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Friedreich’s Disease 1982: Etiologic Hypotheses

SUMMARY: The author reviews the
arguments for and against the four
etiologic hypotheses in Friedreich’s disease
that have been proposed since 1974: the
“pyruvate hypothesis’, the “lipid-
membrane hypothesis”, the “energy-defect
hypothesis” and finally the “taurine
hypothesis’’. While none of these
hypotheses are mutually exclusive, the
author shows that all of these mechanisms
play some role in the pathophysiology of the

RESUME: Dans cet article I'auteur passe
en revue les arguments en faveur et contre
chacune de 4 hypothéses étiologiques pro-
posées depuis 1974 pour expliquer la ma-
ladie de Friedreich: Uhypothése “Pyru-
vate”; ['hypothése “lipides-membranes’;
hypothése “défaut énergétique” et I'hypo-
these “taurine”. Aucune de ces hypothéses
n'est mutuellement exclusive et il est pro-
bable que tous les mécanismes proposés
Jouent un réle dans la genése des symp-
témes, mais seule ['hypothése “taurine”
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symptoms, but that only the “taurine
hypothesis” appears to be compatible with
all the known facts and the biochemical
abnormalities reported. The author
proposes that a taurine retention defect
(possibly due to a block in the high affinity-
low capacity transport of taurine - The TH
System) is a primary event in Friedreich’s
disease. Whether it is the primary genetic
event still has to be determined.

semble répondre aux critéres cliniques et
aux données biochimiques de la maladie
telle que nous la connaisons. L’auteur
propose enfin qu'un défaut de rétention de
la taurine (peut-étre consécutif a un bloc
dans le transport a haute affinité et basse
capacité de la taurine - le systéme TH) con-
Stitue un événement primaire dans la ma-
ladie de Friedreich. Seules d’autres expéri-
ences nous dirons s'il s'agit vraiment du
seul événement génétique primaire.
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INTRODUCTION

The previous 4 issues of the
Canadian Journal of Neurological
Sciences devoted to Friedreich’s Ataxia
have uncovered a wealth of in-
formation and new biochemical data
that may have tended to confuse the
issue, rather than clarify it (Barbeau,
1976, 1978, 1979, 1980). It is now
urgent to attempt searching for some
order in all these publications, because
the pace of research on the hereditary
spino-cerebellar degenerations has
accelerated considerably. As the
investigations unfolded, etiological
hypotheses came to the fore to explain
the findings and they received their
ephemeral moment of glory in the
scientific and lay press, only to be
displaced by the newest explanations.
As is always the case, some of the data
presented to support each theory has
withstood the test of time, and of
competing laboratories, but other
“facts” have had to be relegated to the
“circular file”. In order to gain
acceptance as a valid etiological
theory, any hypothesis must explain all
the known (and confirmed) bio-
chemical anomalies as well as being
compatible with genetic and clinical
data accumulated for that illness and
with the pathophysiology of symptoms
(Barbeau, 1980). Since 1974, four
hypotheses on the etiology of
Friedreich’s Ataxia have been
proposed. For simplicity sake I will
characterize them by their principal

individual focus: the “‘pyruvate
hypothesis”, the “lipid-membrane
hypothesis’, the ‘“‘energy defect

hypothesis”, and more recently the
“taurine hypothesis”. None however
are mutually exclusive. In this paper I
intend to critically review each of these
hypotheses, examining the arguments
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for and against them and analysing
how they attempt to explain all the
biochemical data. Before I do so
however, it will be better to first define
clearly what has to be explained,
clinically and biochemically.

FACTS TO BE ACCOUNTED FOR
IN FRIEDREICH’S DISEASE

(a) Clinico-pathological facts

Most authors have commented on
the wide variability of symptoms, even
within families (see Tyrer, 1975;
Greenfield, 1954), a fact which has
rendered classification of the spino-
cerebellar degenerations almost
impossible (see Barbeau, 1982, this
issue). It is now well recognized that
Friedreich’s Ataxia is not a disease
limited to the central nervous system,
as evidenced by the sensory
polyneuropathy, the cardiomyopathy
and by the metabolic changes of
diabetes (Tyrer, 1975; Barbeau, 1976).
Many new biochemical alterations
have now been added to this complex
picture and all must be explained in the
framework of a working hypothesis. It
is, however, extremely difficult to sort
out which signs and symptoms have a
chance to be primary (ie directly
related to the causal factor, if not that
factor itself) and which are secondary
{a consequence of one or more of the
“primary” events). This search should
be made easier by the study of subjects
who have the genetic defect but have
not yet developed the symptoms.
Unfortunately, since no exact marker
of Friedreich’s Ataxia has yet been
discovered, we must rely entirely on
chance. In the course of the first 6
years of the Quebec Cooperative Study
(the QCSFA) 1 had the occasion to
examine a number of clinically
unaffected siblings of my patients. To
this day only 4 have developed signs of
ataxia (Table 1). It is interesting to
compare their neurological examination
at that time (2 to 5 years before the
onset of ataxia) with the list of
symptoms now accepted as criteria for
a “typical case” of Friedreich’s Ataxia
(Geoffroy et al, 1976). It can be seen
that none of the future patients had
Ataxia (by definition), muscle
weakness, extensor plantar responses,
nystagmus or scoliosis. Most had a
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Table 1

PRE-ATAXIA SYMPTOMS IN FQUR PATIENTS

WITH TYPICAL FRIEDREICH's DISEASE

ITEM

Sex

Age at first examination
Age of onset of ataxia
Positive cases in siblings

SYNPTONS

a) Ataxia of gait

b) knee jerk areflexia

¢) dysarthria

d) decreased vibration sense
e) muscle weakness

f) extensor plantar

g) pes cavus

h) scoliosis

i) nystagmus

SENSORY NERVE CONDUCTION
(sural nerve)

m/sec (N> 35)

CARDIAC SIGNS (ECG, VCG,
Echocardiogram)

DIABETES

CASE NO
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decreased vibration sense and signs of
a cardiomyopathy while all 4 subjects
had knee jerk areflexia and markedly
decreased or absent nerve conduction
in the sural nerve. The last 3 signs thus
have a much higher probability of
being closer to the primary defect than
any of the others. Any theory of
etiology in that disease must thus be
able to adequately explain the
pathophysiology of these 3 “primary”
signs: cardiomyopathy, areflexia and
decreased deep sensory conduction
(particularly position and vibration
sense). Even the symptom of Ataxia,
which brings patients to our attention,
is a secondary event, a consequence of
the above problems. An analysis of the
pathology and of the physiology of
Friedreich’s Ataxia (see Oppenheimer,

1979; Cote et al, 1976; Peyronnard et
al, 1976) leads to the conclusion that
underlying these 3 ‘“‘primary”
symptoms are two main pathologies: a
hypertrophic cardiomyopathy and a
“dying-back” neuropathy in nerve
fibers originating from the large bipolar
cells of the dorsal root ganglia and
reaching to the cerebellum through the
posterior columns in one direction, or
to the tip of all 4 limbs (particularly the
lower limbs) in the other direction.
Again, any theory on the etiology of
Friedreich’s Ataxia should adequately
explain these two pathological loci
(Table 2). Logic would dictate that
from now on, we adopt the French and
German nomenclature and talk about
Friedreich’s Disease rather than
Friedreich’s Ataxia, since ataxia is not

Quebec Cooperative Study of Friedreich’s Ataxia
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TABLE 2

CLINICO-PATHOLOGICAL OBSERVATIONS TO
BE EXPLAINED (PRIMARY EVENTS)
IN FRIEDREICH'S DISEASE

1. CARDIOMYQOPATHY

2. LESION OF LARGE CELLS AND FIBERS IN/FROM THE
DORSAL ROOT GANGLIA
- aretlexia of lower limbs
- decreased vibration and position sense
- decreased sensory conduction {sural nerve)
3. RAPID PROGRESSION OF THE DISEASE IN
ASSOCIATION WITH:
- puberty
- fever
- reducing diets or malnutrition
4. AUTOSOMAL RECESSIVE INHERITANCE

even a primary event in that disease;
unfortunately habits are hard to break!

(b) Metabolic observations

The detailed biochemical studies on
Friedreich’s Disease undertaken since
1975 (for review see Lubozynski and
Roelofs, 1975; Barbeau 1976, 1978,
1979, 1980 and the present issue) have
revealed a great number of metabolic
and biochemical alterations from the
thousands of biochemical
determinations made. Most results, of
course, were within the normal range
(the knowledge of this is equally useful
in elaborating coherent views), but 44
findings were abnormal (ie significantly
different from those in adequate normal
control groups) in Friedreich’s Disease.
Of these, 24 have now been confirmed
in at least one other laboratory from
the one contributing the initial report
(Table 3). Many more recent findings
have yet to be tested elsewhere.

Not every one of the biochemical
alterations were found in every patient
tested (in fact very few did), but no
more than 15 of the 44 significant
changes were observed in only “some”
of the patients with the “typical”
disease. If the latter can be classified
immediately as “secondary” events, we
are still faced with the burden of
proof for some 29 statistically signifi-
cant events. Which of these is/are “pri-
mary”? This is what we will now at-
tempt to examine.

Whatever hypothesis (or
combination thereof) is retained after
this analysis, will also have to explain

Barbeau
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certain peculiarities of the evolution of
Friedreich’s disease. Personal ob-
servation of some 300 cases over the
last 6 years has indeed shown that
more rapid progression of the illness
occurs in association with three types
of events: puberty (rapid growth
period), fever (of whatever origin) and
reducing diets (particularly low fat
diets or malnutrition due to other
medical or economic factors). (Table
2). As stated previously, four main
hypotheses have been proposed to
explain the etiology of Friedreich’s
disease:

(A) THE “PYRUVATE
HYPOTHESIS”

The hypothesis can be stated thus:
“The primary event in Friedreich’s dis-

ease is related to a deficiency in the
Pyruvate dehydrogenase complex
(PDHc) or in one of its components or
co-factors”. The initial observation was
that of Thorén (1962) who documented
a higher incidence of diabetes in
Friedreich’s disease. In 1974 Kark and
collaborators reported defective
pyruvate oxidation in muscle in a
variety of ataxic syndromes and in
1975 Barbeau demonstrated an abnor-
mal handling of pyruvate after a
glucose load in the blood of patients
with the typical disease. The Iinitial
observations have since been confirmed
in most laboratories (for review see
Barbeau, 1980; also more recently:
Constantopoulos, 1980; Livingstone et
al, 1980; Evans, 1981; Purkiss et al,
1981) but further studies from the

TABLE 3 a)
METABOLIC ANOMALIES TO BE EXPLAINED IN FRIEDREICH'S DISEASE

ANOMALIES

Direction

Presence in typical F.A. Patients

of change

A. BLOOD

1. Serum

a. triglycerides

b. unconjugated bilirubin

c. lipoamide dehydrogenase (LAD)
d. lactate dehydrogenase (LDH)

e. vitamin E

2. Blood

a. HDL/PC (18:2)

b. HDL/CE (18:2)

¢. glucose {diabetes)

d. pyruvate (after glucose load)

3. Plasma

a. aspartic acid

b. glycine

c. Phenylalanine
d.x -keto glutarate
e. (¢ -KIVAL

f. X-KICAP
g.LCAT

h. hepatic lipase

i. lipoprotein lipase
j. free catecholamines
k. CE (18:2)

4. W.B.C.
a.PDH
b. (X -KGDH
c.GDH
d.vDH

5. Platelets
a. PDH

6. R.B.C.
a. 18:2 PC content
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groups of Kark and the QCSFA have
diverged somewhat, particularly in in-
terpretation. Pyruvate oxidation is an
extremely complex biochemical
phenomenon which has been shown by
Reed and his co-workers (Reed, 1974)
to comprise a successive cascade of at
least three enzymatic steps under the
regulatory control of two more en-
zymes. At each of these steps co-
factors also play an important role. As
illustrated in Fig. 1, the first component
of the complex is pyruvate decarboxy-
lase (E;), a thiamine pyrophosphate
(TPP) dependent enzyme. The second
step (E) is the enzyme lipoyl reductase
transacetylase. The co-factors at this
level are coenzyme A (formed partially
from pantothenic acid) and lipoic acid.
The last step (E;) is dehydrolipoyl de-
hydrogenase, also called lipoamide de-
hydrogenase (LAD), employing flavin-
adenine-dinucleotide (FAD) as co-
factor and under the control of the
nicotinamide - adenine - dinucleotide
(NAD-NADH) reaction. The function
of LAD is to regenerate oxidized lipoic
acid. Finally, this tri-enzyme complex
can be found in the active or inactive
states, transformation between the two
states being dependent upon a kinase
(to phosphorylated, inactive state) or a
phosphatase (to dephosphorylated, ac-
tive state) and the divalent ions calcium
and magnesium. In the presence of
calcium, the phosphatase binds to the
transacetylase moiety, favoring
dephosphorylation.

The studies concerning this enzyme
complex have given contradictory
results. Kark and his group (Kark and
Rodriguez-Budelli, 1979a, 1979b;
Kark et al, 1980; Rodriguez-Budelli
and Kark, 1978) have pinpointed the
defect, in some of their patients, to the
LAD component. They have even
claimed that kinetic abnormalities in
this enzyme were the probable basic
defect in these patients, demonstrating
a genetic pattern to the kinetic changes
and even predicting the development of
ataxia in one case. As reviewed by me
in 1980 (Barbeau, 1980) most other
authors have not been able to confirm
these changes, particularly in fibro-
blasts, except a decrease in PDHc in
muscle and platelets in some patients
with the typical picture of Friedreich’s
disease, and a significant decrease in
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TABLE 3 b)
ANOMALIES Direction Presence in typical F.A. Patients
of change
Al Most Some
B. Urine
a. alanine H +
b. vatine H +
c. taurine H* +
d. A -alanine H* +
e. protoporphyrins H +
C. gsF
a.  HVA L +
b. valine H +
D. BILE
a. G/T ratio L +
b. Bile 18:2 L +
E. TISSUES
1. CNS
a. aspartic acid L +
b. glutamic acid L* +
c.GABA L +
2. Muscle/heart
a.PDH L +
b. calcium H* +
3. Fibroblasts
a. malic enzyme L ?
b. POH L +
¢. Low taurine uptake
mechanism Absent +
4. Skin
a. DNA repair Abnormal +

LEGEND: * Confirmed in more than one laboratory.
T H:High

L: Low

See text for abbreviations.

PAN.AC  CH3CO-CoA

PYRUVATE DEHYDROGENASE COMPLEX

(FROM LEHNINGER)

Figure 1 — The pyruvate dehydrogenase complex as illustrated by Lehninger.

Quebec Cooperative Study of Friedreich’s Ataxia
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serum LAD, also in some patients, a
defect which is reversible after sup-
plementation with linoleic acid. In-
dividual components of the complex
have also been studied (for complete
references, see Barbeau, 1980): the in-
trinsic activity of E, and E; have been
shown to be normal, and there is no
defect in the transformation from the
inactive to the active stages. LAD (E;)
activity is confirmed to be decreased in
the serum of some patients, but this is a
substrate specific finding. The co-
factors thiamine and riboflavin have
been found normal and supplementa-
tion in patients with these two vitamins
has not changed the clinical picture. In
more recent studies, to test for a possi-
ble deficiency of riboflavin (vitamin
B,), we chose the measurement of the
enzyme glutathione reductase (EC
1.6.4.2; NAD(P)H: glutathione oxido-
reductase) before and after activation
by the co-factor flavin-adenine dinu-
cleotide (FAD), according to the
procedure described by Bayoumi and
Rosalki (1976). In 8 control subjects
we found an activation of 23.8 +
2.7%, while in 8 Friedreich’s ataxia
patients the activation was 34.5 +
4.4%. This difference, while indicating
a very slight deficiency in riboflavin in
patients versus controls, is still within
the normal range (up to 76%) and is
therefore not physiologically signifi-
cant. In follow-up studies, the same
patients were treated for 6 months with
oral supplements of riboflavin without
any change in their clinical or
biochemical status.

However the co-factors of the E,
(transacetylase) component have not
been properly studied. Lipoic acid and
coenzyme A were found to be hard to
measure and we have not yet resolved
the technical difficulties. However, we
were able to indirectly estimate CoA
formation in Friedreich’s disease. As
seen in Fig. 2, pantothenic acid is an
important component of coenzyme A.
Urinary pantothenic acid was measur-
ed and found to be significantly eleva-
ted in Friedreich’s disease, possibly in-
dicating that the incorporation into
coenzyme A may be defective, or that
CoA cannot be properly utilized
because of a defect in or a lack of lipoic
acid. These points must still be con-
firmed.

Barbeau
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Figure 2 — To indirectly test whether a deficiency in pantothenic acid could be responsible for the
slow-down in PDHc activiy, we measured the urinary excretion of panthothenic acid with the
method of Baker and Frank (1965). The results indicate values of 2.19 + 0.41 mg/g creatinine
for 11 normal controls, 2.35 & 0.49 in 9 neurological controls and 3.96 & 0.71 mg/g creatinine
in 10 patients with Friedreich’s disease. This latter group was significantly different (p<0.05)
from the controls. (Charbonneau, M. and Barbeau, A., unpublished results).

The LAD component of the PDHc
is also present in other multienzyme
complexes, so are the co-factors of the
E; enzyme. The complexes usually dif-
fer by their decarboxylase component
(Ey). It is thus of interest that the ac-
tivities of «a-keto glutarate
dehydrogenase (Kark et al, 1974) and
valine dehydrogenase (Barbeau et al,
1982, this issue) similar multienzyme
complexes, were also found to be

https://doi.org/10.1017/50317167100044048 Published online by Cambridge University Press

decreased by 20-40% in some, but not
in all, patients.

What must we conclude, from our
present knowledge, on the chance for a
deficiency in pyruvate dehydrogenase
(and associated complexes) of being a
“primary event” in Friedreich's di-
sease?

A) Arguments against
1. Not universal: Because the defect
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in pyruvate oxidation and the
serum LAD deficiency or
postulated kinetic defect are only
present in some, but not in all
patients, these findings cannot be
considered “primary events”, un-
less we postulate two biochemical-
ly different disorders.

2. Not of sufficient amplitude: Even
when present the deficiency rarely
surpasses 40%, a finding incom-
patible with a primary mutant gene
product in a recessive disorder. It is
not, however, inconsistent with be-
ing the causal factor for some of
the symptoms.

3. Not specific. The deficiency in
pyruvate oxidation is not specific to

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

Charcot-Marie-Tooth disease; vari-
ous poly-neuropathies).

4, Site of defect not identified:
Moreover the defect, if present,
cannot yet be localized. On this
point two theories clash strongly.
Kark and his associates localize the
defect to the LAD enzyme compo-
nent itself and make it the primary
mutation. Barbeau and his co-
workers feel that the LAD
deficiency is a substrate related
event secondary to a defective
regulation at the transacetylase
step. They postulate an abnormal
supply or binding capacity of the
lipoic acid co-factor, a defect pos-

B) Arguments for

1. Genetic pattern: The fact that the
disturbance appears to follow a
genetic pattern in some families is
not in itself sufficient evidence for a
primary defect. A secondary event,
linked by direct consequence to the
basic defect, again in some patients,
would tend to follow the same
hereditary pattern. The lack of con-
firmation concerning the transmis-
sion of the PDH defect in fibro-
blasts would have to be considered
an argument against the “primary”
hypothesis.

2. Compatible with physiopathol-
ogy: A deficiency in pyruvate, o -
ketoglutarate and o -keto

Friedreich’s disease, being equally
found in other ataxic entities
(Charlevoix-Saguenay syndrome; acid.

sibly reflected in the non-utilization
of coenzyme A and pantothenic

isovalerate utilization would
however be compatible with the
observed energy production defect

INTESTINE
CELLS
OF INTESTINAL
MUCOSA
<
—~<
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o
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Figure 3 — Working hypothesis and tentative explanation for the relative

deficiency in linoleic acid in Friedreich’s disease. Dietary triglycerides
(TG) and phospholipids (PL) are hydrolyzed in the intestine (1) to
release fatty acids poor in linoleic acid (18:2) represented by black dots.
These fatty acids are absorbed (2), incorporated normally into
triglycerides (3) but not sufficiently into the phospholipids (4) of the
Friedreich patient. The association of TG, PL, cholesterol (C) and
cholesteryl esters (CE) to apolipoproteins synthesized in the intestinal
mucosa result in the formation of chylomicrons (5) which are relatively
deficient in 18:2. These fat globules are transferred into the lymph (6) to
reach the blood. Lipoprotein lipase gradually reduces their TG content
(7) and their surface rich in protein, phospholipids and cholesterol
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becomes in excess relative to the volume of the particle, redundant and
irregular. Pieces of this lamellar structure detach (8) to form vesicles
which are taken up by HDL (9). Thus the chylomicron surface
transfers to HDL phospholipids that are deficient in 18:2. These PL will
be incorporated as such in the red blood membrane (10) and serve as
substrate for lecithin cholesterol acyl transferase (LCAT) (11) to form
cholesteryl esters, the composition of which will be relatively deficient
in 18:2. These CE are then transferred to VLDL (12) who will follow
their catabolic cascade to intermediate density lipoproteins (IDL) (13)
and finally to LDL (14). The CE of LDL will thus also be deficient in
18:2. Figure and legend from Huang et al, (1980).

Quebec Cooperative Study of Friedreich’s Ataxia
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found in this disease (see infra) and
its consequences (neuropathy, car-
diomyopathy, scoliosis etc.)

On Balance

On balance very little favours a
“primary event” at the level of the
pyruvate dehydrogenase complex
in Friedreich’s disease. There is no
doubt, however, that such a defect
does exist, secondarily, in some
patients and, in those patients, con-
tributes to the deficit in cell energy
production. To evaluate the
presence of this defect, the
measurement of VDH is recom-
mended because it is more stable
and less influenced by previous in-
take of glucose, and because it in-
corporates the same E; component
and the same co-factors of the tran-
sacetylase moiety.

(B) THE LIPID-MEMBRANE
HYPOTHESIS

The hypothesis can be stated thus:
“The primary event in Friedreich’s dis-
ease is related to a defect in the incor-
poration of linoleic acid into
phospholipids and consequently to a
deficiency in linoleic acid in membrane
components, particularly the mito-
chondrial membrane”. The initial ob-

C)
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servations were the knowledge that li-
pids and their transport lipoproteins
were involved in two diseases clinically
closely related to Friedreich’s disease:
Refsum’s Phytanic Acid Storage dis-
ease (Refsum, 1946) and a-beta-
lipoproteinemia, or Bassen-Kornzweig
disease (Bassen and Kornzweig, 1950).
The finding of low normal cholesterol
levels in most patients, coupled to
significantly higher but still normal
mean triglyceride levels (Butterworth et
al, 1976) were also a stimulus for this
work. Following upon these leads,
Huang et al, (1978) studied the lipopro-
tein composition of the patients and
reported major differences from control
in the high density lipoprotein (HDL)
fractions. Their total amount was
reduced and their composition was ab-
normal: the relative proportion of
cholesterol and triglycerides was in-
creased, while the relative protein con-
tent was greatly reduced.

In further studies, Davignon et al,
(1979) showed that the protein fraction
of HDL was normal. Apoproteins A;
and A, were within normal limits and
so was the gel electrophoresis pattern.
In unpublished preliminary studies
(Davignon, 1982) the apoproteins E

were also normal. It is thus in the other
fractions that it was necessary to
search for the HDL anomaly. It was
shown that the fatty acid profile of the
cholesterylester (CE) fraction was
deficient in 18:2 in both total plasma
and HDL, with a compensatory in-
crease in saturated acids. The HDL
phospholipid (PL) fraction also showed
a reduction in the proportion of 18:2
with a concomitant increase in stearic
(18:0) and oleic acid (18:1). This pat-
tern of low CE 18:2 was also present in
low density lipoproteins (LDL). From
these data Davignon et al, (1978)
proposed the existence of a metabolic
defect in the incorporation of 18:2 into
chylomicron phospholipids within the
intestinal mucosa (Fig. 3). This was
supported by low levels of Lecithin:
cholesterol acyltransferase (LCAT)
and decreased phosphatidyl choline
18:2 in red blood cell membranes
(Huang et al, 1980), and later by low
levels of lipoprotein lipase and hepatic
lipase (Blache et al, 1982, this issue).
Some of these findings were confirmed
by Filla et al, (1980) in Italy and Yao
and Dick (1978) in the USA, but not
by Walker et al, (1980) in England.
There is no clear reason yet found to
explain these differences in results.

TABLE 4

PLASMA CHOLESTEROL / TRIGLYCERIDE RATIOQ

IN ATAXIC SYNDROMES

CONTROL SUBJECTS F.S.P. FRTEDREICH C.S.S. RL - CMT
n 35 1 35 1 17
Cholesterol 163.1 + 5.7 195.2 +14,9* 167.0 5.1 178.3%14.8 202.6 £10.0**
(mg% SEM)
Triglycerides 75.0*% 6.1 00,9t 9.8« 105.4%8 3+ 143.6¥14.5% 182.8+21.,0%+
(mg% SEM)
Ratio CH/TG 2.17 1.93 1.58 1.24 1.1
p compared to control group: * p ( 0.05
* p ( 0.00
The ratio is lower with progressive involvment of the peripheral nervous system. F.S.P.: Familial spastic paralysis;

Css:

Charlevoix-Saguenay Syndrome; RL:

Roussy Levy Syndrome; CMT:

Charcot-Marie-Tooth.

Barbeau
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LIPID STATUS IN ATAXIA
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Figure 4 — A pgraphic representation of a combination of two combined ratios: plasma

cholesterol/plasma triglycerides (see also Table 4) and 18:24 20.4/20:3, the latter an index of es-
sential fatty acid relative deficiency. This F.A. index appears to completely discriminate between

the groups.

ENTRY OF FATTY ACIDS FROM INTESTINAL LUMEN
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Figure 5 — Possibilities of explanations for the observed levels in phosphatidylcholine 18:2. Fatty
acids (F.A.) in the intestinal lumen originate from the diet or the bile. They are incorporated to
phospholipids (PL) by an enzyme linoleyl-CoA-1-acyl-glycero-3-phosphoryl choline transferase
(L-COLAT). The activity of that enzyme was measured in 6 Friedreich’s patients (6.11 & 2.1 x
104 S.A.) and 6 normal control subjects (5.61 + 2.4 x 104 S.A)) and found not to be different.

(St-Pierre and Barbeau, 1980 unpublished results).
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Not all patients show the abnormal-
ities mentioned above, however a pat-
tern emerges in the group taken as a
whole: the cholesterol/triglyceride ratio
(Table 4) tends towards reversal of
normal, more so in the presence of
peripheral neuropathy, and this is ac-
companied by a tendency towards a
relative insufficiency in cholesteryl es-
ters polyunsaturated fatty acids (18:2
and 20:4). When these two ratios are
combined, a clear difference becomes
apparent between the various groups
(Fig. 4) and, in combination with the
low lipoprotein lipase and LCAT, in-
dicates that lipids (particulary linoleic
acid) are indeed involved in some cases
of Friedreich’s disease. The F.A. Index,
so described, appears to discriminate
totally between the normal control sub-
jects (n=11), the “other ataxics”
(n=11) and the Friedreich’s patients
(n=11). However, much larger num-
bers will be necessary to confirm this
observation and give it some diagnos-
tic value.

Two questions can be raised from
these findings: where does the relative
linoleic acid deficiency come from? and
how does it affect cell membranes, par-
ticularly at the mitochondrial level? A
deficiency in linoleic acid (18:2) can
originate from a deficient diet, from low
bile 18:2 or from impairment in the in-
corporation of the fatty acid in the in-
testinal wall or-in the liver (Fig. 5).
There is no data on the diet of ataxic
patients, but there is no obvious reason
to think that their diet is different from
that of control subjects, except during
episodes of diarrhea, or in the presence
of malabsorption syndromes like those
recently described by Elias et al (1981).
Moreover, Vit. E levels in Friedreich
are only slightly decreased in concen-
tration (Filla et al, 1979). To investi-
gate actual incorporation, we studied
the activity of the enzyme linoleyl
CoA-1-Acyl-glycero-3-phosphoryl
choline transferase (L-COLAT), but
found it to be normal. However, the
relative affinity for 18:1/18:2 was not
determined. It is indeed known that this
enzyme can be abnormal in its affinity,
if not in its level of activity.

The last possibility mentioned is a
decrease in bile phospholipid linoleic

Quebec Cooperative Study of Friedreich’s Ataxia
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acid (18:2). In unpublished studies
(Huang, Barbeau and Davignon, 1982, MEMBRANE LINOLEATE AND CELL ENERGY
unpublished) phosphatidyl choline 18:2
was indeed found to be markedly
decreased in the bile of 3 patients with

Friedreich’s disease. Thus it may be at MEMBFA NE 18:2 CO’YTENT

that level that further studies should be 1
carried out (see infra). LIPOIC ACID

Given that apparent 18:2 deficiency
in phosphatidyl choline and in
cholesteryl-esters, it was to be expected
that membrane phosphatidyl choline
18:2 would also be decreased: this was
indeed found by Huang and collabora-
tors (1980), thus supporting the
hypothesis of a decreased cell pool of
18:2. No data has yet been obtained on
the fatty acid composition of —
mitochondrial membrane components
in Friedreich’s disease, but it is recalled
that some of these components, par-
ticularly cardiolipin, are normally very

z Y 9
rich in linoleic acid (over 50%), whose

turnover in this compound is extremely MITOCHONDRIAL MEMBRANE

rapid (Landriscina et al, 1976). Two
other important components of the Fronre 6 — Eifoct of of - 52 RN X
membranes derive from 18:2: lipoic igure 6 — Effect of changes in membrane 18:2 content upon mitochondrial matrix enzyme ac-

id and taglandins (f . P £ tivities. PG: prostaglandins: CL: cardiolipin; PDH/LAD: pyruvate dehydrogenase/lipoamide
acid and prostaglandins {tor review o dehydrogenase complex; o« -KDH: o -ketoglutarate dehydrogenase: VDH: valine

8i INVHEWIW

loo+t

PDH/LAD
- a-KDH -

"\ GOH
VDH

e
—

1701

L
!

IN3INOD ¢

MEMBRANE 18:2 CONTENT

these aspects, see Barbeau, 1980). dehydrogenase.
Changes in cell or mitochondrial
membrane fat'ty acid composition can CORRELATIONS BETWEEN ENZYME MEASUREMENTS
pe translz}ted into major modifications IN FRIEDREICH'S ATAXIA
in two directions, first in “membrane
fluidity”, and secondly through inter- T SPEARMAN RANK CORRELATIO
ference with enzyme functions within COEFF,C,EM:O‘BQC;, o
the mitochondria. Some evidence for 6 (p<o.01
membrane fluidity modification have VO SUBGROUPS (X)
been presented in Friedreich’s disease & St EASUREM 3 MIGHEST 3 LOWEST
(Butterfield and Markesbery, 1980) but 2 VDHS:’;:C)ENT ,ZD: ,‘;D:
the changes are minimal. No doubt, if S 4r ' ’
the modifications are in the same direc- = Fow (WeC) & +0
tion, they would have been much more = 3F 60H (WiC) 45.2 316
evident if measured in the = LA (SERUM) -9t 62
mitochondrial membrane. In ~ 2 LCAT (PLASMA}  92.9 74.2
Friedreich’s disease an increase in LPL (PLASMA) 8.9 “2
membrane “rigidity” is expected from s HL (PLaSHA) ! e
the 18:2 concentrations. Because of its Fetig:2)(kec) 213 8.4
influence on the structure of the 2 3 4 5 & 7
phospholipids, the proportion of VDH RANK ORDER
linoleic acid affects the transfer of sub-
stances through membranes (Launay et
al, 1981). This may be the mechanism Figure 7 — Correlations between enzyme measurements in 7 patients with Friedreich’s ataxia where
explaining the defect in glucose tran- all the following enzymes have been measured: VDH: valin; dehydrogenase;, PDH: pyruvate
sport in Friedreich’s disease (Tolis et al, dehydrogenase; GDH: glutamate dehydrogenase; LAD: lipoamide dehydrogenase: LCAT;

X . lecithin: cholesterol acyl transferase; LPL: lipoprotein lipase; HL: hepatic lipase, PC/RBC: 18.2
1980; Purlfls et al, 1981). Therells .also content in red blood cell phosphatidyl choline. In this correlation the activity of VDH served as
some evidence that specialised the basis of division of the sub-groups.
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membrane polyunsaturated fatty acids
play an important role in myelinogen-
esis, possibly in both the developmental
and regenerative process. (Yao and
Dyck, 1979).

Cell membrane 18:2 content (par-
ticularly mitochondrial membrane 18:2
content) can also play a role in the con-
trol of inner membrane and matrix en-
zymes (Fig. 6), as we reviewed
previously (Barbeau, 1980). New data
on interrelations between 18:2 and
pyruvate dehydrogenase is presented
by Loriette et al, (1982 this issue) and
confirms the previously noted correla-
tion.

Linoleic. acid content can thus be
related to the functioning of a large
number of enzymes whose activity may
be secondarily reduced, either through
direct interference, or through a defect
in the synthesis or availability of lipoic
acid (Carreau et al, 1977). A
remarkable correlation between the red
blood cell membrane 18:2 content and
each of the mitochondrial enzymes
studied was observed in 7 patients in
whom we could measure all the en-
zymes previously reported as abnor-
mal. (Fig. 7) From these studies we
conclude that a defect in 18:2
availability or incorporation either
from the intestine, or from the liver, can
secondarily affect many of the enzymes
essential to cell energy production,
whose activities would be proportion-
ally reduced.

Again we must ask: is the 18:2
deficiency, particularly within cell and
mitochondrial membranes, a “primary
event” in Friedreich’s disease?

A) Arguments against

1. Not universal. The insufficiency
in 18:2, although present to some
degree in most patients with
Friedreich’s disease, is definitely
not present in all, at least as
measured in the blood. Final
resolution of this problem awaits
determination of the fatty acid con-
tent of mitochondrial membrane
components.

2. Genetic pattern. 1t is still too ear-
ly at this stage to draw any conclu-
sions as to the genetic pattern of
the lipid abnormalities described.
3. Not specific. A deficiency in 18:2
within the CE and PC fractions is
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not specific to Friedreich’s disease.
It has been reported to various
degrees in Refsum’s disease, in
Bassen-K ornzweig’s disease and in
a variety of genetic polyneuro-
pathies. Low 18:2 has also been
claimed to be present in multiple
sclerosis.

4. Site of defect not identified. The
site of origin of the 18:2 defect is
still conjectural. At the present time
I would tend to favour a deficiency
from bile lecithins, at certain times
made worse by malabsorption or
diet inadequacies.

B) Arguments for

1. Amplitude of defect: When pre-
sent, the 18:2 deficiency is of suf-
ficient amplitude to cause major
changes in the activity of cell en-
zymes as well as modifications of
consequence in important mem-
branes, and their ability to trans-
port substrates like glucose, and
possibly amino-acids.

2. Compatible with physiopathol-
ogy: The above described abnor-
malities are quite compatible with
the postulated mechanisms respon-
sible for some of the symptoms of
Friedreich’s ataxia, particularly if a
cell energy production deficit
results secondarily.

C) On balance .

A deficiency in linoleic acid (18:2)
cannot be the “primary event” in
Friedreich’s disease, and therefore
a search for a block in incorpora-
tion of linoleic acid into chylo-
microns or at the liver level is not a
major priority. On the other hand
the contribution of changes in es-
sential polyunsaturated fatty acids,
particularly at the membrane level,
may be an important factor in the
pathophysiology of some of symp-
toms, mainly the polyneuropathy.

(C)THE “ENERGY DEFECT
HYPOTHESIS”

The hypothesis can be stated thus:
“The primary event in Friedreich’s dis-
ease is related to an enzymatic defect in
the production of energy within
mitochondria”. In 1980, I reviewed in
detail the evidence in favour of an
energy deficit in Friedreich’s disease
(Barbeau, 1980). The data supporting

this contention is illustrated in Fig. 8
and summarized in the legend. There is
thus a wealth of evidence to support the
hypothesis first proposed for
polyneuropathies in general by Spencer
and co-workers (1979), and we will not
elaborate more at this time. Suffice it to
point out that a postulated block has
been located at many levels in the
tricarboxylic acid cycle, but none of
these partial blocks has been shown to
be the “primary event”. I have discus-
sed above the findings relating to the
PDH, to '« -KGDH and to VDH, all of
which could be secondary to a
deficiency in lipoic acid or in
mitrochondrial membrane fatty acids
(or to some other factor altering
membrane fluidity). A partial block in
these enzymes, particularly if all are in-
volved at the same time, would be suf-
ficient to reduce energy production by
the Krebs cycle, probably creating a
need for alternate substrates. Since the
oxidation of pyruvate, in these patients,
is also reduced, only fatty acids or
amino acids could serve as needed sub-
strates. In an animal model of ataxia,
thiamine deficiency, Butterworth and
collaborators (1979) demonstrated a
similar mechanism where the amino
acids glutamate, GABA and aspartate
served as partial substrate to compen-
sate for a slow-down in pyruvate
metabolism. We have postulated that
this mechanism is present in
Friedreich’s disease and have indeed
shown that there is a marked reduction
in glutamate, aspartate and GABA in
cerebellar tissues in Friedreich’s disease
(Huxtable et al, 1979). Similar patterns
have been found in some cases of oli-
vopontocerebellar atrophy by Perry et
al, (1978) and in the spinal cord of
spino-cerebellar degeneration by
Robinson (1968). An added complica-
tion exists in Friedreich’s disease. The
flow from o-keto glutarate to
glutamate is further impaired by a
relative deficiency in glutamate
dehydrogenase (GDH) (Barbeau et al,
1980). In order to supply the added
substrate for energy production,
Friedreich patients must draw from the
reserve (and possible neurotransmitter)
pools of glutamate and GABA through
the GABA shunt (to succinate).

All of these restrictions and changes

Quebec Cooperative Study of Friedreich’s Ataxia
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MITOCHONDRIAL ENERGY PRODUCTION IN FRIEDREICH'S ATAXIA
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Figure 8 — Energy production within the mitochondria in Friedreich’s
ataxia and postulated blocks.
A. Individual findings

1. Pyruvate resting levels are normal. Increase abnormally after

glucose load in some but not all cases.

2. PDH/LAD: PHD activity in muscle fibroblasts and platelets
low in some but not all cases. LAD activity low in serum of
most cases, but not all.

. Citrate synthase activity normal or elevated

. o -ketoglutarate in serum: slightly elevated levels

. a-KGDH: decrease in activity (~30%) in some, but not all
cases.

. GDH: decrease in activity (20-40%) in some, but not all cases

. Glutamate: marked decrease in concentration in some tissues.

. GABA: marked decrease in concentration in some tissues.

. VDH: decrease in activity (15-40%) in some, but not all cases.

10. Aspartate: marked decrease in concentration in some tissues.

11. AAT: (amino acid transferase): activity normal.

12. MDH: (malate dehydrogenase): mitochondrial and cytosolic

activities are normal.

[T I~V

\O OO -3 O

13. KIVAL: serum and urine branched-chain -« -keto acids
elevated, particularly KIVAL and KICAP.

14. Malic enzyme: normal cytosolic activity. Some patitients with
marked decrease in mitochrondrial ME activity in tissues and
fibroblasts.

15. ATP production decreased in patients, with apparent uncoupl-
ing of phosphorylation.

16. CAT (carnitine acetyl transferase): normal activity.

17. Respiratory chain: no data available.

18. Glutathione reductase: normal activity.

B. Postulated blocks (Partial) avwa
A. PDH/LAD: Pyruvate dehydrogenase complex
B. o -KGDH: alpha-ketoglutarate dehydrogenase complex
C. GDH: glutamate dehydrogenase
D. VDH: valine dehydrogenase complex
E. ME: malic enzyme (mitochondrial)
F. NAD: energy output hy mitochondria through nicotinamide
dinucleotide.

would tend to decrease the transfer of
H+ atoms to NAD and thence to the
respiratory chain, particularly the 2 Hy
from the oxidation of «-keto glutarate.
Thus total energy production would be
decreased by an amount approximately
equivalent to the inhibition of the above
noted enzymes, and this even despite
the shunting mechanism from amino

Barbeau

acids. Finally it should be mentioned
that protoporphyrin levels were found
to be elevated in Friedreich’s disease
(Morgan et al, 1979). This could be due
to inhibition of ferrochelatase, with
resulting secondary increases in
bilirubin. The enzyme ferrochelatase is
also under the regulating control of
mitochondrial lipids (Simpson and

https://doi.org/10.1017/50317167100044048 Published online by Cambridge University Press

Poulson, 1977). Mitochondrial electron
transport and ATP production are dis-
tinct, but ordinarily tightly coupled.
Substrate oxidation and oxygen con-
sumption (respirator control) are thus
limited in the absence of ADP or in-
organic phosphate. The respirator con-
trol ratio (state 3/state 4) is an indirect
measure of coupling, and is reduced in
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the presence of protoporphyins
(Stumpf et al, 1979).

Recently another site of enzyme
block has been proposed by Stumpf et
al (1981, 1982) who found that
mitochondrial malic enzyme (ME; L-
malate: NADP oxidoreductase, decar-
boxylating; EC. 1.1.1.40) specific ac-
tivity was 10% of controls in
fibroblasts from eight FA patients.
Cytosolic malic enzyme was modestly
increased in FA fibroblasts. Malic en-
zyme (Fig. 9) is an inducible enzyme
whose function is still not clearly un-
derstood. It has been shown to exist in
mammalian tissues in two forms: solu-
ble (cytosolic) and mitochondrial
(Henderson, 1966). In the human the
cytosolic enzyme (MEc) is found in all
tissues except red cells and serum. It is
even present in fibroblasts. Only partial
purification of the enzyme has been ac-
complished in mammals (Swierczyn-
ski, 1980). The molecular weight of the
native enzyme was determined by gel
filtration to be 264,000. It appears that

“the native protein is a tetramer com-
posed of identical molecular weight
subunits. The km values (pH 7.2) for
malate and NADP, were 0.125 mM
and 11 uM, respectively. The km
values for pyruvate and NADPH were
4.0 mM and 6.6 uM, respectively.

The mitochondrial enzyme (ME,,) is
seen in brain, kidney, heart muscle,
liver and cultured fibroblasts. The en-
zyme is also a tetramer. It shows
marked polymorphism in human tissue
(Cohen and Omenn, 1972). Absolute
activity of the various forms of ME
vary greatly from tissue to tissue: in
adrenal medulla and white adipose tis-
sue, ME is located exclusively within
the extra mitochondrial compartment.
In liver, 95% of the activity is extra
mitochondrial and only 5% intra
mitochondrial. In heart, 30% of the en-
zyme activity is extra mitochondrial
and 70% intra mitochondrial (Brdiczka
and Pette, 1971).

The cytosolic malic enzyme is read-
ily responsive to nutritional influences
such as to high carbohydrates and to
starvation (low proteins diets). It is also
responsive to thyroxin and insulin in
vitro through induction of mRNA (Sid-
diquit et al, 1981). This latter effect can
be blocked by glucagon. On the other
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hand, the mitochondrial malic enzyme
but not the cytosolic enzyme is ac-
tivated by succinate and aspartate
(Frenkel and Cobo-Frenkel, 1973). The
activity of this enzyme may thus in-
crease rapidly under conditions which
would favour accumulation of in-
termediates of the Krebs cycle.
Conversely the activity of
mitochondrial malic enzyme decreases
in the face of a deficiency in Krebs cy-
cle intermediates.

The mitochondrial malic enzyme,
like the cytoplamic form, catalyses the
oxidative decarboxylation of malate to
pyruvate with the formation of
NADPH. However, in contrast to its
cytoplasmic counterpart which readily
catalyses the reverse reaction, the
mitochondrial malic enzyme is virtually
inactive in catalysing the reductive car-
boxylation of pyruvate. The kms for
malate are 2.5 mM and 0.5 mM for the
mitochondrial and cytosolic enzymes,
respectively, while the kms for
pyruvate are 5.0 mM and 2.3 mM for
the same enzymes (Simpson and
Estabrook, 1969). This is compatible
with a NADPH shuttle across the
mitochondrial membrane to supply
reducing equivalents for the synthesis
of lipids and possibly for 118 -
hydroxylation of steroids in the
adrenals (Simpson and Estabrook
1969). The most striking difference
between the two enzymes is in the ratio
of the maximum initial velocities for the
forward and reverse reactions. The
ratio is 50 for the mitochondrial en-
zyme and 2.5 for the cytosolic enzyme.
This suggests that, whereas the
mitochondrial enzyme can preferen-
tially operate in the forward reaction,
the cytosolic enzyme might operate in
the reverse reaction to produce malate
from pyruvate and bicarbonate. This
was recently confirmed by Swierc-
zynski (1980).

From these considerations, a
number of functions have been
postulated for malic enzyme:

(1) lipogenesis, through its produc-
tion of NADPH

(2) gluconeogenesis: pyruvate to
malate (thermodynamically unfav-
orable)

(3) net glutamine oxidation to

pyruvate from the intestinal mucosal
mitochondria (Sauer et al, 1979)

(4) Formation of alanine from skele-
tal muscle in conditions of fasting or
exercising (Lee and Davis, 1979;
Goldberg and Odessey, 1972)

In conclusion, one could summarize
the activity of the cptosolic enzyme
(MEc) as that of a replenishing
(anaplerotic) function for citric cycle
intermediates, and the activity of the
mitochondrial enzyme (ME,) as that of
a safety valve, for the removal of excess
concentrations of the same intermedi-
ates usually produced from amino-
acids or from lipids. The cytosolic en-
zyme is inducible by large intakes of
carbohydrates in the diet and inhibited
by dietary lipids, while MEy, is
activated by succinate and aspartate.
Conversely starvation inhibits ME,,
and decreases in Krebs cycle interme-
diates inhibit (or down regulate) ME,.

In the light of this short review of
malic enzyme function, we can now
analyse the significance of the report
by Stumpf et al, (1982) on decreases in
mitochondrial malic enzyme activity in
Friedreich’s disease. In the first part of
their paper the authors report polaro-
graphic (oxygraph) assays indicative of
pyruvate-malate metabolism abnor-
malities. This is compatible with a dis-
turbance in the postulated malic en-
zyme defect, but the same changes
would be found if there were a PDH
deficiency in these patients. Moreover
the variation in polarographic assays
between muscles are striking and sur-
prising. In fibroblasts, the
mitochondrial malic enzyme specific
activity was found to be low. “Cor-
rected activity” in Friedreich’s was
10% of controls, but “uncorrected ac-
tivity” of ME., was 27% of controls*.
Stumpf and collaborators (1982) were
unable to measure any activity of malic

Note:* It is difficult to see why a correction
factor of 166% was applied in the case of
Friedreich’s fibroblasts, while only of 1-6% in
normal and abnormal controls, particularly in
light of the statment that LDH (a measure of
cytosolic contamination) in the mitochondrial
fraction was the same in FA and control groups.
This may be an artefact of the correction
formula used which incorporates the values of
succinate: cytochrone ¢ reductase (SCR), which
are lower in Friedreich (due to other factors).

Quebec Cooperative Study of Friedreich’s Ataxia
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MALIC ENZYME (ME) FUNCTION
(E.C.1.1.1.40)

L-MALATE: NADP* OXIDOREDUCTASE, DECARBOXYLATING
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Figure 9 — Site of action of malic enzyme. In preliminary studies we measured cytosolic malic en-
zyme activity in leukocytes of patients with typical Friedreich’s disease (n=7) and sex/age
matched normal controls (n=28) by a modification of the method of Lin and Davis (1974).
Spectrophotometric readings were carried out at 340 m u and 26°C. The controls had values of
6.68 £+ 1.92 (mean £+ SD), and the patients 8.51 + 3.26 n Mole/min/mg protein. The difference
was not significant (Charbonneau, M. and Barbeau, A.; 1982, unpublished studies).
Polyacrylamide gel electrophoresis of the sonicated leukocyte showed only faint staining in a
band corresponding to MEm in both normal and Friedreich’s tissue.

TABLE 5

TAURINE IN FRIEDREICH'S DISEASE

mean + SD
CONTROL FRIEDREICH
Plasma (mmole /100 ml) 4.39 % 2.93 4.38 1 3.36
Urine (ymole/min/1.73 m2 47.2 * 461 91.5 * 67.0%
CSF (mmole/L) 8.9 * 40 8.9 t 4.2
Renal clearance 2 14,2 * 3.8 58.9 t 65.5*
(m1/min/1.73m"™)
Cerebellar hemispheres 2.2 Y 0 3.8 t 0.6
(Mmole/g wet weight)
Anterior vermis 1.6 ¥ 0.7 2.6 * 0.1*%
(mmole/g wet weight)
Dentate nucleus 1.3 T o7 3.5 * 3.2
(Mmole/g wet weight)
B -alanine in urine , 0.8 * 1.3 6.4 * 1.5

(ﬂmo1e/mm/1 .73 m%)

Data from Lemieux et al., 1976; Huxtable et ai., 1979.
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enzyme in the leukocytes of their
patients. In similar studies (Fig. 9) we
found sufficient activity to show that
there is no difference in total (probably
cytosolic) activity between patients and
controls.

The significance of these new
findings will depend on the interpreta-
tion one can give to such changes in
ME,, activity, assuming they are con-
firmed in the pertinent tissues (dorsal
root ganglia, posterior columns, vermis
and heart). Stumpf et al, (1982) appear
to accept that mitochondrial ME can
regulate the flow in both directions:
from pyruvate to malate and inversely,
but this is contrary to all studies of
relative kms in normal conditions (see
discussion above).

Even if ME,, were anaplerotic to the
Krebs cycle, one would have some
problems in accepting the premise that
such a deficiency could cause
Friedreich’s ataxia as we know it. The
cardiac abnormality and muscle weak-
ness would be relatively easy to ex-
plain because of the fair homogeneity of
the tissues, but it is difficult to imagine
that malic enzyme (which is present in
all areas of the brain) could be totally
deficient selectively only in some areas.
Such a major defect in all neurons
could hardly escape causing more
widespread pathological damage, if it is
the “primary event”. In my view,
mitochondrial malic enzyme activity is
indeed decreased in some patients but,
because I consider the role of ME,, to
be a safety valve for Krebs cycle in-
termediates towards pyruvate and
alanine, this decrease should be con-
sidered a consequence of the energy
defect, not a cause. In other words, |
think mitochondrial malic enzyme is
“down regulated” in Friedreich’s dis-
ease (because of the other partial
defects in PDH, VDH, o« KGDH and
GDH), but not genetically deficient.
This hypothesis should be testable by
studying the inducibility of ME,, after
aspartate, succinate or linoleic acid (see
above) in patients and controls.

In summary, to the question of
whether a ME,, defect is the “primary
event”, the following arguments can be
marshalled:

A) Arguments against
1. Not compatible with physio-
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pathology: this is the main argu-
ment against this hypothesis. If
ME,, activity is really 10% of con-
troi in all cells (as the “corrected”
fibroblast data would imply) much
more generalized neurological
damage would be expected, and
much earlier in the evolution of the
disease, because malic enzyme is
situated at a crucial metabolic
crossroad. Cases with clinical
onset at age 16-17 would be very
hard to explain.
2. Specificity: not yet verified.

B) Arguments for
1. Apparent universality of finding
in fibroblasts.
2.Site of defect well identified (if
findings are confirmed).
3. Amplitude of defect is sufficient
to be of genetic origin.

C) Onbalance

I personally believe that the malic
enzyme deficiency is not the
“primary event” in Friedreich’s dis-
ease, but a “down regulation” of
the enzyme as a consequence of
previously noted and discussed im-
pairment at many steps of the cell
energy production chain. This
down regulation would be neces-
sary in such conditions to preserve
the new citric acid cycle intermedi-
ates originating from alternate sub-
strate amino acids. At any rate, the
most important findings of Stumpf
and collaborators should stimulate
detailed studies. Even without a de-
fect in mitochondrial malic en-
zyme, there is strong evidence (re-
viewed by Barbeau, 1980), that
many of the symptoms of Fried-
reich’s disease are secondary to a
deficiency in energy production, a
finding on which all authors agree.

(D) THE TAURINE HYPOTHESIS
The hypothesis can be stated thus:
“The primary event in Friedreich’s dis-
ease is related to a deficiency in the
retention of the amino acid taurine”.
The initial observation of increased
taurine and $-alanine urinary excretion
was made in the course of the
preliminary survey of patients with
Friedreich’s disease (Lemieux et al,
1976) (Table 5). The apparent taurine
loss was confirmed through studies
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Figure 10 — Taurine urinary excretion after an oral taurine load of 250 mg. None of the Friedreich

patients fall into the low excretor status.

where patients were given a uniform
load of taurine (250 mg), thereby
minimizing the effect of the previous
diet, and timed urine samples collected
(Filla et al, 1979). Again the ataxic sub-
jects excreted twice as much of the
taurine load as the age-matched con-
trols. A high urinary excretion of
taurine has been observed in a number
of physiological as well as pathological
conditions, particularly after stress,
corticosteroids, ‘idiopathic” scoliosis,
and familial cerebellar dyssynergia (for
reviews see: Jacobsen and Smith, 1968
Huxtable and Barbeau, 1976; Barbeau
and Huxtable, 1978; Huxtable and
Pasantes-Morales, 1982).

It thus appeared that ataxic patients
could not retain taurine as well as nor-
mal subjects. Assuming a normal
glomerular filtration rate, because of
the normal blood concentrations, it
looked as if the defect could be situated
in reuptake mechanisms. However our
initial studies did not appear to confirm
this hypothesis. Taurine uptake in
platelets (Filla et al, 1978) and later in
fibroblasts (Melangon et al, 1980) gave
average results within the normal con-
trol range under the conditions
employed. Following the observations
of Goodman and collaborators (1980)
who postulated three taurine excretor

classes under genetic control, we
reinvestigated this problem (Barbeau et
al, 1982, this issue). As seen in Fig. 10
the striking finding, after a 250 mg
taurine load, is the total absence of
“low excretors” as compared to the
control group. The Friedreich patients
behave as if their tubular reuptake
system at low concentrations of taurine
did not function properly. This same
pattern was probably present in
fibroblasts of Friedreich’s patients in
the study by Melangon (Fig. 1 of
Melangon et al, 1980), but went un-
noticed because the two means were
similar.

To explain these findings we postu-
lated (Barbeau et al, 1982, this issue)
an impairment of B-amino acid
permeation on a low-km uptake system
at the kidney tubule luminal membrane.
This is illustrated and explained in Fig.
11. Thus we propose that patients with
Friedreich’s disease lack proper regu-
lation of the high affinity-low capacity
(TH system) uptake mechanism for
taurine in the brush border membrane
of kidney tubules.

There is every reason to believe that
the same defect could be present in
fibroblasts and in the intestinal brush
border membrane, but these aspects

Quebec Cooperative Study of Friedreich’s Ataxia
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Figure 11 — Site of the postulated taurine uptake effect in Friedreich’s disease. In the brush border
membrane of the tubule, there exist two uptake systems of taurine: one with a high affinity (low
Km) and a small capacity (the TH system), another with low affinity (high Km), but high
capacity (the TL system). The postulated defect in Friedreich’s disease would affect specifically
the TH system, which functions preferentially at low concentrations. At high concentrations the
TL system takes over and can mask the defect in the TH system.

have not yet been investigated proper-
ly.

The loss of taurine in the urine after
a taurine load appears to follow a
genetic pattern. As illustrated in Fig.
12, the parents of patients (obligate
heterozygotes) have an excretion pat-
tern intermediate between controls and
patients. Furthermore none of the
parents are low or high excretors, all
being classified as “intermediate” ex-
cretors. These findings indicate that the
postulated uptake defect in taurine is
closely and directly related to the
“primary event”, since it appears in all
the cases so far tested and since it fol-
lows the expected genetic pattern.
Many more studies will be required

Barbeau

before this hypothesis is confirmed.
Again it is appropriate to ask the same
questions concerning the relationship
of the postulated taurine defect with the
“primary event”.

A) Arguments against

1. Specificity: higher than normal
urinary excretion of taurine have
been seen in a number of entities,
some not neurological and even in
some normal subjects. It is not
known, however, if the TH system
is defective in these cases, because
it is at low substrate concentrations
that the defect results in a tissue
deficiency. Other forms of ataxia
have not yet been tested.
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2.8ite of exact defect and the
mechanism of that defect in TH
reuptake system have not yet been
delineated.

B) Arguments for
1. Universality of the finding in all
cases of Friedreich thus far tested.
In other words we have not yet
found a single FA patient within the
low excretor group.
2. Sufficient amplitude: the defect
as reported would be of sufficient
amplitude to cause, over a period of
years, a cumulative deficiency in
the taurine pool available for os-
motic and metabolic modulator
functions.
3. Genetic pattern: the genetic
pattern observed in taurine urinary
excretion in patients and their par-
ents is compatible with auto-
somal recessive transmission of the
trait (THp).
4. Compatible with physiopathology
As will be seen in the next few
pages, this finding is compatible
with everything presently known
about the biochemistry of
Friedreich’s disease.

C) On balance
It is my personal opinion that, of
the four working hypotheses
reviewed in relation to Friedreich’s
disease, only the Taurine Hypothe-
sis comes close to fulfilling most of
the necessary criteria for a
“primary event”. However this
hypothesis, being the newest, is also
the one least tested in other labora-
tories and therefore the most fragile
one at this stage.

PERSONAL OPINION AS TO THE
ETIOLOGY AND
PATHOPHYSIOLOGY OF
FRIEDREICH’S DISEASE

Having thoroughly reviewed all the
arguments for and against each of the
four hypotheses, it is now time for us to
choose and to take position in order to
orient further research in our own
laboratory and in our cooperating
centers. This is a risky action taken
only after due deliberation and to
stimulate discussion. A summary of the
arguments is given in Table 6.

It is seen that the taurine hypothesis
is the only one compatible with all the
criteria, if we accept that two still
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Figure 12 — Urinary excretion of taurine after a 250 mg taurine load in Figure 13 — Possible interaction between calcium and taurine within

patients with Friedreich’s disease, their parents, and normal control
subjects. The obligatory heterozygotes have intermediate values.

mitochondria. Accumulation of free calcium could cause uncoupling in
the respiratory chain, and even cell damage.

TABLE 6

COMPATIBILITY OF HYPOTHESES WITH CLINICAL GENETIC AND BIOCHEMICAL

CRITERIA FOR _FRIEDREICH'S DISEASE

ITEMS HYPOTHESES
PYR LIPID ENERGY TAURINE

1. Universality - - + +
2. Amplitude - + + +
3. Specificity - - ? ?
4. Genetic pattern + - + +
5. Site of defect identified - - 4 %
6. Compatible with physiopathology + + + +
7. Compatible with biochemical criteria

a. M.E. + + + +

b.  PDH/LAD + + - +

c. o-KGDH “+ + - +

d. VDH + + - +

e. GDH - + . .

f.  18:2 in RBC _ - x +

partially unknown results may be
positive. The malic enzyme defect fails
to account for the significant changes
in PDH /.LAD, « -KGDH, VDH and
GDH in a good number of the pa-
tients and is difficult to reconcile
with some of the pathological and
clinical findings. The other two hy-
potheses are mainly rejected because
of their lack of universality in typical
Friedreich patients. It is also
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immediately evident that none of the
hypotheses are mutually exclusive.
Much of the evidence favouring each
one can also be used in favour of the
other hypotheses, and is probably an
integral part of the etiologic mechan-
ism, but at the secondary level.

In conclusion, I believe that a defect
in taurine conservation is the only
primary event presently known in

Friedreich’s disease. If this is so, I must
now try to explain how this defect is
compatible with all that is known about
the disease, and how it is related to the
multiple biochemical defects shown to
exist in Friedreich, at least in a
significant number of patients. Taurine
must first be shown to be distributed in
the appropriate regions, and to possess
mechanisms of action that, if disturbed,
would be compatible with the observed

Quebec Cooperative Study of Friedreich’s Ataxia
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abnormalities (clinical and biochemi-
cal).

TAURINE (2-aminoethanesulfonic
acid) is an essential amino acid with
little metabolic activity, in that it is not
transformed significantly in humans.
About half of taurine is obtained from
the diet, with the rest synthesized
mainly in the liver from cysteine or
cysteic acid (for reviews see Huxtable
and Barbeau, 1976; Barbeau and
Huxtable, 1978 and Huxtable and
Pasantes-Morales, 1982; unless
specifically cited, the following
statements by authors marked * will be
found in these books). The distribution
of taurine between tissues is not
homogeneous. 70% of the taurine
content of the body is in muscles,
including the heart. This is-in a
relatively slow exchangeable pool. The
highest concentration is in the heart
followed by the kidney and then the
brain where the frontal lobe has the
highest level. Cysteine sulfinic acid
decarboxylase (CSD) which catalyses
the synthesis of taurine is mainly in the
liver, followed by the kidney. In the
central nervous system of the rat the
cerebellum (6.5 uM/g wet weight),
cerebral cortex (7.2), striatum (8.0) and
hippocampus have the highest
concentrations, while the pons, medulla
(2.4) midbrain (2.8) and spinal cord
(1.7) have the lowest values
(Lombardini, 1975). Kuriyama* et al,
(in Barbeau and Huxtable, 1978) have
studied the micro-distribution of
taurine and of CSD in rat spinal cord.
It was found that taurine is rather
evenly distributed in the spinal cord,
whereas the activity of CSD is higher
in the dorsal half of the spinal cord (>5
n moles/mm?3/hr) than in the ventral
half (<5 n moles/mm?®/hr). The highest
activity of CSD was found in the dorsal
part of the dorsal horn (>25 n
moles/mm?/hr).

In the brain, the heart and the
kidney, taurine was found to be taken
up by a high affinity, low Km, low V
max, low capacity system which is
sodium dependent and specific for 3
amino acids, and by a low affinity-high
capacity system not inhibited by other
B-amino acids (Hruska et al, 1978%;
Chesney et al,* 1978). In kinetic
studies, Lombardini* (1976) incubated
various regions of the rat CNS with 35

Barbeau
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TAURINE AS REGULATOR OF AMINO-ACID TRANSPORT
{ MEMBRANE
AMINO - TRANSPORT AMINO -
ACIDS & ATPase (Ca™) > ACIDS
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MODULATION
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Figure 14 — Possible role of taurine as a chelator of zinc, which would affect the transport of amino
acids across membranes. The combination of a zinc deficiency and of taurine deficiency could
result in a severe destablization of membranes and of their transport system.

S-taurine. Considerable differences in
the kinetic parameters were observed,
with the lowest km (uM) for the spinal
cord (10.8) and the highest for the
cerebellum (108) and the pons-medulla
(200). V max followed almost parallel
lines. This suggests that the spinal cord
has the greatest affinity for a possible
membrane-mediated carrier system for
taurine. The spinal cord, and
particularly the dorsal horn, is closely
correlated with taurine activity and
turnover, if not concentration. Thus we
have shown that taurine metabolism is
indeed active in the appropriate areas
involved in spino-cerebellar degenera-
tions. What are the mechanisms of ac-
tion of taurine?

Many hypotheses have been
proposed to explain the various actions
of taurine. They have all been reviewed
previously (Barbeau et al, 1975, and
the three cited volumes on taurine):

(1) Taurine may act as a modulator

of electrolyte transport, particularly

of calcium (Welty et al*, 1976) (Fig.

13) or by contributing to the binding

of Ca++ to intracellular organelles

(Pasantes-Morales*, 1982).

(2) Taurine could be an osmotic

regulator in brain and heart (Thur-

ston et al, 1981).

(3) Taurine could act as a membrane

stabilizer, particularly in excitable

tissues (Gruener et al*, 1976).
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(4) Taurine could be involved in the
regulation of tissue gluta-
mine/glutamate balance (Van Gel-
der*, 1976, 1978).

(5) Taurine could act as an
inhibitory transmitter substance, in
spinal cord and possibly in retina
(Phyllis*, 1976; Pasantes-Morales*,
1982). However the neurotransmit-
ter role of taurine is less popular now
than the modulator role.

(6) Taurine could act by chelation of
zinc and thus modify the ATP ase
transport pump. (Fig. 14). The
relationship of taurine and zinc has
not received the importance it merits.
This link was first proposed by
Barbeau and Donaldson (1974) in
relation to epilepsy. Chelation of
zinc would have a stimulatory effect
on Na-K-ATP ase and could
account for the retention of
potassium caused by taurine. A zinc
deficiency is accompanied by a
taurine loss in the urine. Zinc is
highly concentrated in the boutons
terminaux of the hippocampus
mossy fibers, and in the tapetum
where it is in the form of a zinc-
cysteine complex. The same rod
membrane contains high levels of
taurine (Sturman et al*, 1982). A
zinc deficiency mimics many of the
clinical features of essential fatty
acid deficiency, and can be corrected
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by 7Y -linolenic acid and not by
linoleic acid (Huang et al, 1982).

(7) Finally, we have proposed
(Barbeau*, 1982) that taurine plays
a role as a modulator of sensory
input in mammals.

It is thus evident that taurine has
considerable effects upon the nervous
system and muscles, effects which
could be directly involved in the
pathophysiology of Friedreich’s
disease. Unfortunately the exact mode
of action is still not clearly determined,
but many of these functions have been
involved in producing some of the
biochemical changes reported above,
as well as many of the symptoms.

In our last overview (Barbeau,
1980), we have demonstrated in detail
how an energy production defect in
mitochondria could produce the
cardiomyopathy and the dying back
neuropathy in the dorsal root ganglia
large fibers (and all the consequent
symptoms of scoliosis, posterior
column symptoms, areflexia and
ataxia). We thus confirmed the
mechanism proposed by Spencer et al
(1979) for polyneuropathies. This is
illustrated in Fig. 15. These conclusions
are not surprising if one recalls that of
all the organs, the heart is active every
minute of the day, that muscles require
considerable energy to produce work
and finally that the bipolar large cells of
the dorsal pool ganglia have the longest
axones in the body! These organs
would thus be the prime candidates for
damage consecutive to an energy pro-
duction defect. In a recent important
paper, Darsee and Heymsfield (1981)
have shown elevated urinary taurine
levels in a large kindred with conges-
tive cardiomyopathy. Ten other family
members had mitral-valve prolapse and
elevated urinary taurine values. One
member with mitral valve prolapse died
suddenly. Myocardial taurine values
were decreased, as were the concentra-
tions in 4 members with congestive car-
diomyopathy and myocardial fibrosis.

In the same overview (Barbeau,
1980) and in Fig. 6 of the present
paper, I have discussed how changes in
mitochondrial membrane composition
(particularly in 18:2) or fluidity could
produce deficiencies in a series of
mitochondrial matrix and inner
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Figure 15 — A scheme to relate the main clinical and biochemical findings in Friedreich’s disease to

the postulated defect in taurine transport.

membrane enzymes: PDH/LAD, o -
KGDH, VDH and GDH. Such
impairment of the availability of
substrates (glucose/pyruvate,
glutamate, branched chain amino
acids) is sufficient to produce an energy
deficit and partial uncoupling of the
respiratory chain. Stumpf and
collaborators (1982) have now added
the finding of a new block at the level of
mitochondrial malic enzyme. Whether
this block is a primary genetic event
(their hypothesis), or a down-regulation
as a consequence of the other partial
blocks reported above (our in-
terpretation), this shut-down of the
safety valve further interferes with the
free flow of Krebs cycle intermediates.
It is now important to see how a
taurine defect could contribute to the
mitochondrial membrane abnormality.
This could be directly through non-
chelation of the zinc moiety which
would affect the amino acid membrane
transport systems as well as the action
of insulin on glucose transport.
Another possible mode of action is
through the modulation of calcium
binding to intra cellular organelles,
particularly the endoplasmic reticulum
(Pasantes-Morales*, 1982). Finally, a

defect affecting the availability of
taurine for conjugation in the liver
could influence the incorporation of
fatty acids (18:2) within bile lecithins,
thus the eventual availability of 18:2 for
incorporation to intestinal chylomicron
phospholipids. If the taurine uptake
defect postulated for the kidney is also
present in the intestinal brush border
membrane, uptake of taurine in the
entero-portal circulation would be
deficient. Since most of the taurine
provided to the liver originates either
from the diet or from reclaimed
intestinal taurine, the end-result would
be a net deficit in taurine presented to
the liver conjugating mechanism,
thereby inducing a compensatory
synthesis of the amino acid. The
induced correction could be translated
into modified G/T ratios and therefore
an abnormal loss of taurine through the
bile, still further amplifying the deficit
(see Barbeau, Bouchard et al, 1982,
this issue). The secondary effects of
these changes in the bile could be
important: reduced conjugation to
glycine (as shown by reduced
formation of hippuric acid from
benzoic acid), and possibly interference
by the free bile acids with the uptake

Quebec Cooperative Study of Friedreich’s Ataxia
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and incorporation of unsaturated fatty
acids into bile lecithins (see above).

In summary, I feel that the presence
of a transport defect for taurine could
be a major contributing factor for all of
the symptoms of Friedreich’s disease,
particularly the primary symptoms
previously listed (Table 2): the
cardiomyopathy, areflexia and dorsal
column signs. The transport defect,
which we postulate to affect the high
affinity-low capacity transport of
taurine (TH system) could be a
primary event in Friedreich’s disease.
Only further studies will tell whether it
is the primary event or whether another
enzyme deficiency produces this
transport impairment.
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