Some mutant molecules
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are recognized as abnormal and destroyed, while
others escape the quality control system and
are secreted. The outcome varies from signi-
ficant retention to complete secretion depend-
ing on the mutation. The retention and
degradation of mutant molecules puts an extra
stress on collagen-producing cells, potentially
explaining their reduced activity and viability
commonly observed in OI.

Characterization of intracellular retention/
degradation is important but often challenging.
Unlike Gly — Cys substitutions, which can be
selectively labeled by [33S]-Cys, chains with
Gly — Ser substitutions are difficult to distin-
guish by simple biochemical assays. Sometimes
an increased ratio of type IIl/type I collagen in
fibroblast culture media is used as an indicator
of abnormal secretion of type I molecules, but
the results should be confirmed by other meth-
ods. For patients 1 and 2, the type Ill/type I ra-
tio was within the “normal” range of 10%-15%.
To confirm the secretion and to estimate the re-
tained/degraded fraction, we used the change
in T, of mutant molecules. From deconvolution
of mutant and normal peaks in DSC thermo-
grams, we found that more than 80% of mutant
molecules were secreted (Fig. 3-2).

Extracellular Processing

Secreted procollagen undergoes additional pro-
cessing by specialized enzymes that cleave N-
and C-propeptides and convert some lysine and
hydroxylysine residues into reactive allysyl alde-
hydes (Kadler, 1994). Most glycine substitutions
do not affect these reactions. However, several
cases with slow or incomplete cleavage of
N-propeptides due to altered conformation of
the cleavage site were reported. The conforma-
tional change can be caused by mutations in
the adjacent N-terminal part of the triple helix
as well as by long-range structural rearrange-
ments (such as a chain register shift) induced
by glycine substitutions located even several
hundred residues away. Delayed or incomplete
N-propeptide cleavage leads to incorporation
of uncleaved molecules, limiting the thickness
of collagen fibers. The resulting reduction in
the fiber mechanical strength might cause
more severe joint laxity and hyperextensibility
than usually observed in OI (resembling type
VII Ehlers-Danlos syndrome associated with
N-propeptide cleavage site mutations).

In vitro testing of fibroblast procollagen
from patients 1 and 2 showed normal cleavage

by purified bovine N-proteinase, indicating that
these mutations do not induce long-range struc-
tural changes propagating all the way to the
N-terminal end of the triple helix.

Intermolecular Interactions
and Fibrillogenesis

Propeptide cleavage triggers collagen self-
assembly into fibers.The fibers are stabilized by
cross-linking of allysyl aldehydes with lysine
residues on adjacent collagen helices.They bind
proteoglycans and other matrix molecules and
organize into a complex three-dimensional net-
work serving as a scaffold for bone mineraliza-
tion (Kadler, 1994).

All information needed for fiber self-assembly
is encoded within the collagen triple helix. For
instance, a solution of purified helices in a phys-
iological buffer forms nativelike fibers when
heated to body temperature. Structural defects
introduced by mutations might disrupt interac-
tions that govern the self-assembly process,
potentially explaining altered in vitro fiber for-
mation observed for OI collagens. However, be-
cause collagens from only one control and one
patient with a given mutation are typically com-
pared in such studies, effects of different gene-
tic background of the two individuals cannot
be excluded (e.g., variations in the sites and the
extent of posttranslational modification). A sys-
tematic study of interactions between mutant
type I collagen helices has so far been performed
only for the Brtl mouse model of OI with an
o1(D-Gly349 — Cys substitution (Kuznetsova et
al., 2004).A wide variation of in vitro fibrilloge-
nesis of tissue collagens from animals with the
same genotype but different genetic back-
ground was observed, but no statistically signifi-
cant difference between the mutant and wild
type was found.The absence of changes in inter-
actions between type I collagen molecules was
confirmed by direct measurement of intermole-
cular forces. Still, it remains unclear whether
this is just a peculiar feature of this particular
mutation.

In vivo, type II1, type V, and other collagens
are also incorporated into fibers, although in
smaller quantities (dependent on the tissue). In-
teractions of type I collagen with them appears
to be important for formation and functional
properties of the fibers. Glycine substitutions
might affect these interactions directly as well
as by altering the composition of the collagen
mix secreted by collagen-producing cells. An
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elevated content of type III collagen was ob-
served in tissues and cell cultures from OI pa-
tients, but no systematic studies of interactions
between type III and type I collagens and their
role in OI phenotype were reported. In the Brtl
mice, we found substantial variations in the
content of type III collagen in different tissues
and fibroblast cultures, but no statistically sig-
nificant correlations with the animal pheno-
type.

In addition to other collagens, at least several
dozen matrix molecules are known to interact
with type I helices. Some understanding of
these interactions (e.g., likely locations of bind-
ing sites) has been developed (Di Lullo et al.,
2002). Disruption of these interactions by OI
mutations within the binding sites might ex-
plain, for instance, the appearance of distinct
lethal and nonlethal regions of glycine substitu-
tions in the 02()-chain (Forlino and Marini,
2000). However, no direct confirmation of this
hypothesis has so far been reported. For in-
stance, collagen-proteoglycan interactions are
believed to play an important role in bone for-
mation and mineralization. Based on the pro-
posed binding site map (Di Lullo et al., 2002),
the 0.2(1)-Gly238 — Ser mutation of patient 1 is
located within a region where no sites have
been discovered so far. The o1(D)-Gly193 is lo-
cated within a proposed decorin-binding re-
gion. Its substitution might contribute to more
severe symptoms of patient 2, but without cor-
roborating evidence, this is just a speculation.

Molecular Mechanisms of Pathology

In summary, substitutions of obligatory glycine
residues alter the structure of collagen triple
helix. It has now been widely accepted that
structural changes in type I collagen affect os-
teoblast function by causing reduced thermal
stability, slower folding, posttranslational over-
modification, and intracellular retention/degra-
dation of procollagen molecules.These changes
also affect interactions of type I collagen mole-
cules with each other, with other collagens, and
with other matrix molecules. Abnormal activity
and viability of osteoblasts and abnormal extra-
cellular interactions of secreted mutant colla-
gens lead to abnormal bone matrix formation
and bone fragility. This picture of molecular
defects contributing to OI is reasonably clear.
However, no consistent correlations of OI phe-
notype and severity with any specific defects
have been found so far.

Animal Models

Probably one of the most important factors hin-
dering studies of the phenotype-genotype rela-
tionship has been the lack of good animal
models. Presently, only one nonlethal mouse OI
model (the Brtl mouse) with a Gly349 — Cys
substitution knocked into one collal allele is
available (Forlino et al., 1999). The initial bio-
chemical and biophysical study of collagen
from this model (Kuznetsova et al., 2004) re-
vealed significant variations of posttranslational
overmodification (hence, likely the rate of fold-
ing), intracellular retention and degradation,
and intermolecular interactions of OI collagens
within the same genotype. The properties of
collagen purified from cell cultures and differ-
ent tissues originating from the same animal
were significantly different. For instance, femur
collagen had substantially larger extent of post-
translational modification, higher 7, and differ-
ent in vitro fibrillogenesis kinetics compared to
skin or fibroblast collagen. Furthermore, a sig-
nificant animal-to-animal variation, exceeding
the difference between mutant and wild-type
animals, was observed.

Thus, many of the biochemical abnormalities
are tissue specific and are significantly affected
by the genetic background of the animal, stress-
ing the need for systematic biochemical analy-
sis of collagen from many individuals (animals)
with the same or similar mutations and differ-
ent genetic background. Only then can we
hope to understand the genotype-phenotype
relationship, determine the molecular origins of
phenotype variability within the same OI geno-
type, and rationally design effective pharmaco-
logical treatments.

THERAPY

In general, the mainstay conventional clinical
management of Ol is to facilitate the achieve-
ment of gross motor skills, including ambula-
tion and head control, and to maximize skills
for independent living. In patients with type III
and IV, this is best accomplished by early inten-
sive physical rehabilitation and by orthopedic
intervention as needed. Gross motor skills are
delayed in OI due to muscle weakness and joint
laxity. Patients with moderate OI who have po-
tential for independent walking should have
protected ambulation with a combination of
bracing, surgical correction, and physical ther-
apy beginning as early as possible.
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Patients with OI should be under the care of
an orthopedic surgeon with experience in man-
agement of OI. Bone fractures and deformities
can be managed by a combination of splinting,
cast immobilization, and intramedullary rod-
ding to provide anatomic positioning of ex-
tremities and to prevent loss of function. The
aim of surgery is to correct bowing and inter-
rupt the fracture and refracture cycle.The clas-
sical surgical approach is to perform multiple
osteotomies with realignment of long bone sec-
tions and fixation with intramedullary rods (By-
ers and Cole, 2002).

The search for beneficial pharmacological
treatment of OI with the goal to reduce the
rate of fractures and promote longitudinal
growth continues. Several uncontrolled studies
of bisphosphonates as a potential monother-
apy for OI have caused great excitement in the
OI community (Glorieux et al., 1998). Cyclic
pamindronate infusions have been widely used
as an off-label treatment of OI. This drug is a
potent nitrogen-containing bisphosphonate
that is internalized by osteoclasts. It inhibits
enzymes of the mevalonate pathway, thereby
preventing the biosynthesis of isoprenoid
compounds that are essential for the posttrans-
lational modification of small GTP-binding pro-
teins. The inhibition of protein prenylation and
disruption of key regulatory proteins explain
the loss of osteoclast activity. Most of the expe-
rience with these compounds is derived from
studies in postmenopausal osteoporosis. When
used in OI, this drug would not affect the syn-
thesis and deposition of abnormal collagen.
Thus, patients with OI might have quantita-
tively more bone after treatment, but their
bone would not be expected to have better
structural quality than before drug administra-
tion. Uncontrolled studies of pamindronate in
children with OI reported increased vertebral
height and bone mineral density, decreased
fractures, and improved ambulation (Glorieux
et al., 1998). Conversely, a recent 2-year placebo-
controlled study using the oral bisphosphonate
olpandronate reported an increase of spinal
bone mineral content but no beneficial effects
on the functional outcome in the olpandronate
group compared to controls (Sakkers et al.,
2004). Moreover, the long-term effects of this
drug are still under investigation. Thus, the
question of whether bisphosphonates will alter
the natural history of OI remains unresolved.
More controlled trials are essential to deter-
mine if increased bone density is associated

with stronger bone, or if increased density cor-
relates with increased brittleness.

QUESTIONS

1. A couple with a history of two pregnan-
cies resulting in children with type II OI
sought genetic counseling prior to subse-
quent pregnancy. Which is the most likely
explanation of their pregnancy history?

2. What information and recommendations
would you give to the couple described in
question 1?7

3. The blue coloration is an indication of ab-
normally thin sclerae. Why is it commonly
observed in type I OI?

4. Examination of type I collagen from a pa-
tient with type IV OI revealed normal
electrophoretic mobility but altered ther-
mal stability. Which region of the mole-
cule is likely to contain the mutation?

5. Why do mutations in C-propeptides cause
significant posttranslational overmodifica-
tion of type I collagen?

6. In 1984, a homozygous patient with a re-
cessive type III OI was described. His
cells synthesized nonfunctional o.2(I)-
chains, and his type I collagen secreted
by cells consisted only of that from o1(D)-
homotrimers. Recently, several patients
with homozygous and compound het-
erozygous null allele mutations in
COL1A2 were described. Their cells pro-
duced unstable COL1A2 transcripts and
did not synthesize «2(I)-chains. Their
cells also secreted only ol(I)-collagen
homotrimers, but the phenotype of these
patients had prevalent features of the
Ehlers-Danlos syndrome rather than OI
‘What could be the molecular reason for
this drastic phenotype difference?

7. Why does a reduction of collagen thermal
stability by 6°C prevent incorporation of
the corresponding mutant molecules into
bone matrix?

8. A teenager with a history of fractures but
no skeletal deformities and no acute dis-
tress was diagnosed with moderate type
IV OI After learning that radiographic
analysis revealed low bone mineral den-
sity in their child, the parents inquired
about a possibility of bisphosphonate
therapy. How would you respond to their
inquiry?
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o,-Antitrypsin Deficiency

SARAH JANE SCHWARZENBERG and HARVEY L. SHARP

CASE REPORT

The patient was a 35-year-old white male with
o, -antitrypsin deficiency. He received a com-
bined liver-kidney transplant for cirrhosis
complicated by portal hypertension, renal in-
sufficiency secondary to membranoproliferative
glomerulonephritis, and combined restrictive
and obstructive pulmonary disease at age 18
years.

Jaundice and pruritus were observed at age
6 weeks and resolved spontaneously after ap-
proximately 2 months. He was hospitalized for
pneumonia at age 20 months, and an enlarged
liver was noted. A percutaneous needle biopsy
specimen from the liver was interpreted to
show postnecrotic cirrhosis, although reevalua-
tion of the biopsy specimen showed the pres-
ence of globules that were periodic acid-Schiff
(PAS) positive, diastase resistant (Fig. 4-1). He
was then referred to our institution at age 2.5
years for liver transplantation.

At the time of the initial evaluation, the phys-
ical examination revealed a well-developed
young boy in no acute distress. He was not jaun-
diced; however, it was notable that he had a
protuberant abdomen with a liver edge palpa-
ble 3 cm below the right costal margin in the
midclavicular line. The liver was nontender and
hard. The spleen was palpable 6 cm below the
left costal margin. No other physical abnormali-
ties were noted.

The child’s laboratory tests revealed a nor-
mal hematological picture except for a platelet
count of 122,000/mm?3 (below normal). He had
normal liver enzymes except for a serum glu-
tamic oxaloacetic transaminase level of 197
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units/mL (mildly increased). Both his blood
urea nitrogen (BUN) and creatinine levels were
normal. The patient’s serum protein elec-
trophoresis was abnormal, with a low serum
albumin of 2.9 g/dL (normal 3.3-4.6 g/dL) and
an o,,-globulin band that was barely visible. Be-
cause of this last finding, protease inhibitor (PD)
phenotyping was done on the child and his
family. The child’s phenotype was PIZZ, while
both parents had the heterozygote, that is, the
PIMZ phenotype. The nomenclature of the PI
types is based on the electrophoretic mobility
of the various PI types at pH 4.9. PIMM repre-
sents the homozygous normal allele; letters al-
phabetically before M designate anodal
variants, and those after M designate cathodal
variants.

The child’s subsequent course was one of
gradual hepatic deterioration.At age 3 years, he
was noted to have ascites (intra-abdominal
fluid accumulation). This progressed slowly un-
til the age of 6 years, when severe ascites and
peripheral edema necessitated the initiation of
spironolactone (a potassium-sparing diuretic).
Several admissions to the hospital were re-
quired over the next 6 years for ascites with
scrotal edema. Serum albumin values were per-
sistently low, less than 2.0 g/dL. During this
time, the patient also had two episodes of pri-
mary peritonitis (intraperitoneal infection) and
one episode of o-streptococcal sepsis.

By age 11 years his renal function decreased,
as measured by a creatinine clearance of
71 mL/min (normal is 105 mL/min). He also
developed protein-losing nephropathy with a
24-hour urinary protein excretion of 600 mg
that increased to 14 g after albumin infusions
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Figure 4-1. Photomicrograph of periportal hepatocytes of liver from patient in case
report. Note variation in size and presence of cytoplasmic globules. The stain used is
periodic acid-Schiff after diastase.

(normal  urinary  protein  excretion  is
100 mg/24 h). Because of abnormal coagula-
tion studies, renal biopsy was deferred; how-
ever, the clinical picture was consistent with
the membranoproliferative glomerulonephritis
seen in o, -antitrypsin deficiency.

At age 12, the patient was admitted with
acute chest pain from a left spontaneous pneu-
mothorax (air within the pleural cavity).This re-
quired hospitalization and chest tube insertion,
but he recovered without sequelae. After the
resolution of this problem, pulmonary function
testing revealed findings of both severe airway
obstruction and destruction of alveolar lung tis-
sue, consistent with emphysema. No further
pulmonary problems occurred until the patient
was age 16 years, when he developed occa-
sional episodes of bronchospasm (spasmodic
contraction of the smooth muscles of the
bronchus). Pulmonary function studies at that
time, though improved from those immediately
following his pneumothorax, still revealed com-
bined obstructive and destructive lung disease.

Also at about age 12 years, the patient began

to experience episodes of acute hepatic en-
cephalopathy (graded onset of coma brought
on by circulating false neurotransmitters). The
first of these episodes was the most severe. The
patient entered the hospital in a confused and
disoriented state and with an elevated ammo-
nia level. The immediate problem was easily
controlled with neomycin (a nonabsorbable
antibiotic that kills intestinal, ammonia-forming
bacteria) enemas. During this admission, gas-
trointestinal bleeding developed, exacerbating
the hyperammonemia (plasma ammonia of 450
umol/L; normal < 35 umol/L). The patient grad-
ually slipped into grade IV hepatic coma with
fundoscopic changes consistent with increased
intracranial pressure. Coagulopathy (increased
bleeding tendency) prevented placement of an
intracranial pressure monitor. He was treated
empirically for presumed cerebral edema asso-
ciated with acute hepatic encephalopathy with
hyperventilation, a mannitol drip, and barbitu-
rate coma. The patient recovered without neu-
rological sequelae. Despite protein restriction
(1.0 g protein per kilogram body weight per
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day), the patient had two other milder episodes
of hyperammonemia over that year. He contin-
ued on limited protein intake, neomycin, and
lactulose, with periodic monitoring for sub-
clinical hepatic encephalopathy by electroen-
cephalography.

Despite these complications of o.,-antitrypsin
deficiency, he maintained an active life, attend-
ing school and camping with his parents. By the
age of 16 years, his renal condition had deterio-
rated considerably, with a creatinine clearance
of only 23 mL/min. He was therefore accepted
as a candidate for a combined liver-kidney trans-
plant. After a 2-year wait for an immunologically
compatible donor, the transplant was success-
fully performed at age 18 years at the University
of Minnesota Hospitals. He completed high
school and was employed full time in good
health for over a decade.

Seventeen years after his transplant, he was
found to have cirrhosis from hepatitis C, likely
acquired from the many blood transfusions he
required prior to and during his transplanta-
tion. He died awaiting a second hepatic trans-
plant.

DIAGNOSIS

This patient illustrates a complicated clinical
course of o, -antitrypsin deficiency. Our patient
had liver disease that presented during infancy
and developed into hepatic cirrhosis. He exhib-
ited most of the complications of cirrhosis, in-
cluding portal hypertension with ascites,
hyperammonemia, malnutrition, and variceal
hemorrhage. These complications of cirrhosis
are not unique to o, -antitrypsin deficiency, but
it is important to note the potential severity of
the liver disease associated with this condition.

o,-Antitrypsin deficiency is suspected in
three clinical situations:

1. Cholestasis in infancy (see Fig. 4-2).

2. Cirrhosis of undetermined etiology at any
age.

3. Emphysema early in life, especially if pre-
dominantly basilar.

Liver disease is commonly associated with
o,-antitrypsin deficiency and may develop at
any age. Approximately 10% to 20% of o;-
antitrypsin-deficient infants with the pheno-
type PIZZ are first seen for neonatal cholestatic
liver disease, as was the child in this case
report. Conjugated hyperbilirubinemia and he-

patomegaly are noted in the first month of life.
The clinical course in the first year of life may
be mild or severe. Most children improve with
time and resolve their liver disease by 1-2
years of age. Jaundice after 6 months of age is
usually an ominous finding, suggesting a signifi-
cant deterioration in clinical status within 1
year. A decrease in hepatic synthetic capacity
accompanies this deterioration, manifest by a
decrease in coagulation factors synthesized by
the liver.

Most children with o,-antitrypsin deficiency
are normal in the newborn period. Approxi-
mately 50% of people who are PIZZ do not
ever manifest liver disease. In the other half,
liver disease develops insidiously over many
years, presenting at some point in adulthood as
cirrhosis. Clinically, cirrhosis associated with
o, -antitrypsin deficiency is similar to that seen
in other forms of childhood liver disease. Mal-
nutrition, coagulopathy, and complications of
portal hypertension, including splenomegaly,
variceal hemorrhage, and ascites, develop to a
varying degree. In the absence of infection or
an episode of dehydration, both of which may
precipitate hepatic deterioration, a patient
may survive for years with cirrhosis and ade-
quate hepatic function. Hepatocellular carci-
noma is more common in individuals with
PIZZ-associated o,,-antitrypsin deficiency. While
it is often a complication of long-standing cir-
rhosis, carcinoma can develop in individuals
with o;-antitrypsin deficiency who do not have
cirrhosis. It is most commonly seen in older
adults with this disease.

While liver disease may become manifest at
any age, from infancy to extreme old age, emphy-
sema is extremely rare in childhood, presenting
more commonly in the adult o,-antitrypsin-
deficient individual. Indeed, it represents the
most common manifestation of the deficiency.
The emphysema associated with o, -antitrypsin
deficiency (representing about 2% of all cases
of emphysema) develops at a relatively early age
(in the third or fourth decade of life) with an
equal distribution between men and women.
The majority of young symptomatic PIZZ indi-
viduals with emphysema have a history of ciga-
rette smoking. Abstention from cigarettes may
delay the disease onset by 20 years.In a study of
22 nonsmokers homozygous for o,-antitrypsin
deficiency living in areas free of urban air pollu-
tion, it was found that the onset of emphysema
was later than in smokers (51.4 years for smok-
ers compared to 71.0 years for nonsmokers).
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Figure 4-2. Photomicrograph of a portion of a hepatocyte from a cholestatic infant
with PIZ phenotype.Amorphous al-antitrypsin (AT) is in the transitional zone between
rough and smooth endoplasmic reticulum. B, bile; T, triglyceride droplet.

More nonsmokers were completely free of
symptoms or had only mild symptoms in their
sixth or seventh decades.

Emphysema usually presents with shortness
of breath, dyspnea, and chronic cough. Pneu-
mothorax may result from the bursting of an
emphysematous bleb. The emphysema associ-
ated with o -antitrypsin deficiency is indistin-
guishable from nonfamilial forms, although
chronic bronchitis and the associated cough oc-
cur less frequently than in other forms of em-
physema.

There is a wide range of disability associated
with the pulmonary complications of o-
antitrypsin deficiency, from completely asymp-
tomatic individuals to chronic pulmonary
cripples. Most patients develop chronic ob-
structive pulmonary disease. Unfortunately,
once emphysema becomes symptomatic in the
o, -antitrypsin-deficient individual, it usually

pursues a relentless course. A Danish registry
study reported that the life expectancy of PIZZ
smokers is 52 years and that of those who
never smoked is 69 years.

Renal disease is seen in 17% of infants with
o, -antitrypsin deficiency. It causes massive pro-
tein loss, hypoalbuminemia, and renal failure.
The kidney disease is an immunological disor-
der occurring only in patients with liver dis-
ease, resulting in a membranoproliferative
glomerulonephritis with immunoreactive o-
antitrypsin antigen present, as well as comple-
ment and immunoglobulins. It should not be
confused with the nonspecific spotty asympto-
matic glomerulonephritis or hepatorenal syn-
drome, commonly seen in cirrhosis.

Vascular conditions have been associated
with o,-antitrypsin deficiency, including panni-
culitis (an ulcerative, necrotizing skin condi-
tion) and cerebral aneurysm, among others.



46 NUCLEIC ACIDS AND PROTEIN STRUCTURE AND FUNCTION

It is controversial whether heterozygote
(PIMZ) individuals are at risk for liver or lung
disease. Some studies have suggested that PIMZ
individuals are overrepresented among patients
with chronic end-stage liver disease. PIMZ indi-
viduals are also overrepresented in diagnostic
liver biopsies with cirrhosis as apposed to
only mild fibrosis. It is equally unclear whether
carriers of the Z allele are at increased risk of
emphysema if they smoke. Large prospective
studies of heterozygotes would solve these
dilemmas.

The diagnosis of o,-antitrypsin deficiency
may be suspected during direct observation
of the cellulose acetate serum protein elec-
trophoresis, in which the o4-globulin band is
small or undetectable. As o, -antitrypsin repre-
sents 90% of the total o,-globulin peak, depres-
sion of this peak usually represents deficiency
of that protein. Serum levels of o;-antitrypsin
are low in PIZZ individuals, less than 15% of
normal levels. Serum quantitative tests do not
permit accurate diagnosis and genetic counsel-
ing; therefore, abnormal levels of o -antitrypsin
on screening examination should lead to more
specific diagnostic tests. This is true of individu-
als with intermediate levels of o, -antitrypsin as
well. While it is likely that a patient with a
serum o -antitrypsin level of 30%-80% is un-
likely to have PIZZ, they may well have o;-
antitrypsin deficiency predisposing them to
lung disease. Appropriate counseling and dis-
ease management requires knowledge of the
patient’s specific phenotype. The diagnostic
test of choice is PI typing, in which isoelectric
focusing is used to separate the various o-
antitrypsin species in the individual’s serum by
charge differences. Comparison with sera of
known PI type permits identification of the
phenotype of the individual.

In patients with evidence of significant he-
patic involvement, liver biopsy is important in
the evaluation of o -antitrypsin-associated liver
disease as it facilitates a more accurate progno-
sis. The patient with o,-antitrypsin deficiency
may have one of several histological pictures. In
the neonate with o,-antitrypsin deficiency, the
liver may have evidence of fibrosis or cirrhosis,
and some specimens will demonstrate paucity of
the intrahepatic bile ducts. However, the usual
histological finding in the neonate is prolifera-
tion of the intrahepatic bile ducts that simulates
the histological picture of extrahepatic biliary
atresia. There are usually few giant cells (multinu-
cleated hepatocytes) seen. o,-Antitrypsin defi-

ciency is therefore an important diagnosis to
exclude in the evaluation of the child sus-
pected of extrahepatic biliary atresia since it
may mimic this disease clinically and histologi-
cally. Patency of the extrahepatic biliary tree
may be demonstrated by radionuclide scanning,
detection of bile in duodenal contents, or
cholangiography.

Periodic acid Schiff (PAS)-positive, diastase-
resistant globules representing the retained o;-
antitrypsin protein are found in periportal
hepatocytes on light microscopy. In the PAS/di-
astase study, periodic acid is used to oxidize
bonds in sugars in liver tissue, allowing them to
react with Schiff reagent to produce a magenta
color. Glycogen is the material most commonly
stained this way, but unsecreted o-antitrypsin
will also stain with PAS. To allow the o-
antitrypsin to be seen, the glycogen is first di-
gested with diastase. The subsequent PAS test
then stain magenta the globules of o;-
antitrypsin. These globules represent the abnor-
mal o,-antitrypsin not transported from the
endoplasmic reticulum. These inclusions are
fairly pathognomonic of the deficiency state.
They can be verified with o,-antitrypsin anti-
body stains and are also seen in heterozygote
individuals (PIMZ).

Although the average child with o
antitrypsin deficiency needs no more pul-
monary evaluation than careful periodic
examinations, PIZZ adults with symptomatic
pulmonary disease require more specific evalu-
ation. The first step in evaluating patients sus-
pected of having emphysema is the chest
roentgenogram and pulmonary function test-
ing. The chest x-ray film may show hyperinfla-
tion, flattened diaphragms, the presence of
bullae, and narrowing of the pulmonary arter-
ies.As basal emphysema is more common in 0;-
antitrypsin deficiency, the lower zones of the
lungs are more commonly involved. Even with
normal x-ray findings, pulmonary function tests
may reveal early emphysematous changes. The
o, -antitrypsin-deficient patient may have a de-
crease in forced expiratory volume in 1 second
and forced expiratory flow with an increase in
total lung capacity and functional residual ca-
pacity. These findings are probably the results
of a combination of obstructive lung disease
with a decrease in the elasticity of the lung.
Computed tomography of the lung is more sen-
sitive in demonstrating early evidence of lung
destruction. Some authors suggest this modal-
ity provides the best prognostic information.
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Hypercarbia on examination of arterial blood
gases is nonspecific and generally a late finding.
Renal disease is detected through urinanaly-
sis done yearly on PIZZ individuals with liver
disease. Detection of proteinuria would lead to
examination of a quantitative 24-hour urine for
protein. If confirmation of the diagnosis is es-
sential, then renal biopsy would be necessary.

BIOCHEMICAL PERSPECTIVES

o,-Antitrypsin deficiency is an inborn error of
metabolism predisposing to emphysema; it was
identified in the early 1960s by Sten Eriksson
and C.-B. Laurell (Laurell and Ericksson, 1963).
In 1969, Harvey Sharp recognized the associa-
tion of hepatic cirrhosis and o,-antitrypsin defi-
ciency. The natural course of the liver disease
was difficult to define at first as most patients
were referred because of serious liver disease.
Several decades ago,Tomas Sveger and his asso-
ciates (Sveger and Thelin, 2000) began an ongo-
ing study of the natural history of this disease
in 1976, identifying all deficient children in a
2-year cohort of Swedish infants. This difficult
study has allowed a more thorough and bal-
anced clinical picture of liver disease associated
with o,-antitrypsin deficiency. During the
1960s and 1970s, many investigators examined
the lung disease of o -antitrypsin deficiency. A
major contribution was made by C. Larsson in
1978, who convincingly showed that cigarette
smoking was an independent risk factor in the
development of lung disease.

Sequencing of the human o -antitrypsin gene
in 1984 initiated an explosion in the study of
this disease. Transgenic mice were created to
study the effects of o,-antitrypsin deficiency,
and cell culture studies of the regulation of the
gene became possible. In 1992, D.A. Lomas and
colleagues (Lomas et al., 1992) showed that the
accumulation of abnormal o;-antitrypsin in the
ER of the liver was the result of polymerization
of o;-antitrypsin.This discovery set the stage for
the study of the effects of this polymerized ma-
terial on the liver, which it is hoped will allow
the mechanism of liver disease associated with
o, -antitrypsin deficiency to be determined.

o, -Antitrypsin is a 52-kd glycoprotein pro-
duced primarily not only by the hepatocyte, but
also by macrophages. Serum o, -antitrypsin is
derived almost exclusively from the liver. The
function of this serine protease is to protect tis-
sues from proteolytic enzymes released during

the normal inflammatory response. Although
o,-antitrypsin has some activity against most
serum proteases, its primary protease target is
elastase, with some activity against cathepsin
G and proteinase 3.The mechanism of inhibi-
tion is an irreversible reaction between o;-
antitrypsin and elastase at the reactive center of
o,,-antitrypsin, a methionine residue at position
358. This residue is called the reactive center.
Elastase, which cleaves proteins at methionyl
residues, recognizes o, -antitrypsin as a sub-
strate and attempts to cleave it. In doing so, the
protease is trapped by the o, -antitrypsin mole-
cule, and a drastic conformational change of the
antiprotease crushes the protease, rendering it
inactive and preparing it for clearance from the
serum. O-Antitrypsin represents the primary
regulating factor for elastase. Deficiency of this
antiprotease results in excessive pulmonary
elastase activity.

This antiprotease is encoded by a 12.2-kb
(kilobase) gene located on the long arm of
chromosome 14, the protease inhibitor or PI lo-
cus.The gene consists of seven exons and six in-
trons, with the transcriptional start site varying
depending on the cell type in which transcrip-
tion occurs. The regulation of cell-specific ex-
pression is complex. Hepatocytes produce
predominantly a single 1.6-kb transcript, al-
though they can produce small amounts of
transcripts characteristic of the monocyte cell
line when stimulated by interleukin 6. Mono-
cytes and macrophages use variable splicing of
the first exon to produce four different tran-
scripts, with lengths varying from 1.8 to 2.0 kb.

The o,-antitrypsin promoter contains a con-
sensus TATA box, a B-recognition element for
transcription-activating factor IIB, a hepatocyte
nuclear factor 1 site, and two non-tissue-specific
regions that increase transcription. There is a 3'
enhancer region with five potential binding sites
for transcription factors. The specific factors that
bind in this area remain to be described.

o,-Antitrypsin is an acute phase reactant,
which means that synthesis of the protein in-
creases during inflammation, including malig-
nancy, bacterial infections, and severe burns. It
also rises during certain changes in hormonal
conditions, as in pregnancy and during treat-
ment with estrogen-containing birth control
pills. The increase in serum o-antitrypsin in
inflammation is regulated primarily at the level
of gene transcription by cytokine mediators
of inflammation, predominantly interleukin 6.
Inflammatory-mediated increased transcription
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is regulated by an interaction (as yet unspecified)
between the 3' enhancer and the promoter re-
gions of the o,-antitrypsin gene.

Sequence similarities to other serine PIs es-
tablished the existence of a large evolutionar-
ily related gene family, the SERPINs (serine
protease inhibitors). Members of this gene
family are found in plants and viruses as well
as animals. Some examples of SERPINs include
o -antichymotrypsin, antithrombin III, -
antiplasmin, thyroid- and corticosteroid-binding
proteins, and ovalbumin. This gene family likely
has a common ancestry, evolving through gene
duplication and mutation. Functionally, there is
broad diversity, from functional PIs to regula-
tors of the clotting cascade and hormone-
binding proteins.

During protein synthesis, the nascent transla-
tion product of the o,-antitrypsin gene is co-
translationally translocated to the ER, where the
signal peptide is cleaved and high mannose gly-
cosylation residues are added (Fig. 4-3). As the
glycoprotein completes its transit through the
ER to the Golgi apparatus, the terminal man-
nose residues of the oligosaccharide moiety are
cleaved, and secondary glycosylation residues,
including sialic acid, are added.The mature gly-
coprotein is packaged in the Golgi and secreted
into the serum. The secreted protein contains
variability in the secondary carbohydrate side
chains, which produces a microheterogeneity,
causing the glycoprotein to resolve into multi-
ple bands when subjected to acid protein elec-
trophoresis.

The mechanism by which Z-o,-antitrypsin
is transported out of the ER and degraded has
been of interest to investigators. Since intracel-
lular trapping of o,-antitrypsin is a significant
feature in the pathophysiology of the liver dis-
ease, understanding the degradation of the
molecule might provide avenues to correct
the defect. It appears that Z-o-antitrypsin is
bound to calnexin (a chaperone molecule that
transitions abnormally folded molecules to a
degradation pathway) longer than it is to M-0,;-
antitrypsin, which would increase degradation
of the Z molecule. The Z-o-antitrypsin that is
secreted has achieved a normal molecular con-
formation, suggesting that in the ER, chaperone
molecules are achieving their role as mediators
of correct conformation. It appears that the ma-
jority of Z-o.;-antitrypsin is degraded, probably
by the proteasome, and that this requires retro-
grade transport of the protein back into the cy-
tosol. Some investigators have suggested that

individuals who develop liver disease have a de-
creased capacity to clear Z-o-antitrypsin from
the ER.

The PI locus is highly pleomorphic, with
more than 75 allelic variants identified. The
nomenclature of the PI locus is based on the
electrophoretic mobility of the o,-antitrypsin
variants at pH 4.9. PIM represents the normal
allele; it is actually composed of four M alleles,
M1-M4. Letters alphabetically before M desig-
nate anodal variants, and those after M designate
cathodal variants. The majority of these variant
alleles produce no change in o, -antitrypsin
serum levels or function. Null alleles exist that
produce no detectable serum o -antitrypsin.
Since both alleles are expressed codominantly,
heterozygosity for the PI locus may be identi-
fied electrophoretically. This is important for
family studies of o -antitrypsin-deficient pa-
tients. Identity of unusual allelic variants may be
confirmed by DNA sequencing.

Although many variant forms of the antipro-
tease exist, the most common alleles associated
with its deficiency are the S and Z variants, both
producing proteins that migrate cathodal to the
normal protein. Homozygosity for these vari-
ants (PIZZ and PISS genotypes), as well as com-
pound heterozygosity (PISZ), are all associated
with deficient serum levels of o, -antitrypsin.
PIZZ individuals have approximately 10% to
20% of the normal level of o-antitrypsin, while
PISZ individuals have approximately 35% of the
normal level. The rare individual with homozy-
gosity or compound heterozygosity of the null
gene with one of these alleles has severe o;-
antitrypsin deficiency.

These abnormal PI alleles are most com-
monly found in individuals of European de-
scent. Approximately 3% of Europeans are
heterozygotes for the Z allele, while about 7%
carry the S gene.The Z allele tends to be found
more commonly in northern Europeans, while
southern Europeans tend to have the S allele at a
slightly higher frequency. The incidence of seri-
ous o4-antitrypsin disease is about 1 in 2000
among individuals of northern European extrac-
tion. The Z variant, which has been studied
most extensively, has a single base-pair muta-
tion leading to the production of a protein in
which lysine is substituted for glutamic acid at
position 342. Primary glycosylation residues are
added to the Z-variant polypeptide in the ER,
but subsequent transport out of the ER is im-
paired. This trapping of the relatively insoluble
Z-o,-antitrypsin is the result of the tendency of
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Z-0,-antitrypsin to undergo spontaneous poly-
merization when present in high concentrations
in the ER. The main B-sheet of the Z-o,-
antitrypsin molecule can open spontaneously,
allowing the reactive loop of a second Z-0-
antitrypsin molecule to insert itself into the
opening. Polymers of Z-o-antitrypsin are cre-
ated with a stable structure that resists the nor-
mal degradative processes. Thus, the PIZZ
individual accumulates large amounts of endo-
plasmic reticular o, -antitrypsin protein that is
not released into the circulation, thereby ac-
counting for the markedly reduced serum levels
of o, -antitrypsin. The Z protein that is released
into the serum has the ability to inhibit elastase
and has a half-ife similar to that of the M protein.
Carriers for this allele (PIMZ) have serum o;-
antitrypsin levels approximately 60% of normal,
with small o,-antitrypsin-containing globules
visible in their hepatocytes. Other rare pheno-
types associated with both low serum levels
of o, -antitrypsin and hepatic globules include
PIMMalton and PIMDuarte’

The S variant has a mutation at amino acid
position 264, where valine is substituted for glu-
tamic acid. The S-o;-antitrypsin appears to have
normal protease-inhibitory activity but is de-
graded intracellularly prior to secretion. The
null alleles (PIQ) produce no immunologically
or functionally active protein; there are several
such allelic variants described, generally involv-
ing deletion of large portions of the o,-
antitrypsin gene.

The pathogenesis of the lung disease in PIZZ
individuals is fairly well established. Deficiency
of o,-antitrypsin produces an imbalance in the
ratio of protease to PI, resulting in emphysema.
Both alveolar macrophages and polymorphonu-
clear leukocytes contain proteases, including
neutrophil elastase, cathepsin G, and proteinase
3. Neutrophil elastase is released in large quanti-
ties in the lung and has as its substrate elastin, a
component of the extracellular matrix, as well
as other proteins. During the normal inflamma-
tory response in the lung, as might occur with
infection or cigarette smoking, these phago-
cytic cells migrate to the lung alveoli, releasing
their proteases. In the lungs of a normal individ-
ual, o, -antitrypsin is the major inhibitor of neu-
trophil elastase and keeps elastase activity
localized to the site of the inflammation, allow-
ing it to scavenge damaged proteins and gram-
negative bacterial cell walls, thereby protecting
alveolar tissue. In the lungs of PIZZ individuals,
an imbalance exists in the protease/PI ratio,

allowing elastase uninhibited access to alveolar
and pulmonary connective tissue, producing
the emphysematous lesion.

Cigarette smoking markedly increases the risk
of emphysema in PIZZ homozygotes. Cigarette
smoke causes the release of neutrophil chemo-
tactic factor, increasing the number of protease-
containing neutrophils in the lung. Release of
elastase from these cells is increased in the pres-
ence of cigarette smoke. Cigarette smoke oxi-
dizes the reactive-site methionine in the small
amount of Z-o.,-antitrypsin that escapes the liver,
destroying its inhibitory capacity for elastase.
Thus, emphysema associated with o,-antitrypsin
deficiency is not simply due to a genetic defect,
but requires an environmental stimulus as well.

There remains controversy regarding the
pathophysiology of liver disease associated with
o,-antitrypsin deficiency. Studies in transgenic
animals and clinical analysis of human disease
suggested that the globules of Z-o,-antitrypsin
trapped in the ER of the liver either directly
damage the hepatocyte or facilitate damage by
infection or toxins. The mechanism for this in-
jury is unclear.

It has been shown in cell culture models of
o -antitrypsin that Z-o,-antitrypsin in the ER
causes expression of a novel set of stress genes
with products that have the role of restoring ER
function to normal. Z-o,-Antitrypsin induces
two signal transduction pathways: the ER over-
load response and unfolded protein response
pathways. Via these transduction pathways, the
presence of Z-o-antitrypsin, as opposed to M-
o, -antitrypsin, induces an hepatic inflammatory
response. It is thought that this ER-specific
stress response results in hepatic injury.

An alternative hypothesis is that ER retention
of Z-o,-antitrypsin results in autophagy, specifi-
cally of hepatic mitochondria. The basis for this
hypothesis is the increase in autophagosomes
in cells engineered for inducible expression of
Z-o-antitrypsin. The mutant protein, along with
the chaperone molecule calnexin, can be found
in these autophagosomes by immune electron
microscopy. It is postulated that mitochondrial
dysfunction results from the damage to the mi-
tochondria in the PIZZ liver, leading to the he-
patic injury.

THERAPY

Conventional medical management of emphy-
sema consists of supportive care,including early



o -Antitrypsin Deficiency 51

antibiotic treatment of all pulmonary infections.
Patients are immunized against influenza virus
and Streptococcus pneunoniae.If, on pulmonary
function testing, any reversibility of the airway
obstruction can be effected with bronchodila-
tors, these may be used. As the pathogenesis of
emphysema associated with o, -antitrypsin defi-
ciency is related to cigarette smoking, it is impor-
tant to counsel the patient to stop smoking.This
is the only measure known to improve life ex-
pectancy for these patients.

Fractionation techniques have made it possi-
ble to recover active o.,-antitrypsin from blood.
Use of this product for intravenous replace-
ment therapy in deficient individuals has
shown that it is possible to increase levels in
the serum to those of PISZ heterozygotes who
experience no increase in pulmonary disease
over the general population. Pulmonary lavage
of patients transfused with this product
showed that functional o, -antitrypsin reaches
the alveolar structures. The Food and Drug Ad-
ministration has approved weekly administra-
tion of purified serum-derived o, -antitrypsin to
PIZZ and PI null individuals with pulmonary
disease. Although serum levels of o,-antitrypsin
increase to those believed to be protective, it
has not been possible to show clinical improve-
ment. Furthermore, viral transmission via blood
products is a significant risk factor.

The use of recombinantly produced o-
antitrypsin would reduce the risk of transfusion-
related viral disease; however, its half-life is too
short to produce adequate serum levels without
daily infusion. Studies have shown that the re-
combinant product can be administered as an
aerosol. It diffuses across the respiratory epithe-
lium, enters the lung lymph, and eventually
reaches the systemic circulation. Unfortunately,
it is not known whether this therapy has any in-
fluence on the development or progression of
emphysema. Further carefully controlled, multi-
center trials are necessary.

Lung transplantation has been used in the
treatment of lung disease associated with o;-
antitrypsin deficiency. Survival is the same as
for patients undergoing the procedure for
chronic obstructive pulmonary disease.As with
any transplantation, lifelong immunosuppres-
sion is necessary.

Liver disease is managed conventionally,
maintaining appropriate nutritional support
and managing the complications of portal hy-
pertension and hepatic failure as they occur.
We counsel heterozygote parents of a PIZZ

child to stop cigarette smoking because of the
danger passive cigarette smoke represents to
the lungs of their PIZZ child. Definitive therapy
of the liver disease is limited to successful liver
transplantation. There is no evidence of recur-
rence of the liver disease after successful liver
transplant. Theoretically, one would assume that
liver transplantation, by providing normal serum
levels of o, -antitrypsin, would prevent develop-
ment of the lung disease; however, studies nec-
essary to prove this hypothesis have not been
done. No data support a role for o,-antitrypsin
replacement therapy in liver disease.

Some investigators have speculated that it
should be possible to solubilize intracellular Z-
o, -antitrypsin, allowing it to complete its secre-
tory pathway. If achieved, this would ameliorate
both the pulmonary and the hepatic disease as-
sociated with PIZZ phenotype. Phenylbutyrate
was suggested as one possible therapy, but it
has been ineffective for this purpose. Helen Par-
frey and colleagues (Parfrey et al., 2004) have
shown in vitro that an oligopeptide that specif-
ically binds to Z-o-antitrypsin can inhibit its
polymerization. The peptide can dissociate
from the binary complex, allowing the Z-o,-
antitrypsin to have full antiprotease activity.
This and other novel mechanisms of promoting
secretion rather than degradation of the Z-o-
antitrypsin may allow medical therapy of this
condition.

Gene therapy offers the hope that the dis-
ease might eventually be completely cured. The
human o,-antitrypsin gene has been success-
fully introduced into rat hepatocytes, which
when transplanted into a rat liver, expressed the
protein in small quantities. This strategy would
most likely be successful in preventing the de-
velopment of emphysema. However, it is un-
clear whether it would cure the liver disease. If
liver disease is dependent on the presence of
unsecreted Z-o-antitrypsin, then adding the
normal o, -antitrypsin gene would not stop its
development or progression. Investigators in
this field are working to develop techniques of
targeted homologous recombination to replace
completely the o -antitrypsin exon containing
the PIZ mutation. Patients thus treated would
express only the M-o,-antitrypsin.

There is a phase 1 trial (trials that examine the
toxicity of the proposed treatment and deter-
mine an appropriate dose of the treatment) of an
intramuscularly delivered o-antitrypsin gene in
a modified adeno-associated virus vector. It will
be some time before efficacy data are available;
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however, studies using this vector in animals
suggested that it may allow prolonged gene ex-
pression at levels sufficient to supply normal
serum levels of oy-antitrypsin. It also induces
minimal levels of inflaimmation. This strategy
may allow prevention and treatment of lung dis-
ease but is unlikely to affect liver disease.

We recommend that all relatives of a patient
with o,-antitrypsin deficiency be PI typed be-
cause relatives of the proband may have clini-
cally unsuspected PIZZ liver or lung disease.
For future counseling of the family, it is impor-
tant to identify the PI type of the patient accu-
rately and to identify heterozygotes. Although
measurement of o, -antitrypsin immunologi-
cally or functionally is accurate, there may be
some difficulty identifying PIMZ heterozy-
gotes with these methods since they have o,-
antitrypsin levels that may rise to normal levels
during inflammation. One must therefore rely
on PI typing, which should be done by an insti-
tution familiar with the many o,-antitrypsin
alleles.

Neonatal screening for o,-antitrypsin defi-
ciency has been debated for years. Sweden
screened a cohort of 200,000 infants born in
1972-1974. Subsequent evaluation of these
children has shown that there was little psy-
chosocial impact on the family from the identi-
fication of a child as o,-antitrypsin deficient
through screening. A slight increase in maternal
anxiety was the only negative impact found.
Discrimination by insurance companies and
employers remains a theoretical risk. Impor-
tantly, adolescents with o,,-antitrypsin deficiency
identified through screening were significantly
less likely to smoke than their peers. This find-
ing, combined with the capacity to prevent
passive smoke exposure in children with o;-
antitrypsin deficiency, has led many investiga-
tors to call for screening programs in countries
with large numbers of affected births.

It is possible to offer parents who are known
heterozygotes for the Z allele low risk early di-
agnosis of o,-antitrypsin deficiency in utero.
Prenatal diagnosis can be done on fibroblasts
collected by amniocentesis or by chorionic vil-
lus biopsy using polymerase chain amplification
and analysis of the mutated region of the gene.
Counseling of the families of a PIZZ individual
requires a careful explanation of the principles
of codominant inheritance. Parents who are
both PIMZ heterozygotes have a one-in-four
risk of having a PIZZ child in any subsequent

pregnancy. The risk of serious liver disease in a
PIZZ child is small, and the risk of lung disease
can be significantly modified by avoiding ciga-
rette smoking. Thus, there are few medical rea-
sons to recommend in utero diagnosis of
o,-antitrypsin deficiency, although ultimately
the decision should be left to the family.

QUESTIONS

1. Describe the range of possible clinical
signs and symptoms of o,;-antitrypsin defi-
ciency in a newborn.

2. The mother of the child in the case report
was PIMZ. Discuss the likely results of a
serum o -antitrypsin level and a liver
biopsy in the mother. If her serum o,;-
antitrypsin level was found to be 75% of
normal, then how would you explain it?

3. If the parents of the proband sought gene-
tic counseling from you in a subsequent
pregnancy, then what information would
you give them?

4. If a drug existed that specifically stimu-
lated the transcription of messenger ri-
bonucleic acid for o;-antitrypsin in the
liver, then would this be a reasonable ther-
apy for PIZZ individuals? Why or why not?
Would your recommendation be different
for the PISS patient?

5. As the patient described reaches maturity,
what medical advice would you give him
to help him protect his lungs?
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Cardiac Troponin: Clinical Role in the

Diagnosis of Myocardial Infarction

FRED S.APPLE and ALLAN S. JAFFE

CASE REPORT

The patient, a 63-year-old Caucasian female, was
hospitalized on 4 April 2002 though 10 April
2002 for a non-ST segment elevation myocardial
infarction (non-Q-wave MI per chart documen-
tation). She had a negative adenosine stress test
after the initial event. Her serum cardiac-specific
troponin I (cTnl) concentration 24 hours after
her onset of chest pain was 1.4 ug/L (upper
limit of normal is 0.3 ng/mL), and her creatine
kinase (CK) MB level was 12.5 pg/L (upper limit
of normal 6.0 ng/mL). Three days post-event her
cTnl level was 0.5 ug/L and her CK-MB level
was 4.5 ug/L (Fig. 5-1). MB refers to one of the
isoenzyme forms of CK found in serum. The
form of the enzyme that occurs in brain (BB)
does not usually get past the blood-brain barrier
and therefore is not normally present in the
serum. The MM and MB forms account for al-
most all of the CK in serum. Skeletal muscle con-
tains mainly MM, with less than 2% of its CK in
the MB form. MM is also the predominant myo-
cardial creatine kinase and MB accounts for
10%-20% of creatine kinase in heart muscle.

At 72 hours after presentation, the patient
experienced new-onset chest pain, described as
a burning pain in the left shoulder, arm, and epi-
gastrium. The electrocardiogram (ECG) demon-
strated only nonspecific T-wave abnormalities
and was not different from the one obtained at
the time of her initial presentation. Normal si-
nus rhythm was now present. Nitroglycerin
provided some relief. Based on new symptoms,
along with recurring T-wave abnormalities and
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an increasing cTnl, diagnosis of reinfarction (ex-
tension of her initial event) was made. The cTnl
concentration on the day of her suspected rein-
farction (day 4) was increased to 1.8 ug/L with
a corresponding CK-MB value of 13.6 pg/L. Car-
diac catheterization revealed a 95% distal left
anterior descending stenosis, a 95% mid-right
coronary artery narrowing, and a 90% occluded
circumflex proximally. Stents were placed in
both the distal and proximal right coronary ar-
tery. The rest of her hospital stay was unevent-
ful, and she was discharged home on day 7. At
3-month follow-up, the patient was participat-
ing in a cardiac rehabilitation program and do-
ing well.

DIAGNOSIS

The term acute myocardial infarction (AMI)
is defined as an imbalance between myocar-
dial oxygen supply and demand, resulting in
injury to and the eventual death of myocytes.
When the blood supply to the heart is inter-
rupted, “gross necrosis” of the myocardium re-
sults. Abrupt and total loss of coronary blood
flow usually results in a clinical syndrome
known as ST segment elevation AMI (STE AMI
or Q-wave MI; diagnostic by electrocardio-
gram) because of the characteristic electrocar-
diographic changes that occur. Partial loss of
coronary perfusion, if severe, also can lead to
necrosis, which is generally less extensive, and
this type of infarction is usually termed non-ST
elevation myocardial infarction (NSTEMI or
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Figure 5-1. Time-course of changes in serum car-
diac troponin I and creatine kinase MB (CK-MB)
following myocardial infarction and subsequent
reinfarction during hospitalization. Cardiac-specific
troponin I (¢cTND), open squares; CK-MB, filled cir-
cles. Reprinted from Apple and Murakami (2005).

non-Q-wave MI; not diagnostic by electrocar-
diogram). There is considerable overlap be-
tween the pathophysiology and the pattern of
necrosis of the two entities. Other events of less
severity may be missed entirely or if detected
may be diagnosed as angina that can range from
stable to unstable.

The term acute coronary syndrome (ACS)
encompasses most of the patients defined so far
in this chapter who present with unstable is-
chemic heart disease. Most of these syndromes
occur in response to an acute event in the coro-
nary artery when circulation to a region of the
heart is obstructed. If the obstruction is high
grade and persists, then necrosis usually ensues.
Since necrosis takes some time to develop, it is
apparent that therapy, including opening the
blocked coronary artery in a timely fashion, of-
ten can prevent some of the death of myocar-
dial tissue. These syndromes are usually, but not
always, associated with chest discomfort.

Previously, the diagnosis of AMI established
by the World Health Organization required at
least two of the following criteria: a history of
chest pain, evolutionary changes on the ECG, or
elevations of serial cardiac biomarkers (initially
defined as a twofold increase of total serum CK
or CK-MB). However, it was rare for a diagnosis
of AMI to be made in the absence of biochemi-
cal evidence of myocardial injury.A 2000 Euro-
pean Society of Cardiology/American College
of Cardiology (ESC/ACC) consensus conference
has codified the role of biomarkers, with spe-
cific focus on cardiac troponins, by advocating

that the diagnosis be based on evidence of myo-
cardial injury based on biomarkers of cardiac
injury in the appropriate clinical situation.

For these guidelines, either of the following
criteria satisfies the diagnosis for an acute,
evolving, or recent MI.The first is a typical rise
or gradual fall of cardiac troponin, or more
rapid rise and fall of CK-MB, with at least one of
the following: (1) ischemic symptoms; (2) de-
velopment of pathologic Q waves on the ECG;
(3) ECG changes indicative of ischemia (ST seg-
ment elevation or depression); or (4) coronary
artery intervention (e.g., coronary angioplasty).
For the second, there should be pathologic find-
ings of an AMI as identified at autopsy. The
guidelines recognized the reality that neither
the clinical presentation nor the ECG had ade-
quate sensitivity and specificity, but that the tro-
ponin markers, in particular, could provide
both. These guidelines do not suggest that all el-
evations of these biomarkers should elicit a di-
agnosis of AMI, only those associated with the
appropriate clinical (ischemic presentation)
and ECG findings. When elevations of cardiac
troponin are observed that are not due to acute
ischemia, the clinician is obligated to search for
another etiology for the cardiac injury.

Patients with ACS can be categorized into
four groups. First, there is the group of patients
who present early to the emergency room,
within 0 to 4 hours after the onset of chest
pain, and who lack diagnostic ECG evidence of
AMI. These patients require rapid laboratory
testing for evidence of cardiac injury. Thus, use-
ful laboratory markers of cardiac injury are
those that are released rapidly from the heart
and are highly specific for cardiac myoctye
damage. These assays must be rapid and sensi-
tive enough to detect even the small changes
within the reference interval that can occur in
blood early after the onset of symptoms.

The second patient group presents 4 to 48
hours after the onset of chest pain but without
diagnostic evidence of AMI by ECG. This group
of patients also requires serial monitoring of
cardiac biomarkers and ECG changes.

The third group is patients who present still
later, more than 48 hours after the onset of chest
pain, and also lack diagnostic ECG changes. The
ideal biomarker of myocardial injury for this
group would have to be one that persists in the
circulation for several days to provide a late di-
agnostic time window. The shortfall of such a
marker might be its inability to distinguish re-
current injury from the prior, older injury.
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The fourth group is those who present to the
emergency department at any time after the on-
set of chest pain with clear ECG evidence of
AML. In this group, detection with serum bio-
markers of myocardial injury is not necessary ini-
tially. Many of these patients may qualify for
reperfusion therapy at a time before blood mark-
ers of cardiac injury have increased, and therapy
should not be withheld if these criteria are met.
Subsequently, specific and sensitive myocardial
markers could be employed to monitor the suc-
cess of reperfusion during the 60- to 90-minute
period after therapy. Rapid assays providing early
serial values followed by interpretation of the
markers’ patterns of appearance are often help-
ful in determining subsequent management.

BIOCHEMICAL PERSPECTIVES

Cardiac Troponin I and T

The contractile proteins of the myofibril in-
clude three troponin regulatory proteins. The
troponin complex includes three protein sub-
units, troponin C (the calcium-binding compo-
nent), troponin I (the inhibitory component),
and troponin T (the tropomyosin-binding com-
ponent). The subunits exist in a number of iso-
forms. The distribution of these isoforms varies
between cardiac muscle and slow- and fast-
twitch skeletal muscle. Only two major iso-
forms of troponin C are found in human heart
and skeletal muscle. These are characteristic of
slow- and fast-twitch skeletal muscle. The heart
isoform is identical with the slow-twitch skele-
tal muscle isoform. Isoforms of cardiac-specific
troponin T (cTnT) and cTnl also have been
identified and are the products of unique genes.
All cardiac troponins are localized primarily in
the myofibrils (94%-97%), with a smaller cyto-
plasm fraction (3%-6%).

Cardiac troponin subunits I and T are en-
coded by different genes than the respective
skeletal muscle isoforms and have different
amino acid sequences, giving them unique car-
diac specificity. cTnl has never been shown to
be expressed in normal, regenerating, or dis-
eased human or animal skeletal muscle. By con-
trast, small amounts of cTnT are expressed as
one of four identified isoforms in skeletal mus-
cle during human fetal development, in regener-
ating rat skeletal muscle, and in diseased human
skeletal muscle. cTnT isoform expression has
been demonstrated in skeletal muscle specimens

obtained from patients with muscular dystrophy;,
polymyositis, dermatomyositis, and end-stage re-
nal disease. Thus, care is necessary to choose an-
tibody pairs for cardiac assay use that do not
detect the isoforms reexpressed in noncardiac
tissue. The commercial assay used in clinical
practice only detects the heart cTnT form.
Cardiac troponin I exists as a part of the tro-
ponin TI-C ternary complex as a structural and
regulatory component of the myofibril. Follow-
ing myocardial injury, multiple forms of cardiac
troponins are elaborated both in tissue and in
blood (Fig. 5-2). These include the TI-C ternary
complex, IC binary complex, free I, and multiple
modifications of these three forms resulting
from oxidation, reduction, phosphorylation, and
dephosphorylation, as well as both C- and N-ter-
minal degradation. What is elaborated likely re-
flects the nature of the injurious stimulus, blood
flow that determines how long the protein re-
mains in the tissue prior to reaching the circula-
tion, the timing of the insult (i.e., forms may
change as the tissue damage evolves), and per-
haps genetics. Depending on which fragments
are elaborated, the selection of antibodies used
to detect cTnl (i.e., different antibody configura-
tions) can lead to substantially different recogni-
tion patterns. It is now clear that assays need to
be developed with the antibodies that recognize
epitopes in the stable region of cTnl and ideally
demonstrate an equimolar response to the differ-
ent cTnl forms that may circulate in the blood.

Creatine Kinase Isoenzymes
and Isoforms

Three cytosolic isoenzymes (CK-MM, CK-MB,
CK-BB) and one mitochondrial isoenzyme (CK-
Mt) of CK have been identified. Three different
genes have been identified that encode for and
are specific for CK-M, CK-B, and CK-Mt sub-
units. Although CK-MM is predominant in both
heart and skeletal muscle, CK-MB has been
shown to be more specific for the myocardium,
which contains 10% to 20% of its total CK activ-
ity as CK-MB, compared to amounts varying
from 0% to 7% in skeletal muscle.

Early studies involving animal hearts or speci-
mens obtained at autopsy from human hearts
suggested a uniform distribution of CK-MB rang-
ing from 5% to 50% of the total CK activity. How-
ever, it has been shown by Ingwall and
colleagues (1985) that the proportion of CK-MB
was 6% to 15% lower in the surrounding normal
areas of tissue than in infarcted myocardium in
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Figure 5-2. Schematic of cardiac troponin I and T release following myocardial cell
necrosis into the circulation, demonstrating the multiple forms that exist in the blood.
cTnl, cardiac-specific troponin I, cTnT, cardiac-specific troponinT.

humans. When studied more completely in hu-
mans, CK-MB concentrations ranged from 15% to
24% of total CK in myocardial tissue obtained
from patients with left ventricular hypertrophy
(LVH) due to aortic stenosis, from patients with
coronary artery disease (CAD) without LVH, and
from patients with CAD and LVH due to aortic
stenosis. In contrast, patients with normal left
ventricular tissue had a low percentage of CK-MB
(<2%).These data suggest that changes in the CK
isoenzyme distribution are dynamic and occur in
hypertrophied and diseased human myocardium.
Diseased cells also have less total CK per cell.
Normal skeletal muscle usually contains very
little CK-MB. Levels as high as 5%-7% have been
reported in some muscles, but less than 2% is
much more common. Severe skeletal muscle in-
jury following trauma or surgery can lead to ab-
solute elevations of CK-MB above the upper
reference (normal) limit of CK-MB in serum. In-
creases in serum total CK and CK-MB in several
patient groups often present a diagnostic chal-
lenge to the clinician. Persistent elevations of
serum CK-MB resulting from chronic muscle
disease occur in patients with muscular dystro-
phy, end-stage renal disease, and polymyositis (a
generative disease of skeletal muscle) as well as
in healthy subjects who undergo extreme exer-
cise or physical activities. The increase in serum
CK-MB in runners, for example, may be related

to the adaptation by the skeletal muscle during
regular training and after acute exercise, result-
ing in increased CK-MB tissue concentrations.
The mechanism responsible for increased CK-
MB in skeletal muscle following chronic muscle
disease or injury is thought to be due to the re-
generation process of muscle, with reexpres-
sion of CK-B genes similar to those found in the
heart, thus giving rise to increased CK-MB levels
in skeletal muscle. Thus, skeletal muscle can be-
come like heart muscle in its CK isoenzyme
composition, with up to 50% CK-MB in some
patients with severe polymyositis.

IMMUNOASSAY PERSPECTIVES
FOR MONITORING CARDIAC
BIOMARKERS

Cardiac Troponins

The first assay (a radioimmunoassay) that mea-
sured cTnl used polyclonal anti-cTnl antibodies.
The first monoclonal enzyme-linked immunosor-
bent assay, anti-cTnl antibody-based immunoas-
say, was described by Bodor and co-workers
(1992). Numerous manufacturers have now de-
veloped monoclonal antibody-based diagnostic
immunoassays for the measurement of cTnl in
serum. Assay times range from 5 to 30 minutes.
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Table 5-1. Cardiac Troponin Assays Cleared by the Food and Drug Administration

Assay LLD 99th ROC 10% CV
Abbott AXSYM ADV* 0.02 0.04 0.4 0.16
Architect* 0.009 0.012 0.3 0.032
Bayer ACS 0.03 0.1 1.0 0.35
Centaur 0.02 0.1 1.0 0.35
Beckman Access* 0.01 0.04 0.5 0.06
Biosite Triage* 0.19 0.19 0.4 0.5
Dade RxL* 0.04 0.07 0.6-1.5 0.14
Cs* 0.03 0.05 0.6-1.5 0.06
DPC Immulite 0.1 0.2 1.0 0.6
i-STAT i-STAT 0.03 0.08 ND 0.1
Ortho Vitros 0.02 0.08 0.4 0.12
Roche Elecsyst 0.01 0.01 0.1 0.03
Reader 0.05 <0.05 0.1 NA
Tosoh AIA* 0.06 0.06 0.31-0.64 0.06

LLD, lower limit of detection; 99th, 99th percentile reference limit; ROC, receiver operator characteristic curve optimized
cutoff; 10% CV, lowest concentration to provide a total imprecision of 10%.

*Second generation.
TThird generation

NA, not available

As shown in Table 5-1, over a dozen assays have
been cleared by the Food and Drug Administra-
tion (FDA) for patient testing within the United
States on central laboratory and point-of-care
(POCO) or near-bedside testing platforms. In addi-
tion to these quantitative assays, several assays
have been FDA-cleared for the qualitative deter-
mination of cTnl.

In practice, two obstacles limit the ease for
switching from one cTnl or cTnT assay to an-
other. First, there is currently no primary refer-
ence cTnl material available for manufacturers to
use for standardizing their assays. Second, be-
cause of the different epitopes recognized by the
different antibodies used, assay concentrations
fail to agree. While standardization of assays re-
mains elusive, harmonization of ¢Tnl concentra-
tions by different assays has been narrowed from
a 20-fold difference to a 2- to 3-fold difference.

Several adaptations of the Roche Diagnostics
cTnT immunoassay have been described, result-
ing in an FDA-cleared third-generation assay
available worldwide. Two monoclonal anticar-
diac troponin T antibodies are used in the third-
generation assay. Skeletal muscle TnT is no
longer a potential interferent, as was found in
the first-generation enzyme-linked immunosor-
bent cTnT assay. In contrast to cTnl, no stan-
dardization bias exists for cTnT because the
same antibodies (M11,M7) are used in both the

central laboratory and POC quantitative and
POC qualitative assay systems.

In 2001, quality specifications for cardiac
troponin assays were published. These specifi-
cations were intended for use by the manufac-
turers of commercial assays and by clinical
laboratories utilizing troponin assays.The over-
all goal was to attempt to establish uniform cri-
teria so all assays could objectively be evaluated
for their analytical qualities and clinical perfor-
mance. Both analytical and preanalytical factors
were addressed. The following recommenda-
tions have been proposed:

1. The antibody specificity (which epitope
locations are identified) needs to be de-
lineated. Epitopes located on the stable
part of the c¢Tnl molecule should be a
priority.

2. Assays need to clarify whether different
cTnl forms (i.e.,binary vs. ternary complex)
are recognized in an equimolar fashion by
the antibodies used in the assay. Specific rel-
ative responses need to be described for
the following cTnl forms: free cTnl; the I-C
binary complex; the T1I-C ternary complex;
and oxidized, reduced, and phosphorylated
isoforms of the three cTnl forms.

3. The effects of different anticoagulants on
binding of cTnl need to be addressed.
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4. The source of material used to calibrate
cTn assays, specifically for cTnl, should be
traceable.

While clinicians and laboratorians continue
to publish guidelines supporting turnaround
times (TATs; defined as the time from blood
draw to reporting of the result to a health care
provider) of less than 60 minutes for cardiac
biomarkers, the largest TAT study published to
date demonstrated that TAT expectations are
not being met in a large proportion of hospitals.
A survey study of 7020 cardiac troponin and
4368 CK-MB determinations in 159 hospitals
demonstrated that the median and 90th per-
centile TATs for troponin and CK-MB were as fol-
lows, respectively: 74.5 min, 129 min; 82 min,
131 min. Less than 25% of hospitals were able to
meet the TAT in less than 60 minutes. Prelimi-
nary data has shown that implementation of
POC cardiac troponin testing can decrease TATs
to less than 30 minutes in cardiology critical
care and short-stay units. These data highlight
the continued need for laboratory services and
health care providers to work together to de-
velop better processes to meet a TAT that is less
than 60 minutes as requested by physicians.

Reference Intervals for Cardiac
Troponins and Creatine Kinase
Isoenzymes

If possible, each laboratory should determine a
99th percentile of a reference group for cardiac
troponin assays using the specific assay used in
clinical practice or validate the assay based on
findings in the literature. Further, acceptable im-
precision (coefficient of variation, %CV) of each
cardiac troponin assay (as well as for CK-MB
mass assay) has been defined as 10% or lower
CV at the 99th percentile reference limit. Unfor-
tunately, the majority of laboratories do not have
the resources to perform adequately powered
reference interval studies. Therefore, clinical lab-
oratories have to rely on the peer-reviewed pub-
lished literature to establish reference intervals.
When reviewing reference studies, caution must
be taken when comparing the findings reported
in the manufacturer’s approved package inserts
with the findings reported in journals because of
differences in total sample size, distributions by
gender and ethnicity, age ranges, and the statistic
used to calculate the 99th percentile given.
There is no established guideline set to
mandate a consistent evaluation of the 99th

percentile reference limit for cardiac troponins.
The largest and most diverse reported refer-
ence interval study to date showed plasma (he-
parin; used for anticoagulation of blood) 99th
percentile reference limits for eight cardiac tro-
ponin assays (seven cTnl, one cTnT) and seven
CK-MB mass assays (Table 5-2). These studies
were performed in 696 healthy adults (age
range 18 to 84 years) stratified by gender and
ethnicity. The data demonstrate several issues.
First, two cTnl assays showed a 1.2- to 2.5-fold
higher 99th percentile for males versus females.
Second, two cTnl assays demonstrated a 1.1- to
2.8-fold higher 99th percentile for African Amer-
icans versus Caucasians. Third, there was a 13-
fold difference between the lowest versus the
highest measured cTnl 99th percentile limit.
The lack of cardiac troponin assay standardiza-
tion (there is no primary reference material
available) and the differences in antibody epi-
tope recognition between assays (different as-
says use different antibodies) give rise to
substantially discrepant results.

Although many studies have addressed the to-
tal imprecision of cTn assays, the manufacturers’
package inserts prefer to publish imprecision
data primarily based on within-run or within-day
precision.Again, there is no consistent specifica-
tion regarding the precision value that should
be reported in the package insert. Published
findings demonstrating the total imprecision for
13 commercial assays have indicated none of
the assays were able experimentally to achieve a
10% CV (total imprecision) at their 99th per-
centile cutoff.

Therefore, to avoid the potential for false-
positive diagnostic criteria based on cTn moni-
toring at the 99th percentile, a group of experts
in both the laboratory medicine and cardiology
communities has endorsed the concept that un-
til cardiac troponin assay imprecision improves
at the low concentrations, the lowest concentra-
tions to attain a 10% CV (CV is the same as pre-
cision) should be used as a modified ESC/ACC
diagnostic cutoff for detection of myocardial in-
jury. This concept has been endorsed by several
cardiology and laboratory medicine groups.
The ultimate goal will be to have all cTn assays
attain a 10% CV at the 99th percentile reference
limit.This approach should reduce false-positive
analytic results from lack of imprecision values
between the 10% CV cutoff and the 99th per-
centile. However, all biomarker increases above
the 99th percentile should be interpreted cau-
tiously, especially in the high-risk patient, and



60 NUCLEIC ACIDS AND PROTEIN STRUCTURE AND FUNCTION

Table 5-2. Heparin-Plasma 99th Percentile Reference Limits (Lug/L) by Gender and Race for Cardiac
Troponin Assays Cleared by the Food and Drug Administration

n*  Abbott Beckman Dade OCD  Rochet n*¥  Tosob n’  Bayer nl  DPC
All 696 0.8 0.08 0.06 0.10 <0.01 473 0.07 403 0.15 281 0.21
Male 315 0.8 0.10 0.06 0.11 <0.01 223 0.07 187 0.17 115 0.21
Female 381 0.7 0.04 0.06  0.09 <0.01 250 <0.06 216 0.14 166 <0.2
P — .739 .034 985 .017 534 — 521 — 441 — 21
Caucasian 400 0.8 0.07 0.04 0.11 <0.01 215 <0.06 193 0.17 166 0.21
African- 218 0.5 0.08" 0.03 0.10 <0.01 196 0.17 156 0.17 91 <0.2

American

*Number of samples tested in the Abbott, Beckman, Dade-Behring, OCD, and Roche assays.

TThe Roche assay is the only Cardiac-Specific troponin T assay on the market; all other assays are for Cardiac-Specific troponin I.

fNumber of samples tested in the Tosoh assay.
SNumber of samples tested in the Bayer assay.

INumber of samples tested in the DPC assay.

ISignificantly different (P = .05) from Caucasians based on mean concentrations.

DPC = Diagnostics Products Corporation

OCD = Ortho-Clinical Diagnostics

followed with serial samples over a 6- to 12-hour
period after presentation.

Myocardial Infarction Detection Rates
and Cardiac Troponins

Advances in diagnostic technology for the de-
velopment of improved low-end analytical
detection of cardiac troponins have impacted
the prevalence of AMI detection. Accumulating
data suggest that the more sensitive cardiac
troponin tests result in greater rates of MI diag-
nosis and greater rates of cardiac troponin pos-
itivity, compared to CK-MB. Smaller MIs will be
detected. Clinical cases that were earlier classi-
fied as unstable angina will be given a diagno-
sis of MI (due to an increased ¢Tn), and now
procedure-related troponin increases (i.e., fol-
lowing angioplasty) will be labeled MI.

The importance of small troponin increases
has been confirmed by their association with a
poor prognosis. Based on several studies that
compared CK-MB and cardiac troponin assays
in patients with ACS, a substantial increase in
rate of MIs ranging from 12% to 127% was de-
tected. In one study of 1719 patients with ACS
presenting to rule in/rule out MI, a subset (5%)
of cTnl-negative but CK-MB-positive patients re-
vealed the potentially underlying false-positive
MI rate when using CK-MB as a standard for MI
detection. This was likely due to release of CK-
MB from skeletal muscle, in the absence of myo-
cardial injury. Further, a subset (12%) of

cTnl-positive, CK-MB-negative patients demon-
strated a subset of MIs that would not have
been detected without cardiac troponin moni-
toring.All these data taken together support the
implementation of cardiac troponin in place of,
not in combination with, CK-MB. This fact will
then have an impact on the prognosis of AMI
overall.

Creatine Kinase MB

CK-MB can be measured in numerous ways. Im-
munoassays developed in recent years have im-
proved on the analytical and clinical sensitivity
and specificity of the earlier immunoinhibition
and immunoprecipitation assays. These assays
now: (1) measure CK-MB directly and provide
mass measurements, (2) are easily automated,
and (3) provide rapid results (<30 minutes).
Mass assays reliably measure low CK-MB con-
centrations in both samples with low total en-
zyme activity (<100 U/L) and with high total
enzyme activity (>10,000 U/L). Furthermore, no
interferences from other proteins have been
documented. The majority of commercially
available immunoassays that use monoclonal
anti-CK-MB antibodies are the same as those
listed in Table 5-2 for cardiac troponin assays.
Excellent concordance has been shown be-
tween mass concentration and activity assays.
A primary reference material is commercially
available to assist in harmonization. If used for
assay standardization, then this material allows
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concentrations to be reported within 20% of
each other.

As has been recognized for years for total CK,
all CK-MB assays demonstrate a significant 1.2-
to 2.6-fold higher 99th percentile for males ver-
sus females. Several assays showed higher, up to
2.7-4fold, concentrations for African-Americans
versus Caucasians. These data demonstrate that
clinical laboratories must consider establishing
different CK-MB reference cutoffs for at least
men versus women.

CLINICAL UTILIZATION OF
CARDIAC BIOMARKERS

Use in Patients with Acute
Coronary Syndrome

The ideal marker of myocardial injury should:
(1) provide early detection of injury, (2) allow
rapid diagnosis of cardiac injury, (3) serve as a
risk stratification tool in patients with ACS, (4)
assess the success of reperfusion after throm-
bolytic therapy, (5) detect reocclusion and
reinfarction, (6) determine the timing of an in-
farction as well as infarct size, and (7) detect
procedural-related perioperative MI during car-
diac or noncardiac surgery. At present, the per-
fect biomarker to satisfy all these needs does
not exist. It is the function of the laboratory to
provide advice to physicians about cardiac bio-
marker characteristics.

Patients present to emergency departments
or other primary care providers with a multi-
tude of clinical signs and symptoms for which
the differential diagnosis of AMI (heart attack)
is considered. Figure 5-3 demonstrates the com-
plete spectrum of clinical presentations of such
a patient. This entire spectrum of clinical pre-
sentations has been designated ACS. The corner-
stone of the redefinition of MI is predicated on
cardiac biomarkers, specifically ¢Tnl or cTnT.
The following are designated as biochemical in-
dicators for detecting myocardial necrosis:

1. A maximal concentration of cTnl or cTnl
exceeding the decision limit, defined as
the 99th percentile of values for a refer-
ence control group, on at least one occa-
sion during the first 24 hours after the
index clinical event.

2. A maximal value of CK-MB (preferably
mass) exceeding the 99th percentile of
values for a reference control group on
two successive samples or a maximal

value exceeding twice the upper refer-
ence limit during the first hours after the
index clinical event. Although the consen-
sus document states values for troponin
and CK-MB should rise and fall, either a
rising or a falling pattern should be con-
sidered diagnostic. Values that remain ele-
vated without change are rarely due to MI.

3. In the absence of availability of a cardiac
troponin or CK-MB assay, total CK greater
than two times the upper reference limit
may be employed.

In addition to the ESC/ACC consensus docu-
ment for redefining MI, the ACC/American
Heart Association guidelines for management
of unstable angina recommend monitoring
cardiac troponin in patients with ACS as a way
of differentiating unstable angina (defined as
when cardiac troponin is within the 99th per-
centile reference limit) and non-ST segment-
elevation MI (defined as when cardiac troponin
is increased above the 99th percentile refer-
ence limit).

Several markers should no longer be used to
evaluate cardiac disease, including aspartate
aminotransferase, total CK, total lactate dehy-
drogenase (LDH), and LDH isoenzymes. Due to
their wide tissue distribution, these markers
have poor specificity for the detection of car-
diac injury. Because total CK and CK-MB have
served as standards for so many years, some lab-
oratories may continue to measure them to al-
low for comparisons to cardiac troponin over
time, before discontinuing use of CK and CK-
MB. In addition, the use of total CK in develop-
ing countries may be the preferred or only
alternative for financial reasons. However, it
should be clear that, for monitoring ACS pa-
tients to assist in clinical classification, cardiac
troponin is the preferred biomarker.

For the majority of patients, blood should be
obtained for testing at hospital admission (0
hours), at 6 to 9 hours, and again at 12 to 24
hours if the earlier specimens are normal and
the clinical index of suspicion is high. For pa-
tients in need of an early diagnosis that would
parallel a rapid triage protocol, a rapidly appear-
ing biomarker such as myoglobin has been sug-
gested to be added to serial cardiac troponin
monitoring. In practice, it appears that the ma-
jority of hospitals throughout the world do not
use these markers.

Several general clinical impressions can be
made regarding cTnl and cTnT. First, the early
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Figure 5-3. Complete spectrum of acute coronary pathophysiological process from ini-
tiation of atherosclerosis to cell death. Biomarkers released at different stages include in-
terleukin 6 (IL-6), myeloperoxidase (MPO), soluble CD40 ligand (sCD40L), high-sensitivity
C-reactive protein (Hs-CRP), ischemia-modified albumin (IMA), cardiac troponins I and T
(cTnT and cTnl, respectively), B-type natriuretic peptide (BNP), and N-terminal proBNP

(NT-proBNP). Of these, only the troponins and BMPs are myocardial specific.

release kinetics of both ¢Tnl and cTnT are simi-
lar to those of CK-MB after AMI, with increases
above the upper reference limit seen at 2 to 6
hours. The initial increase is due to the 3% to
6% cytoplasm fraction of troponin (CK-MB is
100% cytoplasmic). Second, cTnl and cTnT can
remain increased up to 4 to 14 days after AMI.
The mechanism is likely the ongoing release of
troponin from the 94% to 97% myofibril-bound
fraction since the halflife in clearance studies
of either the native protein or of complexes is
in the range of 2 hours. The long interval of car-
diac troponin increase has resulted in its utiliza-
tion in place of the LDH isoenzyme assay in the
detection of late-presenting AMI patients. Third,
the very low to undetectable cardiac troponin
values in serum from patients without cardiac
disease (normal, healthy reference population)
permits use of lower discriminator concentra-
tions compared to CK-MB for the determination
of myocardial injury. Finally, cardiac tissue speci-
ficity of cTnl and c¢TnT should eliminate false
clinical impression of AMI in patients with in-
creased CK-MB concentrations following skele-
tal muscle injuries.

Clinical use of the percentage relative index
[%RI; %RI=(CK-MB mass/Total CK activ-
ity X 100)] or %CK-MB (CK-MB activity/Total
CK % 100) aids in the interpretation of CK-MB
concentrations for the detection of AMI. While

not absolute, an increased %CK-MB or %RI
points to the heart as the source of CK-MB in
serum. However, the %RI and %CK-MB should
not be used for interpretation when the total
CK activity remains within the reference inter-
val.Any concomitant skeletal muscle injury will
decrease the sensitivity of the relative index for
the detection of cardiac events.

As increases in cardiac troponin detect any
form of myocardial injury, nonischemic mecha-
nisms of injury are also responsible for cardiac
troponin release from the heart, causing in-
creases in circulating troponin. Table 5-3 shows
a list of potential etiologies that have been re-
sponsible for increases in non-ischemic damage
to the heart. Thus, whenever cardiac troponin is
monitored, it is important to follow the serial
pattern of a rising or a falling pattern of the bio-
marker. An increased cTn pattern that remains
relatively unchanged and is not indicative of
this serial trend is likely not an MI.

Strategies for the Role of Cardiac
Troponin for Risk Assessment

Numerous prospective and retrospective clini-
cal studies have evaluated and compared the
utility of measurements of cTnl and cTnT for risk
stratification or clinical outcomes assessment
of patients with ACS with possible myocardial
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Table 5-3. Elevations of Troponins without Overt Ischemic Heart Disease

Trauma (including contusion, ablation, pacing, cardioversion)

Congestive heart failure, acute and chronic*

Aortic valve disease and hypertrophic obstructive cardiomyopathy with significant left ventricular hypertrophy*

Hypertension

Hypotension, often with arrhythmias

Postoperative noncardiac surgery patients who seem to do well*

Renal failure*

Critically ill patients, especially with diabetes, respiratory failure*

Drug toxicity, such as adriamycin, 5-fluorouracil, herceptin, snake venoms*

Hypothyroidism

Coronary vasospasm, including apical ballooning syndrome

Inflammatory diseases such as myocarditis (e.g., with parvovirus B19, Kawasaki disease, sarcoidosis, smallpox

vaccination, or myocardial extension of bacterial endocarditis)

Postpercutaneous coronary intervention patients who appear without complication*

Pulmonary embolism, severe pulmonary hypertension*
Sepsis*

Burns, especially if total burn surface area >30%*

Infiltrative diseases, including amyloidosis, hemochromatosis, sarcoidosis, and scleroderma*

Acute neurological disease, including cerebrovascular accident, subarachnoid bleeds*

Rhabdomyolysis with cardiac injury
Transplant vasculopathy

Vital exhaustion

*Designations imply prognostic information has been reported.

ischemia in the emergency department. Patients
presenting with a complaint of chest pain or
other symptoms suggesting ACS have been as-
signed to blood-sampling protocols including
only a single draw at presentation as well as to
several serial blood samplings over a 12- to 24-
hour period following presentation. Overall, in
the approximately 18,000 patients studied, at 30
days the odds ratio for an adverse outcome was
3.4 for increased troponin. As both ¢TnT and
cTnl offer powerful risk assessment, cTn moni-
toring needs to be included in current practice
guidelines not only regarding diagnosis and
management of ACS patients, but also as useful
risk stratification tools. It is recommended to
draw two samples on patients with ACS who do
not rule in for AMI: one at presentation and one
at 6 to 9 hours following presentation. This will
allow for an increase in either cardiac troponin
to occur above baseline in a patient presenting
with a very recent acute coronary lesion. How-
ever, it should be noted that a normal cardiac
troponin does not remove all risk.

Several studies have now documented that
assays with lower limits of detection are able to

identify more patients with ACS with poor prog-
nosis who may be candidates for early invasive
procedures. In one representative study (Venge
et al., 2000), two assays were compared to assess
clinical performance in unstable patients with
CAD. While both assays showed patients with
normal cTnl levels had a significantly better
prognosis than patients with increased levels, a
cohort of 11% of patients (n =98) with a poor
prognosis was identified only by the second-
generation assay with a lower limit of detection.
Invasive treatment only reduced clinical events
in the group of patients with increased cTnl.
Thus, each troponin assay, I or T, needs to evalu-
ate the stratification of patients at low-end con-
centrations to avoid the potential of analytical
inaccuracies leading to inappropriate manage-
ment decisions and therapy. These high-risk pa-
tients have been shown to benefit from
aggressive therapies, including low molecular
weight heparin, IIb/IIa glycoprotein platelet in-
hibitors, and an early interventional strategy.
Clinicians are often confronted with a clinical
history of a patient without overt CAD and a low
probability of myocardial ischemia. However, as a
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precautionary reflex, serial cardiac biomarkers,
specifically cTn, are ordered. The 20% of sus-
pected ACS patients who clinically do not rule
in for MI but display an increased cTn represent
those nonischemic pathologies such as my-
ocarditis, blunt chest trauma, or chemotherapeu-
tic agents for which the mechanisms of injury
are well defined (Table 5-3) as well as the unex-
pected finding of myocardial injury, for which
patients have been shown to have increased
cTn, but the mechanism of release is not clear.
These observations have led to important and
novel investigations involving patients with non-
ischemic heart disease and the role for cardiac
troponin as a diagnostic and prognostic tool.
The conditions shown in Table 5-3 that are indi-
cated by an asterisk demonstrate that, in addi-
tion to cardiac troponin being indicative of
cardiac injury, the data have also indicated that
increased cardiac troponin is useful as a prog-
nostic tool for assessing risk of death and MI.

Monitoring Reperfusion Following
Thrombolytic Therapy

Release of cTnl or ¢cTnT from myocardium into
the blood following AMI and after the washout
that accompanies successful reperfusion gener-
ates an excellent signal compared to no de-
tectable baseline levels prior to myocardial
damage. The initial rapid release of cardiac tro-
ponin subunits I and T following successful
reperfusion is most likely derived from the solu-
ble cytosolic myocardial fraction (6% cTnT, 3%
cTnl). The clinical utility of cardiac biomarkers
for monitoring reperfusion following throm-
bolytic therapy has not gained favor as a rou-
tine form of testing for determining the success
or failure of reperfusion therapy because it can-
not distinguish TIMI 2 from TIMI 3 flow, which
is a critical issue in regard to prognosis. (TIMI is
the timed intervention in myocardial infarction.
TIMI 2 and 3 refer to the extent of flow through
coronary vessels, with TIMI 2 referring to par-
tial flow and TIMI 3 to complete flow.)

It is accepted that the kinetics of myocardial
protein appearance in the circulation depends
on infarct perfusion. Early reperfusion causes
an earlier increase above the upper reference
limit and an earlier and greater enzyme peak af-
ter reperfusion. However, once the peak has oc-
curred, there is no difference in the time of
clearance of enzymes. In addition, enhanced
washout identifies whether an artery is patent
or closed but cannot distinguish between nor-

mal and abnormal coronary perfusion, which is
another key prognostic parameter. Further, it
is difficult to assess the amount of irreversible
myocardial injury by infarct sizing because of
the large variability in the amount of enzyme
washout that appears after reperfusion.

Strategies Using Multimarkers

There is a growing body of evidence suggesting
that different cardiac biomarkers provide inde-
pendent and complementary information about
pathophysiology, diagnostics, prognostics, and
response to therapy in patients with ACS. Thus,
it is probable that multimarker strategies or bio-
chemical profiling may be used to characterize
individual patients presenting with ACS. For ex-
ample, in one multicenter study, cTnl, CK-MB,
and myoglobin multimarker analysis identified
positive patients earlier and provided a better
risk stratification for 30-day mortality than cen-
tral laboratory analysis of CK-MB alone (20% vs.
3%, respectively).

Estimation of Infarct Size

Older studies have shown that one can use the
integrated values for total or CK-MB to estimate
the biochemical extent of infarction. Further
studies verified that the amount of cardiac dam-
age is the primary determinant of prognosis.
Such determinations have been correlated with
morphological infarct size. Some have used the
peak CK-MB value as a surrogate for the inte-
grated data. Reperfusion changes the release ra-
tio (the percentage of marker that appears in
the blood relative to the amount depleted from
myocardium), making infarct sizing problematic
in the modern era.Additional data from both ex-
perimental and patient-related data have sug-
gested that the 72-hour troponin measurement
correlates with scintigraphically-determined in-
fract size. The data are stronger for troponin T
than for I, although the principles are probably
similar for both analytes. At present, it is not rec-
ommended that serial monitoring of cardiac
troponin or CK-MB be used for infarct sizing.

Reinfarction

Figure 5-1 demonstrates the serial patterns for
cardiac troponin I and CK-MB both during the
initial infarct and reinfarction, as described
for the initial case presentation. Although the
number of reinfarction cases presented in the
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literature is fewer than 20, the findings demon-
strate that CK-MB analysis is no longer clinically
relevant, or cost-effective, in the differential
diagnosis of myocardial reinfarction in patients
with ACS when cardiac troponin monitoring is
available. We encourage others to test this hy-
pothesis to be able to dispel the theoretical ra-
tionale for use of CK-MB testing in addition to
cTn testing, expediting the cost-effective adap-
tation favoring only cTn monitoring in testing
for MI or reinfarction.

QUESTIONS

1. Diagram the rising and falling serial bio-
marker profiles for cardiac troponins com-
pared to CK-MB.

2. Define the ESC/ACC consensus guidelines
for the redefinition of AMI.

3. Review the role of cardiac biomarkers for
infarct sizing and monitoring the success
of reperfusion following therapy.

4. List the multiple forms of cardiac tro-
ponin I that may exist in the circulation.

5. Define the two major concerns that have
been responsible for substantial concen-
tration differences when measuring car-
diac troponin I by different commercial
immunoassays.

6. Explain how the determination of refer-
ence intervals can have an impact on the
number of MI cases that are defined in a
given population of patients with chest
pain.

7. Explain the role of cardiac troponin deter-
minations in risk-stratifying patients who
present with ACS.
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Hereditary Spherocytosis

HIROSHI IDEGUCHI

CASE REPORT

A 25-year-old Japanese man was admitted to the
hospital because of fever, sore throat, and gen-
eral malaise. He had been febrile for several
days and had noticed that the color of his urine
was unusually dark. On admission, his tempera-
ture was 37.8°C. The physician noted anemic
conjunctiva (delicate membrane lining the
eyelids and covering the eyeballs), injected
pharyngeal mucosa (mucous membrane), cer-
vical lymphadenopathy (swelling of the lymph
nodes), and mild splenomegaly (enlargement
of the spleen).

Hematological data showed moderate anemia
(hemoglobin 95 g/L; normal is 136-172 g/L), in-
creased reticulocytes (7.8%; normal is <2.4%),
and leukocytosis (leukocytes 12 x 10°/L; nor-
mal is 3.2-9.8 X 109/L) with increased lympho-
cytes (62% of total leukocytes). The blood film
showed moderate anisocytosis (variability of
size of erythrocytes), increased spherocytes
(small, globular erythrocytes without the usual
central pallor), and a scatter of atypical lympho-
cytes.

The urine examination revealed no abnor-
mality except an increase of urobilinogen. The
erythrocyte sedimentation rate was increased
(45 mm per hour; normal is <20 mm per hour).

Biochemical data for his serum were as fol-
lows: total bilirubin 99.2 umol/L (normal is 3.4-
20.5 umol/L); conjugated bilirubin 15.4 umol/L
(normal is 0-6.8 umol/L); alanine aminotrans-
ferase 125 U/L (normal is 0-40 U/L); and lac-
tate dehydrogenase 570 U/L (normal is 120-
250 U/L).

The serological examinations for Epstein-
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Barr virus confirmed that he had infectious
mononucleosis. He was kept in bed for 2 weeks,
by which time the signs of inflammation and he-
patocellular damage entirely disappeared. How-
ever, mild anemia (hemoglobin 110-120 g/L)
with reticulocytosis  (5.0%-6.0%), increased
serum unconjugated bilirubin, and splenomegaly
still remained, suggesting the presence of per-
sistent hemolysis. The physician therefore per-
formed further examinations to confirm the
diagnosis of hemolytic anemia.

Bone marrow aspirates from the sternum
showed marked erythroid hyperplasia, with a
granuloid to erythroid ratio of 1:1.5. The
antiglobulin (Coombs) test failed to detect au-
toantibodies to red blood cells. The sugar-water
test and Ham test, the diagnostic tests for parox-
ysmal nocturnal hemoglobinuria, were nega-
tive. The levels of both hemoglobin F and
hemoglobin A, were normal, and hemoglobin
electrophoresis showed no abnormally migrat-
ing hemoglobins. The isopropanol test did not
reveal any unstable hemoglobins. In contrast,
the osmotic fragility of the patient’s erythrocytes
was increased, and it was enhanced by incubat-
ing the cells at 37°C for 24 hours. These results
were consistent with a diagnosis of hereditary
spherocytosis (HS).

Abdominal ultrasound revealed moderate
splenomegaly and gallstones. The patient had
an episode of transient jaundice of unknown
etiology at the age of 22 years. His parents had
been in apparent good health. However, his fa-
ther had also experienced repeated episodes of
mild jaundice since childhood. His father’s ery-
throcytes were also spherical and osmotically
fragile.
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(b)
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Figure 6-1. Photomicrographs of blood films of a normal subject (&) and a patient with
HS (b). Small, densely staining microspherocytes can be seen in (b).

From these findings, he was finally diagnosed
as having (1) HS with gallstones and (2) infec-
tious mononucleosis. The patient underwent
splenectomy and cholecystectomy at the age of
26 years. An enlarged spleen weighing 530 g
and a gallbladder containing numerous small
stones were removed. Two months after the op-
eration, all previous findings reflecting acceler-
ated hemolysis disappeared.

DIAGNOSIS

The most important diagnostic features of HS
are as follows: (1) congenital hemolytic anemia;
(2) microspherocytosis on the peripheral blood
film; (3) increased osmotic fragility, particularly
in incubated red cells; and (4) negative antiglob-
ulin (Coombs) test.

A typical HS patient is relatively asympto-
matic, and mild jaundice may be the only symp-
tom of the disease. Anemia is usually mild or

even absent owing to compensatory erythroid
hyperplasia in bone marrow. Spherocytosis, or
more correctly microspherocytosis, is a char-
acteristic feature of the stained blood films
(Fig. 6-1). The microspherocytes are small cells,
usually with perfectly round contours, that stain
relatively densely with May-Grunwald-Giemsa
stain. The reticulocyte count is usually in-
creased (5%-20%) and remains high through-
out the patient’s life unless splenectomy has
been carried out.

The osmotic fragility test is the most sensi-
tive and useful test for the diagnosis of HS (Fig.
6-2). Although the fresh red cells of about 20%
of HS patients have a normal or near-normal os-
motic fragility, the test performed in cells incu-
bated at 37°C for 24 hours is more often
positive in association with an increased rate of
spontaneous hemolysis (autohemolysis).

Patients with HS are occasionally subject to
“crises,” a sudden exaggeration of their anemia.
Two types of crises, hemolytic and aplastic, are
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Figure 6-2. Osmotic fragility test (Parpart method). A typical osmotic fragility curve of
fresh (left) or 24-hour incubated (right) erythrocytes from a patient with HS is shown.

The hatched area represents the normal range.

known.As in the patient described in the case
report, hemolytic crises usually occur with
common viral syndromes and are characterized
by a manifestation of accelerated destruction of
red cells, such as a transient increase in jaun-
dice, anemia, reticulocytosis, and splenomegaly.
On the other hand, aplastic crises are brought
about by a temporary failure of erythropoiesis,
mostly caused by human parvovirus B19 infec-
tion (erythema infectiosum). During the aplastic
phase, the counts of red cells and reticulocytes
rapidly fall,and marrow erythroblasts disappear.

(@)

2 Glycophorin C

Aplastic crises are less frequent but are usually
more serious, and severe life-threatening ane-
mia can result.

Gallstones are a common complication of
HS, and most patients eventually develop them,;
they are rarely found in children, and their inci-
dence increases with age. Since gallstone colic
(severe convulsive abdominal pain) and chole-
cystitis (inflammation of the gall bladder) are
quite common, it is desirable that patients with
HS should be periodically examined by abdomi-
nal ultrasound.
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Figure 6-3. Structure of the red cell membrane (a) and the hexagonal lattice structure

of the membrane skeleton (b).
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BIOCHEMICAL PERSPECTIVES

History

HS was first described in 1871 by Vanlair and
Masius (Vanlair and Masius, 1871). They re-
ported a young woman who had repeated at-
tacks of abdominal pain and jaundice and found
that some of her erythrocytes were spherical
and much smaller than normal. In 1907, Chauf-
fard (Chauffard, 1907) demonstrated increased
osmotic fragility of erythrocytes as the hallmark
of the disease.A membrane lesion was first sug-
gested by the observation of Bertles in 1957
(Bertles, 1957) that HS red cells are unusually
permeable to sodium ions. Since then, many ab-
normalities have been reported in HS red cells,
but it is now clear that HS is a consequence of
heterogeneous defects in the red cell mem-
brane proteins.

Red Cell Membrane Organization

The red cell membrane has been well charac-
terized biochemically, and the topological or-
ganization of various lipids and proteins has
been delineated (Fig. 6-3a). The major lipid
components are phospholipids and choles-
terol, and their composition is responsible for
the fluidity of the membrane matrix in which
transmembrane proteins reside. The mem-
brane proteins are conventionally separated in
the laboratory by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Fig. 6-4;
Table 6-1).They are classified into two groups,
integral and peripheral proteins. The integral
proteins, such as band 3 and glycophorin C
(Fig. 6-3), penetrate into or are embedded in
the lipid bilayer and are tightly bound to the
membrane lipids through hydrophobic inter-
actions. In contrast, the peripheral proteins
such as spectrin are located on the cytoplas-
mic surface of the lipid bilayer and associated
with each other to form a flexible, filamentous
network, generally referred to as the mem-
brane skeleton; they are responsible for red
cell shape and deformability.

The major components of the membrane
skeleton are spectrin, actin, and protein 4.1.
Spectrin is a highly flexible, rodlike molecule
composed of two nonidentical polypeptides: o-
spectrin and B-spectrin. These chains are aligned
side by side in the form of a o-heterodimer, and
spectrin heterodimers in turn join head to head
to form (ofp),-tetramers. The tail ends of spec-

Peripheral Integral
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Figure 6-4. Sodium dodecyl sulfate polyacry-
lamide gel electrophoresis pattern of normal red
cell membrane proteins with Coomassie blue
staining.

trin tetramers are associated with short actin
filaments. Although the spectrin-actin interac-
tion is itself weak, each spectrin-actin junction
is greatly stabilized by the formation of a ternary
complex with the protein 4.1.Thus, six spectrin
termini complex with each actin oligomer to
form a network with an approximately hexago-
nal lattice (Fig. 6-3b).

The major integral proteins include band 3
(anion exchanger 1) and the glycophorins (Fig.
6-3). These proteins span the membrane and
have distinct structural and functional do-
mains. The two clearly established functions of
band 3 are: the (1) mediation of the CI"-HCO;~
exchange across the membrane, which is es-
sential for the transport of CO, from the tis-
sues to the lungs; and (2) anchorage of the
underlying membrane skeleton to the mem-
brane by binding to ankyrin (band 2.1) and
possibly protein 4.2.
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Table 6-1. Major Red Cell Membrane Proteins

Molecular  Peripberal (P)

Band Designation Weight or Integral (I) Function
Band 1 Spectrin-o, 240 K P Membrane skeleton
Band 2 Spectrin-f§ 220K P Membrane skeleton
Band 2.1  Ankyrin 210K P Anchoring skeleton to bilayer
Band 3 Anion exchanger 95K I Anion transport; binding sites for ankyrin, protein 4.2
Band 4.1  Protein 4.1 80 K P Membrane skeleton; association with GPC
Band 4.2  Protein 4.2 72K P Stabilizing ankyrin-band 3 interaction (?)
Band 5 Actin 43K P Membrane skeleton
Band 6 G3PD 35K P Glyceraldehyde 3-phosphate dehydrogenase
Band 7 Stomatin 31K I Regulating monovalent cation transport (?)
GPA Glycophorin A 36K I

MNSs blood group*
GPB Glycophorin B 20K I
GPC Glycophorin C 32K I

Gerbich blood group; association with protein 4.1
GPD Glycophorin D 23 K I

*MN and Ss are antigens on human red blood cells. Each of the antigens M,N,S, and s are identifiable by reaction with specific anti-
sera: anti-M, anti-N, anti-S, and anti-s. These glycophorin A and glycophorin B antigens are polypeptides are coded by genes on

chromosome 4.

The four sialic acid-rich glycoproteins (gly-
cophorins A, B, C, and D) also belong to the
class of integral proteins. The presence of sialic
acids imparts a strong net negative charge to
the erythrocyte surface; this is functionally im-
portant in reducing the interaction of red cells
with one another as well as with other blood
cells or the vascular endothelium.

Molecular Lesions in Hereditary
Spherocytosis Erythrocytes

As knowledge of the membrane skeleton and
its contribution to red cell shape and stability
emerged during the 1970s, investigators sought
evidence of a skeletal protein defect in HS.
The search was given impetus by the finding of
a marked spectrin deficiency in the common
house mouse. The red cells of these mice were
spherocytic and osmotically fragile, and they
spontaneously vesiculated in the circulation.
Thus, investigators have focused on spectrin as
the possible primary lesion of HS.

In 1982, Agre and coworkers (Agre et al.,
1982) first described two patients with severe
HS inherited autosomal recessively and whose
red cells had only about half of the normal
spectrin content. However, in the majority of
HS patients, spectrin deficiency may not repre-
sent the primary molecular defect since recent
cytogenetic studies and subsequent biochemi-
cal studies have led to the identification of dis-

tinct molecular defects in other membrane pro-
teins (Table 6-2).

It is now clear that a deficiency or dysfunc-
tion of ankyrin, the protein that anchors the
spectrin-based skeleton to band 3 (Fig. 6-3),
may represent a common membrane lesion in
HS. The synthesis of ankyrin and its assembly
on the membrane were reduced, and as a con-
sequence, assembly of spectrin was also im-
paired despite normal spectrin synthesis. In
1996, Jarolim et al. showed that a deficiency of
ankyrin (and its related spectrins) was present
in 60% of 166 unrelated patients with HS.

Partial deficiency of band 3 was reported in
about 25% of patients with HS who presented
with a phenotype of a mild-to-moderate domi-
nantly inherited HS. Nearly 50 different band 3
mutations associated with HS have been re-
ported.

A deficiency of protein 4.2 has also been
noted in several patients with recessively in-
herited HS, particularly in the Japanese popula-
tion. Although the physiological role of protein
4.2 remains to be established, this protein is
thought to stabilize the binding of band 3 to
spectrin mediated by ankyrin.

Because of the heterogeneous molecular
nature of HS (Table 6-2), the “HS genes” can be
assigned to several chromosomes: chromosome
1 (o-spectrin), chromosome 8 (ankyrin), chro-
mosome 14 (B-spectrin), chromosome 15 (pro-
tein 4.2), and chromosome 17 (band 3). The



Table 6-2. Molecular Basis of Hereditary Spherocytosis

Responsible Chromosome
Gene Locus

Phenotype and
Molecular Lesion

Inberitance

Clinical
Expression

Prevalence

Spectrin-o 1

Spectrin- 14

Ankyrin 8

Band 3 17

Protein 4.2 15

Spectrin deficiency

Defective binding to protein 4.1
Spectrin Kissimmee (202Trp—Arg)
Others

Ankyrin and spectrin deficiency
Ankyrin gene deletion
Promoter region mutations
Ankyrin Stuttgart (329: 2-nt deletion)
Ankyrin Einbeck (572: 1-nt Insertion)
Ankyrin Marburg (797/798: 4-nt deletion)
Ankyrin Bovenden (1436Arg—ter)
Others

Band 3 deficiency
Band 3 Boston (285Ala—Asp)
Band 3 Coimbra (488Val->Met)
Band 3 Kyoto (490Arg—Cys)

(Bicétre D)

Band 3 Prague II (760Arg—Gln)
Band 3 Birmingham (834His—Pro)
Band 3 Philadelphia (837Thr—Met)
Others

Protein 4.2 deficiency
Protein 4.2 Nippon (142Ala—Thr)
Protein 4.2 Fukuoka (119Trp—ter)
Protein 4.2 Tozeur (310Arg—Gln)
Protein 4.2 Shiga (317Arg—Cys)
Others

AR
AD

AD or AR

AD

AR

Severe

Mild to moderate

Mild to severe

Mild to moderate

Mild to moderate

Rare
~10%

50%-60%

20%-30%

Rare; more common
in Japan

AD, autosomal dominant; AR, autosomal recessive.
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Figure 6-5. Rapid and sensitive methods for detecting mutations in DNA. (@) Denatur-
ing gradient gel electrophoresis. (b) Single-strand conformation polymorphism.

inheritance is both autosomal dominant (in the
majority of patients with HS) and autosomal re-
cessive.

Several rapid and sensitive methods have
been developed to detect mutations in cDNA
and genomic DNA. These include ribonuclease
(RNase) protection analysis, denaturing gra-
dient gel electrophoresis, and single-strand
conformation polymorphism analysis. These
methods can be used in conjunction with the
PCR technique to detect small deletions or in-
sertions and single base substitutions.

RNase protection is used to detect the RNase-
sensitive site in a synthetic RNA probe that has
been hybridized with the DNA fragment to be
examined. If a particular mutation lies within
the DNA fragment, then the RNA probe is mis-
matched at the site of the mutation where
RNase digestion occurs.

Denaturing gradient gel electrophoresis is
used to detect the change in mobility of DNA
fragments run on a polyacrylamide gel formed
with an increasing gradient of the denaturant
(urea, formamide). It is based on the principle
that different DNA fragments have different
points in the gradient where they begin to un-
dergo regional denaturation, and the rate of mi-
gration is markedly slowed (Fig. 6-5a).

Single-strand conformation polymorphism
analysis is the more popular method because
of its simplicity and wide applicability to many
different genes. This method makes use of

sequence-dependent folding of single-stranded
DNA, which alters the electrophoretic mobility
of the fragments, to detect sequence differences
between closely related molecules. In brief,
regions of DNA thought to contain mutations
are amplified using the PCR technique and ren-
dered single stranded by heating in a denaturing
buffer. The separated strands are then fraction-
ated on polyacrylamide gels under conditions
that may resolve two molecules differing by a
single base (Fig. 6-5b). If by one of these meth-
ods the DNA fragment appears to be abnormal,
then the specific change can be determined by
subsequent nucleotide sequence analysis.

Pathophysiology of Hemolysis
in Hereditary Spherocytosis
Erythrocytes

The importance of the spleen in the pathophys-
iology of the hemolysis of HS has been substan-
tiated. Two factors determine the selective
destruction of the HS cells in the spleen: (1)
poor HS red cell deformability, which is a reflec-
tion of a decreased surface-to-volume ratio re-
sulting from the loss of membrane; and (2) the
unique anatomy of the splenic vasculature,
which acts as a “microcirculation filter” As
shown in Table 6-2, the underlying molecular
basis of HS is heterogeneous, and the primary
molecular lesion in HS is likely to involve several
membrane proteins, including spectrin, ankyrin,
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Primary molecular defects
Deficiency or dysfunction of spectrin, ankyrin, band 3, or protein 4.2
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Figure 6-6. Pathophysiology of hemolysis of HS red cells.

band 3,and protein 4.2. These molecular lesions
may finally lead to lipid bilayer destabilization
and microvesiculation, resulting in surface area
deficiency and formation of poorly deformable
spherocytes (Fig. 6-6).

The principal sites of red cell entrapment in
the spleen are openings in the endothelial wall
of splenic sinuses, where blood enters the ve-
nous circulation. In contrast to normal disco-
cytes, which have an abundant surface that
allows red cells to deform and pass through nar-
row slits, the HS red cells lack the extra surface
needed to permit deformation. Consequently,
the nondeformable spherocytes accumulate in
the red pulp and become grossly engorged.
Once entrapped by the spleen, HS red cells in-
cur additional damage. Because of the stagnant
circulation, lactic acid accumulates, and the ex-
tracellular pH falls, probably to between 6.5 and
7.0. The intracellular pH also declines, inhibiting
hexokinase and phosphofructokinase, the rate-
limiting enzymes of glycolysis and thereby re-
tarding glucose utilization and ATP production.

Contact of red cells with macrophages may
inflict additional damage on the red cell mem-
brane.Thus, the spherocytes in the splenic cords
are severely stressed by detaining in a metaboli-
cally threatening environment and are subject
to further loss of surface area and an increase in

the density of the cells. This process is known
as splenic conditioning (Fig. 6-6). The condi-
tioning effect of the spleen is likely to represent
a cumulative injury. Conditioned red cells appear
as microspherocytes in the peripheral circula-
tion and are particularly susceptible to recapture
and destruction in the spleen and other parts of
the reticuloendothelial system.

THERAPY

Patients with mild cases of HS often do not need
any treatment. However, these patients should
be watched carefully for the development of
hemolytic or aplastic crisis. Splenectomy is the
treatment of choice in moderate-to-severe HS
cases. In general, splenectomy is indicated in
patients who are continuously anemic or who
have a history of gallstone colic or repeated
crises. The clinical results of splenectomy for
HS are almost uniformly excellent. However,
splenectomy in very young children should
be postponed to later in childhood because
splenectomized infants are more susceptible to
serious and potentially lethal infections than are
older children and adults.At the time of splenec-
tomy, it is important to identify and remove any
accessory spleen; otherwise, the operation will
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result in an unfavorable outcome. Patients who
experience an episode of gallstone colic or
cholecystitis may have to undergo simultaneous
cholecystectomy.

Within days following splenectomy, jaundice
fades, the hemoglobin concentration rises,
and red cell survival usually returns to near
normal. Although the number of peripheral
blood microspherocytes remains unchanged,
the morphological features of accelerated ery-
thropoiesis are not observed. Blood transfusion
is rarely indicated except during aplastic crisis.
At such times, red cell replacement may be life-
saving.

QUESTIONS

1. What are the essential findings for the
clinical diagnosis of HS?

2. Patients with HS may occasionally un-
dergo two types of crises. Describe the
mechanisms causing these crises.

3. Explain why HS red cells are hemolyzed
in vivo principally in spleen.

4. Describe the structural organization of
the membrane skeleton that is a major de-
terminant of red cell shape and deforma-
bility.

5. Hereditary spherocytosis is a group of dis-
orders caused by heterogeneous intrinsic
defects of the red cell membrane pro-
teins. Describe the rapid and sensitive
methods to detect mutations in genomic
DNA and complementary DNA.
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Complex Deficiency
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CASE REPORT

Identical twins with the fictitious names Ann
and Elizabeth were born 6 weeks prematurely
to a healthy 26-year-old mother whose preg-
nancy was uneventful. The family history was
noteworthy for epilepsy in a paternal aunt,
congenital deafness in another paternal aunt,
and possible mental retardation in a maternal
cousin. The twins’ sister was a healthy 3-year-
old girl with the same biological father. The
birth weight was 3 pounds 9 ounces for Ann
and 3 pounds 12 ounces for Elizabeth. Apgar
scores (numerical expressions of the condition
of a newborn infant; based on assessment of
heart rate, respiratory effort, muscle tone, reflex
irritability, and color) 1 and 5 minutes after
birth were 8 and 9 for both girls (maximum
score is 10). Other than prematurity, neither
child evidenced physical or laboratory abnor-
malities, and they were discharged home within
2 weeks (for Ann) and 3 weeks (for Elizabeth),
both apparently in good health. The mother
subsequently remarried and gave birth to a son,
who has remained well through age 6 years.
During the 3 months following their birth,
both sisters sustained recurrent upper respira-
tory illnesses. These were more severe in Eliza-
beth, who required frequent hospitalizations.
Physical examination of both infants during this
period disclosed poor feeding habits, failure to
thrive, floppiness, microcephaly (small head
size), and delayed developmental milestones.
They were below the fifth percentile for weight
and height. These findings were more pro-
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nounced in Elizabeth, who also demonstrated
ocular hypertelorism (abnormal increase in
intraorbital distance) and pseudoathetosis (invol-
untary movements) of the lower face and hands.
Magnetic resonance imaging (MRI) of Eliza-
beth’s head revealed mild frontal atrophy and in-
creased T2 signals in the periventricular and
subcortical white matter. These signals are in-
dicative of scarring or abnormalities in myelina-
tion. A pediatric neurologist diagnosed probable
cerebral palsy in Elizabeth at age 1.5 years.
Formal neurobehavioral evaluation of both
children at age 3 years 10 months generated
the results summarized in Table 7-1. Further
testing of Elizabeth showed profound hypoto-
nia (decreased muscle tone), electrophysiologi-
cal evidence of peripheral neuropathy, normal
somatosensory evoked potentials, and a normal
electroencephalogram recorded during sleep.
At age 2 years, the twins were placed on a
diet comprised of approximately 60% total calo-
ries as (mainly saturated) long-chain fatty acids
(see “Therapy” section). They tolerated this “ke-
togenic diet” well, gained weight, and showed
mild psychomotor improvement. At age 3 years
9 months, they enrolled in a controlled clinical
trial of oral dichloroacetate (DCA), an activator
of the pyruvate dehydrogenase complex (PDC).
Venous blood concentrations of lactate, ob-
tained initially after an overnight fast and then
2 hours after a liquid meal containing 40%
of calories as carbohydrate, were 1.2 mmol/L
and 2.8 mmol/L, respectively, in Ann and
1.6 mmol/L and 5.7 mmol/L, respectively, in
Elizabeth (normal venous blood lactate after
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Table 7-1. Neurobehavioral Examination
of Twins (Aged 3 years 10 months)

Developmental Age (months)

Test Ann Elizabeth
Vineland* 13-21 6-11
Bayley' mental 19 7
Bayleyt motor 24 8

*Based on parental assessment of skills of communication, daily
living, socialization, and motor function.
tFrom Black and Matula, (2000).

fasting 0.4-1.0 mmol/L). The cerebrospinal
fluid lactate concentration, obtained prior to
carbohydrate ingestion, was approximately
5.6 mmol/L (normal approximately 1 mmol/L)
in both children.

DIAGNOSIS

The twins were referred subsequently to a
metabolic specialist because of the suspicion
of an inborn error of metabolism. Biochemical
testing revealed each had a hyperchloremic
(increased blood chloride concentration)
metabolic acidosis that was more profound in
Elizabeth. Serum levels of glucose and liver
transaminases were normal. Urinary organic
acids revealed modestly increased concentra-
tions of lactate and ketone bodies. Blood sam-
ples and fibroblasts from skin biopsies from
both girls were sent to an established diagnos-
tic laboratory for genetic mitochondrial dis-
eases. Tests of respiratory chain complex
enzymatic activities were normal.

Results of the measurement of PDC enzyme
activity are summarized in Table 7-2. These data
revealed severely reduced PDC activities in
both freshly isolated peripheral blood lympho-
cytes and cultured fibroblasts in Ann and an
even more striking reduction in enzyme activi-
ties in cells from Elizabeth. In each case, the de-
fect in PDC activity could be traced to

a deficiency in the o-subunit of the first (E1)
enzyme (pyruvate dehydrogenase; pyruvate de-
carboxylase) of the complex.

BIOCHEMICAL PERSPECTIVES

Pyruvate Dehydrogenase Complex

PDC is a multienzyme complex located in the
inner mitochondrial membrane. Under aerobic
conditions, PDC catalyzes the rate-determining
reaction for the oxidative removal of glucose,
pyruvate, and lactate and helps sustain the tri-
carboxylic acid cycle by providing acetyl-CoA
(Fig. 7-1). Reducing equivalents, in the form of
NADH and FADH,, are generated by reactions
catalyzed by the PDC and by various dehydro-
genases in the tricarboxylic acid cycle and pro-
vide electrons to the respiratory chain for
eventual reduction of molecular oxygen to wa-
ter and synthesis of ATP.

The PDCs of eukaryotes are the largest
(M, ~ 107) multienzyme complexes known.
They are distinguished not only by size, but also
by their morphology and unusual structural bi-
ology features. The complex is entirely nuclear
encoded and consists of three basic functional
types of catalytic protein (Fig. 7-2), a property
shared with the other two mammalian o-
ketoacid dehydrogenases that use o-ketoglutarate
or branched-chain ketoacids as substrates, re-
spectively. Pyruvate dehydrogenase (E1; EC
1.2.4.1) is a heterotetrameric (022) o-ketoacid
decarboxylase that irreversibly oxidizes pyru-
vate to acetyl-CoA in the presence of thiamine
pyrophosphate (TPP) and catalyzes the subse-
quent reductive acetylation of the lipoyl moiety
of dihydrolipoamide transacetylase (E2; EC
2.3.1.12). Lipoyl groups (Lip) that are covalently
linked to E2 facilitate transfer of both protons
and acetyl groups between the differ-
ent component enzymes of the PDC. The result-
ing acetyllipoamide intermediate reacts with

Table 7-2. Residual Activity of the Pyruvate Dehydrogenase Complex (PDC) in
Blood Lymphocytes or Cultured Skin Fibroblasts

Enzyme Component

Residual Activity (% of normal)

Ann Elizabeth

PDC (total activity)

E1 (pyruvate dehydrogenase)
E2 (dihydrolipoyl transacetylase)
E3 (dihydrolipoyl dehydrogenase)

55% (lymphocytes)
28% (fibroblasts)

34% (fibroblasts)
Normal

Normal

18% (lymphocytes)
14% (fibroblasts)

10% (fibroblasts)
Normal

Normal
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Figure 7-1. Pathways of fuel metabolism and oxidative phosphorylation. Pyruvate may
be reduced to lactate in the cytoplasm or may be transported into the mitochondria for
anabolic reactions, such as gluconeogenesis, or for oxidation to acetyl-CoA by the pyru-
vate dehydrogenase complex (PDC). Long-chain fatty acids are transported into mito-
chondria, where they undergo B-oxidation to ketone bodies (liver) or to acetyl-CoA (liver
and other tissues). Reducing equivalents (NADH, FADH,,) are generated by reactions cat-
alyzed by the PDC and the tricarboxylic acid (TCA) cycle and donate electrons (e”) that
enter the respiratory chain at NADH ubiquinone oxidoreductase (Complex I) or at succi-
nate ubiquinone oxidoreductase (Complex II). Cytochrome ¢ oxidase (Complex IV) cat-
alyzes the reduction of molecular oxygen to water, and ATP synthase (Complex V)
generates ATP from ADP. Reprinted with permission from Stacpoole et al. (1997).

coenzyme A (CoASH) to form acetyl-CoA and
reduced lipoamide [Lip(SH),]. NAD* is the final
electron acceptor, and reducing equivalents are
transferred to the respiratory chain via NADH.
The central feature of the complex in eukary-
otic cells is the 60-mer E2 core, which is highly
conserved among species. The core is arranged
as a pentagonal dodecahedron, a cagelike struc-
ture that serves as a scaffold about which the
other components are organized (Fig. 7-3).
Mammalian PDCs require a binding protein
(BP; previously termed protein X) to anchor the
dehydrolipoyl dehydrogenase dimer (E3; EC
1.8.1.4) to the core. The relative stochiometry

for the structural components of bovine kidney
PDC is approximately 22 molecules of El,
about 6 molecules of E2, and about 6 molecules
of E3. Thus, each multienzyme complex con-
tains potentially 60 centers for acetyl-CoA syn-
thesis. Highly flexible structural domains in the
PDC promote the channeling of intermediates
of catalysis between the active sites and con-
tribute to the remarkable structural and func-
tional organization of the complex.

The PDC is a “junction box” for cellular me-
tabolism and energetics in which substrates may
be diverted toward anabolic pathways (e.g., car-
bohydrate synthesis) or catabolic reactions and
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Figure 7-2. Reactions of the pyruvate dehydrogenase (PDH) multienzyme complex
(PDO). Pyruvate is decarboxylated by the PDH subunit (E,) in the presence of thiamine
pyrophosphate (TPP). The resulting hydroxyethyl-TPP complex reacts with oxidized
lipoamide (LipS5), the prosthetic group of dehydrolipoamide transacetylase (E,), to form
acetyl lipoamide. In turn, this intermediate reacts with coenzyme A (CoASH) to yield
acetyl-CoA and reduced lipoamide [Lip(SH),]. The cycle of reaction is completed when
reduced lipoamide is reoxidized by the flavoprotein, dehydrolipoamide dehydrogenase
(E5). Finally, the reduced flavoprotein is oxidized by NAD" and transfers reducing equiva-
lents to the respiratory chain via reduced NADH. PDC is regulated in part by reversible
phosphorylation, in which the phosphorylated enzyme is inactive. Increases in the in-
tramitochondrial ratios of NADH/NAD* and acetyl-CoA/CoASH also stimulate kinase-
mediated phosphorylation of PDC. The drug dichloroacetate (DCA) inhibits the kinase
responsible for phosphorylating PDC, thus “locking” the enzyme in its unphosphory-
lated, catalytically active state. Reprinted with permission from Stacpoole et al. (2003).

ATP synthesis (oxidative phosphorylation). It is
not surprising, therefore, that the complex is
highly regulated (Fig. 7-2). The PDC undergoes
rapid posttranslational changes in catalytic ac-
tivity by reversible phosphorylation of up to
three serine residues on the Elo protein, ren-
dering the complex inactive. Phosphorylation is
mediated by pyruvate dehydrogenase kinase
(PDK), a dimeric protein. In mammals, at least
four isoenzymes (PDK1-PDK4) are expressed
in a tissue-specific manner. PDK2 is expressed

ubiquitously, whereas tissue expression of the
other isoforms is more restricted. It is note-
worthy that PDK4 is highly expressed in tis-
sues (e.g., heart, skeletal muscle, liver, kidney,
and pancreatic islets) involved in fuel home-
ostasis.

PDK activity is enhanced by increases in the
ratios of NADH/NAD™ or acetyl-CoA/CoA and is
inhibited by pyruvate or ADP. Pyruvate dehydro-
genase phosphatase (PDP) catalyzes the de-
phosphorylation of Elo and activates the PDC.
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Figure 7-3. Cutaway model of the fully assembled
pyruvate dehydrogenase complex (PDC) viewed
on its threefold axis. The dehydrolipoyl dehydroge-
nase (E;) homodimer (black) is docked into the
pentagonal opening of the core (gray). The binding
protein (BP)-E; components associated with the
core are not revealed in this model. The inner link-
ers (dotted) bind pyruvate dehydrogenase (E,)
(light gray) to the dihydrolipoyl transacetylase (E,)
scaffold (gray).The E,-binding site of the E, inner
linker is located about 50 A above the scaffold, as
indicated by the asterisk and serves as the anchor
for the lipoyl domains to pivot. The swinging arm
pivots about a position that is approximately 50 A
from the E, E,, and E; active sites. Reprinted with
permission from Zhou et al. (2001). Copyright
2001, National Academy of Sciences, U.S.A.

PDP is stimulated by calcium and magnesium.
Like PDK, PDP is a dimer, but it is more loosely
bound than the kinase to the complex. Mam-
mals have two PDP isoforms, each of which
contains both regulatory and catalytic subunits.
PDP1 is highly expressed in cardiac and, to a
lesser degree, skeletal muscle. PDP2 is present
in both oxidative (heart, kidney) and lipogenic
(liver, adipose) tissues.

From this discussion, it follows that the activ-
ity of the PDC tends to be directly associated
with high rates of ATP turnover or high concen-
trations of pyruvate, that is, conditions during
which the oxidative removal of glucose, lactate,
and pyruvate is accelerated. In contrast, PDC
activity tends to be inversely associated with di-
version of these substrates toward gluconeoge-
nesis. A reciprocal relationship exists in some
tissues between the oxidation of carbohydrate
and long-chain fatty acids that is mediated, in
part, by the ratio of phosphorylated/unphos-
phorylated PDC. This phenomenon, termed the
glucose-fatty acid cycle, is best demonstrable

in tissues that normally exhibit high rates of
oxidative metabolism. An exception is the cen-
tral nervous system (CNS), which cannot me-
tabolize fatty acids and relies almost exclusively
on the oxidation of glucose or lactate for energy
under fed conditions or on the combination of
carbohydrate and ketone bodies (acetoacetate,
B-hydroxybutyrate) during fasting.

It is not surprising, therefore, that the activity
of the PDC is high in brain, where the complex
exists predominantly in its unphosphorylated
form. In contrast, the PDC is more highly regu-
lated in many other tissues to meet fluctuating
metabolic demands. For example, enzyme activ-
ity in liver is highest in the fed state, during
which acetyl-CoA can be utilized for lipogene-
sis. In contrast, hepatic PDC activity is sup-
pressed during fasting, and pyruvate is diverted
toward gluconeogenesis via oxaloacetate for-
mation. In the resting state, myocardial cells
preferentially oxidize long-chain fatty acids, and
the PDC is mainly phosphorylated and inactive.
However, during myocardial work, the ratio of
unphosphorylated to phosphorylated PDC is
increased, as is the proportion of energy de-
rived from aerobic glucose metabolism.

Congenital Disorders of the
Pyruvate Dehydrogenase Complex

The PDC is the subject of intense scrutiny be-
cause of its pivotal role in fuel metabolism and
its association with numerous acquired and
congenital disorders. Descriptions of proven or
putative acquired deficiencies of the complex
may be found elsewhere; this chapter focuses
on the genetics, biochemistry, clinical presenta-
tion, and course of congenital defects in the
PDC. Over 200 cases of PDC deficiency have
been reported, and many other cases have been
diagnosed but remain unpublished. The diagno-
sis in most patients has been based on demon-
strating reduced total catalytic activity of the
complex or in one of its component enzymes.
For diagnostic purposes, these assays are ap-
plied most commonly to freshly isolated pe-
ripheral blood lymphocytes, fresh or frozen
skeletal muscle (usually quadriceps), or primary
cultures of skin fibroblasts. The procedure is
based on the TPP/NAD*/CoASH-dependent de-
carboxylation of 1-'4C-pyruvate, with residual
activity of total PDC, E1, E2, and E3 expressed
individually as nanomoles product/minute incu-
bation at 37°C/milligram total cell protein.
Preincubation of cells with DCA (which inhibits
PDK) or fluoride (which inhibits PDP) can be
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used to examine activation/inactivation of the
complex. Results obtained in patient cells
should be interpreted relative to clinical pre-
sentation and to enzyme activities obtained in
both concurrently assayed and previously mea-
sured (historical) control cell samples. In many
cases, a definitive diagnosis requires repeated
assay of cells from a single tissue sample or
from different tissue types (e.g., lymphocytes
and fibroblasts).

Several additional strategies have been em-
ployed as aids in the diagnosis of PDC defi-
ciency. These include: (1) mutational analysis,
based on sequencing of genomic DNA, comple-
mentary DNA, or both; (2) visualization of the
proteins of the complex by electrophoresis/
immunoprecipitation or electrophoresis/im-
munoblotting techniques; and (3) most re-
cently, an immunocytochemical method for
assaying the content of Elo protein in individ-
ual patient cells.

E1 Defects

Approximately 90 percent of biochemically
proven causes of PDC deficiency are due to
defects in the Elo subunit, which is on the X
chromosome. Both hemizygous males and het-
erozygous females are affected by this condi-
tion, such that Ela deficiency is represented
equally between the sexes. Most cases appear to
be new mutations. In other cases, the mother
may exhibit little or no clinical phenotype.
Three general classes of mutations in the Elo
gene have been identified (Okajima et al., 2005):

1. Missense point mutations, resulting in loss
of PDC catalytic activity without reduction
of Elo protein or mRNA (stable, im-
munoreactive, catalytically impaired en-
Zyme).

2. Deletions or exon-skipping mutations, re-
sulting in significant loss of Elo. mRNA
and protein (diminished Elo. synthesis).
These cells will likely also exhibit loss of
immunoreactive E1f protein since it has
been shown that the presence of both
subunits is required for stability of their
normal heterotetrameric structure.

3. Deletions, missense, or nonsense multa-
tions, resulting in loss of immunoreactive
Elo and, consequently, E1B without loss
of Eloc mRNA (unstable Elo).

In general, the clinical manifestations of E1o
deficiency are more severe in boys than in girls.

Greater variability of expression of the defect in
females is due to random inactivation (lyoniza-
tion) of one X chromosome during early embry-
onic development. Although all tissues from
affected females contain cells that express the
mutant gene, the relative distribution of normal
and mutated cells among tissues is stochastic.
Therefore, the clinical phenotype reflects pri-
marily the combined effects of three indepen-
dent factors:

1. The severity of the particular mutation,
meaning the level of residual PDC activity,
if any, that is retained by cells harboring
the mutant allele

2. The degree to which X inactivation (in fe-
males) involves the mutant allele in a
given tissue or organ

3. The susceptibility of a particular tissue to
factors 1 and 2 above, meaning the depen-
dency of that tissue on the PDC for sup-
porting its energy needs

This concept helps rationalize the clinical, bio-
chemical, and anatomical heterogeneity of pa-
tients with PDC deficiency (Table 7-3) and the
fact that the reported frequency of this X-linked
disease is similar between genders. It also ex-
plains the particular vulnerability of the CNS to
Elo mutations, given the rate-limiting quality of
PDC for fuel metabolism in nerve tissue and
experimental evidence that the complex must
operate at near capacityi.e., predominantly un-
phosphorylated) for normal brain function. In
heterozygous female individuals, even a modest
reduction of PDC activity in brain cells may limit
normal function, whereas more severe muta-
tions or a pattern of X inactivation favoring ex-
pression of the mutant allele will cause more
severe CNS consequences. Such variable expres-
sion of the defect within the brain may also ac-
count for the anatomical location and extent of
CNS structural abnormalities associated with
PDC deficiency and observed by brain imaging,
although this hypothesis has not been ad-
dressed experimentally.

The qualitatively and quantitatively variable
impact of the mutation also helps us to appre-
ciate the challenge in establishing an unequivo-
cal biochemical diagnosis, in which variability
within tissues (e.g., cultured fibroblast lines
derived from separate biopsies) and among tis-
sues (e.g., skin, muscle, leukocytes) of the en-
zyme deficiency is common. Although an
individual may exhibit striking lactic acidosis
and CNS clinical and neuroimaging findings



Table 7-3. Reported Clinical, Metabolic, and Anatomical Manifestations of Pyruvate

Dehydrogenase Complex Deficiency

Finding

Comment

Clinical
Failure to thrive
Developmental delay
Hypotonia
Mental retardation
Seizures
Choreoathetosis
Myoclonic jerks
Decerebrate posturing
Ataxia
Diminished deep tendon reflexes
Peripheral neuropathy
Cortical blindness
Ophthalmoloplegia
Ptosis
Dysphagia
Abnormal electrocardiogram
Respiratory disturbances
Cyanosis

Metabolic

Serum or plasma
T Lactate*
T Pyruvate
1 pH (venous)
1 pH (arterial)
T B-Hydroxybutyrate
| Bicarbonate
T Chloride
Anion gap
| Creatinine
T Ammonia
T Alanine
| Protein
T Uric acid

Urine
T Lactate
T Ketones
| Creatine clearance
T calcium
T Protein
T Amino acids
T Uric acids
 Fey, and Fepp,f
Fanconi syndrome¥
Cerebrospinal fluid
T Lactate

Anatomic
Cephalic
Microcephaly
Facial dysmorphysim$
Optic atrophy
Brain dysgenesis|

Most common early manifestations

Almost universal
Common; includes West syndrome

Formal nerve conduction testing required

Tachycardia, conduction abnormalities
Tachypnea; awake or sleep apnea

Highly variable

Highly variable

Common, but usually mild
Uncommon, unless in metabolic crisis
From poor feeding or ketogenic diet
Mild hyperchloremic, metabolic acidosis common

Low muscle mass

From block in pyruvate oxidation

Most common abnormalities

Often higher than corresponding blood level

Many features

Many features

(Continued)
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Table 7-3. (Continued)

Finding

Comment

Other
Short stature
Short fingers/arms
Simian creases
Renal dysmorphysim

Almost universal

Variable

*Persistently or intermitantly normal or moderately elevated (< 5 mmol/L) in stably ill patients.

TFractional excretion of sodium and phosphorus.

¥Based on the presence of at least three of the following findings: generalized aminoaciduria, glucosuria,
increased Fepg, decreased blood bicarbonate concentration.

SMay include narrow head, frontal bossing, low anterior hairline, upslanting eyes, wide nasal bridge, upturned
nose, long philtrum, flared nostrils, low set ears, micrognathia.

IMay include Leigh’s syndrome; hypogenesis/agenesis of corpus callosum; cerebral atrophy; ventriculomegaly;
ectopic olivary nuclei; hypoplasia of basal ganglia, cerebellum, and brainstem; cystic changes in cerebrum, basal

ganglia, and brainstem.

consistent with PDC deficiency, the inability to
biopsy the most affected tissues leads to a de-
pendence on measuring enzyme activity in al-
ternative cell types in which PDC activity is in
the normal range. For similar reasons, it may be
extremely difficult to prove biochemically
whether an apparently healthy female is a car-
rier of the mutation. Furthermore, the antena-
tal diagnosis of Elo deficiency in male fetuses
can be performed using currently available
measurements of enzymatic activity and im-
muno(cyto)chemical analyses described in the
“Diagnosis” section. However, in the case of fe-
male fetuses, normal enzymatic or immuno-
chemical findings do not exclude a diagnosis of
Ela deficiency.

It might be assumed that the amount of
residual Ela activity measured in cells (fibrob-
lasts, leukocytes) would correlate more closely
with clinical phenotype in males who are hem-
izygous for a mutation than in females, in whom
the biochemical expression of the defect de-
pends on the degree of lyonization. However,
there is generally poor correlation between
measured enzyme activity and clinical presenta-
tion and course, except for newborns of either
sex with marginal residual activity, in whom ful-
minant lactic acidosis usually portends death
within days or a few weeks of birth.Affected pa-
tients who survive the neonatal period may still
exhibit early clinical manifestations (Table 7-4),
intermittent or persistent hyperlactatemia, and

Table 7-4. Naturally Occurring Compounds of Unproven Efficacy Administered
Singly or in Combination to Patients with Pyruvate Dehydrogenase Complex

(PDC) Deficiency

Compound

Purported Mechanism

Carnitine

Lipoic acid
Coenzyme Q
Vitamins C and K

Raises CoASH/acetyl-CoA ratio
Antioxidant and PDC cofactor
Antioxidant and respiratory chain component

Facilitate electron transport by respiratory chain

Thiamine* PDC cofactor

Riboflavin Precursor of FAD (PDC cofactor)
Biotin® Pyruvate carboxylase cofactor
Vitamin E Antioxidant

CoA, coenzyme A.

*Rare cases of thiamine-responsive PDC deficiency have been well documented.

Biotin is a cofactor of various carboxylases, but its effectiveness in pyruvate carboxylase deficiency is
unproven. However, it has been used effectively in cases of biotinidase deficiency,a vary rare cause of

congenital lactic acidosis.
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CNS structural abnormalities, but their illness
tends to be more protracted, and the measured
biochemical defect tends to be less severe.

It is important to emphasize that the concen-
tration of blood lactate is a relatively insensitive
indicator of disease severity. Basal (postpran-
dial, resting) lactate levels may be normal or
only minimally elevated in clinically severely af-
fected patients unless a secondary stress (i.e.,
energy demand) such as a respiratory infection
or an asthmatic attack precipitates life-
threatening acid-base decompensation. Other
patients with similar measurable degrees of
residual PDC activity and symptomatology may
have persistent moderate (2-5 mmol/L) hyper-
lactatemia, often in association with decreased
blood bicarbonate and increased blood chlo-
ride levels, a mildly increased anion gap (usually
defined as the difference, in mmol/L, between
the sum of the serum concentrations of sodium
and potassium minus the serum concentrations
of chloride and bicarbonate; the normal anion
gap range is 12-14 mmol/L) and a modestly
depressed venous pH. In stably ill patients,
the circulating concentration of pyruvate usu-
ally mirrors that of blood lactate, so the lac-
tate/pyruvate ratio remains normal. The CSF
lactate level is often higher than the correspon-
ding blood concentration and probably reflects
the extreme vulnerability of the CNS to PDC de-
ficiency. Urinary lactate is frequently present
and is the principal organic acid anion excreted
in PDC deficiency.

Three cases of defects in E1f have been re-
ported. This condition is inherited in an autoso-
mal recessive manner.

E2, E3 and Binding Protein Defects

A small number of patients have been de-
scribed in whom there is good evidence for a
defect in the E2 (dihydrolipoyl transacetylase)
or E3 (dihydrolipyl dehydrogenase) gene or in
the HsPDX1 gene encoding the PDC binding
protein (BP). Clinical phenotype varies widely
and includes intermittent or persistent hyper-
lactatemia and a spectrum of cognitive function
from normal to profound psychomotor retarda-
tion with Leigh syndrome (a genetically hetero-
geneous condition characterized by
developmental delay or regression, lactic acido-
sis, and focal, symmetrical, necrotic, and de-
myelinating lesions of the basal ganglia of the
brain; also called subacute necrotizing en-
cephalomyelopathy).

No clinical signs distinguish patients with
these defects from each other or from patients
with Elo deficiency. The diagnosis is based on
determination first of a decrease in overall PDC
activity, followed by enzymatic evidence of a
deficiency in E2 or E3 or reduced expression of
E2, E3, or BP on immunoblotting, with normal
amounts of the other proteins, including Elo.
Patients with E3 mutations manifest combined
o-keto acid deficiency, with elevated concentra-
tions of pyruvate, lactate, o-ketoglutarate, and
branched-chain amino acids (valine, leucine,
isoleucine) in blood and increased excretion of
pyruvate, lactate, o-hydroxybutyrate, o-
ketoglutarate, and o-hydroxyisovalerate in
urine. Chorionic villus sampling was employed
to diagnose a female fetus with a large homozy-
gous deletion found at the 5' end of the
HsPDX1 coding sequence. This and other cases
of defective BP result in low residual activity of
PDC and illustrate the essential role of the BP in
preserving the overall structural and functional
integrity of the complex.

Pyruvate Dehydrogenase Phosphatase
Defects

At least four cases of PDC deficiency have been
described in which the intrinsic defect lay not in
the complex per se but in one of the two gene-
tically distinct isozymes required to dephospho-
rylate the serine residues of the Ela subunit.
The clinical signs of PDP deficiency do not dis-
tinguish it from primary defects of Elo, E1j3, E2,
E3, or BP. The most telling biochemical abnor-
mality reported to date has been the inability to
activate PDC in cells cultured with DCA. How-
ever, neither direct measurements of PDP activ-
ity nor mutations in the PDP gene have been
reported for any published case of phosphatase
deficiency.

THERAPY

Treatment of most patients with genetic mito-
chondrial diseases has been disappointing and
has usually been approached in a sporadic, un-
controlled manner. There is no proven therapy
for patients with PDC deficiency. Current strate-
gies rely on nutritional or pharmacological in-
terventions or both to improve patient quality
of life. Recent studies have also begun to ad-
dress the potential role of gene transfer for Elo.
defects.
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Nutritional “cocktails” are commonly pro-
vided patients with PDC deficiency or other
mitochondrial diseases (Table 7-4). While these
vary in composition, they are generally predi-
cated on the belief that (1) the components are
safe and (2) they may interdict at various points
in the process of oxidative phosphorylation to
enhance energy production or mitigate the ac-
cumulation of reactive oxygen species gener-
ated in abnormal amounts by a compromised
respiratory chain. However, use of two nutri-
tional interventions, so-called ketogenic diets
and high doses of thiamine (vitamin B,), are
more strongly anchored to sound biochemical
rationales and have been investigated widely, al-
beit anecdotally.

Ketogenic Diets

Ketogenic diets have been used for almost a
century in the treatment of epilepsy in chil-
dren. Although a compelling biochemical ra-
tionale for this intervention has never been
well defined, the usual ketogenic diet for
epileptics consists of a 4:1 caloric ratio of fats
to carbohydrates and proteins. Ketogenic diets
have also been employed to treat certain severe
acquired or congenital errors of intermediary
metabolism. Patients with PDC deficiency do
not oxidize carbohydrates efficiently; hence, the
pyruvate derived from glycolysis is more likely
to be reduced in the cytoplasm to lactate. In-
deed, carbohydrate-containing meals may exac-
erbate or precipitate life-threatening lactic
acidosis in patients with severe PDC deficiency.
This has led to the widespread use of high-fat
diets that induce ketosis and provide an alterna-
tive source of acetyl-CoA, particularly for the
CNS, which can utilize ketone bodies for en-
ergy metabolism (Fig.7-1). Case reports of a few
children with PDC deficiency whose clinical
course improved dramatically while following a
high-fat diet are consistent with this postulate.
Unfortunately, ketogenic diets have never
been applied in a consistent or controlled man-
ner to patients with PDC deficiency, leading to
considerable variation in both the quality and
quantity of fat calories provided to patients. In
general, however, published reports in which
the dietary composition has been specified typ-
ically include a caloric distribution of 55% to
80% fat, up to 25% carbohydrate, and 10% to
20% protein. Strong proponents of ketogenic di-
ets for PDC deficiency advocate a fat intake of

at least 75% of total calories. Traditionally, a high
proportion of the fatty acids provided by such a
regimen has been saturated fatty acids.

Despite the logic of ketogenic diets for PDC
deficiency on biochemical grounds, there are
several theoretical concerns regarding their
long-term use. For example, diets in which the
fat intake is relatively low (<65%) may contain
an amount of protein (to accommodate caloric
needs) that exceeds the age-adjusted recom-
mended dietary allowance. The acid load from
such diets could exacerbate the congenital
acid-base disorder in PDC-defective individuals
and could contribute to the renal hyperfiltra-
tion reported to occur in some patients. Keto-
genic diets may also cause hypercalciuria and
increase the risk of bone demineralization in
PDC deficiency.

Last, diets habitually high in fat can exert pro-
found effects on both carbohydrate and lipid
metabolism. Oxidation of long-chain saturated
fatty acids increases the intramitochondrial ra-
tios of acetyl-CoA/CoASH and NADH/NAD* and
consequently the activity of PDKs that re-
versibly phosphorylate and inhibit the PDC
(Table 7-3). Therefore, diets high in saturated
fats might further dampen any residual PDC ac-
tivity in affected patients. In contrast, polyunsat-
urated fatty acids, particularly those of the
omega-3 class, are reported to have opposite ef-
fects on PDC activity. Moreover, investigations
in animals and humans have demonstrated that
consumption of diets enriched in saturated fat
provoke deleterious effects on circulating con-
centrations of lipids and lipoproteins and in-
hibit the action of insulin on peripheral tissues.
In comparison, diets high in mono- or polyun-
saturated fatty acids tend to improve lipid me-
tabolism and insulin action.

In summary, cogent reasons exist for incor-
porating ketogenic diets into the standard of
care for PDC deficiency. Equally compelling rea-
sons exist for undertaking a prospective, rigor-
ously controlled evaluation of the long-term
benefits and risks of such regimens, particularly
regarding their nutrient composition.

Thiamine

Very high doses of thiamine, sometimes ex-
ceeding 2 g/day, are reported to benefit some
patients with PDC deficiency. TPP is an obli-

gate cofactor for the E1 component of the
PDC, and two molecules are bound to each
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0,3, tetramer. According to a model of the
TPP-binding site for El, the pyrophosphate
moiety of TPP is bound by means of a single
calcium ion to a site formed by closure of a
flexible loop of the a-subunit, whereas the thi-
azolium ring of TPP is bound to a site located
on the B-subunit.

Most early clinical descriptions of apparent
thiamine-responsive PDC deficiency were not
characterized biochemically to ascertain true
thiamine dependence. In subsequent reports,
immunochemical analyses have demonstrated
varied patterns of o- and B-subunit expression,
and in vitro studies of cultured cells have
sometimes found altered E1 enzyme kinetics
(high K, low V_ . for TPP. When molecular
genetic analyses have been undertaken, differ-
ent mutations have been identified within the
conserved TPP-binding motif that are consid-
ered to lead to diminished binding affinity for
TPP or to decreased stability of the o,f,
tetramer.

Dichloroacetate

DCA is the only drug that has been investigated
in detail for the treatment of PDC deficiency. It
inhibits PDKs and thus maintains Ela in its un-
phosphorylated, catalytically active form. DCA
is a potent lactate-lowering agent, primarily by
virtue of its effect on the PDC.The rationale for
its use in PDC deficiency is based on the expec-
tation it would stimulate residual enzyme activ-
ity in patients with either partial PDC activity
or enzyme heterozygosity. In the latter case, ac-
tivation of E1 by DCA in normal cells might
help decrease lactate accumulation in adjacent
defective cells and improve overall tissue or or-
gan energy metabolism.

Based on promising anecdotal reports, a ran-
domized, double-blind, placebo-controlled trial
of DCA was conducted in 43 children with con-
genital lactic acidosis due to deficiencies in
PDC or one or more respiratory chain com-
plexes or to a mutation in mitochondrial DNA
(mtDNA). Comparisons were made after 6
months of 12.5 mg/kg DCA, administered twice
daily by mouth or feeding tube, or placebo. All
patients received thiamine (1 mg/kg/day). DCA
was well tolerated and significantly decreased
blood lactate concentrations following carbohy-
drate meal challenges but did not alter various
clinical indices of neurological or neurobehav-
ioral function or the frequency or severity of

intercurrent illnesses or hospitalizations. Al-
though DCA may cause reversible peripheral
neuropathy and hepatotoxicity, the frequency
of these adverse events did not differ between
treatment groups. Following the double-blind
phase of this trial, 6 patients have continued re-
ceiving open-label DCA for up to 7 years with-
out toxicity. Four subjects have PDC Elo
deficiency, and their clinical course has re-
mained stable. It is unknown whether DCA
may be particularly effective in this or other
subgroups of patients with congenital lactic
acidosis.

Gene Transfer

Human gene therapy for genetic mitochondrial
diseases is in its preclinical infancy and has fo-
cused mainly on overcoming defects in
mtDNA. However, the central role of the PDC
in cellular energetics and the relatively high
frequency of PDC deficiency as a cause of con-
genital lactic acidosis make the complex an at-
tractive target for gene therapy. Furthermore,
since all the PDC components are nuclear en-
coded, evolutionary mechanisms already exist
for their importation from the cytoplasm into
the mitochondria, unlike proteins normally en-
coded by mtDNA.

Studies using recombinant adeno-associated
virus as a vector to deliver full-length Elo with
its own mitochondrial targeting presequence
have demonstrated the potential utility of this
strategy for defects in PDC. Transduction of
cells with the recombinant adeno-associated
virus Elo vector resulted in its localization in
mitochondria and in partial restoration of PDC
activity in cultured fibroblasts from a male pa-
tient with Ela deficiency. It is unknown
whether effective gene transfer of wild-type
Elo will depend on the type of mutation har-
bored by defective cells or whether enhance-
ment of enzyme activity can be achieved in
vivo, initially in an animal model of the disease.
This last goal is particularly challenging due to
the difficulty in generating viable offspring
from animals with targeted inactivation of the
Elo gene. Resolving these problems raises the
intriguing possibility of eventually combining
gene and pharmacological therapy for Ela defi-
ciency, in which successful gene transfer would
be followed by administration of DCA in the
hope of maximally dephosphorylating the
transgene.
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QUESTIONS

1. Based on the genetics of PDC, how could
the phenotypic heterogeneity between
identical twins Ann and Elizabeth be ex-
plained?

2. Why are some tissues more vulnerable to
inhibition of PDC activity, and how does
this selective tissue vulnerability explain
the cardinal clinical manifestations of the
disease?

3. What are the common classes of muta-
tions in the PDCA1 gene that give rise to
PDC deficiency?

4. Why might the measurement of PDC ac-
tivity vary markedly among cells from the
same patient?

5. What is the biochemical rationale for ke-
togenic diets in treating PDC deficiency,
and what are the potential caveats associ-
ated with their use?

6. What is the primary mechanism of action
of dichloroacetate, and why might pa-
tients with Elo deficiency be responsive
to this drug?
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Mitochondrial Encephalomyopathy,
Lactic Acidosis, and Strokelike Episodes (MELAS):
A Case of Mitochondrial Disease

FRANK J. CASTORA

CASE REPORT

A 17-year-old Caucasian female was referred to
a neurologist following a 3-day episode of se-
vere headache accompanied by repeated vom-
iting. She complained of weakness in her arms
and legs and of a general feeling of fatigue,
especially after minor amounts of exercise,
which left her “feeling exhausted.” She indi-
cated that she had suffered from migraine
headaches “since she was little,” and during
her recent episodes she had auditory and vi-
sual hallucinations. Her speech was slurred,
and she had slight paralysis of the right side
(hemiparesis).

Her birth history was normal. She was the
product of a nonconsanguineous marriage and
weighed 3850 gm after an unremarkable preg-
nancy, labor, and delivery. However, several mo-
tor and mental developmental milestones were
abnormal. She was of short stature (<25th per-
centile) and low weight (<15th percentile).
Since age 8 years, she had been identified as
learning impaired and had attended special ed-
ucation classes throughout elementary and sec-
ondary school.

On physical examination, the patient was
slightly febrile (38.4°C). Serum concentrations
of lactate (24.6 mg/dL) and pyruvate (3.8 mg/
dL) were elevated (normal values are 5-18 mg/
dL and 0.55-1.0 mg/dL, respectively). Her lac-
tate:pyruvate ratio was elevated as well (34:1;
normal range 10:1 to 20:1). Analysis of lumbar
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cerebrospinal fluid (CSF) showed an abnormally
high protein concentration of 0.66 mg/dL (nor-
mal range 0.18-0.58 mg/dL) and increased lac-
tate (3.7 mmol/L; normal is < 2.8 mmol/L) and
pyruvate (284 pmol/L; normal is 8-150 pumol/L).
An electroencephalogram indicated moderate
slowing of conduction in the right hemisphere,
and a computed tomographic (CT) scan showed
a hypodensity in the right temporoparietal
and occipital cortices. On audiometric examina-
tion, she was found to have decreased per-
ception of high tones and moderate bilateral
sensorineural hearing loss. Several of her ma-
ternal relatives (mother, grandmother, and ma-
ternal uncle) also had some degree of hearing
loss.

In addition to ptosis of the left eye (Fig. 8-1),
bilateral external ophthalmoplegia (paralysis
of some or all of the muscles of the eye) and
proximal muscle weakness were observed
during the neurological examination. Magnetic
resonance imaging (MRI) of the brain re-
vealed signal intensity and diffusion coefficient
changes compatible with acute ischemic infarct
as well as some degree of cerebellar and cere-
bral atrophy.

The presence of lactic acidosis, bilateral
hearing loss, progressive muscle weakness, and
strokelike episodes was suggestive of a mito-
chondrial disorder. DNA extracted from periph-
eral blood cells from the patient, her mother,
grandmother, mother’s brother, and symptom-
less younger sister was positive for a mutation
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Figure 8-1. Ptosis (droopy eyelids). The patient
shown here has left eye ptosis, a drooping of the
left upper eyelid, most likely due to paralysis of the
third nerve or to loss of sympathetic innervation.

at nucleotide position 3243 of the mitochond-
rial DNA (mtDNA) genome.

DIAGNOSIS

Mitochondrial encephalomyopathy, lactic acido-
sis, and strokelike episodes (MELAS) is a pro-
gressive neurodegenerative disorder with high
morbidity and mortality. Early death is a com-
mon outcome. The reported ages of patients
with MELAS at the time of death range from 10
to 35 years, but patients alive in their 50s also
have been described. Most deaths are due to
medical complications; a few are a result of sta-
tus epilepticus (an epileptic seizure that lasts
more than 30 minutes or a constant or near-
constant state of having seizures without gain-
ing consciousness between them).

The typical presentation of patients with
MELAS includes mitochondrial encephalomy-
opathy (a disorder causing both brain and mus-
cle cells to function abnormally), lactic acidosis,
and strokelike episodes. In addition, neurosen-
sory hearing loss and diabetes mellitus are
sometimes present as part of this syndrome. It
is also not unusual to find multiple organ sys-
tems involved, including the central nervous
system, skeletal muscle, eye, cardiac muscle,
and, more rarely, the gastrointestinal system.
The physical examination will often include an
assortment of nonspecific findings such as
short stature, muscle weakness, and cognitive
and psychiatric problems (e.g.,learning difficul-
ties, dementia, psychosis, personality disorders).
Cardiomyopathy with signs of congestive heart
failure may also be observed in the physical
examination. On ophthalmologic examination,
some patients may present with ophthalmople-
gia, ptosis, and pigmentary retinopathy (heredi-
tary, progressive degenerative disease of the eye
marked by atrophy and pigment changes in the

retina, constriction of the visual field, and even-
tual blindness).

Strokelike episodes are the hallmark feature
of this disorder. In many patients with MELAS,
presentation occurs with the first stroke-like
episode, usually when an individual is aged
4-15 years. Episodes initially may manifest with
vomiting and headache that may last up to
several days. These patients also may be af-
fected with episodes of seizures and visual ab-
normalities followed by hemiplegia (total or
partial paralysis of one side of the body).
Seizure types may be tonic-clonic or myoclonic.
Migraine or migrainelike headaches observed in
these patients also may reflect the strokelike
episodes. Pedigrees of patients with classic
MELAS identify many members whose only
manifestations are migraine headaches.

Some patients may experience hearing
loss, which may accompany diabetes. Usually,
type 2 diabetes is described in individuals with
MELAS, although type 1 or insulin-dependent
diabetes also may be observed. Palpitations
and shortness of breath may be present in
some patients with MELAS secondary to car-
diac conduction abnormalities such as Wolff-
Parkinson-White syndrome. Acute onset of
gastrointestinal manifestations (e.g., acute onset
of abdominal pain) may reflect pancreatitis,
ischemic colitis, and intestinal obstruction.
Numbness, tingling sensation, and pain in the
extremities can be manifestations of peripheral
neuropathy. Some patients may have the pre-
sentation of Leigh syndrome (i.e., subacute
necrotizing encephalopathy).

A CT scan or MRI of the brain following a
strokelike episode reveals a lucency (an area of
luminosity) that is consistent with infarction.
Later, cerebral atrophy and calcifications may
be observed on brain imaging studies. The vas-
cular territories of focal brain lesions and the
prior medical history of these patients differ
substantially from those of typical patients with
stroke. Serial MRI studies often demonstrate
lesion resolution, differentiating these lesions
from typical ischemic strokes. An electroen-
cephalogram is often performed when seizures
are a concern. This is especially necessary in
MELAS since patients occasionally have in-
tractable status epilepticus as a terminal condi-
tion. Mental deterioration usually progresses
after repeated episodic attacks. Psychiatric
abnormalities (e.g., altered mental status,
schizophrenia) may accompany the strokelike
episodes. The encephalopathy may progress to
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dementia, and eventually the patient may be-
come cachectic and die. Another cause of
high mortality is the less-common feature of
cardiac involvement. Causes can be a hyper-
trophic cardiomyopathy and conduction abnor-
malities, such as atrioventricular blocks or
Wolff-Parkinson-White syndrome.

When a patient is suspected of having a mito-
chondrial disorder such as MELAS, the physician
will usually combine clinical, biochemical, and
morphological information to establish a diag-
nosis. Often, the diagnosis of a mitochondrial
disorder is obtained by a three-tiered testing ap-
proach. The initial, noninvasive screening will
include basic glucose and electrolyte analysis,
and blood counts. In addition, screening for a
variety of metabolic disorders that could give
rise to similar symptoms will be performed.
These include: thyroid and parathyroid disorders,
Cushing syndrome, inflammatory myopathies
(immune cells invading muscle tissue), en-
docrinopathies (diabetes), and collagen vascular
diseases. Blood and urine ammonia, ketones, and
lactic acid levels will also be determined.

If the history, physical findings, and labora-
tory results are suggestive but not conclusive
of a particular mitochondrial disease (e.g.,
MELAS), then a second tier of tests is per-
formed. These include: blood and CSF lactate
and pyruvate, as well as the lactate/pyruvate ra-
tio; timed or random measurement of amino
acids in blood, urine, and CSF; organic acids in
urine and CSF; and ketones and free and total
carnitine in blood and urine.

Lactic acidosis is a very important feature of
this disorder. After first eliminating the more
common causes of lactic acidosis, such as tissue
hypoxic-ischemic injury, hyperglycemia, and hy-
poglycemia, the assessment of lactic acidosis in
MELAS patients can be critically important in
reaching the correct diagnosis of this disorder.
In general, lactic acidosis does not lead to sys-
temic metabolic acidosis, and it may be absent
in patients with significant CNS involvement. In
some individuals with MELAS, acid levels may
be normal in blood but elevated in CSE In respi-
ratory chain defects, the ratio between lactate
and pyruvate is high. Characteristics of lactic
acidosis in MELAS are unique. Arterial lactate
and pyruvate are high, and CSF lactate also may
be high. Lactate and pyruvate may increase sub-
stantially with exercise. In concert with the ab-
solute increases in lactate and pyruvate, the
lactate/pyruvate ratio usually is increased as
well. Unlike tissue-injury lactic acidosis where

an increased ratio is coincident with decreased
O, saturation, the increased lactate/pyruvate ra-
tio of MELAS patients is observed at normal O,
saturation.

Positron emission tomographic (PET) stud-
ies may reveal a reduced cerebral metabolic
rate for oxygen utilization, while single-photon
emission computed tomographic (SPECT) stud-
ies can ascertain strokes in individuals with
MELAS by using a tracer, N-isopropyl-p-[123-I]-
iodoamphetamine. The tracer accumulates in
the parieto-occipital region, and it can delineate
the extent of the lesion. SPECT studies are used
to monitor the evolution of the disease.

At this point, if the results have suggested a
specific mitochondrial disorder (e.g., MELAS),
then mtDNA isolated from blood cells can be
tested for any known mutations associated with
the suspected disorder. Unfortunately, many
disease-causing mutations are not detectable in
mtDNA isolated from blood cells (because of
the rapid turnover in these cells, defective mito-
chondria are often lost). Therefore, inconclusive
results may warrant further testing.

This third tier of diagnostic tests includes re-
peat testing for some of the same compounds as
before but now under different conditions (e.g.,
after a fast or during an illness). In addition, a skin
or muscle biopsy will be performed.As these last
procedures are very invasive, the costs and risks
must be compared to the benefits gained from
establishing the diagnosis. Furthermore, although
most hospitals can perform many of the basic
diagnostic tests, few are equipped to perform
all the metabolic or molecular genetic tests re-
quired. Therefore, material from the skin or mus-
cle biopsy must be appropriately prepared and
shipped to the performing laboratory to main-
tain the integrity of the sample.

The biopsy material is used to obtain bio-
chemical, morphological, and genetic infor-
mation to establish a diagnosis. Mitochondria
isolated from the fresh muscle biopsy or from
cells (fibroblasts) cultured from the skin biopsy
can be used to measure respiratory chain activ-
ity by polarography. This procedure measures
O, consumption as different respiratory chain
substrates are added to the mitochondrial sus-
pension.

A recurring feature of MELAS and many
other mitochondrial disorders is the presence
of ragged red fibers that are demonstrable after
treating the muscle cells with modified Gomori
trichome stain (Fig. 8-2). The muscle biopsy is
positive for ragged red fibers in at least 85% of
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Figure 8-2. Histochemical staining of muscle fibers. Left: Gomori trichome stain show-
ing abnormally proliferating ragged red fibers (arrows). Center: Cytochrome oxidase
(respiratory Complex IV) staining showing fibers with reduced or absent staining (long,
thin arrow) and fibers with increased cytochrome oxidase staining (short, thick arrow).
Right: Succinate dehydrogenase (respiratory Complex II) staining with arrows indicating
fibers with increased succinate dehydrogenase.

MELAS cases. Ragged red fibers, common to
MELAS, myoclonic epilepsy with ragged red
fibers, Kearns-Sayre, and overlap syndromes, re-
flect proliferation of abnormal mitochondria
under the sarcolemma. However, some patients
with MELAS do not develop such a proliferation
of abnormal subsarcolemmal mitochondria, so a
negative muscle biopsy finding, particularly
early in the course of disease progression, does
not preclude consideration of this syndrome.
Enzyme histochemical staining of muscle
fibers can identify abnormal levels of respira-
tory Complexes II, IV, and V, while specific
immunohistochemical stains can be used to

evaluate specific respiratory chain subunits
(e.g., subunit I or II of cytochrome ¢ oxidase).
Muscle fibers from patients with MELAS will of-
ten show significantly increased staining for
succinate dehydrogenase (respiratory Complex
ID) as well as reduced staining for cytochrome
c oxidase (respiratory Complex IV), although
normal or excessively positive staining for cy-
tochrome oxidase can be seen in some ragged
red fibers (Fig. 8-2).

Fresh or even frozen muscle can be used to
determine electron transport chain (ETC) ac-
tivity by spectrophotometric assays. Patients
with MELAS have been found to have marked
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deficiency in the activity of complex I of the
respiratory chain. Some patients with the disor-
der have a combined deficiency of Complex I
and Complex IV. Morphologically abnormal mi-
tochondria, some with paracrystalline bodies, as
well as abnormally proliferating mitochondria
can also be visualized by electron microscopy.

Molecular analysis of mtDNA from muscle
biopsies often provides a definitive diagnosis of
MELAS. Individuals with more severe clinical
manifestations of MELAS generally have greater
than 80% mutant mtDNA in postmitotic tissues
such as muscle. In approximately 80% of MELAS
cases, the responsible mutation is an A - G
base substitution at nucleotide position 3243.
A smaller subset of MELAS patients (7.5%)
possesses a different point mutation, a T — C
transition at nucleotide position 3271. At least
eight additional point mutations and one four-
base pair deletion mutation also have been de-
scribed.

BIOCHEMICAL PERSPECTIVES

Mitochondrial myopathies are a heterogeneous
group of disorders that usually involve multiple
organ systems and that display a wide variety
of symptoms, including muscle weakness,
retinopathy, deafness, seizure, cardiac conduc-
tion defects, cardiomyopathy, and lactic acido-
sis. The earliest report of a mitochondrial
disorder can be traced to Theodur Leber’s de-
scription in 1871 of a patient suffering from bi-
lateral vision loss and retinopathy (Howell,
1999), although at that time it was not known
to be a mitochondrial disease.The first disease
proposed to be a mitochondrial disorder was
reported in 1962 when Luft and coworkers de-
scribed a female with polydipsia (abnormal
thirst), polyphasia (extreme talkativeness), ex-
cessive sweating, and a basal metabolic rate
twice the norm. It was 26 years later that the
first reports of evidence associating mtDNA
mutations with two mitochondrial diseases,
Leber’s hereditary optic neuropathy (Wallace et
al.,, 1988) and Kearns-Sayre syndrome (Lesti-
enne and Ponsot, 1988), were published.

The mitochondrion, in addition to being the
“powerhouse of the cell” (because it generates
more than 90% of the ATP used by the cell), is
also the site of fatty acid oxidation, the tricar-
boxylic acid (TCA) cycle, electron transport,
and amino acid metabolism. Central to the uti-
lization of fuel molecules—carbohydrates, pro-

tein, and fats—is the catabolism of these large
macromolecules into smaller molecules that
serve as substrates for the TCA cycle. Carbohy-
drates and fats are metabolized to acetyl-CoA,
which is also used in the TCA cycle to con-
dense with oxaloacetate to form citrate. Pro-
tein degradation also results in the generation
of acetyl-CoA (from metabolism of 11 of the
amino acids) as well as in amino acids that
serve as precursors for several of the TCA cycle
intermediates.

In addition to the obvious role in the ca-
tabolism of macromolecules, the TCA cycle
provides numerous intermediates for anabolic
reactions, such as the synthesis of porphyrins
from succinyl-CoA, purines from o-ketoglutarate,
pyrimidines from fumarate and oxaloacetate,
and proteins from amino acids derived from ox-
aloacetate, fumarate, and o-ketoglutarate.

The oxidation of the fuel molecules that enter
the TCA cycle results in the release of carbon
dioxide and the formation of the reduced elec-
tron carriers NADH and FADH,.To maximize the
recovery of energy (in the form of ATP) from
these fuel molecules, the electrons carried by
NADH and FADH, are transferred to the electron
transport chain (ETC), a series of five complexes
embedded in the inner mitochondrial mem-
brane.The ETC is designed to recover the energy
of the various fuel molecules by coupling the
transfer of electrons down the ETC to the syn-
thesis of ATP, the energy currency of the cell,in a
process termed oxidative phosphorylation (OX-
PHOS). A diagram of the components of the OX-
PHOS system is shown in Figure 8-3.

Electrons enter the ETC at respiratory Com-
plexes I and II. The electrons from NADH enter
at respiratory Complex I (RC I, NADH dehydro-
genase) with the concomitant oxidation of
NADH to NAD*. The electrons carried by
FADH, are transferred to RC II (succinate dehy-
drogenase) as the FADH, is oxidized to FAD and
succinate is reduced to fumarate. These elec-
trons from RC I and II are transferred to the
quinone form of coenzyme Q (CoQ), which de-
livers them to RC III (UQ-cytochrome c reduc-
tase). Cytochrome c then accepts the electrons
from RC III, and the reduced cytochrome c is
reoxidized as it delivers the electrons to RC 1V,
cytochrome c oxidase. The electrons are then
used by RC IV to reduce molecular oxygen to
water.

At RC L III, and 1V, the transfer of electrons is
accompanied by the pumping, by these com-
plexes, of H* in the mitochondrial matrix across
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Figure 8-3. The components of oxidative phosphorylation located in the inner mem-
brane of the mitochondria. ADP, adenosine diphosphate; ATP, adenosine triphosphate;

NADH, nicotinamide adenine dinucleotide.

the impermeable mitochondrial inner mem-
brane into the intermembrane space. The in-
creased accumulation of H* on the cytosolic
side of the inner membrane establishes both a
proton and electrical gradient. Ultimately, the
gradient potential is used to drive H* back into
the mitochondrial matrix through a channel in
the ATP synthase (RCV).This flow through the
synthase provides the energy necessary for the
synthesis of ATP by the condensation of inor-
ganic phosphate with ADP.

As seen in Figure 8-4, disruption in the flow
of electrons through the ETC can lead to an in-
crease in NADH depending on the location of
the block in electron transport.The increase in
NADH will shut down the TCA cycle via spe-
cific inhibition of key TCA enzymes by NADH.
The buildup of NADH will thus result in deple-
tion of NAD™ stores. How are the NAD" levels
restored? The NADH is used to reduce pyruvate
to lactate, as indicated in the following diagram:

0
0

7

CH;C—C_ + NADH + H' —»
o

Pyruvate

H
7 +
CH;—CH—C_ + NAD
o-

Lactate

For patients with MELAS and other mito-
chondrial disorders, this reaction can result in

development of lactic acidosis as elevated lev-
els of lactate create lower pH in the cell.

Another consequence of the failure of elec-
trons to move completely through the ETC is
the increased release of reactive oxygen species
(ROS) such as superoxide anion (O,") in the
mitochondrion. Such ROS are produced as oxy-
gen molecules react with electrons at the CoQ
or RC I stage. The superoxide and other ROS de-
rived from it (H,0, and OH¢) cause damage to
nearby proteins, membranes, and nucleic acids.

Approximately 1000 proteins comprise the
mitochondrion; the majority are encoded on
genes located on nuclear DNA. In fact, as seen
in Figure 8-5, the mtDNA encodes only 13 pro-
teins. These mtDNA-encoded proteins are the
seven subunits (ND1, 2, 3, 4, 4L, 5, and 6) of the
NADH-dehydrogenase (RC I); one subunit (cy-
tochrome b) of RC III; three subunits (CO I, II,
and III) of cytochrome ¢ oxidase (RC IV); and
two subunits (A6 and A8) of the ATP synthase
(RC V). All of these proteins are components of
the ETC or the ATP synthase involved in
OXPHOS. In addition to these 13 protein-
coding genes, the mtDNA encodes 22 mito-
chondrial transfer ribonucleic acids (tRINAs)
and two ribosomal RNA (rRNA) molecules (the
large 16S rRNA and the small 12S rRNA).

As can be seen in Table 8-1, the respiratory
complexes of the OXPHOS system are multi-
subunit complexes, all except RC II having
subunits encoded by both nuclear and mito-
chondrial genes.

Mutations in the nuclear genes that specify
mitochondrial proteins can lead to mitochond-
rial disorders that obey Mendelian genetics. For
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Figure 8-4. The effect of the MELAS mutation on mitochondrial function is to interfere
with function of respiratory Complex I or I and IV, leading to increased levels of NADH
and thus also of lactate. CoQ, coenzyme Q; MELAS, mitochondrial encephalomyopathy,

lactic acidosis, and strokelike episodes; RC, respiratory complex.

example, some mitochondrial disorders result-
ing from large and or multiple deletions in
mtDNA, such as Kearns-Sayre syndrome and
chronic progressive external ophthalmoplegia,
are found in some cases to be autosomal domi-

nant, indicating a nuclear-encoded gene as the
defect responsible for the production of deleted
mtDNA. On the other hand, a number of mito-
chondrial disorders resulting from mutations in
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Figure 8-5. The human mtDNA molecule (16,569 bp) showing the 13 protein-coding
genes, 2 rRNA genes, and the 22 tRNA genes as well as the D-loop region containing the
heavy strand and light strand promoters Py and P, respectively,and the heavy strand ori-
gin of replication Oy;.Also shown is the light strand origin of replication O, and the lo-
cation of the A3243G MELAS (mitochondrial encephalomyopathy, lactic acidosis, and
strokelike episodes) mutation within the transfer RNA<" gene. Cyt, cytochrome.

mtDNA will usually appear sporadic or follow
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Table 8-1. Nuclear and Mitochondrial DNA-
Encoded Subunits of the OXPHOS Complexes

Respiratory Nuclear Mitochondrial
Complex DNA DNA

I 39 7

II 4 0

I 10 1

v 10 3

v 14 2

matrilinear inheritance. A typical pedigree of a
family with MELAS is shown in Figure 8-6. Note
the strict maternal inheritance. Only offspring
of affected mothers are themselves affected;
none of the affected males pass on their mito-
chondrial disease.

Maternal inheritance is one of several inter-
esting features of mitochondrial genetics.There
are three other aspects of mitochondrial inheri-
tance that are important. The first is replicative
segregation leading to heteroplasmy (the pres-
ence of both mutant and wild-type mtDNA mol-
ecules within a cell or tissue). During cell
division, mitochondria distribute to daughter
cells according to their position in the cell dur-
ing cytokinesis. Thus, if mutant mitochondria
are concentrated in a particular area of the cy-
toplasm, then these mutant mitochondria may
locate as a group in one of the daughter cells.
Thus, a parental cell containing only 10% mu-
tant mitochondria may give rise to a daughter
cell with 20% mutant mitochondria after a sin-
gle cell division. In this way, the mutant load in
a muscle or brain cell may steadily increase dur-
ing the natural aging process.

The second is the threshold effect describing
the different degrees of dependency of various
tissues on OXPHOS. For example, the brain and

CNS have the highest demand of all the cells in
the body for OXPHOS to provide ATP for nor-
mal function. Cardiac and skeletal muscle have
the next highest need for OXPHOS, while the
endocrine system and skin have lesser require-
ments for OXPHOS. Thus, as mitochondrial
function fails due to deleterious mutations in
mtDNA, often the earliest manifestations of
such mitochondrial distress is seen in neurolog-
ical and muscular abnormalities.

The third aspect is the high error rate and
lack of efficient DNA repair systems, leading to
a high mutation rate for mtDNA. It is estimated
that mtDNA is 7-17 times more prone to muta-
tion than somatic DNA. These aspects of mito-
chondrial biogenesis lead to the production of
mutant mtDNA, contributing to the overall de-
gree of heteroplasmy in human tissues.

MELAS is a mitochondrial genetic disease. At
least 10 different causative point mutations
have been described in mtDNA, 5 of which are
located in the same gene, the tRNAlcv WUR
gene. The most common mutation, initially re-
ported in 1990 by Goto and coworkers (Goto
et al., 1990) and found in 80% of individuals
with MELAS, is an A — G transition at nu-
cleotide pair (np) 3243 (A3243G) in the dihy-
drouridine arm of the tRNAMY (WUR gene. An
additional 7.5% have a heteroplasmic T — C
point mutation at np 3271 (T3271C) in the ter-
minal nucleotide pair of the anticodon stem of
the tRNALew WUB gene. Other mutations in this
gene known to be associated with MELAS are
A3252G, C3256T,and T3291C. In addition, there
are several other mutations in this gene that are
linked to other mitochondrial diseases having
characteristics different from the group defin-
ing the MELAS syndrome.

Since both normal and abnormal mitochon-
dria may be present in tissues (heteroplasmy),

ze

Figure 8-6. Four generations of a family with the mitochondrial disorder MELAS (mito-
chondrial encephalomyopathy, lactic acidosis, and strokelike episodes). Note that only
female affected members will pass on the mutation to their offspring.
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the clinical presentation of MELAS can be het-
erogeneous. Measurements of respiratory en-
zyme activities in intact mitochondria have
revealed that more than one half of the patients
with MELAS may have Complex I or Complex
I +1IV deficiency. The occurrence of strokelike
episodes, sensorineural hearing loss, pigmen-
tary retinal degeneration, heart involvement,
and recurrent vomiting or abdominal pain can
vary significantly among individual cases.

In the United States, as in the worldwide
population, the frequency of the A3243G MELAS
mutation is 16.3 per 100,000. Males and females
are equally affected. This high prevalence
suggests that mitochondrial disorders may con-
stitute one of the largest diagnostic categories
of neurogenetic diseases among adults.

The presence of this most abundant MELAS-
associated mutation, the A3243G mutation, can
be quickly determined using a combined PCR
amplification of mtDNA followed by treatment
of the PCR product with the restriction enzyme
Apa 1. As seen in Figure 8-7,a 372-base pair (bp)
PCR product would be generated from this re-
gion of the mtDNA molecule. The cleavage of
this 372-bp product by Apa I (which recognizes
and cleaves at the sequence 5-GGGCCC-3") into
263- and 109-bp fragments would indicate the
presence of the A3243G mutation. The intensity
of the DNA bands can be quantitated and re-
lated to the proportionate amounts of wild-type
and mutant mtDNA present in the sample. This
assay, therefore, not only detects the presence of
the mutation but also measures the degree of
heteroplasmy. This is very useful because often
the level of heteroplasmy will correlate with the
severity of the symptoms observed and can be
predictive of the effective response to treatment
protocols. All of the family members tested in
Figure 8-7 possessed the A3243G mutation. The
sample from the proband had the highest pro-
portion of mutant mtDNA, 71%.

Mutations in tRNALY WUR may be expected
to have an important effect on protein synthesis
in mitochondria. The MELAS-associated human
mitochondrial tRNAM" WUB mutation causes
aminoacylation deficiency and a concomitant
defect in translation initiation (Borner et al.,
2000). The expected result would be a deficit in
general mitochondrial protein synthesis with re-
sulting deficiencies of multiple OXPHOS com-
ponents. Patients with MELAS disorder have
been found to have a marked decrease in the ac-
tivity of respiratory Complex I with a secondary
reduction in the activity of Complex IV.

- — 109

Figure 8-7. MELAS (mitochondrial encephalomy-
opathy, lactic acidosis, and strokelike episodes) as-
say using restriction enzyme Apa I to detect the
presence of mutant mtDNA in skeletal muscle
biopsies. GM, grandmother; M, mother; P, proband;
U, maternal uncle. The uncut PCR product is
372 bp. The presence of the MELAS mutation re-
sults in cleavage into 263- and 109-bp fragments.

It is interesting to note the high number of
mutations in this region of the mtDNA. There is
a further interesting aspect of this particular re-
gion of the mtDNA that might explain the ex-
traordinary number of pathologic mutations
concentrated in this length of DNA sequence.
In addition to encoding the tRNAUUUR gene,
this region of mtDNA codes for a signal respon-
sible for terminating transcription through the
two rRNA genes. As seen in Figure 8-8, the
tRNALCUUUR gene follows immediately after
the 16S large rRNA gene.

Although transcription of the heavy strand of
mtDNA initiates from the heavy strand pro-
moter (P;) and proceeds completely around
the circular mtDNA molecule, this fulllength
transcript is only made about 10% of the time.
The other 90% of the time a truncated tran-
script from the heavy strand promoter termi-
nates after the 16S rRNA gene. How does
this happen? The nucleotides marked with an
asterisk in Figure 8-8 form a transcription
termination signal that, when bound by a mito-
chondrial termination factor, causes the mito-
chondrial RNA polymerase to dissociate from
the mtDNA and cease transcription. It is pro-
posed that alterations in the DNA sequence of
this tRNA gene therefore not only may affect
the role of the tRNA in protein synthesis but
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Figure 8-8. The mitcochondrial tRNALUUUR
gene. The diagram shows the position of the
A3243G mutation. The nucleotides marked with
an asterisk are involved in termination of tran-
scription.

also may interfere with proper metabolism of
mitochondrial RNA.

THERAPY

Although there is no cure for MELAS or any of
the mitochondrial diseases, palliative treat-
ments are available while others are being de-
veloped to alleviate symptoms and to slow the
progression of the disease (Shoffner and Wal-
lace, 1994). In general, the responses to treat-
ment seem to be better for those patients with
less-severe disease. Modifying the diet, adding
vitamins and other supplements, and minimiz-
ing or avoiding external stresses are important
approaches to managing the patient with
MELAS. Although the long-term effects of di-
etary manipulations are unknown, it is impor-
tant for the MELAS patient to maintain a good
nutritional status, to remain properly hydrated,
and to avoid fasting. Treatment must be tailored
to each patient as the effectiveness of these
treatments varies on an individual basis.

The goal of the metabolic therapies is to in-
crease the production of ATP and interrupt

the progression of this mitochondrial disorder.
Metabolic therapies used for the management
of MELAS include: CoQ),,, idebenone, dichloroac-
etate (DCA), carnitine, menadione, phyllo-
quinone, ascorbate, riboflavin, nicotinamide,
succinate, and creatine monohydrate. A lack of
long-term follow-up has hampered evaluation
of these drug therapies.

The raison d’étre for each of these metabolic
therapies varies. CoQ,, is a naturally occurring
substance that stabilizes respiratory complexes
located in the mitochondrial inner membrane.
It also scavenges free radicals and acts as a po-
tent antioxidant. Treatment with CoQ,, has
been reported to reduce serum lactate levels
and to improve muscle weakness in some
patients with MELAS. Idebenone (an analogue
of coenzyme Q,, capable of crossing the blood-
brain barrier) may stimulate OXPHOS function
in the mitochondria of brain cells as well as in-
crease cerebral metabolism. It also stimulates
mitochondrial respiratory activity by protecting
mitochondrial membranes from lipid peroxi-
dation. However, CoQ,, has been shown to
mediate mitochondrial uncoupling through the
production of superoxide free radicals, so pro-
longed exposure to elevated concentrations of
CoQ,, or idebenone may in fact lead to in-
creased free-radical damage and compromised
mitochondrial function.

DCA is an inhibitor of pyruvate dehydrogenase
kinase, the enzyme that regulates pyruvate dehy-
drogenase (PDH) activity by phosphorylation of
the E, subunit,leading to a decrease in PDH activ-
ity (see Chapter 7). DCA has been used to lower
lactate levels in some patients with MELAS. Stimu-
lation of PDH activity reduces the release of
lactate from peripheral tissues and enhances its
metabolism by the liver. Since prolonged use of
DCA may lead to sensory neuropathy, treatment
must be closely monitored.

Supplementing the diet with carnitine may
stimulate the uptake of long-chain fatty acids
into affected cells. Fatty acid oxidation within
the mitochondrion will generate acetyl-CoA,
which when oxidized in the TCA cycle will pro-
duce NADH and FADH, to feed into the ETC.
Carnitine also shuttles potentially toxic fatty
acid catabolic by-products out of the mitochon-
drial matrix to the kidney for excretion in the
urine.

Succinate is an intermediate formed during
the metabolism of acetyl-CoA that has entered
the TCA cycle. This intermediate can donate
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electrons directly to RC II (succinate dehydro-
genase). Succinate treatment has been used for
a patient with MELAS, who showed significant
improvement, suffering fewer strokelike
episodes when treated with 6 g/day sodium
succinate. Creatine monohydrate also has been
used in some patients, and an increase in mus-
cle strength in high-intensity anaerobic and aer-
obic activities has been reported. This effect
may be related to increased intracellular crea-
tine/phosphocreatine content, which may be
involved in maintaining cellular ATP and in
stabilizing the mitochondrial permeability tran-
sition pore, with subsequent reduction of neu-
ronal death due to apoptosis.

Menadione (vitamin K3), phylloquinone (vita-
min K,), and ascorbate (vitamin C) have been
used to donate electrons to cytochrome c.
For example, ascorbate is oxidized to dehy-
droascorbate as it uses its electrons to reduce
cytochrome c directly. The dehydroascorbate is
quickly reduced to ascorbate in the mitochon-
drion by NADH or FADH,. Menadione appears
to improve cellular phosphate metabolism and
to enhance electron transfer after a respiratory
Complex I block.

Riboflavin (vitamin B,) has been reported to
improve the exercise capacity of a patient with
Complex I deficiency. After conversion to flavin
monophosphate and FAD, riboflavin functions
as a cofactor for electron transport in Complex
I, Complex II, and electron transfer flavopro-
tein. Nicotinamide has been used because
Complex I accepts electrons from NADH and
ultimately transfers electrons to Q.

Medications such as B-blockers, calcium
channel blockers, digoxin, and amiodarone
can be used to control cardiac conduction
abnormalities (arrhythmias), and a pacemaker
may be inserted to combat heart failure. The
general supportive care measures used in
acute stroke syndromes also should be fol-
lowed. Death in patients with MELAS is usually
the result of cardiac failure, pulmonary embo-
lus, or renal failure.

Status epilepticus can occasionally be fatal;
therefore, seizures should be treated aggres-
sively. Seizures can be managed with antiepilep-
tic medications such as carbamazepine. The
common antiepileptic drug valproic acid is con-
traindicated because it depletes the body of car-
nitine, which may in fact exacerbate symptoms.
The potential risk of stroke may be reduced us-
ing appropriate medication. The complications

of diabetes can often be managed through di-
etary and nutritional modification and by ap-
propriate medications.

In patients with MELAS and other mitochon-
drial disorders, moderate treadmill training may
result in improvement of aerobic capacity and
a drop in resting and postexercise lactate lev-
els. Concentric exercise training (by which
muscle cells shorten to exert force on an ob-
ject, as in lifting a weight) also may play an im-
portant role since after a short concentric
exercise training, a remarkable increase report-
edly occurs in the ratio of wild-type to mutant
mtDNAs and in the proportion of muscle fibers
with normal respiratory chain activity (Taivas-
salo et al., 1999).If conditions such as cardiomy-
opathy (a structural or functional disease of
heart muscle marked especially by hypertrophy
of cardiac muscle) are present, then exercise
should be restricted. A mild degree of aerobic
activity may lead to an improvement of aerobic
capacity; however, strenuous exercise may lead
to rhabdomyolysis (the destruction of skeletal
muscle tissue accompanied by the release of
muscle cell contents into the bloodstream).

QUESTIONS

1. How can you explain the observation
that, even within the same family, pa-
tients with the A3243G mutation may
manifest very different severity of symp-
toms?

2. Why would a physician recommend
avoiding fasting or to eat multiple smaller
meals during the day rather than the tradi-
tional three meals?

3. Some pediatric patients with MELAS react
badly when they are immunized against
common childhood diseases. Can you sug-
gest a reason why vaccination may exacer-
bate MELAS symptoms?

4. Which of the respiratory complexes
would you expect to be least affected by
mutations in mtDNA?

5. Although many mitochondrial diseases,
such as MELAS, will involve multiple or-
gans, neurological or neuromuscular ab-
normalities are often the earliest signs of
disease. Why?

6. Why does the A3243G mutation associ-
ated with MELAS lead to reduced activity
of respiratory complexes I and IV, while
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the point mutation at 11778 (within the
ND4 gene) associated with Leber’s heredi-
tary optic neuropathy affects only respira-
tory complex I?

7. Vitamin C (ascorbate) enhances the ab-
sorption of iron from the intestines. For
this reason, it is recommended that vita-
min C not be administered to a patient
with MELAS immediately prior to or sub-
sequent to a meal of red meat or other
foods rich in iron.What is the biochemical
basis for the concern about increased iron
availability to a patient with MELAS?
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Systemic Carnitine Deficiency:
A Treatable Disorder

ERIC P. BRASS, HARBHAJAN S. PAUL, and GAIL SEKAS

CASE REPORT

A 3.5-year-old boy presented to the emergency
room with hypoglycemia. The patient’s history
was remarkable for multiple episodes of altered
consciousness resulting in hospital admissions
since age 3 months. These episodes were char-
acterized by depressed mental status or coma
and hypoglycemia (blood glucose typically
15 mg/dL, normal 75-105 mg/dL). Seizure activ-
ity was noted on several admissions. On evalua-
tion, the patient was consistently noted to have
proximal muscle weakness, hepatomegaly, con-
gestive heart failure, elevations of serum transam-
inases (aspartate aminotransferase [AST], and
alanine aminotransferase [ALT]) to greater than
2000 IU/L (normal values 10-30 IU/L and 10-40
IU/L for AST and ALT, respectively) and elevated
serum creatine phosphokinase to greater than
1500 IU/L (normal <175 IU/L).

The patient was born to nonconsanguineous
parents from Chihuahua, Mexico, after an un-
complicated pregnancy and delivery. A brother
had died at 3 months of age of a “liver problem”
after an unexplained coma. The parents and
three other siblings were well.

Developmental history was remarkable for
delayed milestones and growth retardation
(weight and height below the third percentile).

Previous diagnostic evaluation had included an
electroencephalogram, brain scan, and chromo-
somal studies, which were unremarkable. Also
normal were the plasma levels of electrolytes,
calcium, phosphorus, magnesium, bilirubin, thy-
roxine, thyroid-stimulating hormone, and growth
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hormone. Results of total serum protein determi-
nation, serum electrophoresis, cerebrospinal
fluid studies, and studies of immune function
were normal. Between acute episodes, blood
sugar, ammonia, ALT, AST, and creatine phospho-
kinase were all normal. A urinary organic acid
profile was nondiagnostic. A muscle biopsy had
been recently performed and microscopic exam-
ination revealed large amounts of neutral lipids.
A liver biopsy also showed severe but nonspe-
cific fatty changes.

As part of the evaluation during the current
hospital admission, a 32-hour fasting study was
performed. During the fasting period, the pa-
tient had no nausea or cramps. At the start of the
fast, his blood glucose was 91 mg/dL, but by 24
hours it had fallen to 66 mg/dL and at 32 hours
had fallen to 35 mg/dL. The fast was terminated
at this point, and the patient was given glucose.
During the fast, plasma triglyceride levels rose
from 66 to 126 mg/dL, and free fatty acids in-
creased from 0.1 to 2.0 mEq/L. Serum ALT rose
from 36 to 1450 IU/L, with no increase in serum
creatine phosphokinase or aldolase activities.
Remarkably, acetoacetate and -hydroxybutyrate
concentrations did not increase during the fast.
The patient’s prefast serum carnitine concentra-
tion was markedly reduced (4.8 pmol/L vs.
control range 30-45 umol/L). Carnitine mea-
surements were performed on the previously
obtained liver and muscle biopsies and also
showed low carnitine content (Table 9-1).

The patient was placed on a high-
carbohydrate, low-fat diet and was treated with
oral L-carnitine (2.0 g/day). After 3 months of
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Table 9-1. Patient Carnitine Levels in Muscle, Liver, Serum, and Urine*

Control Patient Before Patient After
Analysis Values Therapy Therapy
Muscle total carnitine 25 0.02 0.2
(mmol/kg wet weight)
Liver total carnitine 0.9 0.04 0.5
(mmol/kg wet weight)
Serum carnitine (Lmol/L) 33 4.8 18.5
Urine carnitine
(umol/24 hours) 100 40 1500

*Values are not from a single case but represent a composite from varied case reports.

treatment, the patient was symptomatically
improved. While receiving carnitine therapy,
laboratory studies showed an increase in the
serum carnitine concentration to 18.5 pumol/L
and a dramatic increase in urinary carnitine ex-
cretion (Table 9-1).

DIAGNOSIS

The patient’s history strongly suggested a sys-
temic disease based on the multisystem involve-
ment (liver, heart, and skeletal muscle). The
unknown disease in the patient’s brother sug-
gested the possibility of an inherited