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SUMMARY: Friedreich’s ataxia pa-
tients show evidence of an abnormally
elevated and prolonged response of
pyruvate and lactate to a glucose load,
with normal fasting levels. However,
there is a bimodal distribution of this
response with high and low pyruvate
responders. This trait appears to be de-
termined genetically, However, although
in vivo tests suggest low oxidation of
pyruvate, we were unable to confirm any
in vitro impairment of each of the com-
ponents of the pyruvate dehydrogenase
(PDH) complex. We conclude that the
defect is in the metabolic regulation of
PDH, probably at the E; (lipoamide de-
hydrogenase) step.

RESUME: Les patients avec ataxie de
Friedreich, en tant que groupe, montrent
de facon undubitable une réponse anor-
malement élevée et prolongée du pyru-
vate et du lactate a une surcharge en
glucose, tout en maintenant des taux de
base normaux a jedn. Cependant, il
semble y avoir une distribution bimodale
de cette réponse, incluant des réponses
élevées ou basses. Ce trait semble étre
déterminé génétiquement. Cependant,
alors que les tests in vivo montrent une
oxidation lente du pyruvate, par contre
les tests in vitro ne semblent pas con-
firmer une atteinte d’une quelconque des
composantes du complexe pyruvate de-
hydrogenase (PDH). Nous concluons
que le défaur est au niveau de la
régulation métabolique du PDH, proba-
blement au niveau de la composante Es;
(Lipoamide dehydrogenase).
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INTRODUCTION

Previous studies (Thoren, 1962;
Hewer and Robinson, 1968;
Podolsky and Sheremata, 1970) and
our own work (See previous papers)
have demonstrated that there is a
high incidence of ‘‘clinical’’ and
‘‘chemical’’ diabetes or glucose into-
lerance in many types of ataxias,
including Friedreich’s, with or with-
out changes in insulin secretion or
reactivity to a glucose load. This fact
was known before the start of the
present study and therefore a
number of metabolic evaluations of
the glucose metabolic pathway in
Friedreich’s ataxia were included in
the common protocol. Among these
was an evaluation of pyruvate and
lactate metabolism. This was based
on previously reported findings of

‘abnormal pyruvate handling in

motor neuron disease (Shahani et
al., 1971), a variety of neuro-
muscular disorders (Collis and
Engel, 1968), obesity, polyneuritis
(Joiner et al., 1950) and in many pa-
tients with intermittent ataxia
(Blass et al., 1971). During the early
phase of our evaluations, Kark et al.
(1974) published a paper demonstra-
ting deficient pyruvate oxidation in
neuromuscular diseases, including
Friedreich’s ataxia. This was the
impetus for a more detailed investig-
ation of this aspect in some of the
patients included in our survey.

Pyruvate oxidation is an ex-
tremely complex biochemical
phenomenon which has been shown
by Reed and his co-workers (Reed
and Cox, 1966; Reed, 1974) to com-
prise a successive cascade of at least
three enzymatic steps under the reg-
ulatory control of two more en-
zymes. At each of these steps co-
factors also play an important role.
The first component of the pyruvate
dehydrogenase (PDH) complex is
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pyruvate decarboxylase (Ei), a
thiamine pyrophosphosphate (TPP)
dependent enzyme. The second step
(E2) is the enzyme lipoyl reductase
transacetylase. The last step (Es3) is
dehydrolipoyl dehydrogenase also
called lipoamide dehydrogenase
(LAD) employing flavin-adenine-
dinucleotide (FAD) as co-factor and
under the control of the
nicotinamide-adenine-dinucleotide
(NAD)-(NADH) reaction (Figure 1).
The function of LAD is to regener-
ate oxidized lipoic acid. Finally, this
tri-enzyme complex can be found in
the active or inactive states, trans-
formation between the two states
being dependent upon a kinase (to
phosphorylated, inactive state) or a
phosphatase (to dephosphorylated,
active state) and the divalent ions
calcium and magnesium (Figure 2).
In the presence of calcium, the
phosphatase binds to the trans-
acetylase moiety favoring dephos-
phorylation. The present paper will
take a preliminary look at each of
these steps in a large sample of pa-
tients with typical Friedreich’s
ataxia.

SUBJECTS AND METHODS

The patients studied were mostly
from Group la (typical Friedreich’s
ataxia), but also included examples
from other sub-groups and were
chosen according to availability at
the time each individual test was
planned. Appropriate age-matched
controls were also chosen for each
test.

a) Glucose-pyruvate test: Following
the ingestion of two consecutive
doses (30’ apart) of 50% glucose (50
ml in 200 ml H:0), blood was with-
drawn at 0, 60, 90 and 120 min.
Pyruvate and lactate were measured
by U.V. spectrophotometer at 340
m M according to standard proce-
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dures (Joiner et al., 1950). The pa-
tients were tested in the morning,
fasting, after 3 days of high car-
bohydrate intake. Calculations and
comparisons were made at time 0
and every subsequent time of blood
drawing (Student’s t-test). Areas
under the curve were also measured:
total area by planimetry, ‘‘abnor-
mal’’ area by planimetry of the sur-
face under the curve but over a
stated baseline of 100 # M/1, and
finally the difference between the
results at 120’ and 0’ (A120-0). Simi-
lar plots and calculations were made
for lactate.

b)  Thiamine pyrophosphate
(T.P.P.), the co-factor requirement
of the first step of the pyruvate de-

hydrogenase complex (PDH); pyru-
vate decarboxylase (Ei), was meas-
ured using the transketolase method
of Dreyfus (P. Dreyfus, personal
communication). This is intended to
evaluate deficiencies in thiamine
(Vit. B-1) by using D-xylulose-5-POa
as source of active glycoaldehyde
and measuring the formation of
sedoheptulose-5-POs in a Hitachi-
Perkin-Elmer 139 spectrophotome-
ter. This determination is done with
and without the addition of excess
TPP (2 mM).

¢) The pyruvate dehydrogenase
components were measured, in
white blood cells (leukocytes) and
cultured fibroblasts, by incubation
of 1—14C, 2—14C or uniformly label-
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led 1*C—pyruvic acid (New England
Nuclear Corporation) and capture of
the liberated '4CO: with stan-
dard methods similar to those em-
ployed by Blass and collaborators
(1976). These results gave measures
of pyruvate oxidation (see Discus-
sion). Fibroblasts were cultured ac-
cording to the method of Stromme et
al. (1976).

d) The final component, dehydro-
lipoyl-dehydrogenase (lipoamide
dehydrogenase, LAD) was mea-
sured in serum using modifi-
cations of the method recently de-
scribed by Pelley et al. (1976).

e) Serum alanine determinations
were carried out by chromatography
(as described in the previous paper).
f) The serum enzymes glutamic
pyruvate transaminase (SGPT) and
lactic dehydrogenase (LLDH) were
measured by routine laboratory pro-
cedures including the automated
SMA 15/60.

RESULTS
a) Pyruvate-glucose test

Initially, we carried out this test
indiscriminately on 21 consecutive
ataxic patients (from any groups la,
I1a, and 11b), and in 16 normal age-
matched control subjects from our
laboratories. It can be seen in Figure
3 that the ataxic subjects are sig-
nificantly different from the control
group in their pyruvate response to
glucose. This is true at all times after
the ingestion, despite the fact that
initial fasting levels were not differ-
ent between the 2 groups. The same
type of response can be observed for
blood lactate levels (Figure 4), but in
this case fasting levels in the ataxics
are higher. These results have been
reported (Barbeau, 1975).

A reevaluation of these findings,
with the addition of 2 cases was then
carried out. The new sample com-
prised 17 Group la patients with
typical Friedreich’s ataxia, 6 Group
Ila patients (atypical Friedreich —
possibly recessive Roussy-Levy
syndrome), S subjects with the do-
minant form of spino-cerebellar de-
generation, and 6 neurological con-
trols (2 motor neuron disease, |
Parkinson’s disease and 3
myopathies). The results are com-
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piled in Table 1. It is seen that the
neurological controls and the do-
minant spino-cerebellar degenera-
tions are not significantly different
from normal controls as far as their
pyruvate response to glucose is con-
cerned (measured as abnormal sur-
face under the curve over and above
the upper limit, or threshold, of
normal values). The response of the
17 Group Ia patients is abnormal,
exagerated and delayed in its return
to normal. This is also true, but to a
lesser extent in Group lla patients.
The response of lactate to glucose in
all these patients followed essen-
tially the same pattern, but is much
more affected by a large number of
variables, therefore is less reliable.
Perusal of the individual results
gave the impression that the Group
Ia subjects did not form a
heterogeneous sample, but included
at least 2 different sub-groups (Fig-
ure 5) which we could call the low
and the high pyruvate response sub-
groups. If this division is genetically
determined, we should be able to
delineate familial clusters of such
responses. It was possible to study 5
kindreds from group la cases (Table
2), including 4 asymptomatic siblings
of the 10 ataxic patients, and their 10
asymptomatic parents. The appar-
ently normal siblings did not differ
from the normal control subjects.
The 10 parents, as a group, had
higher values. In fact, the means of
the 3 groups (normals, parents, atax-
ics) are almost exactly in a 1:3:6
ratio (758; 2321; 5200 mm?2), with the
parents half-way to the values ob-
served in their ataxic children. This
pattern is compatible with the au-
tosomal recessive transmission of a
biochemical defect reflected in ab-
normal responses of pyruvate to a
glucose load. Within this small sam-
ple, a clear-cut delineation of two
sub-groups could be made. Four pa-
tients had distinctly elevated pyru-
vate responses to glucose (5000 mm?
and over) while 6 patients had low
responses (0-5000 mm?2). The high-
responders were from 3 kindreds,
the low responders from 2 other kin-
dreds. There were no overlaping
values. We looked at the responses
of their parents. Again the division
into high and low responders was
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clear and always consistent with the
pattern observed in their ataxic chil-
dren. The low responder parents,
however, were not within normal
limits, their pyruvate response being
significatively lower than in normal
controls. In all these findings, the
responses of lactate were in parallel.

The biochemical characteristics of
the two groups of responses are
compared in Table 3 and will be
discussed later. Only 4/6 patients in
the low group are included, because

a brother and sister of one case were
studied for pyruvate response, but
were not part of the total protocol.
Some trends are evident, even in this
small sample. The high pyruvate re-
sponders have a higher 2 hr. P.C.
glucose, a higher Danowski score
(oral GTT analysis), and a lower
fasting insulin level. Their verbal
[.Q. is consistently lower. Both
groups have higher than normal
mean total bilirubin levels, this being
more evident in the low responders,

TABLE 1

PYRUVATE-GLUCOSE TEST IN ATAXIAS

(mean + S.D.)

GROUP N
1) Normal controls 16
2) Neurological controls 6
3) Friedreich's ataxia (la) 17
4) Roussy-Levy (Ila) 6
5) Spinocerebellar degene- 5

rations (dominant)

ABNORMAL PYRUVATE ABNORMAL LACTATE

SURFACE SURFACE
(mn?) ()
758 + 1604 331 £+ 523
690 + 560 857 + 867
4389 + 4306 4739 + 5386
2357 + 1309 3167 + 990
698 + 625 1303 + 1920

TABLE 2

GLUCOSE-PYRUVATE TEST

IN RELATIVES OF FRIEDREICH'S ATAXIA (mean + S.D.)

GROUP N

1) Normal controls 16

2) Friedreich's ataxia 17
(Group Ia)

3) Relatives of Group la patients 14
a) Asymptomatic siblings 4
b) Parents 10
c) Fathers 5
d) Mothers 5

4) Sub-groups of Group Ia

a) Patients 4

b) Parents 6
B) Low_pyruvate (2 kindreds)

a) Patients 6

b) Parents
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ABNORMAL PYRUVATE ABNORMAL LACTATE

SURFACE SURFACE
(mn?) (mm?)
758 + 1604 331 = 523
4389 + 4306 4739 * 5386
1834 + 2320 1885 + 2432
616 + 770 1747 = 2161
2321 = 2015 1940 + 1789
2878 + 3176 1119 + 1298
1765 ¢+ 2028 2761 = 3510
10021 + 3205 9629 + 7923
3832 + 2264 3181 + 2815
1986 + 1804 3472 = 3192
56 + 111 78 + 111
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where it is pathological (see previous
paper).

b) Determination of thiamine-
pyrophosphate, through the trans-
ketolase method, was carried
out in 11 normal age-matched
control subjects and 11 patients from
Group lIa (typical Friedreich’s
ataxia). The results are given in
Table 4. A control patient was al-

ways studied on the same day, and
at the same time as an ataxic patient.
Each determination was carried out
in duplicate. It is seen that the two
groups do not differ, with or without
the addition of TPP. There is no
evidence of thiamine deficiency in
the patients studied.

¢) Pyruvate oxidation in white blood
cells. The production of 4CO: from

TABLE 3

CHARACTERISTICS OF HIGH

AND LOW PYRUVATE KINDREDS

(mean + S.D.)

HIGH PYRUVATE RESPONDERS

LOW PYRUVATE RESPONDERS

1—1C—pyruvate was measured in
white blood cells of 20 fasting pa-
tients with Friedreich’s ataxia (from
Group la) and 20 age and sex-
matched controls. A patient was al-
ways measured with his control.
There were no significant differ-
ences observed, as recorded in
Table 5. The Friedreich’s cases had
123% of control activity in pyruvate
oxidation within their leukocytes.

d) Oxidation of Y4C—{1)—pyruvate
by intact fibroblasts (first laborat-
ory). The oxidation of C—
l—pyruvate was measured in
cultured fibroblasts from 8§ typical
Friedreich’s ataxia cases and 8 con-
trol cases in one laboratory. The
results are given in Table 6. There is
no significant difference between the

1) Number of kindred >3 2
) Mumber of kindreds two groups. Because there can be
2) Number of patients 4 4 important technical variations from
3) Abnormal pyruvate surface 10,021 = 3205 1986 + 1804 d_ay to, dz,ly in this type of determina-
tion, it is important to measure a
4) Abnormal lactate surface 9,629 + 7923 3472 + 3192 patient and h]S own control on the
§) Fasting glucose (mg%) 89.0 + 3.16 89.0 + 15.9 same day. Otherwise 3 patients with
low values (3.5, 8.7, 9.6) would have
6) 2 hr. P.C. glucose (mg%) 117.0 + 55.15 111.5 + 37.4 been considered abnormal. How-
7) Fasting insulin 10.75+ 5.7 18.25¢ 8.65 ever, that same day, the 3 matched

(normal values 23 # 8) controls read 87, 106, 12.0
8) Danowski score 484 + 310.4 388 + 51.9 e) Oxidation Of 2—‘4C—pyruvate
9) Total bilirubin (mg%) 0.97 + 0.22 1.72 + 0.79 by intact fibroblasts (first laborat-
ory). The fibroblasts from the same
10) S.G.P.T. (I.U.) 12.0 = 10.7 14.0 + 4.96 8 patients and 8 controls served for
11) L.D.K. (1.U.) 157 +  56.3 144 + 14.8 the measurement of the oxidation of
12) Cholesterol (mg/100 ml) 148 1295 2—14C—pyruvate in the same labo-
. ®

olesterol (ng/100 m £ 21 5 x 26.9 ratory. The two groups of patients
13) Triglycerides (mg/100 m1) 56.7 + 28.9 67.8 £ 16.02 do not differ, Table 6. We found 2
14) verbal 1.Q. 2.0+ 5.7 N3.7 + 4.08 low values (0.04 and 0.06), but the
matched controls were also low
15) Fasting pyruvate (uM/1) 100.2 + 40.5 73.2 + 22.99 (both 0.03). These low determina-

tions were, however, not in the same
fibreblasts as for 1—14C—oxidation.

f) Oxidation of 2—"4C— pyruvate
and uniformly labelled pyruvate in
fibroblasts (second laboratory). Be-
cause of the importance of confirm-
ing or contradicting published find-
ings on pyruvate oxidation in
Friedreich’s ataxia, we carried out
oxidation measurements in a second
laboratory from the same fibroblast
cultures using slightly different
methodological approaches (Melan-

1755.0 + 266.0

+

16) Fasting lactate (uM/1) 2477.5 + 1825.0

TABLE 4
TRANSKETOLASE DETERMINATIONS

{mean # S.D.)

CONTROL SUBJECTS FRIEDREICH'S ATAXIA
(N=11) (N=11)

a) Without excess TPP 110.4 £ 17.6 mg% 102.5 + 12.2 gon et al., unpublished). The
oxidation of uniformly labelled *4C
or of 2—¥4C—pyruvate, as well as of

b) With excess TPP 113.1 £ 17.4 mg% 106.8 + 15.9 uniformly labelled ™C or
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1—14C—acetate (New England Nuc- JABLE S

lear Corporation) was normal in typ- PYRUVATE OXIDATION IN WHITE BLOOD CELLS
ical and atypical Friedreich’s ataxia
subjects from our survey when com-
pared to the results in probable or
obligatory carriers (parents) or nor-

(moles 14C02/10,000 WBC/hr)

. CONTROLS FRIEDREICH
mal control subjects (Table 7). -
g) Determination of lipoamide de- Number of patients 20 20
hydrogenase (LAD) activity Age (mean) 24.8 22.1

The third component (Es) of PDH 12
is lipoamide dehydrogenase. This
was evaluated in the serum of 10 Range
cases of Friedreich’s ataxia( all from

Group la) and 10 age-matched con-

trols. A control patient was

evaluated on the same day as a case

of Friedreich’s ataxia. As seen in TABLE 6
Table 8, there were no differences
between the two groups, when taken
as a whole. However, when the pa-
tients are divided according to their
pyruvate response to glucose (see
above), some differences or trends

12
2

(1.85 + 0.20) x 10°
-12

PDH Activity (2.27 + 0.25) x 10°

(0.50 - 3.81) x 10712 (0.78 - 4.63) x 10°

OXIDATION OF PYRUVATE BY FIBROBLASTS

(CPM/mg protein/min)

CONTROLS FRIEDREICH
can be seen. The low pyruvate re- ) Tnew)
sponders (members of 2 kindreds)
show no differences from their con- Oxidation of 1%¢-(1)- 15.72 + 16.37 &
trols, whereas the high pyruvate re- Pyruvate. range (8.7 - 24.5) (8.7 - 24.3)
sponders (members of 3 kindreds):
have a 29% decrease in serum LAD Oxidation of '%c-(2)- 0.22 1 0.30 ¢
concentrations. Pyruvate range {0.03 - 0.71) (0.04 - 1.01)
TABLE 7
PYRUVATE OXIDATION IN FIBROBLASTS
QOF FRIEDREICH'S ATAXIA (LABORATORY # 2)
(mean + range)
SUBSTRATE
SUBJECTS PYRUVATE ACETATE
(uMol Substrate oxidized/hr/mg protein)
U-]4C 2-]40 U-]4C ]_14c
CONTROLS 0.995 0.053 0.0056 0.175
(N =5) (0.79 - 1.26) (0.02 - 0.08) (0.0033 - 0.0084) {0.09 - 0.23)
PROBABLE CARRIERS 1.305 0.115 0.0057 0.181
(N=17) (0.70 - 2.30) (0.036- 0.187) (0.0018 - 0.0075) (0.12 - 0.19)
FRIEDREICH'S ATAXIA 0.971 0.028 0.0031 0.107
(N =8) (0.74 - 1.48) (0.014- 0.039) (0.0007 - 0.0046) (0.066 - 0.145)
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Figure 3 — Blood pyruvate response to an oral glucose load in
Friedreich’s ataxia and normal control subjects.

h) Other enzymes and metabolic

products

We also investigated the SGPT,
and LDH, as well as the fasting
pyruvate and lactate in both high (4
patients) and low (4 patients respon-
ders. These data are shown in Table
3. While the enzymes do not appear
to indicate differences, the fasting
pyruvate and lactate levels appear to
be higher in the high responders,
again possibly indicating the pres-
ence of two biochemical sub-groups.

i) Relationship between pyruvate
results and insulin
Figure 6 indicates the obvious and

significant inverse relationship be-
tween fasting insulin levels in 14
Friedreich’s ataxia patients trom
Group la and the abnormal pyruvate
surface (in mm?2) as calculated from
the response of pyruvate to a glu-
cose load. Higher fasting insulin
levels, at rest (i.e. normal levels
which are 23* 8 pU/ml! ) are as-
sociated with fewer abnormalities in
pyruvate metabolism. When the in-
sulin levels are low, pyruvate does
not appear to be metabolized as fast.

It should also be noted that the 4
low responders (Table 3) had | nor-
mal, 3 type 1 insulin curves with |
normal and 3 diabetic GTT curves,

TABLE 8

LIPOAMIDE DEHYDROGENASE ACTIVITY

CONTROLS FRIEDREICH'S ATAXIA
N Results N Results Significance
SERUM L.A.D. 10 150.5 = 66.85 10 125.5 + 43.4 N.S.
a) High pyruvate
Responders 5 162.3 £70.25 5 115.3 + 38.2 -29%
b) Low Pyruvate
Responders 5 138.8 +£55.71 5 135.8 + 49.43 N.S.
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Figure 4 — Blood lactate response to an oral glucose load in
Friedreich’s ataxia and normal control subjects.

while the 4 high responders all had
type 3 insulin and delayed diabetic
curves.

J) Relationship between pyruvate
results and total bilirubin
Figure 7 illustrates the relation-
ship between the calculated abnor-
mal pyruvate surface and total

DISTRIBUTION OF PYRUVATE
RESPONSE IN 17 "TYPICAL"
FRIEDRIECH'S ATAXIA (GROUP Ia) CASES
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Figure 5 — Distribution of *‘abnormal’’
pyruvate surface in Friedreich’s ataxia
patients after an oral glucose load.
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bilirubin values (mean 1.71 mg%) in
the 4 low responders and in the 4
high responders (mean 0.95mg%).

k) Relationship between normal
pyruvate metabolism and age or du-
ration of disease. The relationship
between the abnormal pyruvate sur-
face as calculated after glucose in-
gestion and either age or duration of
the disease was evaluated in 14
Group la patients. We could not
demonstrate any increase or de-
crease in the severity of the abnor-
mality with advancing years. In one
patient, still within the first year of
evolution (8 year old girl), we ob-
served one of the highest values.
This would be one argument in favor
of the thesis that the pyruvate oxida-
tion defect is not secondary to the
disease process.

DISCUSSION

As noted by Joiner et al. (1950),
Collis and Engel (1968), Shahani et
al. (1970) and more recently by Blass
and collaborators (1976), familial
ataxia can occur in a variety of in-
born errors of metabolism. Thus,

disorders of lipid metabolism such as
Refsum’s disease with phytanic acid

storage (Steinberg, 1972), A-
B -lipoproteinemia (Fredrickson et
al., 1972) varieties of moderate de-
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ficiencies inf-galactosidase (Wenger
et al., 1974) or juvenile arylsulfatase
A deficiencies (Pilz, 1969) can man-
ifest themselves with ataxia. The
same can be said for a number of
specific aminoacidurias stuch as
Hartnup disease (Jepson, 1972), in-
termittent maple-syrup-urine disease’
(Dancis and Levitz, 1972), or
Y-glutamyl-cysteinyl transferase de-
ficiencies (Meister, 1974). To date, it
has not been possible to isolate a
common denominator to these
genetically and phenotypically dif-
ferent entities. In many of these dis-
orders, the clinical syndrome of
spinocerebellar degeneration is ob-
served in a few patients.

For many years, it has been rec-
ognized that pyruvate oxidation
might be impaired in diseases show-
ing evidence of ataxia and peripheral
neuropathy. This has been known
since 1950 when abnormal pyruvate
responses to glucose were reported
by Joiner and collaborators (1950) in
polyneuropathies, motor neuron
disease and a few myopathies. The
non-specificity of this response was
illustrated by the fact that it could
also be observed in simple obesity
(Doar, and Wynn, 1970). Pyruvate
oxidation, as seen in Figures 1 and 2,
involves a complex series of en-
zymatic reactions. It is not surpris-

RELATIONSHIP PYRUVATE METABOLISM - INSULIN
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ing that specific defects in one or
more steps of this cascade have been
reported in man. The first step
(Ei\—pyruvate decarboxylase) can
be impaired in thiamine deficiency
(Dreyfus and Victor, 1961), and ele-
mental or organic mercury poisoning
(Thompson and Whittaker, 1947;
Menon and Kark, 1976), all diseases
with prominent ataxia. Specific
apoenzyme deficiencies in Ei or E:2
have also been noted as genetic en-
tities (Blass et al., 1970, 1971, 1972,
1976), but they are usually accom-
panied by congenital or acquired lac-
tic acidosis, high fasting pyruvate
and lactate levels and most patients
do not survive infancy (Londsdale,
1969; Farrell et al., 1975; Stromme et
al., 1976). In some cases, in addition
to the lactic acidosis, one can find
elevated levels in blood and urine of
alanine, the transamination product
of pyruvate. This was demonstrated
by Dunn and Dolman (1969) in a
child with the clinical signs of
Friedreich’s ataxia and the usual
changes of subacute necrotizing en-
cephalomyelopathy.

In a recent series of papers, Blass
and co-workers (Kark et al., 1974,
Blass et al., 1976; Reynolds and
Blass, 1976) have studied in detail a
specific and genetically determined
defect in pyruvate oxidation affect-
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Figure 6 — Relationship between fasting insulin responses and
the abnormal pyruvate response (in mm?2) after an oral

glucose load in Friedreich’s ataxia.
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Figure 7 — Relationship between the abnormal pyruvate re-
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ing particularly the Es; (lipoamide
dehydrogenase) apoenzyme compo-
nent of the pyruvate dehydrogenase
(PDH) complex, in Friedreich’s
ataxia. However, closer examina-
tion of their papers suggests that
should such a defect exist (it is un-
likely because one would imagine
more severe damage to the brain
oxidative pathways and therefore to
the function of all cells), it cannot be
specific for all Friedreich’s ataxia
cases. In their first paper (Kark et
al., 1974), the authors studied 57
subjects, of which 8 were controls,
11 myopathies, 19 lower motor
neuron disorders and 19 ataxias. Of
the latter, only 7 had the classical
features of Friedreich’s ataxia.
Nevertheless, when pyruvate oxida-
tion in muscle was studied (0.5
M/gm non collagenous protein/hr.
being the lowest limit of normal),
low values were found in only 4 of
the 7 Friedreich’s, in 4 of the 12
other ataxias and in 8 of the 19
neuropathies. There was no correla-
tion between the level of pyruvate
oxidation and the severity of
neuropathic changes in muscle. It is
important to note that 3/7
Friedreich’s were normal. No em-
phasis on this fact was made by
Kark et al. (1974). From the same
paper, it is seen that blood pyruvate
response to a glucose load was ab-
normal in only 2 of the 3 Friedreich’s
with low muscle pyruvate oxidation
rates. In a later paper (Blass et al.,
1976), the same authors attempted to
define the biochemical abnormality
more precisely by studying, in dis-
rupted cultured fibroblasts of 5 pa-
tients, the total pyruvate dehyd-
rogenase complex, the Ei compo-
nent and, as a comparison, the
2-oxoglutarate (c-keto-glutarate)
complex. The results obtained in
these highly selected patients show a
43+4% reduction in total PDH activ-
ity as well as a 50%2% reduction in
the 2-oxo-glutarate dehydrogenase
complex with normal cytochrome-
C-oxidase activity. On the other
hand, the E: (pyruvate decarbox-
ylase) component when tested speci-
fically, was found within normal
limits. Mixing experiments gave no
evidence of soluble enzyme in-
hibitors or activators, and the addi-
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tion of excess substrate or co-factor
did not ameliorate the deficiencies.
Blass et al. (1976) observed that the
only common denominator between
PDH and 2-oxo-glutarate dehyd-
rogenase was the Es—component:
lipoamide dehydrogenase, the part
of the complex involved in regenera-
tion of the activity. They concluded
that the disturbance probably results
from a genetically determined defect
since it persisted in tissue culture,
and that this mutation involves the
apoenzyme protein moiety of
lipoamide dehydrogenase, in some
patients with Friedreich’s ataxia.
Such a conclusion would be an
important finding if it could be con-
firmed in either a clearly delimited
sub-group of patients or generally in
Friedreich’s ataxia. Unfortunately,
in our study we are unable to be as
specific. Firstly, in vivo, we could
demonstrate abnormalities in glu-
cose metabolism in approximately
40% of our typical Friedreich’s
ataxia patients. Not all patients re-
sponded to a glucose load with an
abnormal pyruvate oxidation rate.
We could clearly delineate two sub-
groups: ‘‘high responders’ and
‘“normal or low responders’’. This
response appeared to be genetically
determined, for the parents of the
high responders had high responses,
while the parents of the normal re-
sponders had low responses. Further-
more, the high responders had a
greater incidence of abnormal GTT,
of clinical diabetes, of high fasting
pyruvate and lactate levels and fi-
nally of high urinary alanine than the
low or normal responders. This
was less clearly reflected in a
lower mean 1.Q. of the high respon-
ders. In vivo studies confirm that
there exists a sub-group of typical
Friedreich’s ataxia patients who
have impaired oxidation of pyruvate.
It should, however, be noted that
this is not the case for all typical
Friedreich’s ataxia cases studied. It
is possible to show the complete
phenotype of Friedreich’s ataxia
without evidence of low pyruvate
oxidation as measured in vivo. The
specificity and primary importance
of this defect in the production of
Friedreich’s ataxia is further limited
by the observation that a similar
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defect in pyruvate oxidation can be
found (equally in vivo) in other atax-
ias and chronic neuropathies.

Our in vitro studies differ from
those of Blass and collaborators
(1976) and indicate that the findings
of these authors can, at best, be
specific to a very small sub-group
of ataxic patients and, with the other
interpretation, be subject to com-
plete reevaluation as regards their
application to typical Friedreich’s
ataxia. We were unable to demon-
strate any major in vitro impairment
of either the whole PDH complex or
of its Ei, and Es components. Ei
activity was found normal (in ag-
reement with Blass) from
1—14C—pyruvate oxidation in both
leukocytes and cultured fibroblasts.
Thiamine pyrophosphate (TPP) as
measured with the transketolase
method was also normal. Oxidation
of either 2—!'4C—pyruvate or
uniformly-labelled 4C—pyruvate
was measured on cultured fibrob-
lasts, by two slightly different
methods in two  different
laboratories, and was found to be
normal, indicating that the total
complex, and by subtraction the E:
component, was normal in our typi-
cal patients. Since our control values
for such measurements are the same
as those of Kark et al. (1974), we
conclude that the difference prob-
ably lies in the selection of patients
for study and not in methodology.
Finally, our own studies of the E:
component (lipoamide dehyd-
rogenase, LAD) in serum indicate a
29% deficiency only in the high
pyruvate responder sub-group of
typical Friedreich’s ataxia patients
(Table 7). On the other hand, the
normal or low pyruvate responders
show no difference from controls.
We must conclude that a LAD de-
fect of this magnitude, if it exists, is
not specific to all cases of
Friedreich’s ataxia, and is unlikely
to be due to a genetic mutation in the
LAD apoenzyme, as proposed by
Blass et al. (1976).

Our first conclusions are:

1) that pyruvate oxidation, in
vivo, is low in a definite sub-group of
typical Friedreich’s ataxia patients
but not in all such patients;
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2) that in vitro studies in most
cases of Friedreich’s ataxia from the
above two sub-groups are unable to
demonstrate a major defect in the Ei,
E:, or E; components of the PDH
complex, except for a partial defi-
ciency in LAD in some, but not all
patients. Perhaps the patients
studied by Blass et al. (1976) belong
to such a sub-group.

3) that the magnitude and reversa-
bility of the pyruvate oxidation defi-
ciency (within a few hours after a
glucose load and with normal resting
values), when it exists, is likely due
to a defect in PDH regulation rather
than to a genetic mutation in the
apoenzyme components of the com-
plex. This regulatory defect could be
genetically determined.

What could determine this reg-
ulatory defect in some cases of
Friedreich’s ataxia? Reed (1974) and
Wieland (1972) have studied in detail
the regulation of the pyruvate de-
hydrogenase complex and have
shown that the enzyme complex ex-
ists (Figure 2) in an active and an
inactive (phosphorylated) state.
Transformation from one form to the
next is dependent upon two enzymes
(a magnesium and ATP-dependent
kinase for inactivation and a
calcium-magnesium dependent
phosphorylase for activation) and a
number of co-factors (magnesium,
ATP/ADP ratio, calcium). Further-
more, this transformation is
metabolically controlled by end pro-
duct (acetyl co-enzyme A and NAD)
inhibition. In turn, the concentration
of acetyl co-enzyme A depends on
the free fatty acid production regu-
lated by insulin. There is no question
that in vivo pyruvate oxidation can
be impaired by one or more of the
above factors. Since diabetes is fre-
quent in Friedreich’s ataxia, it is not
impossible that total PDH activity in
vivo will be inversely proportional to
the availability of insulin. Such was
the case as demonstrated in Figure
6. The patients with clinical diabetes
were generally those who had more
evidence of defective pyruvate oxi-
dation. However, abnormal glucose
tolerance curves, with normal insu-
lin responses, were also seen in low
pyruvate responders.

It is possible that the PDH defect
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revealed in vivo under the above
mentioned metabolic stress situa-
tions (glucose load), is worse in pa-
tients with impaired glucose or insu-
lin metabolism, but they mask an
underlying genetic partial deficiency
in the functioning of the complex.
We have seen that the regenerative
component (LAD; lipoamide dehyd-
rogenase, Es) is the only common
denominator between pyruvate de-
hydrogenase and 2-oxo-glutarate (or
cketo-glutarate) dehydrogenase and
that it appeared to be partially im-
paired in our high pyruvate respon-
ders and probably markedly blocked
in the patients studied by Blass et al.
(1976). If the regenerating compo-
nent of the complex is impaired
alone without the Ei and E: compo-
nents, it would explain that the defi-
ciency in pyruvate oxidation would
appear only under conditions of
““metabolic stress’’ (a glucose load).
It would certainly be made worse by
the added presence of the metabolic
changes inherent to diabetes (low
insulin, high free fatty acids, etc.).

In the case of LAD, we are reluc-
tant, in the cases we studied, to
postulate, as was done by Blass et
al. (1976), an apoenzyme mutation of
such low amplitude (less than 30%
reduction in activity in the serum).
On the other hand, we could impli-
cate a regulatory defect (possibly
genetically determined) which would
impair LAD’s own recuperation.
The nature of this regulatory defect
is as yet unknown, but it could im-
plicate the binding or interaction of
NAD or of FAD to the dihydrolipoyl
dehydrogenase molecule in a man-
ner similar to the calcium regulated
TPP binding at the Ei: component or
the calcium regulated phosphatase
binding at the transacetylase (E2)
step. Preliminary evidence does im-
plicate calcium and/or pyridoxal
phosphate in the binding of NAD to
the E; moiety. Neither of these co-
factors were tested in the experi-
ments of Blass and co-workers
(1976), and therefore a defect in their
in vivo availability cannot be ruled
out.

In conclusion, we confirm that
some, but not all, patients with typi-
cal Friedreich’s ataxia show a defi-
ciency of in vivo pyruvate oxidation.

https://doi.org/10.1017/50317167100025634 Published online by Cambridge University Press

This deficiency is worse in a sub-
group of patients with abnormalities
in glucose metabolism and low fast-
ing insulin levels. It appears globally
to be genetically determined. To ac-
count for the equally Ilow
2-oxo-glutarate dehydrogenase ac-
tivity in some patients, the Ej
(Lipoamide dehydrogenase) compo-
nent of both complexes could be
deficient. We do not accept the
hypothesis that this defect results
from a genetic mutation in the
apoenzyme of LAD, but propose
instead that it is secondary to a reg-
ulatory dysfunction in the activity of
LAD, perhaps linked to calcium
and/or pyridoxal phosphate binding
and perhaps genetically transmitted.
It is uncertain whether all patients
with Friedreich’s ataxia have this
LAD regulatory defect and whether
a deficiency in pyruvate oxidation is
more than a secondary accom-
paniement of the disease.
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