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ABSTRACT The bioenergetic capacity of skeletal muscle
in a 17-year-old patient with a severe defect in complex III of
the electron transport chain has been examined by 3tp NMR
measurements of the molar ratio of phosphocreatine to inor-
ganic phosphate (PCr/Pi). Resting ratios were 1.3-2.5, which
can be compared with roughly 8.6 for a young, normal female
control at rest. Quantitative evaluation of the activity of oxida-
tive metabolism was afforded by the rate of recovery ofPCr/P,
from exercise and was found to be 2.5% of normal. After ad-
ministration of menadione and ascorbate, we found a 21-fold
increase of the recovery rate relative to the pretherapy value,
to within 56% of the recovery rate of the young female control.
Thus, NMR examinations of skeletal muscle at rest and in re-
covery from activity document marked improvement to specif-
ic drug therapy in the electron transport capabilities and the
ATP synthesis rate of a patient with a deficiency in a cyto-
chrome b-containing complex III. Improvements in functional
ability, although not as dramatic as biochemical changes, are
also apparent.

NMR examination of excised skeletal muscle in vitro has en-
abled us to define limits to the thermodynamically related
parameter of the molar ratio of phosphocreatine to inorganic
phosphate (PCr/Pi) from its maximum >10 at rest (state 4) to
a value of 1 for fully activated (state 3) oxidative metabolism,
beyond which the activation of glycolytic energy metabolism
causes severe tissue lactic acidosis. Similar observations of
the human arm during measured exercise using a Cybex iso-
kinetic ergometer and phosphorus NMR determination of
PCr/Pj indicate that the ratio of energy expenditure to work
output is approximately constant from the resting (state 4) to
the maximally "aerobic" contracting muscle (state 3) (1).
Human in vivo NMR spectroscopy has offered quantitation
of energy performance in naive and trained skeletal muscle
of the arm and the leg (2) as well as evidence of deficient
oxygen supply to calf muscle in peripheral vascular disease
(3, 4). Similar studies have been performed on several inborn
errors of metabolism, including McArdle disease (5), phos-
phofructokinase deficiency (3, 6), and an idiopathic cardio-
myopathy (7). In moderate peripheral vascular disease and
some metabolic diseases, oxygen delivery and tissue metab-
olism appear sufficient to allow adequate tissue level ofATP
to maintain PCr/Pj > 2 with a correspondingly adequate
thermodynamic capability.
To quantitate the limits of PCr/Pj and improve the func-

tional capability of patients with bioenergetic disabilities, we
have studied the resting and limited-activity states of a pa-

tient with a deficiency of several polypeptides of complex
III, including reducible cytochrome b, and greatly dimin-
ished ubiquinol-cytochrome c reductase activity. In at-
tempting to improve the patient's thermodynamic capabili-
ties by increasing the resting levels of PCr/Pj and accelerat-
ing recovery times, we have designed an appropriate bypass
of the cytochrome b-deficient sites by redox mediators,
menadione and ascorbate.
Case Report. The patient is a 17-year-old girl with an 8-

year history of progressive muscle weakness associated with
a ragged-red fiber myopathy and lactic acidosis. A detailed
case history is presented elsewhere (8, 9). Blood lactate lev-
els are 3-13 meq/liter and lactate-to-pyruvate molar ratios
on two occasions were 26 and 29 (normal < 20). Cerebrospi-
nal fluid lactate, measured once, was 10.1 meq/liter (lac-
tate/pyruvate = 31) when blood lactate was 8.4 meq/liter
(lactate/pyruvate = 22). This, together with the presence of
substantial amounts of malate and an abnormally high f-hy-
droxybutyrate-to-acetoacetate ratio in fasting urine suggests
an altered redox state with an increased ratio of NADH to
NAD in both cytosol and mitochondria (10).

In skeletal muscle mitochondria, succinate-cytochrome c
reductase was <5% of normal and rotenone-sensitive
NADH-cytochrome c reductase was undetectable, localiz-
ing the defect to the ubiquinol-cytochrome c reductase seg-
ment (complex III) of the electron transport chain (8, 9).
Spectral analysis and antibody-binding experiments revealed
a lowered level of reducible cytochrome b (16% of normal),
approximately normal levels of cytochrome c + cl and a +
a3, and deficiency of at least four additional polypeptides of
complex III (8).

Rationale for Drug Therapy. In the usual circumstances,
electrons are transferred from succinate or NADH to ubiqui-
none, then via cytochromes b, c1, c, and aa3 to molecular
oxygen. The defect in our patient lies between coenzyme Q
and cytochrome c (complex III) and includes a deficiency of
reducible cytochrome b that should render this whole mito-
chondrial pathway nonfunctional, effectively preventing aer-
obic metabolism and oxidative phosphorylation. From pub-
lished in vitro data, we felt that we could bypass the deficient
complex III by making menadione (vitamin K3) and ascor-
bate (vitamin C) available to mitochondria. These vitamins,
in their novel capacity as electron transfer mediators, should
bypass cytochrome b and carry the electrons to cytochrome
c (Fig. 1), theoretically increasing the ATP production rate
to a maximum of67% of that possible in a normal tissue. The
33% loss exists because one of the three phosphorylation
sites is bypassed by these redox agents.
We elected to treat our patient with the maximal dose of

Abbreviation: PCr, phosphocreatine.
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FIG. 1. Diagram of the patient's respiratory chain, indicating deficiency of complex 1II. The coenzyme Q pool and Q protein are indicated
by the symbol Q, and a number of iron-sulfur proteins participating in succinate dehydrogenase and NADH dehydrogenase are omitted. The
diagram indicates equilibration of menadione with the Q pool and the possibility of direct interaction of menadione with cytochrome oxidase or
through ascorbate as an intermediary. The system would then have two intact phosphorylation sites.

menadione recommended by the manufacturer (10 mg every
6 hr). The dose of ascorbate was 1 g every 6 hr. We also
elected to give the first dose of menadione intramuscularly
to allow more rapid uptake by body stores. She has been
maintained on this regimen since the studies described in this
paper.

METHODS
31P NMR Evaluation of Bioenergetic State (PCr/Pj). A 31p

NMR spectrometer was connected to a 5-cm-diameter sin-
gle-turn circular surface coil, which was placed inside a 1.9-
T magnet with a 27-cm-diameter clear bore and a 27-cm3 re-
gion with a homogeneity better than 0.7 ppm with an arm in
place. The coil was attached to a rigid framework that was in
turn connected to an isokinetic ergometer (1, 3). The phos-
phorus spectrum of the forearm flexor muscles was accumu-

PCr

PCr/Pi = 9

lated with 1-min resolution (1) while the subject was at rest,
while she was performing isokinetic work at a known rate
and force, and during recovery from work. The PCr and Pi
concentrations were measured from peak amplitudes with
respect to a baseline drawn through the traces from 15 ppm
on the left to 25 ppm on the right. The tissue pH was calcu-
lated by the chemical shift of Pi with respect to PCr (11).

Exercise Evaluation. We have already established a routine
for measuring the efficiency of muscle exercise on a bio-
chemical basis (1, 3) and have employed it to evaluate exer-
cise performance in normal subjects and oxygen delivery to
claudicated legs in patients with peripheral vascular disease
(figure 2 of ref. 3). The exercise protocol is intended to di-
minish PCr/P1 to 1 and to measure the rate of recovery to the
initial resting state. The ergometer is used to ensure that the
total exercise is roughly constant throughout the exercise
studies. A 1.5-sec near-maximal isokinetic contraction re,-
peated every 4.5 sec diminished PCr/P1 consistently to 1
within a period of 4 min.

RESULTS
Normal Control. Figs. 2 and 3 demonstrate the NMR spec-

tra and responses of a 20-year-old female with normal mito-
chondrial metabolism. The resting arm spectrum shows on
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FIG. 2. A phosphorus NMR spectrum of the arm of a normal
young female control at rest. PCr/Pj as measured by the peak values
is 8.6. A low concentration of glycolytic intermediates (SP) is pres-
ent.
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FIG. 3. Isokinetic ergometer exercise of control female, indicat-
ing intervals of rest and exercise; a spectrum taken every 2 min. The
return from the initial interval of exercise is accomplished in the first
2 min. The second exercise bout reduced the PCr/P, to much less
than 1, and recovery occurred in the second 2-min interval.
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the chemical shift or frequency axis the three peaks charac-
teristic of ATP (the a, f3, and y phosphorus atoms), a very
large PCr peak, and a small Pi peak with a shoulder partly
due to glycolytic intermediates (SP). It has been customary
to evaluate the bioenergetic capability of the tissue or organ
through the ratio PCr/Pi. The sum of the concentrations of
these compounds is constant under normal conditions of ex-
ercise, PCr being broken down to Pi in the phosphorylation
of ADP produced from muscle contraction. The sum PCr +
Pi is nearly constant in our experiments. The resting PCr/Pi
of the control was 8.6 (Fig. 2). The chemical shift of Pi with
respect to PCr was 5.2 ppm, corresponding to a tissue pH of
7.2. Fig. 3 shows that during exercise in the Cybex ergome-
ter PCr/P1 fell abruptly to approximately 1, a value below
which painful lactic acidosis usually soon occurs. The steady
state was maintained for 4 min. The chemical shift of Pi to
PCr was 4.8, indicating a tissue pH of 6.9. Cessation of exer-
cise caused an abrupt increase of PCr/P, to 7 within 2 min.
The slope is at least 5 units of PCr/P1 per 2 min; i.e., 2.5
units/min. A second exercise interval diminished PCr/P, to
less than 1; the recovery of the exhausted, painful arm was
slower and occurred over a 4-min interval. The slope is 1.4
PCr/Pi units per min.

IPCr

A

aATP

PCr

B

Patient's Resting Values. Two 31P NMR spectra are pre-
sented. Fig. 4A, obtained before any exercise that day,
shows a high Pi peak, equal to the ATP peak; PCr/P1 is low
(2.7). The chemical shift of Pi with respect to PCr is 4.7 ppm,
corresponding to an acidic pH of 6.8. Fig. 4B is a resting scan
taken 2 hr after completion of two exercise bouts. The Pi
peak is twice the ATP peak. PCr/P, is 1.6. The chemical shift
of Pi was again 4.7 ppm (pH 6.8).

Recovery from Activity. Since the patient agreed to exer-
cise to the point of discomfort every day, we were able to
measure the PCr/P, at this point and to use it as a uniform
baseline from which recovery of the PCr/Pi could be fol-
lowed throughout the week.

In the example shown in Fig. 5A, the first exercise test of
the day gave a resting PCr/Pi value of 1.7, similar to that of
Fig. 4B. The traces are typical of the patient's ability to exer-
cise to the point at which PCr/Pi fell to 1. Thereafter, the
distinctive feature of her recovery is the slow progression of
PCr/P, back to the normal level over 20 min. This slope is
1.0 unit of PCr/Pi per 15 min (0.07 unit/min) as compared
with 2.5 units/min in Fig. 3, a decrease of about 40-fold (to
2.5%) with respect to the normal control.

Effect of Ascorbate and Menadione: The Resting State. The
effect of the redox therapy upon the resting state of the pa-
tient's arm is shown in Fig. 6. Twelve hours after initiation of
treatment, PCr/Pi is increased to 4.1 and the chemical shift
is changed to 4.9 ppm (pH 7.0, a nearly normal value).

Exercise Evaluation of Redox Therapy: Recovery from Ac-
tivity. Two exercise trials are presented here (Fig. SB, right
arm; Fig. 5C, left arm). These show the following character-
istics: (i) resting PCr/P1 values of 4.0 and 3.6, higher than
before treatment; and (ii) a fast phase of the recovery kinet-
ics. As in previous exercise, the patient was able to achieve
PCr/P1 of 1, under a similar work load. However, in the re-
covery phase there was a rapid increase of PCr/P1 over 40%
of the recovery kinetics for the right arm. The left arm,
which prior to redox therapy had a similar slow recovery,
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FIG. 4. Two spectra of the patient's arm. (A) At resting state
prior to any exercise evaluation that day, PCr/Pi is 2.5. The chemi-
cal shift of Pi is 4.7 ppm (pH 6.8). (B) At the end of the day, after two
exercise evaluations and a 2-hr recovery period. This resting scan
shows PCr/Pi = 1.3 and the chemical shift of the Pi peak is 4.7 ppm
(pH 6.8). The postexercise spectrum (B) is characteristically more
"noisy" than a rest spectrum (A).
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FIG. 5. (A) Pretreatment exercise evaluation of the patient, illus-

trating an initial PCr/Pj value of 1.7 (similar to that of Fig. 4B), an
exercise level of 1.0, and a recovery extending over 20 min. (B and
C) Exercise evaluation after therapy, showing a higher resting
PCr/Pj and faster recovery kinetics. (B) Right arm, (C) left arm.
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FIG. 6. Resting state of the patient's arm 24 hr after administra-
tion of menadione and ascorbate. PCr/Pi value is 3.1 and the chemi-
cal shift of Pi is 4.9 ppm (pH 7.0).

exhibited fast recovery over 80% of its extent. In Fig. 5 B
and C, PCr/P, rises with a maximum slope of 0.5 and 1.4
PCr/P1 units per min, respectively, 8- and 21-fold faster than
the pretherapy study of Fig. SA, 21% and 56% of the value
for the young female control. The terminal phase of the re-

covery remains slow.
Subjective Response to Therapy. In the year prior to NMR

testing, our patient's tolerance to exercise was severely
compromised. She could walk only half a block or climb 5-
10 steps without resting, and she frequently used a wheel-
chair. Exercising on the ergometer was fatiguing and she felt
"tired." Within 24 hr of starting redox therapy, there was a

marked contrast, the patient claiming to have "more ener-

gy." Within 2 days she ceased using her wheelchair, walking
several blocks without stopping and no longer complaining
of fatigue. Over the next few months, this improvement has
been maintained; she can walk two blocks without tiring, can

climb 30-40 steps, and has not used her wheelchair at all.
However, blood lactate remains elevated (10.2 meq/liter)
and the lactate-to-pyruvate ratio of 28 is also still elevated.

DISCUSSION
The severity of the metabolic problem in this patient has pre-

viously been documented by studies in isolated muscle mito-
chondria, which showed succinate-cytochrome c reductase
activity to be <5% of normal. Other activity measurements,
spectral analysis, and antibody-binding studies localized the
defect to the ubiquinol-cytochrome c reductase portion of
the electron transport chain and indicated a deficiency of at
least 5 of the 10 polypeptides of complex III, including re-

ducible cytochrome b. The predictable consequences of
such a defect include (i) deficient production of ATP and
therefore PCr in muscle, supported by the patient's severe

muscle weakness; (ii) abnormal redox state with an in-
creased ratio of NADH to NAD in mitochondria and, sec-

ondarily, in cytoplasm; this is supported by the increased
lactate-to-pyruvate ratio observed in both blood and cere-

brospinal fluid and by the pattern of urine organic acids after
fasting or medium-chain triglyceride load which showed, in
particular, an unusually high ratio of -hydroxybutyrate to
acetoacetate; and (iii) chronic lactate/pyruvic acidemia,
documented on many occasions in our patient.

31P NMR provides an ideal tool with which to quantitate
the bioenergetic capacity of forearm muscle in patients with
genetic or acquired muscle disease. It also provides a means

to evaluate the efficacy of experimental therapeutic agents
aimed at circumventing a block in energy production, such
as the one in our patient. The severity of the problem in this
patient is indicated by the prolonged recovery time from
mild exercise that uniformly diminished PCr/P1 to a limiting
level. One of the few adult human models for such an ex-
tended recovery time is the extremely ischemic leg of an
adult with occlusive peripheral vascular disease. Recovery
time in our patient matches that of calf muscle with greater
than 90% occlusion of the superficial femoral artery. Fur-
thermore, and most interesting, the metabolic resting level of
the patient's skeletal tissue, reflected by PCr/P1 of 1.8, cor-
responds to the worst case of peripheral vascular disease
that we have seen in 150 patients studied.
The possibility of improving oxidative phosphorylation by

bypass of the cytochrome-deficient site has in vitro prece-
dence. Menadione, with a redox midpotential of -44 mV is
readily reduced to K3H2 by ascorbate (midpotential around 0
mV) at physiologic pH. The reaction of both ascorbate and
menadione with cytochrome c occurs readily since cyto-
chrome c is over 200 mV more positive than either mena-
dione or ascorbate. The actual reductant of cytochrome c in
these reactions may well be superoxide anion as generated
from the reaction of reduced menadione with molecular oxy-
gen, as suggested by McCord and Fridovich (12). Thus, it is
expected that menadione and ascorbate can serve as cyto-
chrome c reductants either directly or via O°generation.
Two types of experiments have been done to demonstrate

the effectiveness of menadione and menadione plus ascor-
bate in reactivating antimycin-a-inhibited respiration and in-
creasing the rate of ATP synthesis, a model for the defect of
complex III in our patient (see Fig. 1). In the case of NADH
oxidation by yeast, mitochondria stimulated by the addition
of menadione were only 25% inhibited by antimycin a. Thus,
"menadione seems to bridge the portion of the electron
transport pathway of yeast mitochondria involving an anti-
mycin a sensitive site" (13). Similar activities of menadione
and ascorbate were observed in the reverse electron transfer
reaction (14-16). In this case, the ATP-activated reduction
of NAD, ascorbate, and menadione was observed to afford
39% of the rate obtainable with succinate as the electron do-
nor. The rate with ascorbate and menadione was 60% inhib-
ited by antimycin a. Thus, menadione and menadione plus
ascorbate seem to be able to bypass the antimycin-a-sensi-
tive site in both forward and reversed electron transport.
Maximal therapeutic dosages of menadione and ascorbate
seem appropriate to such a reactivation in vivo and many
naphthoquinones and related compounds may also be so (17,
18).
After therapy with menadione and ascorbate the resting

PCr/P, value rose to 4.0, a level that should be sufficiently
high to diminish the glycolytic rate and consequent lactic aci-
dosis. The chemical shift increased to 4.9 ppm, indicative of
a normalizing intracellular pH at 7.0. This suggests that the
increased rate of PCr resynthesis from Pi does indeed reflect
a shift from glycolytic activity to increased mitochondrial
oxidative phosphorylation. The results of redox therapy are
also quantitated in terms of the rate of recovery of PCr/P1
from an exercise intensity that diminished this ratio to 1 or
less. The maximal rate of recovery observed in the patient is
56% of the control value, which can be compared to 2.5% of
control before therapy. This can be interpreted as a measure
of the improvement in the oxidative phosphorylation activity
of the patient's arm after redox therapy.
These indications of improved phosphorylation are con-

sistent with improvements in the patient's functional activi-
ty, although this is still far from normal and is less than might
be expected from the biochemical evaluation of improved
performance. However, we have shown that the size of the
pool of menadione and ascorbate that is accumulated in the
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vicinity of the mitochondria is sufficient to give accelerated
recovery for only 40-80% of the energy expenditure occa-
sioned by this muscle exercise protocol. This phenomenon
of only partial recovery needs further study. The value of
these mediators in the long term may well be less than that in
the short 4-min test described here. Obviously further stud-
ies are required to evaluate factors affecting the degree of
normal function over long time intervals.
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Lumex Company for use of the Cybex isokinetic ergometer. This
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1. Chance, B., Eleff, E., Leigh, J. S., Jr., Sokolow, D. & Sapega,
A. (1981) Proc. Nail. Acad. Sci. USA 78, 6714-6718.

2. Chance, B., Sapega, A., Sokolow, D., Eleff, S., Leigh, J. S.,
Jr., Graham, T., Armstrong, J. & Warnell, R. (1983) Int. Ser.
Sport Sci. 13, 895-908.

3. Chance, B., Eleff, S., Bank, W., Leigh, J. S., Jr., & Warnell,
R. (1982) Proc. Natl. Acad. Sci. USA 79, 7714-7718.

4. Eleff, S., Warnell, R., Berkowitz, H. & Chance, B. (1982) Fed.
Proc. Fed. Am. Soc. Exp. Biol. 41, 1271 (abstr.).

5. Ross, B. D., Radda, G. K., Gadian, D. G., Rocker, G., Esri,
M. & Falconer-Smith, J. (1981) N. Engl. J. Med. 304, 1328-
1342.

6. Edwards, R. H. r., Dawson, M. J., Wilkie, D. R., Gordon,
R. E. & Shaw, D. (1982) Lancet i, 725-731.

7. Chance, B., Leigh, J. S., Jr., Nioka, S., Subramanian, V. H.,
Maris, J., Eleff, S., Whitman, G., Kelley, R., Clark, B. J.,
Bode, H. & Buist, N. R. M. (1984) Fed. Proc. Fed. Am. Soc.
Exp. Biol., in press.

8. Darley-Usmar, V. M., Kennaway, N. G., Buist, N. R. M. &
Capaldi, R. A. (1983) Proc. Natl. Acad. Sci. USA 80, 5103-
5106.

9. Kennaway, N. G., Buist, N. R. M., Darley-Usmar, V. M.,
Papadimitriou, A., DiMauro, S., Kelley, R. I., Capaldi, R. A.,
Blank, N. K. & D'Agostino, A. (1984) Pediatr. Res., in press.

10. Williamson, D. H., Lund, P. & Krebs, H. A. (1967) Biochem.
J. 103, 514.

11. Gadian, D. J., Radda, G. K., Dawson, M. J. & Wilkie, D. R.
(1982) in Intracellular pH: Its Measurement, Regulation and
Utilization in Cellular Functions, eds. Nuccitelli, R. &
Deamer, D. W. (Liss, New York), pp. 61-77.

12. McCord, J. M. & Fridovich, I. (1970) J. Biol. Chem. 245,
1374-1377.

13. Nosoh, Y., Kajioka, J. & Itoh, M. (1968) Arch. Biochem.
Biophys. 127, 1-6.

14. Chance, B. & Hollunger, G. (1960) Nature (London) 185, 666-
672.

15. Sanadi, D. R. (1964) Biochim. Biophys. Acta 3, 367-369.
16. Warshaw, J. B., Lam, K. W. & Sanadi, D. R. (1966) Arch.

Biochem. Biophys. 115, 307-311.
17. Brodie, A. F. (1965) in Biochemistry ofQuinones, ed. Morton,

R. A. (Academic, New York), pp. 355-399.
18. Chance, B. (1965) in Biochemistry of Quinones, ed. Morton,

R. A. (Academic, New York), pp. 460-500.

Medical Sciences: Eleff et aL


