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Creatinuria, diminished urinary creatinine ex-
cretion and low concentrations of creatine in skele-
tal muscle are characteristic findings in progressive
muscular dystrophy in man (1). These abnor-
malities of creatine metabolism are sometimes
thought to be nonspecific changes secondary to a
smaller muscle mass (2), but this has not been
proven; and, because of the probable importance
of phosphocreatine to energy metabolism in skele-
tal muscle (3), it is possible that an abnormality
of creatine metabolism would contribute to the
weakness if not to the actual damage of muscle
fibers in muscular dystrophy. It is therefore im-
portant to establish the nature of the defect in
creatine metabolism in muscular dystrophy.

Since the hereditary myopathy of mice de-
scribed by Michelson, Russell and Harman (4)
resembles progressive muscular dystrophy, an in-
vestigation of creatine metabolism in these mice
was undertaken. It was found that the muscle
creatine of the dystrophic mouse has a shortened
turnover time1 which suggests that the low con-
centration of creatine in the skeletal muscle in this
condition is due to an impaired ability to retain
creatine.

METHODS

Strain 129 dystrophic mice and their normal litter
mates, approximately 8 weeks of age and of both sexes,
were obtained from the Roscoe B. Jackson Memorial
Laboratory. They were given a purified diet consisting

* Supported by Research Grant A-3615 from the Na-
tional Institutes of Health and by a grant from the
Muscular Dystrophy Associations of America, Inc. This
paper presented (in part) at the Annual Meeting of the
Midwestern Section of the American Federation for
Clinical Research, Chicago, November 3, 1960.

tThis study conducted during tenure of a Russell M.
Wilder-National Vitamin Foundation Fellowship.

t Work done as a Summer Fellow, Cardiovascular
Undergraduate Training Grant HT-5016, from the Na-
tional Institutes of Health.

1 The definition of this and other related terms may be
found in the paper by Zilversmit (5).

of casein,2 30 g; sucrose, 59 g; hydrogenated vegetable
fat (Crisco), 3 g; cod liver oil, 3 g; salt mixture (6),
5 g; choline chloride, 100 mg; DL-a-tocopheryl acetate,
15 mg; thiamine hydrochloride, 1 mg; riboflavin, 1 mg;
nicotinamide, 4 mg; inositol, 20 mg; calcium pantothenate
2 mg; pyridoxine hydrochloride, 1 mg; biotin, 10 jug;
2-methyl-1,4-naphthoquinone, 25 lug; and vitamin B12, 1
jug. Food and water were given ad lib. except during the
collection of urine when food was withheld. Twenty-four-
hour urine samples were collected under toluene by plac-
ing individual animals in small wire cages over glass
funnels designed to minimize the mixing of urine and
feces. Urine was not collected more often than at 2-day
intervals. At least 3 urine collections were obtained
from each animal, and creatine and creatinine were de-
termined in appropriate aliquots of the urine by minor
modifications of the Folin method (7).

After the animals had received the purified diet for
approximately 1 month, each of 6 dystrophic mice and 6
of their normal litter mates was given an intraperitoneal
injection of 1 itc (0.5 lic per /Amole) of creatine-l-C'4
per 25 g of body weight. Fifteen and 30 minutes after
inj ection, 0.01 -ml samples of blood were taken from a
tail vein for C14 assay. Four animals from each group
were killed 30 minutes after the injection, and 2 animals
from each group were killed 38 days after the injection.
One normal mouse (no. 6) was given an intraperitoneal
injection of 1 ,uc of the creatine-l-C'4 when it weighed
30 g, and it was not killed until 47 days after the in-
jection. The concentration and specific activity of skele-
tal muscle creatine were determined by slight modifications
of previously described methods (8, 9). Similar methods
were used to measure heart creatine concentration and
specific activity, but it was usually necessary to pool two
hearts to obtain sufficient tissue for analysis. The ma-
jor portion of the radioactive creatine was assumed to
be intracellular. No corrections were made for the
small amount of labeled creatine that may have been
extracellular.

At intervals of 2 or more days, individual 24-hour
urine collections were obtained from the mice that were
kept 38 days or longer following creatine-1-C'4 injection.
Creatinine was separated from creatine by adjusting the
24-hour urine collection to pH 4 and mixing with Lloyd's
reagent to adsorb creatinine. After washing the Lloyd's
reagent three times with 5-ml portions of 0.01 N HCl,

2Vitamin-free casein purchased from Nutritional Bio-
chemicals Corp., Cleveland, Ohio.
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the creatinine was removed by washing twice with 3-ml
portions of 0.5 N NaOH. The sodium hydroxide wash-
ings were acidified, and the specific activity of the creati-
nine was obtained by measuring its concentration and
isolating creatinine zinc chloride after addition of car-

rier creatinine (9). This method eliminated over 99 per

cent of creatine-1-C14 added to urine samples containing
unlabeled creatine and creatinine.

In order to obtain adequate urine for the determination
of the specific activity of both creatine and creatinine it
was necessary to pool three 24-hour urine collections from
each mouse. Three urine collections, obtained during
the last week before the animals were killed, were pooled
and aliquots were taken for creatine and creatinine de-
termination and for isolation of creatinine. Another ali-
quot of the pooled urine samples was made approximately
1 N by adding concentrated HCl and heated in an auto-
clave at 1180 C for 45 minutes. This procedure converted
creatine to creatinine. The specific activity of the creati-
nine isolated from the autoclaved urine represented the
average of the creatinine and creatine. Since the con-

centrations of creatine and creatinine and the specific ac-

tivity of creatinine had been determined for the pooled
urine samples, it was possible to calculate the specific ac-

tivity of creatine.
All creatinine zinc chloride samples were counted in

metal planchets with an ultra-thin window continuous gas-

flow Geiger tube, and the observed counts were cor-

rected to infinite thinness. The blood samples were

mixed with 1 ml of a 1: 1 mixture of acetone and water,
dried in metal planchets and counted with an end-
window Geiger tube. Therefore, the actual counts ob-
tained with blood samples and creatinine zinc chloride
samples are not comparable.

RESULTS

Both groups of animals continued to gain weight
slowly on the purified diet, as is shown in Table
I. The dystrophic mice weighed only about 65
per cent as much as their normal litter mates but,
since all the animals gained weight throughout the

TABLE I

Weight changes in normal and dystrophic mice

Weight

Age Normal Dystrophic

days g
67 21.0 15.0
77 23.7 15.4
85 24.6 15.3
97 24.9 15.9

104 25.3 16.4
135* 26.6 17.1

* Onlv 2 animals remained in each group at this time.
The other weights are the averages of 4 to 6 animals.

experiment, it is apparent that involvement of the
jaw muscles by the myopathy did not induce se-
vere starvation.

The combined urinary excretion of creatine and
creatinine (Table II) was similar in the two
groups, although the dystrophic mice weighed less.
The amount of creatinine excreted per gram of
body weight was also similar in the two groups of
animals, but the urinary creatine to creatinine ra-
tio was higher in the dystrophic mice. The con-
centration of creatine was reduced in the skeletal
muscle but not in cardiac muscle of the dystrophic
mice. These observations agree in general with
the report of Kandutsch and Russell (11) but
differ somewhat with the findings of Perkoff and
Tyler (12) who reported a very low urinary ex-
cretion of creatinine by the dystrophic mouse.

The specific activities of creatine of some of the
tissues following creatine-1-C14 injection are given
in Table III. The radioactivity present in the
blood at 15 and 30 minutes following injection in-
dicates that both groups of animals received simi-
lar doses of creatine-1-C14 and that the peak of

TABLE II

Effects of muscular dystrophy on creatine storage and excretion in mice

Measurement Normal DYstrophic l)*

Urinary creatinet + creatinine 599 [6]T 649 [5] >0.5
(,Ag/dav)

Urinary creatinine (Ag/day/g 13.0[6] 14.1 [5] >0.2
body wt)

Urinary creatine/creatinine 1.15 [6] 2.26 [5] <0.01
Skeletal muscle creatine (mg/g) 3.25 [7] 2.14 [6] <0.001
Heart creatine (mg/g) 1.38 [7] 1.20 [6] >04

* Probability that the differences observed between normal and dystrophic mice are due to chance (10).
t Creatine concentrations are expressed as creatinine.
t Numbers in brackets indicate the number of animals used.
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TABLE III

Incorporation of creatine-J-C04 into various tissues of the mouse

Time after
injection of

Measurement creatine-C14 Normal Dystrophic P*

Skeletal muscle creative 30 ruin 351 [4] 635 [4] <0.001
(cpm/,umole)

Skeletal muscle creatine 38 days 508 [2] 266 [2] <0.05
(cpm/,unole)

Heart creatine 30 min 2,710 [4] 3,380 [4] >0.40
(cpm/,gmole)

Heart creatine 38 days 191 [2] 97 [2]
(cpm/Asmole)

Blood creatine 15 min 2,075 [4] 1,875 [4] >0.50
(cpm/ml blood)

Blood creatine 30 min 1,600 [4] 1,375 [4] >0.50
(cpm/ml blood)

* See footnotes (*T) to Table II.

radioactivity in the blood had been reached earlier
than 30 minutes after injection. The specific ac-

tivity of skeletal muscle creatine in the dystrophic
mice was higher than normal 30 minutes after
injection and lower than normal 38 days after in-
jection. This indicates that the turnover time of
muscle creatine is shorter in the dystrophic mouse.

In both groups of animals the specific activity of
heart creatine 30 minutes after injection was about
seven times that of skeletal muscle. The reduced
turnover time of heart creatine was confirmed by
finding specific activities lower than that of skele-

NORMALMICE
§ 2.5- o-DYSTROPtIC MICE

20
*01 20 so 38

DAYS

FIG. 1. RADIOACTIVITY OF URINARY CREATININE. Cre-
atinine was separated from creatine by using Lloyd's re-

agent. The creatinine was then isolated for counting as

creatinine zinc chloride by a carrier procedure. There
were two female mice in each group.

tal muscle 38 days after injection of labeled crea-
tine.

The logarithm of the specific activity of urinary
creatinine is plotted against time in Figure 1. It
is apparent that the specific activity of the urinary
creatinine is diminishing much more rapidly in
the dystrophic mice than in their normal litter
mates. In both groups of animals the curve is
not a straight line until about 10 days following
the injection of labeled creatine. If the straight
portion of the curve is used to estimate the half-
life of body creatine, half-lives of 20 and 11 days
are obtained for the normal and dystrophic mice,
respectively.

In Table IV the specific activity of creatinine in
the urine collected on the day the animals were
killed is compared with the specific activity of the

TABLE IV

Muscle creatine and urinary creatinine
specific activities *

Muscle Urinary
Animal Condition creatine creatininet

24 Normal 546 377
5 Normal 469 409
6§ Normal 497 314
2 Dystrophic 241 174
5 Dystrophic 290 195

* Counts per minute per Mmole of creatine.
t The urine was collected during the last 24 hours before

the animals were killed.
$ Animals having the same number are litter mates.
§ This mouse was killed 47 days following injection of

creatine-C'4; the other animals were killed 38 days after
injection.
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TABLE V

Urinary creatine and creatinine specific activity *

Animal Condition Creatine Creatinine

2 Normal 296 415
5 Normal 355 421
6 Normal 238 378
2 Dystrophic 95 249
5 Dystrophic 122 252

* Counts per minute per smole of creatine. Data were
obtained from urine collected during the week before the
mice were killed. No. 6 was killed 47 days after injection
of creatine-C'4. The other animals were killed 38 days
after injection.

skeletal muscle creatine from the same animal.
The urinary creatinine in every case has a con-
siderably lower specific activity than has the
skeletal muscle creatine. It is not likely that this
is due to the transformation of relatively large
quantities of unlabeled creatine to creatinine while
the urine was being collected, since the urinary
creatine had an appreciable specific activity (Table
V) a short time before the animals were killed.

DISCUSSION

Since most of the creatine of the body is located
within skeletal muscle and since there is no evi-
dence for enzymatic formation of creatinine (13,
14), it is commonly assumed that urinary creati-
nine has its origin largely in skeletal muscle.
However, some of the data from the present ex-
periment indicate that this is not a valid assump-
tion for the mouse. When the logarithm of uri-
nary creatinine specific activity is plotted against
time, a straight line is not obtained until about 10
days following the injection of labeled creatine.
This suggests that during the earlier time inter-
vals there are two or more sources of radioactive
urinary creatinine. If the curved portions of the
graphs in Figure 1 are due to the formation of
creatinine in sites other than skeletal muscle, tlien
these sources of creatinine have a relatively short
turnover time. It would, therefore, be expected
that urinary creatinine, isolated a short time after
administering labeled creatine, would contain a
higher concentration of the label than would total
body creatine (largely skeletal muscle creatine).
This phenomenon has been observed in rats (15).

Further evidence against the unique origin of
creatinine from skeletal muscle creatine is pro-
vided by the finding of a low urinary creatinine

specific activity in comparison with that of skele-
tal muscle creatine (Table IV). The percentage
of urinary creatinine that has its origin in skeletal
muscle can be estimated by dividing urinary cre-
atinine specific activity by skeletal muscle creatine
specific activity and multiplying by 100. The cal-
culation is based on the assumption that skeletal
muscle creatine is the only body pool of creatine
that is highly labeled 38 days following a single in-
jection of creatine-1-C"4. The results of this cal-
culation are recorded in Table VI. If the creatine
outside the skeletal muscle were still significantly
labeled at the time these specimens were obtained,
then the numbers shown in the table would be too
large. Thus it is evident that 25 per cent or more
of the urinary creatinine of these mice did not
come from skeletal muscle. This large source of
creatinine might account for the excretion of nor-
mal amounts of urinary creatinine (based on body
weight) by the dystrophic mice even though they
exhibited low concentrations of creatine in skeletal
muscle (Table II).

The assumption that only skeletal muscle creatine
is highly labeled 1 month after a single injection of
creatine-1-C14, permits the estimation of the per-
centage of urinary creatine which is derived from
skeletal muscle creatine. The urinary creatine
specific activity divided by the muscle creatine
specific activity and multiplied by 100 would give
the percentage of the urinary creatine that came
from skeletal muscle. Table VI records the re-
sults of this calculation. The values obtained
are slightly high because the urine collections
were obtained a few days before the animals were
killed. Nevertheless, it is evident that only about
50 per cent of the urinary creatine represents

TABLE VI

Contribution of skeletal muscle to urinary
creatine and creatinine

Urinary Urinary
creatinine creatine

derived derived
from from

muscle muscle
Animal Condition creatine* creatine*

2 Normal 69.0 54.2
5 Normal 87.0 75.7
6 Normal 63.2 47.9
2 Dystrophic 72.2 39.4
5 Dystrophic 67.2 45.4

* See text for method of calculation.
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TABLE VII

Daily loss of skeletal muscle creatine as urinary creatine
and creatinine

Lost as Lost as
urinary urinary

Animal Condition creatine* creatinine*

2 Normal 0.43 0.51
5 Normal 0.73 1.14
6 Normal 0.53 0.85
2 Dystrophic 1.67 2.00
5 Dystrophic 2.44 2.05

* See text for method of calculation.

newly synthesized creatine and that the relative
amount of newly synthesized creatine which is
excreted in the urine is similar in the two groups
of animals.

The percentage of skeletal muscle creatine ex-
creted daily as urinary creatine or creatinine can
be estimated by dividing the amount of urinary
creatine or creatinine that has its origin in skele-
tal muscle (based on the percentages previously
calculated) by the estimated amount of skeletal
muscle creatine and multiplying by 100. The
amount of skeletal muscle was estimated to be
40 per cent of the total body weight, and this was
multiplied by the concentration of skeletal muscle
creatine for a particular animal in order to arrive
at the total amount of skeletal muscle creatine for
that animal. The errors of this estimation would
tend to minimize the differences between the dy-
strophic and normal mice. Even so, it is apparent
from Table VII that the relative daily loss of skele-
tal muscle creatine as urinary creatine or creatinine
is twice as great in the dystrophic mice as in
their normal litter mates. This reflects the greatly
reduced turnover time of skeletal muscle creatine
in the dystrophic mice.

A reduced turnover time of skeletal muscle
creatine in the dystrophic mice means that the
molecules of creatine reside for a shorter than
normal period of time in the muscle. There are
two possible explanations for this finding; either
there is defective metabolism of creatine by skele-
tal muscle, or the creatine within the muscle must
be in rapid equilibrium with a relatively larger
extramuscular pool of creatine. Which of these
explanations is chosen depends in part upon the
nature of the mechanisms that maintain muscular
creatine levels.

The mechanisms responsible for maintaining

the high muscle creatine concentrations are not
known, but active transport of creatine across the
cell membrane and intracellular trapping of crea-
tine are two possible explanations. If the latter
possibility were the primary mechanism, a rapid
exchange of creatine across cell membranes would
not be expected. On the other hand, if an active
transport system maintained the high concentra-
tions of creatine within the cell it would be pos-
sible for labeled intracellular creatine to exchange
rapidly with nonlabeled extracellular creatine.
If a rapid exchange normally occurs, the differ-
ence in pool size between normal and dystrophic
animals might be enough to account for the dif-
ferences in turnover times of skeletal muscle crea-
tine. However, this would not explain the low
concentration of creatine in the skeletal muscle of
the dystrophic mice, which is present regardless
of whether the concentration is based on wet
weight of tissue, fat-free dry weight of tissue ( 11 ),
or noncollagen nitrogen (16).

A decrease in the intracellular concentration of
creatine must be the result of a higher rate of loss
of creatine than its rate of entry. If the rate of
entry of creatine into skeletal muscle is normal or
increased and the rate of loss is abnormally high,
it would suggest that a mechanism which normally
prevents the loss of creatine from the cell is im-
paired by the dystrophic process. If the rate of
entry of creatine into the skeletal muscle is lower
than normal and its rate of loss normal or de-
creased, it would suggest that a mechanism for the
transport of creatine into the cell is not function-
ing properly. If the rate of entry of creatine into
the muscle were low and the rate of exit high,
it would suggest that both the above mechanisms
for maintaining muscle creatine concentrations
are operative but functioning abnormally.

The uptake of creatine-1-C14, relative to the
amount of creatine in skeletal muscle, is increased
in the dystrophic mice (Table III), and it may
be calculated that the total amount of creatine-1-C14
that enters each gram of skeletal muscle is similar
in the two groups of animals. Coupling this ob-
servation with the reduced turnover time of skele-
tal muscle creatine and the low concentration of
creatine in the muscle of the dystrophic mice leaves
little doubt that there is a defect in a mechanism
which normally prevents the loss of creatine from
the cell. The excess loss of creatine could result
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from increased conversion of creatine to creatinine,
from leakage of creatine out of the muscle, or from
a combination of both possibilities. Because of
the limitations of the present experiment it is not
possible to exactly define the defect, but it is clear
that the metabolism of creatine by skeletal muscle
is abnormal in mice with hereditary muscular dys-
trophy. The possibility thus arises that the mus-
cular weakness or wasting of these mice may be
related to the abnormal metabolism of creatine.

A similar defect in the muscular metabolism of
creatine occurs in vitamin E-deficient animals (9,
17) which also exhibit muscular weakness and
wasting, but the primary change in creatine me-
tabolism in progressive muscular dystrophy in
man is thought to be a decreased total uptake of
creatine because of the smaller muscle mass (18,
19). Since the latter might be interpreted as indi-
cating normal metabolism of creatine by the sur-
viving skeletal muscle, it should be pointed out
that some of the observations in patients with
progressive muscular dystrophy suggest that the
changes in creatine metabolism are similar to the
changes found in dystrophic mice.

The experiments with humans which are most
comparable with those reported here were per-
formed by Roche (18) and Benedict (19) and
their co-workers. These investigators adminis-
tered N15-labeled glycine to normal subjects and
to patients with progressive muscular dystrophy.
Urinary creatinine was subsequently isolated from
both groups and urinary creatine was isolated
from the dystrophic patients. Two of the findings
are similar to those reported here. The N15 con-
centration of the urinary creatinine was always
higher in the dystrophic than in the normal sub-
jects, and in all of the dystrophic patients the N15
content of urinary creatinine decreased during the
2-week observation period. By contrast, the N'5
concentration of urinary creatinine from the nor-
mal subjects did not change during the observa-
tion period. Because of these findings it was
suggested that the fraction of muscle creatine con-
verted to- creatinine was increased in progressive
muscular dystrophy (19).

It is well established for the rat that urinary
creatinine is derived from body creatine (20).
If this is also true for man, a decrease in the N'5
concentration of urinary creatinine would indi-
cate a dilution of body creatine with unlabeled

creatine. However, Roche and Benedict and
their associates (18, 19) found that the N15 con-
centration of urinary creatine was much higher
than that of urinary creatinine even when the N15
concentration of urinary creatinine was decreasing.
These two observations appear to be contradictory,
unless it is assumed that the source of urinary
creatine is different from the source maintaining
tissue concentrations. Based on current knowl-
edge of creatine metabolism, such a circumstance
appears highly unlikely. Since glycine enters
into so many metabolic pathways, more easily in-
terpretable data might be obtained by using la-
beled creatine to investigate the metabolism of
creatine by skeletal muscle in progressive mus-
cular dystrophy. Until other evidence is available,
it should not be assumed that the muscular me-
tabolism of creatine is normal in patients with pro-
gressive muscular dystrophy.

SUMMARY

The urinary excretion of creatine and creatinine
by mice with hereditary muscular dystrophy and
by their normal litter mates was measured while
the animals were receiving a purified diet. Nor-
mal and dystrophic mice were then given a single
intraperitoneal injection of creatine-I-C14 and
killed either 30 minutes or several days after the
injection. The concentration and specific ac-
tivity of the creatine of heart and skeletal muscle
were measured in all the animals, and urinary
creatine and creatinine specific activities were de-
termined for the animals that were allowed to live
for 38 days or longer after the injection of la-
beled creatine.

The combined excretion of urinary creatine and
creatinine was similar in the two groups of ani-
mals, but the ratio of urinary creatine to creatinine
was increased in the dystrophic mice. The uri-
nary excretion of creatinine expressed as a func-
tion of body weight was not decreased in the dys-
trophic mice. The concentration of creatine was
reduced in skeletal muscle but not in cardiac mus-
cle of the dystrophic mice.

The turnover time of both the total body cre-
atine and skeletal muscle creatine was reduced in
the dystrophic mice. These findings indicate that
the low concentration of creatine in the skeletal
muscle of the dystrophic mice results from an im-
paired ability to retain creatine.
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The turnover time of heart creatine was con-

siderably less than that of skeletal muscle in both
groups of animals, but no differences between the
two groups were found.
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