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Tasre I
Formation of Creatine by Rat Liver Slices in 6 Hours at 87.6° from Glycocyamine

Creatine Formation in Liver
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566 Creatine Formation in Liver

tially the same result was obtained whether bacteria were used or
not. Accordingly we later dispensed with the use of the bacteria,
except as indicated.

Results

Table I is a condensed protocol of a typical experiment. The
figures in Column 6 are the spectrophotometer readings converted
to mg. per cent by interpolation from the standard curve. The
figures in Column 7 are obtained by subtracting from those in
Column 6 the values of the glycocyamine or glycocyamine plus
the methionine blank, and the amount present in the tissue at
zero time. The glycocyamine blank value is quite large. It
arises from the conversion of glycocyamine to glycocyamidine
during the autoclaving. It was essential that the glycocyamine
blanks be treated exactly the same as the experimental solutions
through all the operations from immersion in the water bath at
37.5° for the same length of time to the final development of the
color. The figures in Column 8 are obtained by subtracting from
those in Column 7 the amount of chromogenic material formed by
the tissue in the Ringer’s solution without glycocyamine. €(crea~
tine) (Columns 9 and 14) is the amount of creatine formed, ex-
pressed as if it were a gas in c.mm. at s.T7.P., per mg. of tissue
(dry weight) per hour. The figures in Column 11 are the differ-
ences between those in Columns 6 and 10. From the figures for
the blanks in Columns 6 and 10, it is seen that the bacteria digested
none of the glycocyamine. The figures in Columns 9 and 14
are not significantly different. They are a little higher in Column
14 than in Column 9 because in Column 7 a correction should
have been applied to the glycocyamine blank value for the gly-
cocyamine converted to creatine, from 10 to 16 per cent. If this
had been done, the figures in Column 8 would have been increased
by 0.06, which would have made them the same, within experi-
mental error, as those in Column 13.

In a previous determination we have found that there was
practically no creatinine in the tissue extracts.

Table I shows that the liver slices convert glycocyamine to crea-
tine. This, as far as we know, is the first time the biological con-
version of glycocyamine to creatine has been demonstrated by an
unequivocally specific analytical method for creatine, and in which
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H. Borsook and J. W. Dubnoff 567

the tissue used both in the controls and in the experiment came
from the identical organ specimen. The increases in the experi-
mental vessels were from 10 to 15 times the amount present in
the tissue at the beginning of the experiment. The figures in Col-
umns 9 and 14 show that with added methionine there was 40 per
cent more creatine formed than when methionine was not added.

Most of the chromogenic material in the liver slices at the begin-
ning and end of the experiment was not true creatine. This is in
accord with the findings of Baker and Miller (8), There is, how-
ever, a slight increase in true creatine in the liver slices suspended
in Ringer’s solution containing no glycocyamine. We have found
this repeatedly. Most of this non-creatine chromogenic material
found in the tissue blanks is also not glycocyamine. This was
ascertained by a direct determination for glycocyamine.

The values for Q(creatine) are much smaller than those found
with liver slices for the formation of urea, amino acids, or hippuric
acid (6). Nevertheless, this rate, small though it is, is more than
sufficient to account for the total creatine plus creatinine excre-
tion in the rat. Thus, an adult rat with a liver weighing 12 gm.
might excrete 9 mg. of creatine plus creatinine in 24 hours (9).
A Q(creatine) of 0.02 would correspond in such an animal to the
formation of 7 mg. of creatine in 24 hours.

The following compounds and combinations of compounds
were tried instead of glycocyamine to determine whether they
could serve as precursors of creatine: arginine, arginine plus
glycine, arginine plus glycolic acid, choline, glycine, glycine plus
urea, glycolic acid, and methionine. Each of these has been
tested on both rat and rabbit liver slices several times. The
results have been consistently negative.

Table II is a summary of most of our experiments with glycocy-
amine and methionine. In the course of these experiments we
have used glycocyamine from two different commercial sources,
and two specimens of dl-methionine, one prepared in this labora-
tory and one obtained commercially. A different animal was used
for each pair of figures.

The data in Table II show the increase in creatine formation
invariably obtained when methionine was added to the glycocy-
amine. Approximately the same relative increase occurred re-
gardless of age, sex, and nutritional condition of the animal, and
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568 Creatine Formation in Liver

TasLe 11

Formation of Creatine by Rat Liver from Glycocyamine with and without
Added Methionine at 37.5°

From glyco- | From glyeo-| Duration

cyamine jcyamine and of Age and sex Nutritional condition
alone methionine | incubation

Q(cge?(t;om) Q(c;;a;%ne) hrs.
3.2 6.2 1 Adult, & Normal nutrition
6.1 9.0 2 “ d ¢ ¢
4.0 5.5 3 (1 & o 113
4.0 6.5 3 o & 13 (1%
5.7 8.1 3 ¢ ok 4 s
1.9 3.4 3 3 mos. & “ “
4.2 7.4 3 3 ¥ s ¢
6.6 7.9 3 3 4 9 “ .
6.5 9.0 3 3 % 9 “ s
4.6 6.6 4 Adult, & “ “
8.6 11.3 4 “ @ “ s
6.1 8.5 4 “ ¢ ¢
7.3 10.6 4 " d “ ¢
7.7 11.1 4 “ d « ¢
3.1 5.8 4 1mo. ¢& b ¢
2.3 4.5 4 1 ¢ @ ¢ ¢
1.5 2.3 4 Adult, & Faated 66 hra,
1.5 2.4 4 ¢ o “ 66 ¢
4.1 6.4 4 o Q Normal nutrition
4.4 6.9 4 ¢ ? “ ¢
2.7* 6 13 & " 1]
2.8* 4.8% 6 b =4 ¢ “
2.5% 3.6* 6 “ g ¢ e
2.4 3.3 6 t d ¢ e
3‘1 6 (13 a| é’ (13
2.5 6 2 mos. ¢ ¢
2.2 6 Adult. @ “ “
2'7 6 ] Q L1} "

Each of the above figures is the average of a triplicate determination,
Each reaction vessel confained 20 to 40 mg. (dry weight) of liver, 4 ml. of
Ringer’s solution containing 0.25 mg. of glycocyamine, and in the methio-
nine series in addition 1.49 mg. of the amino acid.

* Values obtained with the employment of bacteria in the analysis.

regardless also of the duration of the experiment. The over-all
average value for Q(creatine) X 100 from glycocyamine alone is
4.1, and from glycocyamine plus methionine 6.6.
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H. Borsook and J. W. Dubnoff 569

We have no explanation as yet for the large variations in the
rate of creatine formation in different experiments.

It will be noted that most of the results in Table II were ob-
tained without the employment of bacteria in the analysis. Three
experiments with rat liver and three with rabbit liver were carried
out in which bacteria were used. The values for Q(creatine) were,
as in Table I, essentially the same with and without the use of
bacteria. We feel therefore that the results obtained without the
use of bacteria with this tissue and under these experimental

TasLe III
Rate for Formation of Creatine from Glycocyaemine with and without
Added Methionine
Without methionine With methionine
Time Amount of area- Amount of crea~
el beT | Q(ereatine) X 100 | Hfie formed Por | o(eretine) X 100
weight) of tissue weight) of tissue
krs, mg. ma.‘ o
1 0.01 2.8 0.036 6.2
2 0.070 6.0 0.101 8.6
4 0.095 4.6 0.150 6.4
6 0.144 4.5 0.203 5.8

Each of these figures is the average of a triplicate determination. The
composition of the Ringer’s solution and amount of tissue were the same as
in the experiments of Tables I and II. Two lobes of liver were used.
Consecutive slices were placed alternately in the vessels with and without
methionine. The comparison at each hour, therefore, is of the activity of
immediately adjacent sections of liver. Bacteria were not employed in
the analyses here,

conditions are as reliable indices of true creatine as those obtained
with bacteria.

Table III contains the results in more detail of an experiment
in which the rate of creatine formation from glycocyamine, with
and without methionine, was studied. The figures show that the
methylation of glycocyamine proceeds unchecked for at least 6
hours. The maximum at 2 hours in each series is accidental.
1t did not occur in other similar experiments.

The absolute amount of glycocyamine methylated was not
increased by a 10-fold increase in the initial concentration of gly-
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570 Creatine Formation in Liver

cocyamine. We have not yet explored thoroughly the effect of
changing the concentration of methionine. In one experiment
0.0025 M methionine was as effective as 0.01 M. The fact that
addition of so much methionine increases the rate of methylation
only 40 or 50 per cent leads us to suspect that the methylating
agent in the liver itself may not be methionine. Another piece
of evidence which points in this direction is that the ratio of the
rates of creatine formation with and without methionine is nearly
the same throughout the whole period of from 1 to 6 hours (Table
III). In other words, the effects of the methionine and of the
methylating agent in the tissues were additive. It is possible
that the methylating agent in the tissues is derived from
methionine.

The following compounds were tested with rat liver as possible
methylating agents of glycocyamine. All gave negative results:
acetylcholine, d-alanine, d-arginine, l-asparagine, l-aspartic acid,
betaine, caffeine, choline, I-cysteine, l-cystine, ethanolamine,
d-glutamic acid, d-glutamine, glycine, glycolic acid, guanidine,
l-histidine, dl-isoleucine, l-leucine, d-lysine, mono-, di-, tri-, and
tetramethylamine, d-ornithine, l-hydroxproline, dl-phenylalanine,
l-proline, dl-serine, d-threonine, [-tryptophane, and I-tyrosine.
The final concentration of glycocyamine in the Ringer’s solution
in these experiments was always approximately 0.0005 M, and
0.0025 M of the compound whose methylating possibilities were
being tested. The significance of the positive effect invariably
obtained with methionine is heightened obviously by the fact
that all of the above compounds were negative.

Some experiments have been made with the kidneys of the cat,
rabbit, and rat. Slices of the cortex with and without methionine
either failed to methylate glycocyamine or the slight positive
results were within the experimental error. These experiments
are part of a survey not yet completed of the organs of a number
of animals. The details of these experiments will be published
later.

Minced liver of the rat or rabbit failed to give any measurable
increase in creatine in 6 hours at 37.5° on incubation with glyco-
cyamine, with or without methionine.

Similarly negative results were obtained with slices of heart
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H. Borsook and J. W. Dubnoft 571

and sartorius. But the cell structure is not preserved in slices
of these muscular structures as it is in slices of liver.

Until conditions are discovered in which positive results are
obtained with minced liver, we feel that no significance can be
attached to negative results with sections whose cell structure has
been broken or to extracts of other organs.

DISCUSSION

Beard, Boggess, and Pizzolato (10) proposed that glycine and
ureg condense to form glycocyamine, which is then methylated by
more glycine or glutamic acid. We have observed neither this
condensation nor the proposed methylating reaction with rat or
rabbit liver slices. The conclusions of Beard ef al. are based
largely on experiments on the rat. The negative results in our
experiments with glycine and urea we believe are significant in
view of the positive results with glycocyamine and methionine.
Experiments on the synthesis of urea, amino acids, and hippurie
acid have shown that results obtained with tissue slices afford
reliable qualitative information, at least, regarding the potenti-
alities of the intact tissue in situ.

Bodansky (11) fed glycocyamine to normal rats and at 3, 6, 12,
and 24 hours after feeding measured the glycocyamine and crea-
tine concentrations in the liver, muscle, heart, and kidney. Bo-
dansky’s interpretation of the data obtained in these experiments
was that significant increases in ereatine content occurred only in
the kidney, and that the increases in the liver were not sufficiently
clear cut to be significant. Bodansky concluded that his findings
suggest ‘“‘that methylation of the guanidoacetic acid may have
oceurred in the kidneys. .. In view of the occurrence of guanido-
acetic acid in large amounts in the liver and the failure to show an
increase in creatine, it is surmised that the liver plays an insig-
nificant role, if any, in creatine production.”

This surmise is in direct conflict with our observations. Bo-
dansky’s experimental observations, however, and ours are not in
conflict. Thus the creatine content of the liver in two controls
in Bodansky’s experiments was 16.0 and 20.4 mg. per 100 gm. of
tissue, and in three experiments with glycine, 18.6, 16.8, and 19.0
mg. After glycocyamine feeding the figures are 21.7 mg. in 3 hours
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572 Creatine Formation in Liver

and 23.3 in 6 hours, and in a second experiment 30.5 in 3 hours
and 22.3 in 6 hours. The relative increases over the control
values in the liver with glycocyamine were of the same order of
magnitude as those found in kidney. The increases in true crea-
tine in the liver were probably relatively much larger, since most
of the chromogenic material in the liver with the Jaffe reagent is
not creatine (Table I, and also Baker and Miller).

There is another physiological factor which must be taken into
account in interpreting the data obtained by Bodansky. This
factor is that the kidney is better able to store creatine than the
liver. 'The analyses of Baker and Miller and our own show that
the true creatine content of the kidney is 4 or 5 times that of the
liver. Bodansky found that when creatine was fed the creatine
content of the liver was twice the control value at the 3rd hour
but had declined to the control value by the 6th hour, whereas in
the kidney the concentration was 70 per cent above the control
value at the end of the 6th hour.

Our observations show conclusively that glycocyamine can be
methylated by rat liver. The rate of methylation by kidney slices
is much slower than in liver, if it is not absolutely negative.

All these observations are broughtinto accord by the hypothesis
that in the experiments of Bodansky the creatine synthesized
from glycocyamine in liver was quickly removed by the blood and
stored for a relatively long period in the kidney. We have no
reliable data of our own at present on the possible conversion of
glycocyamine to ereatine in other organs or in the museles.

Fisher and Wilhelmi found that when isolated male rabbit heart
was perfused there was an increase in creatine when arginine was
added to the perfusate. No increase in creatine was observed
under these conditions in the hearts of prepubertal animals.
Davenport, Fisher, and Wilhelmi (12), extending these observa-
tions, found that glyeolic acid was essential for the methylation of
glycocyamine. They suggested the following mechanism of
creatine formation in the rabbit heart. Arginine is broken down
to glycocyamine and glycolic acid; the glycolic acid then meth-
ylates the glycocyamine to form creatine.

In rat and rabbit liver slices the results with arginine, with and
without glycolic acid or glycine, and with the two acids alone did
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H. Borsook and J. W. Dubnoff 573

not yield detectable amounts of either glycocyamine or creatine.
The only substance we have yet found which is capable of meth-
ylating glycocyamine is methionine.

We have attempted to repeat the observations of Fisher et al.
with slices of rabbit heart. These experiments were unsatis-
factory because of the difficulties of obtaining uniform sampling
and because the experimental effects were small compared with
the amount of creatine initially present. ¥or the reason stated
above we do not attach any significance to these experiments.

The difference between the observations on the perfused heart
and ours on the liver stand, for the time being at least, either as
an unresolved discrepancy or as indicating important differences
in the mechanism of creatine formation in the heart and in the
liver.

SUMMARY

1. Liver slices of cat, rabbit, and rat convert glycocyamine to
creatine.

2. This methylation is accelerated in rat liver by methionine,
(other animals are now being studied).

3. Methionine is the only substance we have yet found among a
large number of amino acids, methylated amines, and other com-
pounds which is able to effect this methylation in rat liver.

The authors wish to thank Mr, Y. Tajima for the assistance he
gave them throughout this work, and Dr. H. W. Davenport for
advice and assistance in the construction of the shaker used here.
They are indebted to Dr. R. Dubos, and wish to thank him for
specimens of the bacteria used in these experiments and valuable
information on the culture details.
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THE FORMATION OF GLYCOCYAMINE IN ANIMAL
TISSUES*

By HENRY BORSOOK anxp JACOB W. DUBNOFF

(From the William G. Kerckhoff Laboratories of the Biological Sciences,
California Institute of Technology, Pasadena)

(Received for publication, September 18, 1940)

It was shown in preceding communications that glycocyamine
i8 converted into creatine by surviving liver slices (1). Our find-
ings indicated that the methylating agent is methionine or a de-
rivative of methionine. Liver slices can methylate glycocyamine
rapidly enough to permit assignment to the liver alone, if neces-
sary, of the task of making good the loss of creatine and creatinine
in the urine. This holds for the livers of all mammals studied.
We found no evidence of this methylating mechanism in any
other tissues, except possibly slight activity in the kidney. In
the pigeon the kidney is as effective in this respect as the liver.

These experimental facts were corroborated (as far as the rat
is concerned) by experiments on living animals with tracers.
Bloch and Schoenheimer, using N5, found that glycocyamine is
readily converted to creatine (2). Du Vigneaud and his collab-
orators fed rats methionine with deuterium in the methyl group;
after only 3 days a relatively large quantity of deuterium was
found in the muscle creatine (3).

Glycocyamine has had a favored position among the possible
precursors of creatine. It is nearer to creatine structurally than
any other precursor which has been proposed; and its converti-
bility to creatine in the living organism has been proved. The
case against glycocyamine rested on two arguments: (1) that only
a small fraction, 5 to 15 per cent, of administered glycocyamine
is methylated, and (2) that glycocyamine had not been found as
a normal constituent of animal tissues. It has, however, been
isolated by Weber from human and dog urine (4).

* A summary of this work has appeared (Science, 91, 551 (1940)).
389
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390 Glycocyamine Formation

The findings with surviving liver slices and the tracer studies
reinstated glycocyamine, more firmly than before, as a possible
normal precursor of creatine. The quantity of creatine synthe-
sized daily is so large that, if glycocyamine is its normal pre-
cursor, an active mechanism for the formation of glycocyamine
must exist. We undertook a search for this mechanism.

The first necessity was an adequate analytical method. Such
a method is described in the preceding communication (5).

With it we have found that kidney slices rapidly form glyco-
cyamine from arginine and glycine, All other tissues tested are
negative in this respect.

This interaction of arginine and glycine is also catalyzed by
thoroughly macerated cell-free kidney tissue suspended in 2a
phosphate buffer solution.

The formation of glycocyamine from arginine and glycine is a
new biochemical reaction which may be called “‘transamidination.”
We propose that the enzyme be designated ‘‘glycine-transamid-
inase.” The discovery of this reaction provides direct proof
that arginine and glycine are precursors of creatine.

Bloch and Schoenheimer fed ammonia containing N'* to rats
and later found the isotope in the amidine nitrogen of creatine.
After glycine containing N was fed, the isotope was found in
creatine in the sarcosine nitrogen., In a later communication
the same authors presented more direct evidence (again obtained
by the use of N'5) which confirmed the findings we had reported
that glycocyamine is formed by the transfer of the amidine group
from arginine to glycine. They fed I(+)-arginine with N in
the amidine group to rats (6); afterwards the creatine in the
muscles had a far higher isotopic content than after the adminis-
tration of isotopic ammonia, urea, or any other amino acid except
glycine. It was so high that they considered that the amidine
group of creatine must have originated from arginine.

The present communication contains the details of our experi-
mental procedure, our findings on the effects of a fairly large
number of amino acids and derivatives of arginine and of glycine,
surveys of the capacity for glycine transamidination of the organs
of a number of common experimental animals, and the results of
some studies of the effect of concentration of reactants, pH, and
time on the rate of transamidination.
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Technique and Resulls

The tissue slice technique used and the details of the reaction
vessels are described in a previous communication (7).

At the end of an experiment the contents of the reaction vessels
were transferred with the slices to test-tubes graduated at 20
ml.; the vessels were washed with three 2 ml. portions of 0.02
M phosphate buffer solution at pH 6.0 and the washings added
to the main solution. The pH was adjusted finally to 6 with a
drop of 0.5 N hydrochloric acid. The test-tubes containing the
slices, the main solutions, and washings were kept in a boiling
water bath for 10 minutes, after which they were cooled to room
temperature, and made up to the 20 ml. mark with water and
mixed by shaking. These solutions were then filtered. 5 ml.
of the clear protein-free filtrate were analyzed for glycocyamine
by the procedure described in the preceding communication (5).

The coagulated slices and protein in each test-tube were trans-
ferred to small glass weighing dishes, heated overnight at 105°,
and, after cooling in a desiccator, were weighed.

Table I is the detailed protocol of a typical experiment. A
significant amount of glycocyamine is formed when arginine alone
is added to the Ringer’s solution. Glycine without arginine
also leads to a slight increase in glycocyamine. When both
amino acids are added together, the increase in glycocyamine is
more than 10 times the increase with arginine alone. The in-
creases obtained with arginine alone and with glycine alone indi-
cate either the presence of these amino acids in the free state
(more glycine than arginine) or their formation in small amounts
by autolysis within the slices.

In the experiment whose results are recorded in Table I, and in
a number of others, creatine analyses were carried out with
the specific bacterial (NC) enzyme of Dubos and Miller (8, 9).
No evidence of creatine formation was found.

The steps in the proof that the substance we were measuring
was glycocyamine were as follows: Autoclaving in acid solution
produced a substance which was adsorbed by Lloyd’s reagent and
gave a positive test with the Jaffe reagent. This chromogenic
material was not digested (before autoclaving) by the NC bac-
teria of Dubos and Miller under conditions in which creatine and
creatinine were completely digested. A strongly positive Saka-
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392 Glycocyamine Formation

guchi test was obtained in the unautoclaved solution after all
the arginine was removed by exhaustive adsorption on permutit.
The depth of color which the unknown solution gave with the
Jaffe reagent (after autoclaving) corresponded, assuming it to be
glycocyamine, to the intensity of color it gave in the Sakaguchi
reaction after removal of the arginine. A liter of solution was

TABLE I

Protocol of Typical Experiment Showing Formation of Glycocyamine from
Arginine and Glycine by Ral Kidney Slices

Ringer’s solution, 38°, 4 hours.

Concentration .
Dry weight Ringer's argi'g?n‘: in o‘ig‘ 1’{;5"' cine | of glyeo- Gl%c‘?:ﬁan;ne
of slices solution Ringer's solnti%ex: 8 aﬁ]‘:xlgt":.:i:n 100 gm. g-eah
solution for analysis tissue
(1) 2) (3) 4) (5) (6)
mg. mi. ml. ml. mg. per cent mg.
26.4 4 0.02 6
30.4 4 0.04 11
22.5 3 1 0.10 36
21.0 3 1 0.11 42
20.0 3 1 0.04 16
22.0 3 1 0.05 18
23.6 2 1 1 1.03 349
21.4 2 1 1 0.97 363

The figures in Column 6 are obtained by multiplying those in Column &
by 8000 and dividing them by the dry weight of the tissue in mg. (Column
1). The figure 8000 is obtained as follows: the solution is diluted 5-fold
before analysis; in the course of analysis it undergoes a further 1:1 dilution;
the results in Column 5 expressed as mg. per cent must be divided by 25,
since there were only 4 ml. of the original reaction solution; to express the
results on the basis of 100 gm. of fresh tissue, the factor 100,000/5 X W
is used, W being the dry weight in mg. given in Column 1. The factor
therefore is 5 X 2 X 1/25 X 100,000/(5 X W) = 8000/W.

now collected in which kidney slices had acted upon arginine
and glycine, and which contained, according to analysis, about
50 mg. of glycocyamine. The glycocyamine was isolated by
adsorption on Lloyd’s reagent in acid solution, elution with baryta,
removal of the arginine by repeated adsorption with permutit,
and crystallization from glacial acetic acid as glycocyamine ace-
tate. These crystals were the characteristic needles and thin
prisms (10).
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The free glycocyamine was regenerated from the acetate by
boiling in dilute aqueous solution and crystallized by evaporation
of the water. 25 mg. of crude glycocyamine were thus obtained.
It was thrice recrystallized from water, with a final yield of 11
mg. of the pure dry material which was analyzed. It gave the
following figures.!

Observed. C 30.8, H 5.95, N 35.8
Theoretical for glycocyamine, *“ 30.8, *° 6.0, *° 35.9

TaBLE II
Formation of Glycocyamine by Rat Kidney Slices from Arginine and Glycine
or Glycine Derivatives
Glucose-Ringer’s solution, 3 hours, 38°. Concentration of arginine
0.005 »; glycine or derivatives 0.01 M,

Arginine Glycine or glycine derivative fosrlnlémg‘l&l:;x.
fresh tissue

mg.
N 8
+ 35
- Glycine 19
+ Betaine 44
+ Glutathione 296
+ Glycine 382
+ “  anhydride 8
+ Glycylglycine 436
+ Glyeolic acid + ammonia 6
+ Hippuric acid 35
+ Leucylglycine 954
+ Sarcosine 100
+ “  anhydride 8

Table II summarizes the relative effectiveness of glycine and
some glycine derivatives as precursors of glycocyamine. The
effect of the glycine peptides is accounted for on the hypothesis
that these are first hydrolyzed and that it is the free glycine which
reacts with arginine to form glycocyamine. The argument is as
follows: The rate of glycocyamine formation is proportional to
the concentration of free glycine (Table VIII). When glycine

! We are indebted to and wish to thank Dr. A. J. Haagen-Smit for these
analyses.
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peptides were the source of the glycine, the concentration of free
glycine was initially 0 and only in the course of the 3 hour experi-
mental period did it approximate 0.01 M, whereas when glycine
itself was added the initial concentration was 0.01 M. Hence
smaller amounts of glycocyamine were formed from glutathione,
leucylglycine, and hippuric acid than from the same initial con-
centration of glycine. Glycylglycine gave a higher value than
glycine, because on hydrolysis it yields 2 molecules of glycine and
as a result the concentration of glycine rose well above 0.01 M before
the end of the 3 hour period.

It follows, if the above is the correct explanation of the effect
of glycine peptides, that rat kidney contains a dipeptidase for
leucylglycine, an enzyme which liberates glycine from glutathione,
and no enzymes capable of forming free glycine at a significant
rate from betaine, glycine anhydride, or hippuric acid.

The results with sarcosine indicate that this substance is
demethylated without deamination in rat kidney. Separate
analyses showed that no creatine was formed; this proved that
demethylation of the sarcosine had occurred prior to the trans-
amidination. The kidney contains, therefore, an enzyme which
demethylates sarcosine.

These findings with sarcosine are complemented by those of
Bloch and Schoenheimer (2, 11) who, using N'¢ as a tracer, found
that sarcosine is converted to glycine in o and that in the
course of the demethylation the glycine nitrogen originally at-
tached to the carbon chain is not replaced. Their experiments
therefore excluded intermediate deamination of sarcosine in the
course of its conversion to glycine.

Analogous to its inability to hydrolyze glycine anhydride
the kidney is unable to hydrolyze sarcosine anhydride.

The negative result shown in Table II with glycolic acid and
ammonia indicates that rat kidney is unable to form glycine from
these two substances at a significant rate.

The experiments summarized in Table III revealed that rat
kidney evidently is able to synthesize arginine from citrulline.
The other possible amidine donators which were tested, guanidine,
ornithine, and urea, were negative.

The positive result with citrulline was retested in a number of
more adequately controlled experiments. A group of typical
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TasLe I1I
Formation of Glycocyamine by Rat Kidney Slices from Glycine and Arginine
or Other Possible Donators of Amidine Group
Glucose-Ringer's solution, 3 hours, 38°. Concentration of glycine 0.01
M; of arginine or other amidine donators 0.005 M.

Glycooyamine
Glyoine Amidine donator formed per 100 gm.
fresh tissue

mg.
- 35
- I(4)-Arginine 68
4 o 498
4 1(+)-Citrulline 4+ ammonia 330
4- Guanidine 16
+ d{(~)-Ornithine 4- ammonia 12
+ Urea 33

TaBLE 1V

Formation of Qlycocyamine from Glycine and Citrulline by Rat Kidney Slices
and by Cell-Free Macerate of Rat Kidney
Slices in glucose-Ringer’s solution, macerate in 0.1 M phosphate buffer,

pH 7.0, 3 hours, 38°. Glycine 0.01 M; amidine donator (ammonia, arginine,
citrulline, or ornithine) 0.005 M.

Glycocyamine
Glycine Amidine donator 1{,%"“;:? rgh
tissue
mg,
Kidney - 22
slices + 31
- Ammonia 18
- Arginine 68
- Citrulline 58
+ Arginine 357
+ Citrulline 200
+ “ + ammonia 227
+ Ornithine + “ 8
Cell-free - 30
macerate + Arginine 120
4+ Citrulline + ammonia 59

results is shown in Table IV. Citrulline was only slightly les®
effective than citrulline plus ammonia.
Included in Table IV are some typical results obtained with a
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cell-free macerate of kidney. This suspension was less active
than an equivalent amount of kidney tissue in the form of slices
but qualitatively the results were in every respect the same.

The suspension was made by the homogenizing procedure of
Potter and Elvehjem (12). The kidney was stripped of its cap-
sule, split down the longitudinal axis, the pelvic fat and the
medulla cut away, the remainder homogenized with 4 times its
weight of 0.01 M phosphate buffer at pH 7.0, and the resulting
suspension passed through gauze. Such a suspension retains
all its transamidinase activity for at least 2 months if kept in an
ice box.

The optimum pH of glycine-transamidinase is in the neighbor-
hood of pH 7.0 (Table V).

TaBLe V
Effect of pH on Activily of Glycine-Transamidinase
38° 4 hours, Glycine 0.01 M; arginine 0.005 M.

pH Glycocyamine formed per 100 gm. fresh tissue
mg.

6.0 214

6.5 259

7.0 320

7.5 278

8.0 246

The activity of glycine-transamidinase in cell-free solution is
unaffected by 0.001 m potassium cyanide or by carrying out the
reaction 7n vacuo. For example, one extract under the same con-
ditions as those described above formed 67 mg. of glycocyamine
per 100 gm. of fresh tissue; in the presence of 0.001 M potassium
cyanide it formed 80 mg. and anaerobically, 72 mg.

The following amino acids and amides were tested with rat
kidney slices and arginine as possible precursors of the glycine
radical in glycocyamine. The initial concentration in every case
was 0.005 M. They were all negative: d-alanine, dl-alanine,
l-asparagine, l-aspartic acid, l-cysteine, l-cystine, d-glutamic
acid, d-glutamine, l-hydroxyproline, I-histidine, di-isoleucine, I-
leucine, d-lysine, dl-methionine, dl-norleucine, I-proline, di-
phenylalanine, dl-serine, d-threonine, l-tryptophane, [-tyrosine,
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and d-valine. These negative results indicate that under the
conditions of these experiments none of these amino acids is a
precursor of glycine.

Glycine-transamidinase activity was found in the kidney of
every animal tested except the frog (Table VI). Whenever
activity was found in kidney slices, it was also found in the cell-
free extract. The beef and sheep kidneys were used at least
24 hours after the animals were slaughtered; they were obtained
in a butcher shop. In the cases of all the other animals the kid-

TaBLE VI
Formation of Glycocyamine from Glycine and Arginine by Kidney Slices and
by Cell-Free Macerate of Kidney of Various Animals
Slices in glucose-Ringer’s solution, macerate in 0.1 M phosphate buffer,
pH 7.0. Glycine 0.01 M; arginine 0.005 m. 38°, 3 hours.

Glycocyamine formed per 100 gm.'fresh tissue by
Animal
Kidney slices Cell-free macerate

mg. mg.
Beef........cooiiiiiiiiiiiiiin 190
Cab. oo e 93 32
Dog...ocoiiiiiiii e 281 480
Frog....cooiiiiiiiiii i 0
Guineapig................cvvennl. 38 14
Pigeon...........cooiiiiiiiinnnn 27 16
Rabbit....................... e 187 160
Rat..........co it 357 120
Sheep.......cocoiiiiiiiieii 160

neys were removed immediately after the animals were killed
and the extracts made soon afterwards. The negative results
with extracts of frog kidney call for further study.

Liver slices and cell-free extracts of heart and of muscle of
all the animals listed in Table VI were tested for glycine-trans-
amidinase activity. Except in the case of the pigeon (see below)
they were all negative. The blood, brain, intestine, and spleen
of the rat were also examined; they were negative. Rat liver
slices also gave negative results with glycine plus arginine, urea,
or guanidine,

Before the advent of Weber’s method no glycocyamine could
be demonstrated in animal tissues. With this method glyco-
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cyamine was detected in urine (4), in intestine, testes, and
kidney (13).

Using our more sensitive method, we found glycocyamine to be
widely distributed in the tissues of the rat. The concentrations
(mg. per 100 gm. of fresh tissue) were blood 0.5 to 1; brain, heart,
liver, skeletal muscle, and spleen 3 to 6; small intestine 10; kid-
ney (cortex) 15 to 30.

The question arose whether transamidination in the kidney can
be sufficiently rapid under physiological conditions to account
for the total production of creatine in the body as indicated by the

TasLe VII

Rate of Glycocyamine Formation by Rat Kidney Slices at 38° from Arginine
Initially 0.005 M and Glycine 0.01 x

Glycocyamine per 100 gm. fresh tissue

Time

£
Found Formed ft?m:nrm %r.

Ars, mg. mg. nyg.
0 32

0.5 05 63 126
1.0 164 132 132
2.0 315 283 142
4.0 505 473 118
8.0 741 709 118

daily excretion in the urine of creatine and creatinine. A num-
ber of experiments were carried out to obtain what information
we could on this point.

Table VII shows that the glycine-transamidinase in rat kidney
slices remained practically unimpaired for 6 hours. This is in
accord with the stability of the enzyme in cell-free extracts.

In Table VIII are some figures on the effect of the concentra-
tion of the reactants, arginine and glycine, on the rate of trans-
amidination. With equal arginine and glycine concentrations
from 0.001 to 0.0001 M the rate was approximately linear with
respect to concentration.

We can estimate what the rate of glycocyamine formation in
the kidney must be to make good the loss of tissue creatine
which appears in the urine as creatinine. Two human kidneys
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weigh approximately 300 gm. An average figure for the creatinine
excreted in the urine in 24 hours is 1.7 gm. To make good this
loss the average hourly production of glycocyamine which is
necessary must be approximately 25 mg. per 100 gm. of tissue
per hour,

This rate of glycocyamine formation would have been obtained
in the experiments of Table VIII with concentrations of glycine
and arginine between 0.0005 and 0.001 M. This is probably the
concentration range of these amino acids in kidney. The basis
of this estimate is as follows: The arginine concentration in dog

TasLe VIII

Variation in Rate of Glycocyamine Formation by Ral Kidney Slices with
Different Concentrations of Arginine and Glycine

Ringer’s solution, 4 hours, 38°.

Initial Glyco- Initial Glyco- Initial Glyco-

concentration |¢yamine concentration  [cyamin® concentration cyaming

ormed ormed ormed

per 100 per 100 per 100

Arginine |Glycine zmﬁ.’:::h Arginine! Glycine mti;sf:l?h Arginine | Glycine ‘n:i;’::h
ot gt | me | meR per | ome | peE | per | e
0.02 0.01 190 0.005 | 0.02 617 | 0.005 | 0.005 360
0.01 0.01 590 0.005 | 0.01 533 | 0.0025 | 0.0025 310

0.005 0.01| 533 | 0.005|0.005 361 | 0.001 | 0.001 134
0.0025 | 0.01} 535 | 0.005| 0.0025 252 | 0.0005 | 0.0005 78
0.00125 | 0.01 | 303 | 0.005 | 0.00125 | 201 | 0.0001 | 0.0001 20
0.000625{ 0.01 | 201 | 0.005 | 0.000625 103

blood is between 2.6 and 3.9 mg. per cent (14); we have found 2.0
to 5.0 mg. per cent in human blood. This range corresponds to
0.0001 to 0.00025 M. The concentrations of these amino acids in
the kidney are certainly much higher than in blood, since the total
free amino nitrogen in kidney and other tissues is 10 times or
more that in blood (15, 16). The rates of glycocyamine formation
recorded in Table VIII are sufficient therefore to make good the
total loss of creatine from the tissues. This estimate is, of course,
based on the assumption that the rate of glycocyamine formation
in human kidney #n vivo is of the same order as in rat kidney
slices in vitro, which seems not unreasonable.
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DISCUSSION

The experimental results given above, confirmed and comple-
mented as they now are by the findings in studies with tracers,
make a strong case for the following mechanism of creatine
formation in animals: (a) arginine and glycine in the kidney
form glycocyamine; (b) in the liver glycocyamine and methionine
form creatine. The mechanisms for these reactions are widely
distributed in mammals. The quantitative aspects of the data
show that the transamidination mechanism for the formation of
glycocyamine is fast enough to replace all the creatine lost from
the body. Other mechanisms of creatine formation are not ex-
cluded; but the tracer studies indicate that the arginine-glycine-
methionine mechanism is quantitatively the most important
one in vivo.

The argument conira glycocyamine, that it had never been
found as a constituent of animal tissues, antedated the develop-
ment of suitable analytical methods. This argument is now com-
pletely disposed of by the detection of glycocyamine in practically
all tissues.

The controversy whether arginine is a precursor of creatine
(17, 18) may be considered as settled in favor of the affirmative.
The path of its conversion to creatine, however, is different from
what was generally believed. It was proposed that arginine
was converted to glycocyamine by way of deamination and 8
oxidation; thus all of the nitrogen was derived directly from
arginine. This made it necessary to explain away the evidence
which suggested that glycine played some part in creatine forma-
tion, unless it be in the methylation of glycocyamine.

Bergmann and Zervas were the exception. They observed that
“triacetyl anhydro arginine” and glycine ethyl ester reacted in
the absence of water to give a fairly good yield of diacetyl glyco-
cyamine ethyl ester (19); and the same arginine derivative with
sarcosine ethyl ester gave diacetyl creatine ethyl ester (20).
Their view was that, ‘“‘der wesentliche Punkt der biologischen
Kreatinbildung in einer direkten Umsetzung eines reaktionslus-
tigen Argininabkémmlings mit einem Amino#thanderivat beruht.”
This clear statement that the guanidine group of creatine arises
in vivo by transamidination needs now to be modified in two
respects: that an enzyme, glycine-transamidinase, and not a
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NH,
NNH

in arginine labile as it is in “triacetyl anhydro arginine.” The
enzyme arginase exerts a similar influence. The other modifica-
tion is that glycine itself and not a derivative is the acceptor of
the amidine group in the biological transamidination reaction.

We may now infer that one of the reasons for the essential
character of arginine and methionine in the rat is that they par-
ticipate in the formation of creatine. These amino acids, of
course, also serve other functions, for example the réle of arginine
in urea formation and of methionine in other methylation reac-
tions (3), in addition to their participation in the constitution of
tissue protein.

The recent findings on essential amino acids for the chick indi-
cate that arginine and glycine are required for creatine formation
in this animal. Arnold et al. (21) reported that arginine is essen-
tial for rapid growth. This was confirmed by Klose et al. (22)
who showed further that arginine is necessary for maintenance as
well as growth. Recently Klose and Almquist reported that citrul-
line is as effective as arginine, whereas ornithine alone or with
urea is ineffective (23). We have found (Tables III and IV)
that glycocyamine is formed from citrulline and glycine, the citrul-
line presumably being first converted to arginine, while ornithine,
with or without added ammonia, is completely negative.

The parallel between the amino acid requirements for creatine
formation and for growth was extended further when Almquist
et al. found that glycine is essential for the growth of the chick
(24) and that creatine as a substitute for glycine is even more
effective than glycine itself. Glycolic acid and betaine could
not replace creatine (25).

We have examined the organs of the pigeon for transamidinase
activity. Activity was found not only in the kidney but also in
heart, liver, and skeletal muscle. The limiting amino acid ap-
peared to be glycine; i.e,, nearly as much glycocyamine was
formed when glycine alone was added as from glycine and arginine
together. The differences between experimental and con-
trol were, however, small in absolute terms compared with
those found in the kidneys of other animals. Although these

reactive derivative or split-product renders the —C group
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differences were greater than could be ascribed to analytical or
sampling variations, we cannot consider our findings in the pigeon
as established until more determinations have been made. For
this reason the detailed figures are not presented here. We hope
that other workers with facilities for a study such as this on birds
may undertake the investigation. Our laboratory does not at
present possess such facilities.

SUMMARY

1. Beef, cat, dog, guinea pig, pigeon, rabbit, rat, and sheep
kidney form glycocyamine from arginine and glycine. This reac-
tion is catalyzed by cell-free extracts of kidney as well as by
surviving kidney slices.

2. It is proposed that this reaction be designated ‘‘transamidin-
ation,” and the enzyme “glycine-transamidinase.” The optimum
pH of this enzyme is about 7.0. It is not affected by potassium
cyanide nor by anaerobiosis.

3. Transamidination does not occur in the liver, heart, or skele-
tal muscle of the animals mentioned above; the blood, brain,
and spleen of the rat were tested also and found inactive. It is
possible that in the pigeon a low glycine-transamidinase activity
resides in liver, heart, and skeletal muscle as well as in kidney.

4, Glycocyamine is also formed in the kidney from glycine and
citrulline. Glycine plus ornithine (with or without ammonia),
urea, or guanidine is negative in this respect.

5. A large number of amino acids, several amides, and an-
hydrides were tested as possible precursors of the glycine radical
of glycocyamine. They were all negative, as was also glycolic
acid plus ammonia.

6. Glycocyamine is formed from arginine and sarcosine. Evi-
dence is presented that the sarcosine is first demethylated, thus
being converted to glycine, indicating the presence of a demethyl-
ating enzyme in kidney. Sarcosine anhydride is negative.

7. The above findings, complemented by the tracer studies in
the laboratories of Schoenheimer and of du Vigneaud, and in
conjunction with our previous findings, prove the existence of the
following mechanism of creatine formation in animals: arginine
and glycine form glycocyamine in the kidney; the glycocyamine
is methylated in the liver by methionine (or a derivative of methi-
onine) to form creatine.
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8. Quantitative aspects of the data indicate that all of the
creatine formed in animals may normally be formed by this
mechanism.

9. Evidence of the generality of transamidination is seen in
the close parallel between the above findings and those on amino
acids essential for the growth of the chick.
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Betaine and Glycocyamine in the Treatment of
Disability Resulting from Acute Anterior Poliomyelitis

THIS report describes our experience with
betaine and glycocyamine in the treatment of
patients with paralysis and paresis resulting from
acute anterior poliomyelitis, Discussion of the
physiologic and biochemical properties of betaine
and glycocyamine in part and their application to
the treatment of heart diseases, including cardiac
decompensation, was presented in earlier papers.t™
The following represents a similar logical exten-
sion into the field of therapeutics. This clinical
investigation is based on two general ideas: (1)
the recovery of a cell with impaired function may
require more of certain substances than is neces-
sary for cell maintenance alone, analagous to
general experience with vitamin therapy, and (2)
a larger reservoir of immediately available energy
should be helpful to cells under conditions of
stress or those burdened with extra function.

DL-Methionine—Glycocyamine
Combination Disappointing

The first experiment was with glycocyamine in
combination with DL-methionine, One of us
(M.E.B.) found that large doses of DL-methionine
were tolerated poorly—anorexia, nausea, vomiting,
oliguria and hyperproteinemia frequently accom-
panied its use—and results obtained were discour-
aging, The use of DL-methionine was abandoned
when betaine hydrate was made available.§

Betaine and Glycocyamine Promising

Our first experience with betaine and glyco-
cyamine therapy occurred in December 1949 and
included patients suffering from the general debil-
ity of old age, asthenia, parcsis and cardiac failure
of varying degrees and varied etiology. Betaine
and glycocyamine were given in addition to the
usual forms of treatment. Results obtained were
50 encouraging as to warrant investigation of the
effects of these two substances alone.

This work was supported In large art by the International Minerals
and Chemical Corporation, Chicage, which supplied some of tha glyco-
cyamine and all of the betaine used.

*From the Clinical Research Foundation of Californla, Los Angeles.
3From the Billig Clinic, Los Angeles.
1From the Pasadena Clinic of Physieal Medieine, Pasadeng.

§Through the courtesy of Paul Manning, M.D., Internatlonal Min-
erals and Chemical Corporation, Chicago.
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Harvey K. Billig, M.D.}
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James G. Golseth, M.D.t
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Dosage of Betaine and Glycocyamine

As little as three milligrams of glycocyamine per
pound of body weight per day, in divided doses,
was given at first. As experience and confidence
increased, larger doses of glycocyamine covered
with betaine were administered. Optimum dosage
is probably 30 mg. per pound of body weight per

day.

%Vhen glycocyamine and betaine were fed in
stoichiometric proportions, waste resulted in that
the amount of extra creatine formed was rela-
tively small, and most of the glycocyamine was
excreted unchanged. However, the percentage of
glycocyamine converted to creatine rose pro-
gressively, as the ratio of betaine to glycocyamine
was increased. When the betaine-glycocyamine
ratio administered was 3:1, approximately 30 per
cent of the glycocyamine was converted to crea-
tine. When a 5:1 ratio was used, 55 per cent of
the glycocyamine was methylated, and with a 7:1
proportion optimum methylation occurred. How-
ever, nausea and regurgitation happened too fre-
quently with this last proportion to permit its use.
Clinically, we have found that a ratio of five or
six parts of betajne to one part of glycocyamine
is well tolerated and moderately efficient.

Role of Phosphoereatine

Phosphocreatine is the main reservoir of imme-
diately available energy. Perhaps, then, the pres-
entation to a damaged muscle or nerve of more
creatine than is normally synthesized would fa-
cilitate its recovery? The thought was that if
extra creatine were provided, some of the incre-
ment might be retained in the tissues and more
phosphocreatine be made available to muscles
and nerve,

Muscular involvement subsequent to disease of
the nervous system results in excessive creatine
excretion and a lowered preformed creatinine co-
efficient proportional to the degree of muscle
wasting and the loss of functional capacity.*™®

The preformed creatine coefficient is low during
the acute phases and the early convalescence of
poliomyelitis and slowly rises with clinical im-
provement,® This finding is clinically significant,
as the urinary creatine bears a direct relationship
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to the body creatine—the 24 hours’ excretion
represents two rier cent of the body stores’®'*
and points to the value of creatine in clinical
recovery.

These observations are consistent with the hy-
pothesis that larger amounts of creatine might be
beneficial in conditions of muscular weakness or
degeneration, providing the creatine could be
“fixed” in the tissues as phosphocreatine. Experi-
mental evidence in support of this possibility is

esent in the findings of Benedict and Oster-
Eferg,“ and Chanutin.®®

Creatine feeding is unphysiologic. It interferes

with the transmethylation of endogenous glyco-
cyamine® and has been disappointing clinically.
Amino acid therapy, which results in the forma-
tion of additional creatine, has been morc encour-
aging. An excerpt from a paper by Tripoli and
Beard?® is pertinent:
The results of our own work and that of many investi-
gators show that the patient who is suffering from certaln
types of myopathies cannot “fix” or retain creatine in
muscles. This valuable substence is continuelly lost in
“the urine and is accompanied by a gradual loss of musele
tissue and funetion, If creatine is‘given as such, most of
it passes through the body and is excreted in the urine.
Hence feeding creatine alone does not increase the creatine
content of the muscles and no clinical improvement in
the patient’s conditlon takes place,

On the other hand, amino acids form creatine which fs
first lost in fairly large amounts. After a few weeks it is
retained in the muscles and at this time the patient begins
to show clinical improvement. ‘

Tt would seem therefore that the amino acids supply a
deficiency in muscle metabolism. This creatine, retained
as phosphocreatine, serves over and over again to supply
the energy for muscular contraction, and muscular effi-
ciency improves at a remarksble rate, Thet the amino
acids play a definite part in muscle metabolism is sup-
ported bﬁ the fact that as long as they are fed to the
patient, he improves, yet the improvement mey cease as
soon as the therapy is discontinued, and the patient may
revert to his original condition.

The implications of thesc statements are clear.
Certain amino acids must first be incorporated in
tissue proteins before creatine can be “fixed.”

Betaine and glycocyamine therapy differs ma-
terially from creatine feedings; it not only supplies
biological precursors of creatine but also makes
available for incorporation into tissue proteins the
amino acid dimethylglycine,’® thus providing a
“building stone” for additional protein for the
storage of phosphocreatine and for repair. Herein
lies the crux of this form of therapy.

Dimethylglycine is derived from betaine after
it has donated one of its methyl groups to home-
cysteine for the conversion of the latter to methi-
onine.’” 2 Methionine is the immediate methyl
donor for the methylation of glycocyamine to
creatine.?* Betaine also replenishes the body stores
of labile methyl groups®*™* and is nontoxic.
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Motor Units and Motion

Motion in the animal body is produced by the
activities of a cambination of motor units, with
two or more musecles usually sharing in its pro-
duction, A motor unit is a functional unit of the
nervous system and is composed of one anterior
horn cell, one axone and its dependent group of
100 to 150 muscle fibers.2*

As a consequence of poliomyelitis and allied
neuropathies, a variable part or all of the motor
nerve cells supplying a given muscle or muscle
group may be injured or destroyed. The muscle
fibers with functionally intact innervation remain
the only active components and are responsible
for the residual function.

The performance of increasing amounts of work
by a paretic muscle requires each surviving mator
unit to do more work, Hence a large reservoir of
immediately available energy should result in ex-
tra power and delay onset of fatigue. Likewise,
the presence of an amino acid which can be
incorporated in tissue proteins should be of value
in processes of regeneration and repair.

Experimental Design

Suitable data were obtained on 31 patients who
had had poliomyelitis 18 or more months pre-
vlously and whose recovery was followed by a
constant degree of paresis. After initial evaluation
was made, all other therapy was withdrawn, No
therapy other than the administration of betaine
and glycocyamine was permitted during the ex-
perimental period in order that all improvement
noted could be attributed unequivocally to these
compounds.

In every instance the patients received approxi-
mately 30 milligrams of glycocyamine and 150
milligrams of betaine per pound of body weight
daily, in four or more equal doses, All were office
patients and were seen at weekly intervals.

Evaluation was based on objective and sub-
jective findings. Laboratory studies at regular in-
tervals included examinations of blood and urine
and determinations of urinary creatine and crea-
tinine. Electromyography was done in some in-
stances. The Lovett system of rating muscle power
was used, and rating was always done by the
same person. A careful evaluation of the func-
tional capacity to execute movements, and the
efficiency with which useful movement was ac-
complished was noted in each case. The patients
have been observed for three to eleven months.

Results

In 31 patients with a constant degree of paresis
and parali sis resulting from acute anterior polio-
myelitis Z(,)S muscles were studied, At least 18
months had elapsed since infection, Two hundred
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Table I. Clinical Muscle Evaluation
Effect of Betaine-Glycocyamine Therapy on
Muscles with Some Residual Function

After Initiation Number of Muscles

of Betaine- Exhibiting Increased
Glycocyamine Functional Ability
Therapy
(Per
(Number) Cent)
Two weeks 79 or 36
One month 203 or T4
TWo MONNS oo cannee 260 or 94.6
Four months 262 or 98

Eight months 268 or 98 plus

and seventy-five muscles, or 68.3 per cent, were
found to have some residual function. In 128, or
31.7 per cent, no residual function was discernible
at the time this study was begun. At no time did
the latter group exhibit any evidence of improve-
ment during the course of study.

That the effect of betaine-glycocyamine admin-
istration on muscles with some residual function
at the start of treatment was quite different is
shown in Tables I and IL '

Urinary Creatine and Creatinine

Urinary creatine and creatinine were deter-
mined from 72-hour samples obtained weekly at
the beginning of the period studied, and at fort-
ni%htly intervals thereafter. The average daily
value in grams at monthly intervals is given for
patients who failed to demonstrate clinical im-
provement, patients who showed clinical improve-
ment, and patients who gained a significant in-
crease in muscle mass during this study. See Ta-
bles I, IV, and V.

A large increment in total urinary creatine
occurred in every case. Although no significant
rise in creatinine excretion occurred in any group
in the first month of treatment, an appreciable
rise of approximately 20 per cent occurred in the

oup showing clinical improvement during the
irst eight months of therapy. Patients with a
significant increase in muscle mass showed a
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striking increment of approximately 40 per cent
during the same period.

Electromyography

Repeated electromyographic examinations were
done on a group of 125 paralyzed and paretic
“polic” muscles over a period of nine months;
the monopolar needle electrode technic was used
with cathode-ray oscillograph recording, Ten
areas of several regions (proximal, middle and
distal) were tested in each muscle during each
examination, and electromyograms were obtained,
in order to measure the wave form, repetition
frequency, and magnitude of the motor unit and
denervation fibrillation voltages. In addition, an
integrating meter was employed, which gave a
relative power reading expressed in terms of ef-
fective microvolts. However, the relative power
reading for each region represents the average
value for the ten areas sampled in that partic-
ular region, and an increase of 50 microvolts or
more is regarded as a significant microvolt in-
crease. Although the patients were examined fre-
quently enough to enable the examiner to place
the needle electrode in the same region of the
muscle each time, exactly the same areas in each
region may not have been sampled at each exami-
nation.

Of 114 regions in 38 paralyzed muscles having
nothing but“denervation fibrillation prior to the
start of betaine and glycocyamine therapy, not
one showed any motor unit activity—even after
nine months of treatment. The relative power
reading, expressed in effective microvolts, remained
exactly the same efter betaine and glycocyamine
therapy as it did prior to instituting the therapy.
It is of some interest that no significant decrease
occurred in the number of fibrillating areas during
the study.

Of 138 regions in 46 paretic muscles having
both denervation fibrillation and motor unit ac-
tivity prior to the start of betaine and glycocy-
amine therapy, 90, or 65 per cent, showed 50
microvolt increase or greater after two weeks of

Table II
Degree and Rate of Improvement of 275 Paretic Muscles

Number of Muscles

Improvement Ymprovement
Duration No Less Than More Than One, Greater Than
of Apparent One Lovett But Less Than 1Y% Lovett
Therapy Improvement Grade 1Y% Lovett Grades Grades
Number Per Cent Number Per Qent Number Per Cent, Number Per Cent

One month T2 260 151 55.0 46 16.5 6 25

Two months 15 - 54 95 345 137 499 28 10.2

Four months 8 29 49 18.1 143 52.0 75 27.6

Eight months T 2.8 36 13.1 131 476 101 44,0
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Table III
Five Patients* Who Failed to
Improve Clinically

(Twenty-Four Hour Average of a Seventy-Two
Hour Sample)

July, 1952

Table V
Eleven Patients With a Significant
Increase in Muscle Mass

(Twenty-Four Hour Average of a Seventy-Two
Hour Sample) :

Duration Grams Grams Duration Grams Grams
of Therapy of COreatine of Oreatinine of Therapy of Creatine of Creatinine
Initial 0.189 0.879 Initial 0416 0910
One month 3.953 0.866 One month 1,315 1.008
Two months 2.912 0.760 Two months 1.834 1.139
Four months 231 0.837 Four months 1.402 1.241
Six months 3235 0.792 Six months 1.175 1.338
Eight months 3.381 . 0,901 Eight months 1.916 1,395

*Four adults and one chlid.

treatment, During the next several weeks a sig-
nificant microvolt increase was demonstrated by
an even larger percentage of muscle regions and,
by the end of the third month, 138, or 100 per
cent, of the regions showed a significant microvolt
increase, At this time, average increase for the
138 regions was 104 microvolts. During the next
three months, this average value steadily in-
creased. By the end of the sixth month, average
increase for the 138 regions was 126 microvolts.
Agaln, no significant decrease in the number of
areas exhibiting denervation fibrillation was noted
during this time interval.

Motor unit activity but no-denervation fibrilla-

. tion had been noted in 123 regions of 41 paretic

muscles prior to the institution of betaine and
glycocyamine therapy; 60 regions, or 48.7 per
cent, showed at least a 50 microvolt increase at
the end of the second week. In the next several
weeks a steady increase was noted in the per-
centage of muscle regions showing e significant
microvolt increase. However, at the end of the
third month only 100, or 81.3 per cent of the
regions showed a significant increase, The average
gain for all regions was 82 microvolts at this time,
Not until the end of the sixth month did all
regions show a gain of at least 50 microvolts, an
average increase for all regions of 97 microvolts.
It is noteworthy that no significant number of

Table IV
Twenty-Six Patients* Who Improved
Clinically

(Twenty-Four Hour Average of a Seveniy-Two
Hour Sample)

Duration Grams Grams
of Therapy of Creatine of Oreatinine

Initial 0243 0.935
One month 1.823 1010
Two months 1.476 1.323
Four months 1.762 1.201
Six months 1.581 1.251
Eight months 1.629 1.262

*Sesen adults and 19 children.

regions in the muscles showed denervation fibril-
lation during this course of treatment.

Most of the data described here will be dis-
cussed in more detail in a later paper, but we
should like to discuss several observations at this
time, As mentioned previously, the number of
regions havinf denervation fibrillation in one
group of paralyzed and in one group of paretic
“polio” muscles did not diminish during the
course of the experiment. Theoretically, it is pos-
sible that results would have been the same with-
out betaine-glycocyamine therapy, but these data
suggest that such therapy encourages denervation
fibrillation in denervated muscles and conse-
quently assists in maintaining denervated muscle
as contractile tissue during the denervation period.

The relative electromyogram reading expressed
in microvolts is a direct function of not only the
repetition frequency and magnitudes of individual
motor units, but a{so the number of motor units
being activated by voluntary effort. In this experi-
ment initial significant microvolt increases were
generally caused by the development of a more
rapid and regular repetition frequency in indi-
vidual motor units. In other words, individual
motor units were promptly brought under better
voluntary control. The continued microvolt in-

creases in a given region appeared to result from

the development of greater magnitudes by these
same motor units, rather than from a significant
increase in the number of motor units in a given
region.

Summary

I. Thirty-one patients with paralysis and a
constant degree of paresis resulting from acute
anterior poliomyelitis were treated with glyco-
cyamine and betaine. Twenty-six patients showed
objective evidence of improvement, which was
frequently of a useful degree; five patients showed
no evidence of muscle improvement.

2. All patients demonstrated an improved sense
of well-being; less fatigue and greater general
strength and endurance were apparent early in
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the course of treatment. These effects have per-
sisted and were apparently independent of any
objective improvement in the paretic muscles.
Most patients gained weight.

3. Whenever motor unit activity or residual
power remained in a muscle or muscle group, a
substantial increment of motor unit activity and
muscle power occurred with betaine-glycocyamine
therapy.

4, Conversely, in muscles exhibiting nothing
but denervation fibrillation or where no residual
function or motor unit activity existed, at no time
during the course of therapy did any increase in
activity or muscle power occur.

5. Of the 275 muscles with residual function,
268 c(liinically and all electromyographically im-

roved.

F 6. The majority of muscles responding to
betaine-glycocyamine therapy did not present
clinical evidence of improvement during the first
three weeks of therapy, although most of these
showed electromyographic evidence of improve-
ment during this period. Following this initial
period a significant increment in power occurred
during the next two months. This clinical im-
provement could be predicted by the earlier sub-
stantial increase in motor unit activity as demon-
strated electromyographically. During the sub-
sequent period the rate of improvemente was
much less, but continuous, and closely paralleled
the increasing bulk of the paretic muscles.

7. A significant rise in preformed creatinine
coefficient occurred whenever the muscle bulk
increese was substantial. ‘

8. The rate of improvement can be described
by an exponential curve.

9. Increase in functional ability of normal and
paretic muscles in the region of completely par-
alyzed muscles or parts of muscles frequently
resulted in increased functional capacity of the
part.

10. .No evidence of toxicity was observed.

Conclusion

A means of increasing muscle power in paretic
“polio” muscles of patients is presented, which is
of value in the rehabilitation of the patient.
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Effects of folic acid and combinations of folic acid and vitamin B-12
on plasma homocysteine concentrations in healthy, young women'2

Anja Bronstrup, Monika Hages, Reinhild Prinz-Langenohl, and Klaus Pietrzik

ABSTRACT

Background: Elevated plasma homocysteine concentrations are
considered to be a risk factor for vascular disease and fetal malfor-
mations such as neural tube defects. Recent studies have shown
that plasma homocysteine can be lowered by folic acid in amounts
corresponding to 1-2 times the recommended dietary allowance.
Preliminary evidence indicates that vitamin B-12 may be beneficial
when included in supplements or in a food-fortification regimen
together with folic acid.

Objective: We aimed to compare the homocysteine-lowering
potential of a folic acid supplement with that of 2 supplements con-
taining different doses of vitamin B-12 in addition to folic acid.
Design: Female volunteers of childbearing age (n = 150)
received a placebo for 4 wk followed by a 4-wk treatment with
either 400 pg folic acid, 400 pg folic acid + 6 pg vitamin B-12,
or 400 pg folic acid + 400 g vitamin B-12.

Results: Significant reductions (P < 0.001) in plasma homocys-
teine were observed in all groups receiving vitamin treatment.
The effect observed with the combination of folic acid + 400 pg
vitamin B-12 (total homocysteine, ~18%) was significantly
larger than that with a supplement containing folic acid alone
(total homocysteine, —11%) (P < 0.05). Folic acid in combina-
tion with a low vitamin B-12 dose (6 pg) affected homocysteine
as well (—15%).

Conclusions: These results suggest that the addition of vitamin
B-12 to folic acid supplements or enriched foods maximizes the
reduction of homocysteine and may thus increase the benefits of
the proposed measures in the prevention of vascular disease and
neural tube defects. Am J Clin Nutr 1998;68:1104-10.

KEY WORDS Folic acid, vitamin B-12, supplementation,
homocysteine, neural tube defect, cardiovascular disease,
women

INTRODUCTION

Homocysteine is being scrutinized as independent risk factor
for coronary, cerebral, and peripheral vascular diseases. Most
case-control studies and several, though not all, prospective stud-
ies have confirmed such an association over a wide range of
plasma total homocysteine (tHcy) concentrations (1-4).

In the absence of vitamin B-6 or vitamin B-12 deficiency or
genetic defects in non-folate-dependent enzymes, folic acid
intervention lowers plasma tHcy concentrations. This has been

observed even when presupplementation plasma folate concen-
trations were well within the range of values currently accepted
as reflecting adequate status (5, 6). In several studies, daily folic
acid administration in high (pharmacologic) doses of 0.5 (7) to
10 mg (8) resulted in significant reductions in plasma tHcy.
However, for both sexes, additional folic acid intakes of 200-400
ng/d, corresponding to 1-2 times the recommended dietary
allowance of 400 pg dietary folate equivalents (9), seem to be
sufficient to lower plasma tHcy concentrations (5, 6, 10). Indi-
rect evidence for the protective effect of low plasma tHcy con-
centrations comes from a recent prospective study linking high
intakes of folate to a considerably diminished risk for coronary
artery disease in 80082 US nurses (11). Besides an involvement
in the pathogenesis of vascular disease, maternal tHcy concen-
trations may further play a role in the etiology of fetal malfor-
mations such as neural tube defects (NTDs) (12-14),

As of January 1, 1998, the US Food and Drug Administration
ruled that the fortification of grain and grain products with folic
acid be mandatory to increase folic acid intakes and contribute to
the prevention of NTDs (15). However, it has been suggested
that vitamin B-12 be added to foods as well or that supplements
be offered containing both folic acid and vitamin B-12 (12, 16,
17). The rationale for this proposition is that the sole addition of
folic acid may mask pernicious anemia resulting from vitamin B-
12 deficiency, which may slowly lead to irreversible nerve dam-
age. Further support for this proposition is that both folic acid
and vitamin B-12 are cofactors of methionine synthase, the
enzyme catalyzing the formation of methionine from homocys-
teine. A defect in this enzyme, also resulting in elevated tHcy
concentrations, was proposed to be the cause for some (although
not all) NTDs.

The present study aimed to determine whether the addition of
vitamin B-12 to a folic acid supplementation regimen recom-
mended for women capable of becoming pregnant (9) potenti-
ated the tHcy-lowering capacity of this regimen. Two different
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doses of vitamin B-12 were chosen to explore whether there was
a dose-response relation with increasing vitamin B-12 dose. The
low dose was approximately double the recommended dietary
allowance of 2.4 pg/d (9) and reflects an amount frequently con-
tained in vitamin supplements for adults (18). The high pharma-
cologic dose of vitamin B-12 takes into account the greatly
reduced absorption rate of vitamin B-12 from high doses after
saturation of the active absorption pathway (19). Women of
childbearing age were chosen as the target population group
because they may especially benefit from tHcy reduction.

SUBJECTS AND METHODS

The study was approved by the Ethical Committee of the Uni-
versity Hospital of Bonn. After a washout phase of 4 wk, 156
female participants aged 20-34 y received a placebo daily during
the first 4 wk of the study. For the next 4 wk, the volunteers were
randomly assigned to one of the following treatment groups:
group A, 400 pg folic acid/d; group B, 400 pg folic acid + 6 pg
vitamin B-12/d; and group C, 400 pg folic acid + 400 pg vita-
min B-12/d. The vitamin capsules were specially prepared by
Allpack (Schorndorf, Germany) with synthetic folic acid
(pteroylmonoglutamic acid) from Takeda (Osaka, Japan) and vit-
amin B-12 (cyanocobalamin) from Merck (Darmstadt, Ger-
many). Placebo and vitamin capsules were identical in appear-
ance as the result of a colored gelatin cover so that the
participants were not aware of the identity of the capsules. Cap-
sules were provided in excess and participants were asked to
return the remaining capsules after each 4-wk period to enable
pill counting as a measure of compliance.

At the beginning of the washout phase, all subjects were
instructed to continue their usual dietary habits for the duration
of the study but to refrain from intake of other vitamin supple-
ments or foods enriched with vitamins. Six participants opted to
withdraw during the study; the 150 participants completing the
study were included in the statistical analysis.

After subjects had fasted overnight, blood was drawn from
each participant at the start of the study (week 0), after the
placebo period (week 4), and after the treatment period (week 8).
Blood was immediately cooled on ice and centrifuged within 15
min at 2000 X g and 4°C for 10 min. Plasma was stored at
—20°C until analyzed.

Laboratory investigations

All samples for each participant were analyzed within one run
to minimize measurement errors. EDTA-treated plasma was ana-
lyzed for tHcy by HPLC with fluorescence detection according
to the method described by Araki and Sako (20) and Vester and
Rasmussen (21) with minor modifications. The CVs for this
assay were as follows: within-assay variation <5.6% and
between-assay variation <5.7%. Folate and vitamin B-12 were
measured in heparin-treated plasma with commercially available
chemiluminescence kits (Chiron Diagnostics, Fernwald, Ger-
many; within-assay CV <4.6% and <6.5%, respectively, and
between-assay CV <13.0% and <9.1%, respectively). For the
measurement of red blood cell (RBC) folate, the same chemilu-
minescence kit as for plasma folate was used (within-assay CV
<10.7%, between-assay CV <13.1%). Hemolysis for this assay
was achieved by incubating whole blood with 0.2% ascorbic acid
at room temperature for 90 min before freezing the mixture
according to the directions of the manufacturer of the kit. The

assays for tHcy, folate, and vitamin B-12 were validated exter-
nally through participation in national and international interlab-
oratory comparisons (for tHcy: European External Quality
Assurance Scheme for homocysteine in serum; for the vitamins:
ringtest of the German Society for Clinical Chemistry). Vitamin
B-6 was measured as pyridoxal-P (PLP) by HPLC (within-assay
CV <2.3%, between-assay CV <5.9%) (22). All samples were
analyzed in duplicate.

Statistical analysis

Because of positively skewed distributions, the natural loga-
rithms of tHcy, folate, RBC folate, vitamin B-12, and PLP were
used in all analyses as continuous variables. Therefore, besides
presentation of arithmetic means, geometric means for these
variables are given. The treatment groups were compared with
respect to body mass index (BMI), plasma tHcy, folate, RBC
folate, vitamin B-12, and PLP by means of parametric models
[paired ¢ test for within-subject comparisons and analysis of vari-
ance (ANOVA) for between-subject comparisons]. The primary
analysis variable was the change in a plasma index after 4 wk of
vitamin treatment. This change was expressed as the ratio of the
concentration at week 8 to that at week 4, and a one-way
ANOVA model was fitted to the In-transformed ratio including a
treatment effect. To account for the influence of tHcy and vita-
min concentrations before treatment on the change in tHcy, these
parameters were also included in the ANOVA as covariates. Post
hoc tests used the Scheffe test. The age of the groups was com-
pared by using a Kruskal-Wallis one-way ANOVA because a
skewed distribution of the data remained after logarithmic trans-
formation. Differences in proportions between the groups were
tested by using a paired chi-square test. Correlation analysis
used logarithmically transformed variables for calculation of
Pearson’s correlation coefficients. Differences were considered
significant at P < 0.05; all P values are two-tailed. Data analyses
were performed with the statistical program SPSS (version 6.1.3;
SPSS Inc, Chicago).

RESULTS

The demographic characteristics of the study participants are
summarized in Table 1. No significant differences were observed
among groups with respect to age, BMI, use of oral contraceptives,
or prevalence of smoking. Previous use of B vitamin supplements
before the washout phase, which included regular intake of supple-
ments containing vitamin B-6, vitamin B-12, or folic acid, was also
not significantly different among groups. An estimation of compli-
ance with intake of the capsules was possible for 146 of 150 par-
ticipants (97.3%). Good compliance, defined as intake of 26 cap-
sules/wk, was noted for all groups, ranging from 98.0% in group A
to 100% in groups B and C.

Total homocysteine

At week 0 participants were normohomocysteinemic, with con-
centrations ranging from 3.5 to 14.3 pmol/L; the geometric mean
value of all groups combined was 7.6 umol/L. tHcy concentrations
in plasma correlated inversely with concentrations of folate and
vitamin B-12 in plasma (» = —0.2828, P <0.001, and r = —0.3774,
P < 0.001, respectively), but not with vitamin B-6 (PLP)
(r = —0.0771, P = 0.3). The association with RBC folate (com-
puted from measurements at week 4) was weaker (r = —0.1752,
P =0.03) than that observed with plasma folate at week 0.
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TABLE 1
Demographic characteristics of the study participants’

Group A Group B Group C
Group (n=151) (n=49) (n=50)
Age (y) 24935 240+19 235+2.1
BMI (kg/m?) 209+1.8 21422 21.3%25
Use of OC (%) 588 55.1 54.0
Smoking (%) 9.8 143 220
Previous B vitamin 255 224 8.0

supplementation (%)

!% + SD or proportions. Group A received 400 pg folic acid/d, group B
received 400 pg folic acid + 6 pg vitamin B-12/d, and group C received 400
g folic acid + 400 pg vitamin B-12/d. The 3 groups did not differ signifi-
cantly with respect to age (P > 0.05, Kruskal-Wallis ANOVA), BMI (P >
0.05, ANOVA), or prevalence of use of oral contraceptives (OC), smoking,
and previous B vitamin supplementation (P > 0.05, chi-square test).

After 4 wk of placebo treatment, the geometric mean tHcy
concentration of all study subjects increased slightly but signifi-
cantly by a mean value of 0.28 umol/L (P < 0.01). A subgroup
analysis showed that this was true for groups A and B, although
no significant change in the mean tHcy concentration occurred in
group C during placebo treatment (Table 2). The change in tHcy
was not significantly different in subjects reporting regular
intake of B vitamins from that in those not regularly taking sup-
plements before the washout phase. Despite these fluctuations,
tHey concentrations at the start of the vitamin treatment period
did not differ significantly among groups.

After vitamin treatment for 4 wk, the mean tHcy concentra-
tion was reduced significantly in all groups (P < 0.001). The
decrease in tHcy varied according to the treatment regimen: the
most pronounced tHcy reduction was observed in group C
(—18% compared with the tHcy concentration at week 4, corre-
sponding to a geometric mean ratio of 0.82; Table 2), In group B,
the tHey concentration at week 8 was 15% lower than that at
week 4. When folic acid was given alone (group A), the reduc-
tion in the plasma tHcy concentration was 11%. The difference
in tHey-lowering effect between group A and group C was signi-
ficant (P < 0.05, ANOVA with Scheffe post hoc test).

The individual changes in tHcy concentration after 4 wk of
vitamin treatment are shown in Figure 1. The change in tHcy
was dependent on the tHcy concentration before vitamin supple-
mentation (week 4); subjects with a high initial tHcy concentra-
tion responded to treatment with larger reductions in tHcy than
those in subjects with initially low tHcy concentrations. Above a
tHcy concentration of 8 pmol/L, each subject responded to vita-

BRONSTRUP ET AL

min supplementation with a decrease in tHcy after 4 wk. The
extent of tHcy reduction was more pronounced when only the
subjects with a tHcy concentration >8 pwmol/L before treatment
were considered (group A:—16%; group B:—20%; group
C:—22%), even though the additional effect of vitamin B-12 on
tHey reduction was smaller (P = 0.08, ANOVA). Below a tHcy
concentration of 8 umol/L, the extent of tHey reduction in group
C (—14%) was significantly larger than in group A (—5%) (P <
0.05, ANOVA with Scheffe post hoc test), whereas it was inter-
mediate in group B (—10%).

The change in tHcy was also dependent, although to a lesser
extent, on the plasma folate concentration before vitamin sup-
plementation. The largest reductions in tHey were observed in
women with the lowest initial plasma folate concentrations (Fig-
ure 2). In every subject with a plasma folate concentration <20
nmol/L, tHey concentrations decreased after vitamin treatment,
whereas this was not always the case for women with higher
plasma folate concentrations. However, when plasma folate at
the onset of vitamin treatment was >20 nmol/L, subjects seemed
to benefit from the addition of vitamin B-12 (tHcy reduction in
group C:—17%, group B:—12%) compared with the administra-
tion of folic acid alone (tHcy reduction in group A:—10%) (A
compared with C: P <0.05, ANOVA with Scheffe post hoc test).
In contrast, for women with a plasma folate concentration <20
nmol/L, the change in tHcy was slightly more pronounced but
not significantly different across treatment groups.

When tHcy and plasma folate concentrations before vitamin
treatment (week 4) were included in the ANOVA as covariates,
in addition to the significant differences between groups C and
A, the tHcy reduction observed in group B was significantly
larger than that observed in group A (P < 0.03). Change in tHey
was not related to RBC folate or plasma vitamin B-12 concen-
trations before vitamin supplementation; inclusion of these vari-
ables as covariates in the ANOVA did not improve the model.

Folate

At week 0, participants had plasma folate concentrations in
the normal range (all but one >9.9 nmol/L; all >6.8 nmol/L) (23,
24). As expected, during the placebo phase, no changes in
plasma folate concentrations were observed (Table 3), indicating
also that any effects due to vitamin supplementation before the
study began could be neglected.

Because of the laborious procedure for measurement of RBC
folate, this index was measured only at weeks 4 and 8 to investi-
gate the relation with plasma folate and tHcy as well as the
response to folic acid supplementation. A strong positive associ-

TABLE 2

Response of plasma total homocysteine (tHcy) concentrations to placebo (week 4) and supplementation with folic acid or folic acid plus vitamin B-12
(wecek 8)

Plasma tHcy
Week 0 (baseline) Week 4 Week 8 Mean ratio, week 8/week 47

Group A (n= 51) 7.88 +£2.22 (7.58) 8.13 +2.14 (7.84) 7.18 £ 1.62 (6.99) 0.89

Group B (n = 49) 7.52+ 1.78 (7.31) 8.18 + 2.41 (7.87)° 6.81 + 1.46 (6.65)° 0.85

Group C (n = 50) 8.18 + 1.74 (8.01) 8.12+1.92 (7.91) 6.59 £ 1.12 (6.50)* 0.82

I% + SD; geometric mean in parentheses. Group A received 400 pg folic acid/d, group B received 400 pg folic acid + 6 pg vitamin B-12/d, and group C

received 400 pg folic acid + 400 pg vitamin B-12/d.

2Geometric mean ratio of tHcy at week 8 divided by tHcy at week 4; values <1 indicate a decrease in tHcy after vitamin treatment,
Y Geometric mean significantly different from week 0 (baseline), P < 0.05 (paircd ¢ test).
4Geometric mean significantly different from weck 4, P < 0.001 (paired ¢ test).
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FIGURE 1. Change in the total homocysteine (tHcy) concentration in relation to the tHcy concentration before vitamin supplementation (week 4),
The ratio was derived by dividing the concentration of tHey at week 8 by the concentration at week 4. Values <1 indicate a decrease in tHcy after vit-
amin supplementation. *, supplementation with 400 pg folic acid/d; O] supplementation with 400 pg folic acid + 6 pg vitamin B-12/d; @ supplemen-

tation with 400 pg folic acid + 400 pg vitamin B-12/d.

ation was observed between plasma folate and RBC folate at
week 4 (r = 0.5436, P < 0.001). Even though 3 of 150 subjects
had low RBC folate concentrations at this time point (<317
nmol/L, or 140 ng/mL), their folate status seemed to be normal
as indicated by their corresponding plasma folate and tHcy con-
centrations. Mean plasma folate and RBC folate concentrations
at the start of the vitamin treatment did not differ among the 3
groups (P> 0.05, ANOVA). After 4 wk of vitamin supplementa-
tion, all treatment groups showed significant increases in mean

plasma and RBC folate concentrations (P < 0.001 for both). The
extent of the mean increase varied between 52% and 55%
(plasma folate) and 69% and 78% (RBC folate) when compared
with the values at week 4, and were not significantly different
between the groups (P > 0.05, ANOVA) (Table 3).

Vitamin B-12

At week 0, the geometric mean plasma vitamin B-12 concen-
tration for all groups combined was 268 pmol/L (Table 3). Five
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FIGURE 2. Change in the total homocysteine (tHcy) concentration in relation to the plasma folate concentration before vitamin supplementation
(week 4). The ratio was derived by dividing the concentration of tHcy at week 8 by the concentration at weck 4. Values <1 indicate a decrease in tHey
after vitamin supplementation. *, supplementation with 400 pg folic acid/d; [J supplementation with 400 pg folic acid + 6 g vitamin B-12/d; @ sup-

plementation with 400 pg folic acid + 400 pg vitamin B-12/d.
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TABLE 3

Response of plasma vitamin indexes to placebo (week 4) and supplementation with folic acid or folic acid plus vitamin B-12 (week 8)

BRONSTRUP ET AL

Week 0 (bascline}

Week 4

Week 8

Total group (n = 150)
Folate (nmol/L)
RBC folate (nmol/L})
Vitamin B-12 (pmol/L)
PLP (nmol/L)

Group A (n = 51)
Folate (nmol/L)
RBC folate (nmol/L)
Vitamin B-12 (pmol/L)
PLP (nmol/L)

Group B (n =49)
Folate (nmol/L)
RBC folate (nmol/L)
Vitamin B-12 (pmol/L)
PLP (nmol/L)

Group C (n = 50)
Folate (nmol/L)
RBC folate (nmol/L)
Vitamin B-12 (pmol/L)
PLP (nmol/L)

29.8+ 114 (27.6)

292 + 119 (268)
51.5+25.0 (46.2)

30.1 £ 104 (28.2)

268+ 100 (251)
53.9+27.9 (47.8)

317+ 13.4 (28.9)

329 + 123 (307)
53.5+26.0 (47.7)

27.6+10.0 (25.9)

279 £ 125 (250)
47.0 +20.4 (43.4)

30.2 £ 10.7 (28.3)
847 + 381 (782)
276 + 110 (253)°

30.5 £ 10.2 (28.8)
810 + 295 (759)
251+ 102 (233)

31.3+12.9(28.8)
896 + 428 (812)
313+ 111(292)

28.8 +8.6 (27.4)
836 +412 (779)
265 + 109 (239)

45.6 +14.3 (43.5)
1485 + 615 (1359)?
345 + 144 (317

46.6 £ 17.4 (43.8)°
1438 + 643 (1296)°
259 £ 104 (240)

46.1  13.4 (44.17
1551 + 593 (1443)?
371 £ 125 (353)?

44.0 £ 11.4 (42.5)
1468 616 (1344)
407 £ 158 (377)°

!¥ + SD; geometric mean in parentheses. Group A received 400 pg folic acid/d, group B received 400 p.g folic acid + 6 pg vitamin B-12/d, and group C
received 400 pg folic acid + 400 pg vitamin B-12/d. RBC, red blood cell; PLP, pyridoxal-P.

2Geometric mean significantly different from week 4, P < 0.001 (paired ¢ test).

3 Geometric mean significantly different from week 0 (baseline), P < 0.01 (paired ¢ test).

“No statistical test performed because of the difference in vitamin B-12 treatment among the 3 groups.

participants had plasma concentrations indicative of a subopti-
mal vitamin B-12 status (<111 pmol/L, or <150 pg/mL) (25).
Their corresponding plasma tHcy concentrations ranged from
7.3 to 12.0 wmol/L.

After 4 wk of placebo treatment, the geometric mean vitamin
B-12 concentration of the whole group was slightly but signifi-
cantly lower than at week 0 (P < 0.01). This was mainly attrib-
utable to changes in group A (P < 0.01). The observed change
did not correlate with the change in tHcy concentration during
the placebo period (P = 0.2). At week 4, the plasma vitamin B-
12 concentration of group A was significantly lower than that of
group B (P < 0.05, ANOVA with Scheffe post hoc test).

From week 4 to week 8, no further changes in vitamin B-12
concentrations occurred in the group receiving folic acid only. In
group B, the vitamin B-12 concentration increased significantly
by a mean value of 58 pmol/L (P < 0.001). In group C, the
plasma vitamin B-12 concentration increased by a mean value of
142 pmol/L (P < 0.001). This increase was significantly higher
than that in group B or group A (P < 0.05, ANOVA with Scheffe
post hoc test).

Vitamin B-6

Because vitamin B-6 was not a target index in this study,
plasma PLP concentrations were measured only at the beginning
of the study. PLP concentrations ranged between 16.4 and 168.9
nmol/L, with a geometric mean across all groups of 46.2 nmol/L.

DISCUSSION

The role of folic acid in the prevention of NTDs and vascular
diseases and the potential additional effect of vitamin B-12 is a
matter of debate. In this study, we investigated whether a combi-
nation of these vitamins had a more pronounced tHcy-lowering

effect than supplementation with folic acid alone. Of the young
women participating in this study, the vast majority had an ade-
quate status of the vitamins involved in homocysteine metabo-
lism, according to currently accepted guidelines, and they were
normohomocysteinemic as defined by Kang et al (26). Despite
this, folic acid supplementation (alone or in combination with
vitamin B-12) resulted in significant reductions in plasma tHcy
concentrations.

Ward et al (6) administered folic acid in amounts that could be
reached through optimal food selection or use of fortified foods
(100, 200, and 400 pg folic acid/d) to lower tHey concentrations
in middle-aged, healthy men. Because in their study the supple-
mentation regimen was increased over the course of the study in
6-wk intervals, no information on the tHcy-lowering effect attrib-
utable solely to supplementation with 400 pg folic acid can be
obtained. However, as in our study, the tHey-reducing effect was
clearly dependent on the tHey concentration at baseline. Before
supplementation, men in the 2 lowest tertiles together had a mean
plasma tHcy concentration of 8.09 wmol/L, which is almost iden-
tical to that observed in group A in our study. After folic acid
administration, the extent of tHcy reduction in group A was com-
parable with the reduction observed by Ward et al (6) in the 2
lowest tertiles over a much longer supplementation period.

Boushey et al (4) and Tucker et al (27) estimated that an
increase in folic acid intake of =200 g/d results on average in a
reduction in tHcy concentration of 4 pmol/L, or 12%. However,
this rather high effect of folic acid supplementation may be
restricted to subjects with moderate or intermediate hyperhomo-
cysteinemia, as observed previously (10, 28). Our findings and
results from others (6) indicate that in normohomocysteinemic
subjects, twice the amount of additional folic acid, ie, 400 pg/d is
required for a mean reduction of the plasma tHcy concentration
of 11%. Even though we are still awaiting results from interven-
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tion studies of the protective effect of vitamin supplements in
lowering plasma tHcy and concurrently risk for vascular disease,
evidence for this association is increasing. A recent prospective
study in 80082 US nurses showed that in women in the highest
quintile of folate intake (median intake: 696 pg/d), the relative
risk for coronary artery disease, controlling for other cardiovas-
cular risk factors, was 0.69 (95% CI: 0.55, 0.87) compared with
women in the lowest quintile (median intake: 158 pg/d) (11).
Calculations showed that with each 200-p.g increase in folate, the
relative risk was 0.89 (95% CI: 0.82, 0.96); this held true (relative
risk = 0.91; 95% CI: 0.84, 0.99) even for intakes > 180 pg/d, the
former recommended dietary allowance for women (29).

In this study, vitamin B-12 supplementation increased the
tHcy-lowering potential of folic acid; this was especially obvious
when vitamin B-12 was given in pharmacologic amounts (400
1g). In subgroup analyses, the extent of the tHcy reduction was
significantly higher with the addition of increasing doses of vit-
amin B-12 in women with a plasma folate concentration >20
nmol/L. Because folate and vitamin B-12 have a synergistic
function as cofactors of methionine synthase, sufficiency of both
seems to be important to increase enzyme activity, whereas a
higher availability of only one cofactor, especially in subjects
with an already good supply of this cofactor, might lead to only
a limited increase in enzyme activity.

After 4 wk of supplementation with vitamin B-12, the mean
plasma concentration of vitamin B-12 clearly increased. This
was observed with the dose of 6 pg vitamin B-12/d as well.
Thus, on average, for this group of women, the low dose of vit-
amin B-12 was quite bioavailable. The increase in plasma vita-
min B-12 concentration was even more distinct after supplemen-
tation with the high (pharmacologic) dose of 400 pg vitamin
B-12. For this dose, the extent of the plasma vitamin B-12
increase observed was comparable with what Ubbink et al (28)
found after supplementing young, healthy men with the same
dose for 6 wk. However, it seems evident that this intake of vit-
amin B-12 can be reached neither by use of commonly available
multivitamin supplements nor through diet, unless vitamin B-12
is included in the food-fortification scheme along with folic acid.

The results of this study suggest that the addition of vitamin
B-12 to supplements containing 400 p.g folic acid or to enriched
foods maximizes the reduction of tHcy through the synergistic
potential of both vitamins. This was most evident with the dose
of 400 pg vitamin B-12/d together with folic acid. Others have
suggested that, in addition to an effect on tHcy, combined sup-
plementation with 400 pg folic acid + 400 pg vitamin B-12/d
could counter the higher prevalence of vitamin B-12 deficiency
in the elderly and the possibility of masked pemnicious anemia
with supplementation of folic acid alone (16, 28, 30). Doses of
200400 pg vitamin B-12/d are generally regarded as safe and
effective in case of loss of intrinsic factor (28, 31), but amounts
as low as 25 pg vitamin B-12/d have been proposed as well (16).

A combined additional uptake of vitamin B-12 and folic acid
may also be beneficial for at least a portion of women with an
NTD child. There is evidence that, at comparable plasma concen-
trations of vitamin B-12 and folate, some of these women are less
efficient at metabolizing homocysteine than are control women,
thus probably pointing to a higher demand for vitamin B-12 (12).

In summary, the present study showed that additional folic
acid intake, as recommended for the prevention of NTDs, results
in significant reductions in the tHcy concentration of normoho-
mocysteinemic women without vitamin deficiency. Above a

plasma tHcy concentration as low as 8 umol/L, each subject
responded to vitamin supplementation with a reduction in tHcy.
Beyond the presumed prevention of nerve damage in persons
with pernicious anemia, the dose of 400 pg vitamin B-12/d
along with the folic acid supplementation regimen showed the
largest additional effect in lowering tHcy. With current public
health measures, however, the additional uptake of both 400 g
folic acid/d and 400 pg vitamin B-12/d may not to be realized,
Thus, further efforts should aim to optimize public health strate-
gies to effectively reduce the risk of vascular disease and prevent
a considerable number of birth defects.

We thank P von Biilow, G Puzicha, M Schiiller, and B Thorand for excel-
lent technical assistance as well as valuable discussions. We are also grateful
to the women who participated in the study.

REFERENCES

1. Nygard O, Nordrehaug JE, Refsum H, Ueland PM, Farstad M,
Vollset SE. Plasma homocysteine levels and mortality in patients
with coronary artery disease. N Engl J Med 1997;337:230-6.

2. Evans RW, Shaten BJ, Hempel JD, Cutler JA, Kuller LH. Homo-
cyst(e)ine and risk of cardiovascular discase in the Multiple Risk
Factor Intervention Trial. Arterioscler Thromb Vasc Biol
1997;17:1947-53.

3. Graham M, Daly LE, Refsum HM, et al. Plasma homocysteine as a
risk factor for vascular disease. The European Concerted Action
Project. JAMA 1997;277:1775-81.

4. Boushey CJ, Beresford SAA, Omenn GS, Motulsky AG. A quanti-
tative assessment of plasma homocysteine as a risk factor for vas-
cular disease. JAMA 1995;274:1049-57.

S. Dierkes J, Kroesen M, Pietrzik K. Folic acid and vitamin B sup-
plementation and plasma homocysteine concentrations in healthy
young women. Int J Vitam Nutr Res 1998;68:98-103.

6. Ward M, McNulty H, McPartlin J, Strain JJ, Weir DG, Scott JM.
Plasma homocysteine, a risk factor for cardiovascular disease, is
lowered by physiological doses of folic acid. Q J Med 1997,
90:519-24,

7. den Heijer M, Brouwer [A, Blom HJ, Gerrits WBJ, Bos GMJ. Low-
ering of homocysteine blood levels by means of vitamin supple-
mentation. Ir J Med Sci 1995;164:7 (abstr).

8. Landgren F, Israclsson B, Lindgren A, Hultberg B, Andersson A,
Brattstrom L. Plasma homocysteine in acute myocardial infarction:
homocysteine-lowering effect of folic acid. J Intern Med 1995,
237:381-8.

9. Food and Nutrition Board. Dietary reference intakes for thiamin,
riboflavin, niacin, vitamin By, folate, vitamin B,,, pantothenic acid,
biotin, and choline. Prepublication copy. Washington, DC: National
Academy Press, 1998.

10. Guttormsen AB, Ucland PM, Nesthus 1, et al. Determinants and vit-
amin responsiveness of intermediate hyperhomocysteinemia (> 40
mniol/liter). J Clin Invest 1996;98:2174-83.

11. Rimm EB, Willett WC, Hu FB, et al. Folate and vitamin B, from
diet and supplements in relation to risk of coronary heart disease
among women. JAMA 1998;279:359--64.

12. Mills JL, McPartlin JM, Kirke PN, et al. Homocysteine metabolism
in pregnancies complicated by neural-tube defects. Lancet
1995;345:149-51.

13. Steegers-Theunissen RPM, Boers GHJ, Trijbels FIM, et al. Mater-
nal hyperhomocysteinemia: a risk factor for neural-tube dcfects?
Metabolism 1994;43:1475-80.

14, Rosenquist TH, Ratashak SA, Selhub J. Homocysteine induces con-
genital defects of the heart and neural tube: effect of folic acid. Proc
Nat] Acad Sci U S A 1996;93:15227-32.

15. Anonymous. FDA provides two-year time frame for folic acid forti-
fication. Food Chem News 1996;March 11:34-5.

Z102 ‘92 Aepy u0 HORINZ LYLINNVYA-ISSINSLIA je Bio usfe:mmm woy papeojumog



The American Jour j’ Clinical Nuwrition

1110

16.

20.

21.

22.

23.

Herbert V, Bigaouette J. Call for endorsement of a petition to the
Food and Drug Administration to always add vitamin B-12 to any
folate fortification or supplement. Am J Clin Nutr 1997;65:572--3.

. Oakley GP Jr. Let’s increase folic acid fortification and include vit-

amin B-12. Am J Clin Nutr 1997;65:1889-90 (editorial).

. Physicians’ desk reference for nonprescription drugs. 18th ed.

Montvale, NJ: Medical Economics Company, 1997.

. Scott JM. Bioavailability of vitamin B,,. Eur J Clin Nutr

1997;51:549-53.

Araki A, Sako Y. Determination of free and total homocysteine in
human plasma by high-performance liquid chromatography with
fluorescence detection. J Chromatogr 1987;422:43-52.

Vester B, Rasmussen K. High performance liquid chromatogra-
phy method for rapid and accurate determination of homocys-
teine in plasma and serum. Eur J Clin Chem Clin Biochem
1991;29:549-54.

Zemplenti J, Link G, Kiibler W. The transport of thiamine, riboflavin
and pyridoxal 5°- phosphate by human placenta. Int J Vitam Nutr
Res 1992;165-72.

Pietrzik K. Folate deficiency: morphological and functional conse-
quences. In: Somogyi JC, Hejda S, eds. Nutrition in the prevention
of discase. Vol 44, Basel, Switzerland: Karger, 1989:123-30.

24,

25.

26.

27.

28.

29,

30.

3L

BRONSTRUP ET AL

Sauberlich HE. Folate status of U.S. population groups. In: Bailey LE,
ed. Folatc in health and disease. New York: Marcel Dekker,
1995:171-94.

Herbert V, Das KC. Folic acid and vitamin B12. In: Shils ME, Olson
JA, Shike M, eds. Modern nutrition in health and discase. Philadel-
phia: Lea & Febiger, 1994:402-25.

Kang S-S, Kong PWK, Malinow MR. Hyperhomocyst(e)inemia as a
risk factor for occlusive vascular disecase. Annu Rev Nutr
1992;12:279-98.

Tucker KL, Mahnken B, Wilson PWF, Jacques P, Selhub J. Folic
acid fortification of the food supply: potential benefits and risks for
the elderly population. JAMA 1996;276:1879-85.

Ubbink JB, Vermaak WJH, van der Merwe A, Becker PJ, Delport R,
Potgieter HC. Vitamin requirements for the treatment of hyperho-
mocysteinemia in humans. J Nutr 1994;124:1927-33.

National Research Council. Recommended dietary allowances. 10th
ed. Washington, DC: National Academy Press, 1989.

Lindenbaum J, Rosenberg 1H, Wilson PWF, Stabler SP, Allen RH.
Prevalence of cobalamin deficiency in the Framingham elderly pop-
ulation. Am J Clin Nutr 1994;60:2—11.

Brattstrom L. Vitamins as homocysteine-lowering agents. J Nutr
1996;126:1276S-808S.

THOZ '¥T AB uo HOIYNZ LY.LINMV4-ISSINSLIA 18 B10-usle-mmm wioy papeojumoq



ENZYMATIC MECHANISM OF CREATINE SYNTHESIS*

By G. L. CANTONI anp P. J. VIGNOS, Jr.{

(From the Department of Pharmacology, School of Medicine, Western Reserve
Universily, Cleveland, Ohio)

(Received for publication, March 1, 1954)

It is well established that the last step in the biosynthesis of creatine
involves the methylation of guanidinoacetic acid.! This conclusion is
based upon experimental evidence derived from two independent lines of
investigation. By application of the isotopic tracer technique, du Vigneaud
et al. (2) have demonstrated that the methyl group in creatine is derived
from L-methionine; furthermore, these authors obtained conclusive evi-
dence that, ©n vivo, the methyl group of L-methionine is transferred to the
methyl acceptor as a unit. In an independent study of this transmethyla-
tion reaction #n vitro, Borsook and Dubnoff (3) reached similar conclusions
using guinea pig liver slices. Subsequently (4), these authors have shown
that cell-free liver homogenates fortified with adenylic acid and an oxidiz-
able substrate such as a-ketoglutaric acid are able to form creatine under
aerobic conditions. It was assumed by these authors and by others
(5, 6) that these requirements were a reflection of the endergonic nature
of this transmethylation reaction and an indication of the ability of ATP
to serve as an energy source in this system. These conclusions appeared
to have been borne out by the findings of Cohen (5) that the methylation
of guanidinoacetic acid proceeds anaerobically in the presence of ATP
and Mg+,

The biosyntheses of creatine and N!-methylnicotinamide are similar.
In both cases the methyl group is derived from L-methionine and, further-
more, ATP and Mgt are required. Recent investigations (6, 7) have

* Fifth paper of a series on enzymatic mechanisms in transmethylation. This in-
vestigation was supported in part by grants-in-aid from the Williams-Waterman
Fund for the Combat of Dietary Diseases of the Research Corporation of New York
and from the American Cancer Society. Presented in part at the Forty-third an-
nual meeting of the American Society of Biological Chemists, New York, April,
1952 (1).

t Fellow of the United States Public Health Service. Present address, Depart-
ment of Medicine, School of Medicine, Western Reserve University, Cleveland,
Ohio.

1 The following abbreviations are used: GA, guanidinoacetic acid or guanidino-
acetate; AMe, S-adenosylmethionine, 7.e. active methionine; ASR, adenosylhomo-
cysteine; NMeN, Ni-methylnicotinamide; ATP, adenosinetriphosphate; ADP,
adenosinediphosphate; GSH, reduced glutathione; 1P, orthophosphate; Tris, tris-
(hydroxymethyl)aminomethane.
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648 CREATINE SYNTHESIS

clarified the enzymatic mechanisms involved in the biosynthesis of NMeN
and have indicated that this transmethylation reaction proceeds in a step-
wise fashion according to Reactions 1 and 2 which, respectively, are cat-
alyzed by the methionine-activating enzyme and by nicotinamide methyl-
pherase.

M H
(1) v-Methionine + ATP g™, GS — S.adenosylmethionine 4 3IP

(2) AMe + nicotinamide — NMeN 4 S-adenosylhomocysteine
(1) + (2), L-methionine + ATP 4 nicotinamide — NMeN + 3IP 4 ASR

It has been estimated (8) that the methylsulfonium bond in AMe and
other sulfonium compounds is energy-rich and, tentatively, it has been
assumed that the onium bond energy might account for the biological
lability of the methyl group in AMe.

It has been suggested (8) that the activation of methionine might be a
prerequisite to the transfer of its methyl group to any one of a variety of
methyl acceptors. According to this hypothesis the biosynthesis of crea-
tine from r-methionine, ATP, and GA should involve the coupling of Re-
action 1 with Reaction 3.

3) AMe + GA — creatine + ASR 4 H*

(1) + (3), L-methionine + ATP + GA —h-(;——ii—) creatine + ASR + H* + 3IP

Preliminary experiments gave indications that, indeed, creatine syn-
thesis followed this pattern, and it was considered of interest to study the
gynthesis of creatine from GA and AMe in more detail. A soluble en-
zyme? which catalyzes Reaction 3 has been found in cell-free extracts of
guinea pig, rabbit, beef, and pig liver. The enzyme from pig liver has
been purified approximately 20-fold by means of ammonium sulfate frac-
tionation followed by treatment with alumina Cy. The partially purified
enzyme is free of methionine-activating enzyme and of nicotinamide
methylpherase. Glutathione or other reducing substances are required
for the optimal activity of the enzyme. No evidence: has yet been ob-
tained to indicate the participation of metal ions or other cofactors in the
reaction.

Creatine was conclusively identified as one of the products of the en-
zymatic reaction by (a) the close agreement in its chemical determination
by two different methods, namely, the a-naphthol-diacetyl reaction and
the Jaffe alkaline picrate test, (b) the ability of the reaction product to

* By analogy with the nomenclature adopted in earlier studies of this series, the
enzyme oatalyzing Reaction 3 will be referred to as guanidinoacetate methylpherase
(GA methylpherase).
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function as a substrate for creatine kinase, an enzyme which catalyzes
Reaction 4

(8] Creatine + ATP = creatine phosphate + ADP 4+ Ht

and (c¢) the isolation of creatinine as the potassium picrate double salt
from the protein-free filtrate obtained in a large scale enzymatic run.

BXPERIMENTAL
Enzyme Preparations

GA Methylpherase—GA methylpherase was found in cell-free extracts
of rabbit, guinea pig, beef, and pig livers. Pig liver extracts were selected
for purification. For preparation of the enzyme fresh pig liver was ob-
tained at the slaughter-house, packed in ice, and brought to the laboratory
in a vacuum confainer. All the manipulations were carried out in a cold
room maintained at 2°. The purification may be interrupted after each
ammonium sulfate fractionation and the preparation can be stored at —20°
as an ammonium sulfate paste. The liver was diced, rinsed free of excess
blood with a buffer solution (sodium acetate 0.075 M, pH 5.0), weighed,
and homogenized in & Waring blendor with 2.5 volumes of the same buffer
solution. Next the homogenate was centrifuged at 9000 r.p.m. for 30
minutes. The supernatant material, which was slightly opalescent, was
packed in ice and solid ammonium sulfate was added slowly with mechani-
cal stirring (19.5 gm. per 100 ml.). The precipitate was removed by cen-
trifugation in a Servall high speed centrifuge and discarded, and am-
monium sulfate (10.5 gm. per 100 ml) was added to the supernatant
solution. The precipitate collected as above contained essentially all
of the activity. For further purification the ammonium sulfate paste
was dissolved in a small volume of 0.10 M sodium acetate and dialyzed for
3 hours against running 0.05 M acetate buffer, pH 5.6. At the end of
the dialysis an inactive precipitate was removed by centrifugation. The
protein content of the supernatant material was then determined, and the
protein concentration was adjusted, by dilution with the same acetate buf-
fer, to 20 mg. per ml.; 0.33 volume of alumina Cy (dry weight, 35 mg. per
ml.) was added, with good mechanical stirring, the suspension was cen-
trifuged at 3000 r.p.m., and the supernatant fluid discarded. The residue
was eluted four times with phosphate buffer (0.0125 M, pH 6.35), a volume
of buffer equal to that of the alumina Cy suspension being used each time.
The eluates having the highest apecific activity, usually the first two, were
pooled, and the pH of the solution was adjusted to 7.2 with dilute NaOH,
and then buffered at this pH by addition of 0.05 volume of 2 M phosphate
buffer, pH 7.2. Next, saturated ammonium sulfate, pH 7.2, was added
to 47.5 per cent saturation and the inert precipitate removed at high speed
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650 CREATINE SYNTHESIS

centrifugation as above. Solid ammonium sulfate was added slowly with
stirring to the supernatant solution (1 gm. for each 10 ml.) and, after 30
minutes, the precipitate was collected by centrifugation. The precipitate
was dissolved in dilute phosphate buffer (pH 7.4) and, if convenient, di-
alyzed against 0.05 m KCl or 0.025 M phosphate buffer (pH 7.4) for 3 hours.
The results from a representative run are presented in Table I.

Other Enzyme Preparations—Creatine kinase was prepared from a water
(2.5 volumes) extract of rabbit muscle. The muscle extract was dialyzed
against running distilled water for 12 hours in the cold. A heavy floc-
culent precipitate formed and was discarded and the supernatant material
was fractionated by ammonium sulfate. The fraction which precipitated

Tasre I
Preparation of Guanidinoacelale Methylpherase from Pig Liver
Units per ml.* Specific activity Yield
unils per mg. Proiein per cent
Acetate buffer extract............. 1.1 0.034 100
Ammonium Sulfate Ppt. I (25-40%
saturated). ................... 3.2 0.13 90
Treatment with alumina Cy
Supernatant .................... 0.56 0.14 19.5
Bluate 1..............ciivennn. 2.78 1.8 28.7
PP 2.38 1.7 25.6
L BN 0.83 1.66 9
Ammonium Sulfate Ppt. II (48-65%
gaturated) . ................... 15.5 2.8 34.5

* 1 unit = 1 uM of creatine formed in 120 minutes at 37°.

between 60 and 70 per cent saturation? was collected and dissolved in cold
0.85 M NaCl. The ATPase activity of this fraction was very slight and
could be reduced to insignificant values by dilution.

The preparations of nicotinamide methylpherase and of methionine-
activating enzyme were as described earlier (7, 9).

Chemical Preparations—S-Adenosylmethionine was prepared enzymat-
ically and purified as described by Cantoni (9). Unless indicated the
preparation of AMe contained L-methionine, but was free of organic and
inorganic phosphate compounds and of Mg*. Preparations of AMe,
free of methionine and approximately 80 per cent pure (AMe 80), obtained
by paper chromatography were used in some of the experiments. Guan-
idinoacetic acid obtained commercially was recrystallized from water
before use. Reduced glutathione and ATP were commercial preparations.

360 per cent saturation = 42.3 gm. per 100 ml,
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p-Chloromercuribenzoic acid and methionine methylsulfonium iodide were
generously supplied by Dr, T. Singer and Dr. R. McRorie. Alumina Cy
was prepared as described by Bauer (10).

Measurement of Enzyme Activity—The reaction was carried out in small
test-tubes. The cold enzyme solution was added to the reaction mixture
at room temperature and the reaction run for 60 to 120 minutes in a water
bath at 37°. Under the conditions of the assay the activity of the enzyme
was linear with time and proportional to enzyme concentration (Fig. 1).

3751

.25 1

pum CREATINE FORMED/mi RM.

1251

Y 02 03
mi ENZYME /ml R.M.
F1a. 1. Relationship of enzyme concentration to activity

After stopping the reaction by the addition of trichloroacetic acid, an
aliquot of the protein-free filtrate was autoclaved in 0.5 x HCI for 30 min-
utes at 15 pounds pressure and the resulting creatine determined by Bor-
sook’s modification (11) of the alkaline picrate method of Folin (12).
The amount of creatine formed was determined by the difference be-
tween the color developed in the complete system and that developed
in a duplicate sample in which AMe had been added after the completion
of the incubation. This procedure was aimed at correcting for any pre-
formed creatine, as well as for any chromogenic material derived from
guanidinoacetic acid. In addition, a variety of control experiments were
performed to make sure that the increase in creatinine was in reality due
to creatine synthesis and not to the formation of chromogenic “creatine’-
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652 CREATINE BYNTHESIS

like substances derived from AMe, GA, or the enzyme preparation itself.
Under the experimental condition used there was no detectable increase in
chromogenic material unless all of the components of the reaction mixture
were added (Table II).

Specificity and Properties of GA Methylpherase—It was found that the
activity of GA methylpherase is a function of the concentration of the
substrate both with regard to GA and to AMe. In the presence of an
excess of the acceptor, GA, the transfer of the methyl group of S-adenosyl-
methionine appears to go to completion as indicated by the stoichiometric
relationship between the amount of substrate furnished and the amount
of creatine formed. Likewise, in the presence of an excess of the methyl

Tasre II
Enzymatic Methylation of Guantdinoacelale
Components of system, 0.15 ml. of guanidinoacetate methylpherase (Cy eluate
pool containing 1.75 mg. of protein) in a final volume of 0.8 ml. The complete sys-
tem contained GA, 0.0033 M; AMe, 0.0021 M; BAL, 0.00016 M; and Tris buffer, pH
7.4,0.1 M. Incubation time, 60 minutes at 37°. The results are expressed as micro-
moles of creatine formed per ml. of enzyme preparation per hour.

Creatine formed Per cent of complete system
Complete system. .................... 1.10 100
NoGA. ... 0 0
WOAMe. . 0 0
OBNBYME ., . i 0 0
 BAL.......oo 0.605 55

donor, all of the guanidinoacetate supplied can be methylated to creatine
(Table III).

A number of S-methyl compounds related chemically to AMe, such as
adeninethiomethylpentose, and methionine methylsulfonium iodide were
tested for their ability to function as methyl donors in this system; only
AMe was active as a methyl donor. 1L-Methionine was not active as a
methyl donor, either in the presence or in the absence of ATP and Mgtt.
However, when the system was supplemented with a preparation of methi-
onine-activating enzyme from rabbit liver, creatine synthesis was readily
achieved, thus providing excellent support for the reaction mechanism
described in Reactions 1 and 3 (Table IV).

The specificity of the enzyme for the methyl acceptor has been tested
only with respect to nicotinamide; this compound was not methylated
in this system.

The pH optimum for the reaction was found to be around 7.5; phos-
phate, bicarbonate-CO:, and tris(hydroxymethyl)aminomethane can be
used to buffer the reaction mixture.
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Tasrg III

Equivalence of Guanidinoacetic Acid and S-Adenosylmethionine Utilization
to Amount of Creatine Formed

0.3 ml. of enzyme in a final volume of 1.0 ml. Tris buffer, 0.1 &, pH 7.5; BAL,
0.0002 M; AMe 80 and GA added as micromoles per ml. of reaction mixture as indi-
cated. Incubation time, 180 minutes at 37°. The results are expressed as micro-
moles of creatine formed per ml. of reaction mixture.

Experiment A* Experiment B}
Additions Additions
%::fiﬁe Creatine formed
GA AMe 80 AMe 80 GA
per cent AMe 80

1.7 2.5
0.085 1.7 0.084 0.2 2.5 0.17 84.0
0.17 1.7 0.169 0.36 2.5 0.31 87.2
0.26 1.7 0.284 0.48 2.5 0.4 91.2
0.34 1.7 0.351 0.6 2.5 0.53 80.0
0.42 1.7 0.423 0.9 2.5 0.73 82.0
1.2 2.5 0.96 80.0

* Enzyme (Ammonium Sulfate I1) containing 9.1 mg. of protein per ml.
t Enzyme (Ammonium Sulfate I) containing 60.4 mg. of protein per ml.

TasLE IV

Synihesis of Creatine by Coupling of Methionine-Activating Enzyme
and GA Methylpherase

The reaction mixture contains ATP, 0.013 u; L-methionine, 0.02 m; GSH, 0.001
M; MgCl, 0.166 M; Tris buffer, pH 7.4, 0.075 M; Enzyme 1 and Enzyme 2 ag indicated.
Enzyme 1 (methionine-activating enzyme) contains 22 mg. of protein per ml.; En-
zyme 2 (guanidinoacetate methylpherase) contains 6.0 mg. of protein per ml. Final
volume, 1 ml. Incubation time, 120 minutes at 37°. The results are expressed as
micromoles of creatine formed per ml. of reaction mixture per 120 minutes.

Enzyme 1 Enzyme 2 Creatine formed

ml.

0.15
0.15
0.15
0.15

o ©
gg®o
o o

2ER

0.025
0.06
0.1

cocooeeD

cocooo0
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654 CREATINE SYNTHESIS

Borsook and Dubnoff (4) observed that addition of cyanide was in-
hibitory to creatine synthesis in liver homogenates. Inasmuch as these
authors also found that oxygen was an absolute requirement for creatine
synthesis, it was not clear whether cyanide inhibition was due to disruption
of the aerobic generation of energy-rich phosphate compounds or to inter-
ference with the transmethylation reaction itself. On reinvestigation it
was found that cyanide not only is not inhibitory but, in fact, stimulated
the activity of GA methylpherase. In addition, other reducing com-
pounds such as glutathione, cysteine, and BAL increased the activity of
the enzyme. The activation by —SH and other reducing compounds
became more pronounced as the degree of purification of the enzyme

TaABLE V

Reversible Inactivation of Guanidinoacetic Methylpherase by
p-Chloromercuribenzoic Acid

0.1 ml. of guanidinoacetate methylpherase enzyme, Ammonium Sulfate I con-
taining 11.7 mg. of protein; Tris buffer, pH 7.4, 0.01 M; guanidinoacetic acid, 0.003
M; S-adenosylmethionine, 0.004 M; glutathione, 0.005 M. Incubation time, 60 min-
utes at 37°. The results are expressed as micromoles of creatine formed per ml. of
enzyme.

Preliminary treatment of enzyme GSH Creatine formed
NODe. ...t i e - 3.04
P + 4.83
p-Chloromercuribenzoie acid®......... - o
« 73 (fOl-
lowedby GSH)..................... + 4.93

* 0.001 M; 45 minutes at room temperature.

increased. Thus the activity of crude liver homogenates was not in-
creased by the addition of —SH reagents; there was a moderate activation
of the initial ammonium sulfate fraction and a very marked activation
of the alumina Cy eluates, or the ammonium sulfate fractions obtained
from them. Further evidence for the dependence of GA methylpherase on
the presence of free —SH groups for activity was obtained by use of
p-chloromercuribenzoic acid. This reagent at a concentration of 1 X 10~
M caused complete inhibition of creatine synthesis. This inhibition could
be reversed quantitatively by subsequent addition of glutathione in suf-
ficient excess (Table V).

Catt or Mgt is not required in the reaction catalyzed by GA methyl-
pherase; sodium fluoride, folic acid, and Leuconostoc citrovorum factor
have no effect on the activity of the enzyme.

Evidence for Formation of Creatine—Studies of creatine synthesis have
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been severely handicapped by the lack of a specific micromethod for crea-
tine determination. Two methods are available for the determination of
creatine: one is based on the a-naphthol-diacetyl reaction for creatine (13);
the other depends on the conversion of creatine to creatinine and deter-
mination of the latter by the Jaffe alkaline picrate reaction. GA inter-
feres in both determinations; the degree of interference, however, is dif-
ferent. Different also are the specificities of the two determinations. It
is well known that the determination of creatine, after conversion to
creatinine, by the Jaffe alkaline picrate reaction, is fraught with pitfalls.
In earlier studies (4, 5, 14, 15) one of the principal sources of difficulty
was the frequent occurrence in crude homogenates of a-keto acids in gen-

TaBLe VI
Creatine Synthesis As Determined by T'wo Methods

0.3 ml. of GA methylpherase; Ammonium Sulfate I containing 25.3 mg. of protein
in a final volume of 1.0 ml.; AMe, 0.0018 m; GA, 0.0026 m; Tris buffer (pH 7.4), 0.075
M; GSH, 0.001 M. Incubation time, 60 minutes at 37°. The results are expressed
as micrograms of creatine formed per ml. of reaction mixture per hour.

Creatine determination
Incubation time
Method I* Method IIt
min.,
0 115 31.4
60 195 121
Creatine formed.................... 480 +89.6

* Alkaline picrate method of Borsook (11).
t «-Naphthol-diacetyl method of Ennor and Stocken (16).

eral and of a-keto-y-methiolbutyric acid in particular; when treated with
alkaline picrate these a-keto acids give rise to chromogenic products which
are indistinguishable from those produced by creatinine. Treatment with
Lloyd’s reagent, however, appears to reduce greatly errors from these
sources (9).

Direct determination of creatine by the a-naphthol-diacetyl reaction
is not particularly suitable for routine use with this system because the
presence of —SH groups interferes with the color development. Such
interference can be overcome, however, by appropriate treatment with
p-chloromercuribenzoic acid, as suggested by Ennor and Stocken (16).
In view of the relative lack of specificity of the two methods it appeared
desirable to measure simultanecusly the formation of creatine by the two
methods. Table VI shows the result of such an experiment. The values
obtained for creatine synthesis as determined by the two methods agree
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656 CREATINE SYNTHESIS

within 10 per cent. These results present strong support for identification
of creatine as one of the products of the GA methylpherase reaction.
However, it was believed important to identify creatine more directly.
It is known that in the presence of creatinekinase, ATP will phosphorylate
creatine to form creatine phosphate. The substrate specificity in this
case is very high, guanidinoacetate and other guanidino compounds being
inactive in the system. As is well known, phosphocreatine is very labile
at acid pH and is completely hydrolyzed to orthophosphate and creatine
during the course of the procedure employed for phosphorus determination

TaBLE VII

Formation of Crealine As Demonsirated Enzymatically by Means
of Creatine Kinase

0.1 ml. of creatine kinase containing 60 v of protein; ATP, 0.004 M; borate buffer,
pH 9.1, 0.068 m; MgCl,, 0.01 M. Additions as indicated. Incubation time, 15 min-
utes at 37°. The results are expressed as micrograms of ‘‘orthophosphate’’ formed
per ml. of reaction mixture.

Additions “Orthophosphate” formed
No additions................. N 0.565
Creatine, 1 uM. ........... .. ..ottt 11.00
L 18.90
Product of guanidinoacetate methylpherase, Reac-
tion Mixture 2 (0.25 ml.)*....................... 6.40
Reaction Mixture 1, controlf...................... 0.60

* Reaction Mixture 2 deproteinized at end of incubation and concentrated. 1
ml, contained 3.5 uM of creatine, as determined by the alkaline picrate method.

t Reaction Mixture 1 deproteinized at zero time and concentrated to same volume
a8 Reaction Mixture 2. Reaction Mixtures 1 and 2 are the same as the complete sys-
tem of Table II.

(17). Thus, if creatine were formed by the GA methylpherase reaction,
addition of a suitable aliquot of the incubated reaction mixture to creatine
kinase in the presence of ATP and Mgt at pH 9.0 should result in the
formation of phosphocreatine which can be determined as “apparent ortho-
phosphate.” Table VII describes the result of such an experiment from
which it is concluded that creatine is the product of the enzymatic methyla-
tion of GA.

Isolation of Reaction Product and Identification As Creatinine Potassium
Picrate—The purified enzyme (3 ml., 66 mg. of protein) was incubated with
AMe (190 um), GA (380 um), BAL (0.01 ml.), and glycylglycine buffer in a
final volume of 25 ml. for 4 hours at 37°. The reaction was terminated by
addition of 0.1 volume of 100 per cent trichloroacetic acid. After cen-
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trifugation, the supernatant solution was autoclaved in 0.05 N HCI for 30
minutes at 15 pounds pressure for conversion of the creatine present to
creatinine. Next the creatinine was adsorbed on 1 gm. of Lloyd’s reagent
and eluted therefrom with 20 ml. of saturated BA(OH). as described by
Bloch and Schoenheimer (18). In addition to creatinine the Lloyd eluate
contained an unidentified contaminant showing an ultraviolet absorption
with a maximum of 250 mu. Prior to the crystallization of creatine as
the potassium picrate double salt, it was deemed desirable to remove this
contaminant, since it also gave an insoluble derivative when treated with
picric acid. For this purpose the eluates were freed of barium, adjusted to
pH 7.8 with dilute phosphate buffer, and passed through a Dowex 50
(H*) column (15 X 45 mm.) which then was washed with 20 ml. of water.
For elution 0.1 N HCl in 0.1 n NaCl was used and the eluates were col-
lected in 10 ml. lots. The first three fractions were discarded and the
next nine were pooled. The combined eluates were adjusted to 0.1 per
cent with respect to both potassium picrate and picric acid and erystal-
lization was allowed to proceed in the ice box. After repeated recrystal-
lizations, approximately 15 mg. of the double salt were obtained. An
aliquot was ground in Nujol and its infra-red absorption spectrum deter-
mined in a Perkin-Elmer spectrophotometer. The material exhibited a
spectrum practically identical to that given by an authentic sample of
creatine potassium picrate and clearly different from the corresponding
salt of guanidinoacetic acid anhydride. This provides further evidence
for the formation of creatine as the product of the enzymatic methylation
of guanidinoacetic acid.

DISCUSSION

On the basis of the evidence presented it appears justified to conclude
that the enzymatic mechanisms involved in the biosynthesis of creatine
conform to the pattern revealed earlier in studies of the methylation of
nicotinamide. The two systems differ, of course, in the specificity and
properties of the transmethylating enzymes, but the mechanisms for ac-
tivation of methionine and for the transfer of the methyl group are pre-
sumably the same in both cases. du Vigneaud et al. (2) have produced
conclusive evidence that in viwo the methyl group of methionine is trans-
ferred as such to creatine. The exact mechanism underlying the migration
of the methyl group is not yet known with certainty; in view of recent find-
ings on the structure of AMe, it would appear reasonable to postulate
that the methyl group might migrate as a positively charged methyl-
carbonium ion which could be transferred from the methyl donor either
directly to the substrate or first to the enzyme catalyst and then to the
substrate.
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A comparison of Reactions 2 and 3 indicated that H* formation* ac-
companies the methylation of GA, but not that of nicotinamide. This is
related to the fact that in the methylation of GA a tertiary amine is formed,
whereas the methylation of nicotinamide results in the formation of a new
onium compound containing & methylpyridinium bond.

Liener and Schultze (19), Stekol et al. (20), and others (21, 22) have
reported that vitamin By.- or folic acid-deficient rats show decreased ability
to methylate, as indicated by lowered creatine and N'-methylnicotinamide
synthesis. Since the réle of vitamin B, and of folic acid, or its derivative,
L. citrovorum factor, in the biogynthesis of methyl groups and in the syn-
thesis of purines is well established, it would appear that these results
might be related to decreased synthesis of methyl groups or of adenine
nucleotides in the deficient animal. This conclusion is supported by the
observation reported above that L. eitrovorum factor, folic acid, or vitamin
B;; had no effect on the enzymatic synthesis of creatine. However, the
possibility that the enzyme guanidinoacetate methylpherase contains
tightly bound L. citrovorum factor as its prosthetic group has not been
ruled out.

It would be anticipated that the product of demethylation of AMe
should be adenosylhomocysteine. In fact, preliminary results® indicate
that a compound having chemical properties expected for ASR can be
detected by means of chromatographic techniques following the trans-
methylation reaction. Further work aiming at the isolation and char-
acterization of this demethylation product is in progress in this laboratory.

BUMMARY

1. The methylation of guanidinoacetic acid by S-adenosylmethionine to
form creatine has been studied in partially purified preparations of pork
liver.

2. The enzyme, which is referred to as guanidinoacetate methylpherase,
has been partially purified and some of its properties have been investi-
gated. The partially purified enzyme requires reduced thiol groups for
optimal activity.

3. Creatine has been identified as a reaction product (a) by simultaneous
determinations by two different methods, (b) enzymatically by means of
creatine kinase, and (c¢) by conversion to creatinine and the isolation of
creatinine potassium picrate.

4 Hydrogen ion formation was measured experimentally by running the reaction
in a Warburg vessel and using bicarbonate-CO; buffers. It was clearly evident
that H* formation accompanied creatine synthesis, but the exact stoichiometrie re-
lationships could not be worked out because of the limited sensitivity of the method

and the large amount of protein required.
$ E. Scarano and G. L. Cantoni, to be published.
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4, The mechanism underlying creatine biosynthesis has been discussed.

The authors are very grateful to Dr. H. Hirschmann and Mr. John
Corcoran for their help in the determination of the infra-red spectra and
in the interpretation of the results obtained by this technique. It is a
pleasure also to acknowledge the technical assistance of Mr. Robert R.
Vaughn.
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Regulation of homocysteine metabolism and
methylation in human and mouse tissues
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ABSTRACT Hyperhomocysteinemia is an indepen-
dent risk factor for cardiovascular disease. Homocys-
teine (Hcy) metabolism involves multiple enzymes;
however, tissue Hcy metabolism and its relevance to
methylation remain unknown. Here, we established gene
expression profiles of 8 Hcy metabolic and 12 methylation
enzymes in 20 human and 19 mouse tissues through bioin-
formatic analysis using expression sequence tag clone counts
in tissue cDNA libraries. We analyzed correlations between
gene expression, Hey, Sadenosythomocysteine (SAH), and
Sadenosylmethionine (SAM) levels, and SAM/SAH ratios in
mouse tissues. Hcy metabolic and methylation enzymes were
classified into two types. The expression of Type 1 enzymes
positively correlated with tissue Hcy and SAH levels. These
include cystathionine B-synthase, cystathionine-y-lyase, par-
axonase 1, 5,10-methylenetetrahydrofolate reductase, be-
tainechomocysteine methyltransferase, methionine adenosyl-
transferase, phosphatidylethanolamine Nmethyltransferases
and glycine Nmethyltransferase. Type 2 enzyme expressions
correlate with neither tissue Hcy nor SAH levels. These
include SAH hydrolase, methionyltRNA synthase, 5-methy}
tetrahydrofolate:Hcy methyltransferase, Sadenosylmethio-
nine decarboxylase, DNA methyltransferase 1/3a, isopre-
nylcysteine carboxyl methyltransferases, and histonelysine
Nmethyltransferase. SAH is the only Hcy metabolite signif-
icantly correlated with Hcy levels and methylation enzyme
expression. We established equations expressing combined
effects of methylation enzymes on tissue SAH, SAM, and
SAM/SAH ratios. Our study is the first to provide panoramic
tissue gene expression profiles and mathematical models of
tissue methylation regulation.—Chen, N. C., Yang, F,
Capecdi, L. M., Gu, Z,, Schafer, A. L, Durante, W., Yang,
X.F., Wang, H. Regulation of homocysteine metabolism and
methylation in human and mouse tissues. FASEB J. 24,
2804-2817 (2010). www.fasebj.org

Key Words: gene expression - homocysteine metabolism * meth-
ylation

HyperaoMocCYSTEINEMIA (HHCY) HAS been identified
as an independent risk factor for cardiovascular disease
(CVD), diabetes, and Alzheimer’s disease. Numerous
studies have established that homocysteine (Hcy) has
profound biological effects, including accelerating ath-
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erosclerosis, impairing postinjury endothelial repair
and endothelial function, dysregulating lipid metabo-
lism, and inducing thrombosis. However, the biochem-
ical basis by which HHcy contributes to CVD remains
largely unknown. Tissue-specific distribution of Hcy
metabolic enzymes, as well as the contribution of each
enzyme to tissue Hcy metabolism and methylation has
not been previously studied.

Hcy is a non-proteinforming, sulfurcontaining
amino acid that functions as a key intermediate in
methionine (Met) metabolism. Met is first demethyl-
ated to form Hcy, which is then metabolized through
two pathways: transsulfuration to cysteine (Cys) and
remethylation to Met (Fig. 14). Deficiency in Hcy
metabolic enzymes could lead to abnormal Hcy levels
in both humans and mice. It is known that cystathi-
onine-B-synthase (CBS) and methylenetetrahydrofolate
reductase (MTHFR) are key enzymes for Hcy metabo-
lism (1, 2). Patients with CBS deficiency have plasma
Hcy levels of 200-300 pM compared to ~10 pM in
healthy individuals (1). Similarly, CBS-deficient mice
develop HHcy (plasma Hcy~200 pM). In addition,
polymorphisms of MTHFR are associated with HHcy in
humans (2), and MTHFR-deficient mice develop mod-
erate HHcy (plasma Hey 33 pM) (3). Although the link
between systemic deficiency of certain Hcy metabolic
enzymes and global HHcy has been described, the
contribution of tissue enzyme expression to tissue-
specific Hey metabolism remains to be explored.

We have proposed hypomethylation as a specific
biochemical mechanism by which Hcy induces vascular
injury (4, 5). Hcy can form Sadenosyl-homocysteine
(SAH), a potent inhibitor of cellular methylation. It has
been reported that abnormal DNA methylation of
genes such as PPARa (6), Pdxl (7), and type 1B
adrenal angiotensin receptor (8) contribute to the
development of cardiovascular and metabolic diseases
(9). We have demonstrated that Hcy arrests endothelial
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Philadelphia, PA 19140, USA. E-mail: HW., hongw@temple.
edw; X FY,, xfyang@temple.edu
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Figure 1. Hcy metabolism and study design A) Diagram of Hcy metabolism. Eight enzymes involved in Hcy metabolism were
selected for database mining and expression profile analysis. I} CBS, cystathioninine-betasynthase; 2) CSE, cystathionine-y-
lyase; 3) PON1, paraoxonase 1; 4 BHMT, betaine:homocysteine methyltransferase; 5) MTHFR, 5,10-methylenetetrahydrofolate
reductase; 6) AHCY, Sadenosylhomocysteine hydrolase or adenosylhomocysteinase; 7) MTR or MS, 5-methyltetrahydrofolate:
homocysteine methyltransferase or methionine synthase; §) MARS or AARS, methionyl-tRNA synthase. THF, tetrahydrofuran;
CH,THF, 5-methylenetetrahydrofolate; CHgZTHF, 5-methyltetrahydrofolate; NADPH, reduced form of NADP*; NADP*,
nicotinamide adenine dinucleotide phosphate; H,S, hydrogen sulfide; SAM, Sadenosylmethionine; SAH, S-adenosylhomocys-
teine. B) Strategies of database mining, analysis of gene expression profiles and regression analysis. Hcy metabolic and
methylation enzymes were selected. Tissue gene mRNA levels (TMP) were retrieved from National Institutes of Health EST
database. Generated relative mRNA expression units (REU) and tissue median adjusted mRNA expression units were evaluated.
Confidence interval of housekeeping gene expression was determined. Finally, tissue gene expression profiles and relationship

between gene expression and Hcy metabolites levels were established.

cell growth, possibly by increasing cellular SAH concen-
trations, consequently reducing DNA methyltransferase
1 (DNMT1) activity, and demethylating cyclin A pro-
moter, which leads to cyclin A chromatin remodeling
and transcriptional suppression (5, 10). We hypothe-
sized that DNA hypomethylation is a key mechanism
responsible for HHey-related vascular disease (11, 12).
Our hypomethylation hypothesis is supported by clini-
cal studies demonstrating that elevated Hcy levels in
patients are linked to increased SAH levels and im-
paired erythrocyte membrane protein methylation
(13-15). Furthermore, animal studies corroborate our
findings by showing that CBS-deficient mice have in-
creased SAH levels and decreased DNA methylation (1,
16). The underlying molecular mechanism of SAM and
SAH regulation in HHcy remains unknown.

It has been reported that the levels of Hey, SAM, and
SAH vary across different mouse tissues (17, 18) These
data support the concept that circulating Hcy does not
equilibrate Hcy levels across all tissues, and that Hcy
metabolism and cellular methylation may be differen-
tially regulated at the tissue level. We now postulate that
a differental distribution of Hcy metabolic enzymes is
responsible for tissue-specific Hey metabolism, which
contributes to distinct pathologies in HHcy. In this
study, we examined gene expression of various Hcy-
related metabolic and methylation enzymes using a

TISSUE HOMOCYSTEINE METABOLISM AND METHYLATION

bioinformatic approach and evaluated the relationship
of enzyme expression and Hcy metabolism, as well as
methylation status in human and mouse tissues.

MATERIALS AND METHODS
Hcy metabolic and methylation enzymes

We selected 8 key Hcy metabolic enzymes and 12 methyl-
ation enzymes for the assessment of tissue expression
profiles and correlations (Table 1) based on their meta-
bolic roles schematically described and numbered in Figs.
14 and 3A. Hcy metabolic enzymes include CBS, cystathionine-
Yyase (CSE), paraoxonase 1 (PON1), betaine:homocysteine meth-
ylransferase (BHMT), 1,5,10-methylenetetrahydrofolate reductase
(MTHFR), Sadenosylhomocysteine hydrolase or adenosylhomo-
cysteinase (AHCY), 5-methyltetrahydrofolate:homocysteine methyl-
transferase or methionine synthase (MS or MTR), and methionyl-
tRNA synthetase (MARS). Methylation enzymes are glycine
Nmethylmansferase (GNMT), phosphatidylethanolamine M
methyltransferase (PEMT), methionine adenosyltransfe-
rase (MAT), BHMT, MTHFR, AHCY, MTR, Sadenosylme-
thionine decarboxylase (AMD), DNA methyltransferase I
(DNMT1), DNA methyltransferase 3a (DNMT3a), isopre-
nylcysteine carboxyl methyltransferases (ICMT), and his-
tone-lysine N-methyltransferase (HMT). Enzyme commis-
sion ID numbers and National Center for Biotechnology
Information (NCBI)/UniGene ID numbers listed in Table
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TABLE 1. Enzyme identification

Enzyme abbreviation and full name

Enzyme
commission 1D

NCBI/UniGene
ID: human; mouse

Hcy metabolic enzymes

. CBS (cystathioninine-B-synthase)

. CSE (cystathionine-y-lyase)

PONI1 (paraoxonase 1)

BHMT (betaine:homocysteine methyltransferase)

. MTHFR (5,10-methylenetetrahydrofolate reductase)

SO O 00N —

or methionine synthase)

8. MARS (mthionyl-tRNA synthetase)
Methylation enzymes

1. GHMT (glycine N-methyltransferase)
. PEMT (phosphatidylethanolamine Mmethyltransferase)
MAT (methionine adenosyltransferase)
BHMT (betaine:homocysteine methyltransferase)
. MTHEFR (5,10-methylenetetrahydrofolate reductase)

PN < TN SN

or methionine synthase)
8. AMD (&adenosylmethionine decarboxylase)
9. DNMT1 (DNA methyltransferase 1)
10. DNMT3a (DNA methyltransferase 3a)
11. ICMT (isoprenylcysteine carboxyl methyltransferases)
12. HMT (histone-lysine Nmethyltransferase)

AHCY (&adenosylhomocysteine hydrolase or adenosylhomocysteinase)
. MTR, MS (5-methyltetrahydrofolate:homocysteine methyltransferase

AHCY (S-adenosylhomocysteine hydrolase or adenosylhomocysteinase)
. MTR, MS (5-methyltetrahydrofolate:homocysteine methyltransferase

EC4.2.1.22 Hs.533013; Mm.206417
EC4.4.1.1 Hs.19904; Mm.28301
EC3.1.1.2 Hs.370995; Mm.237657
EC2.1.1.5 Hs.80756; Mm.423099
EC1.1.99.15 Hs.214142; Mm.89959
EC3.3.1.1 Hs.388004; Mm.2203
EC2.1.1.13 Hs.498187; Mm.40335
EC6.1.1.10 Hs.632707;, Mm.19223
EC2.1.1.20 Hs.144914; Mm.29395
EC2.1.1.17 Hs.287717; Mm.2731
EC2.5.1.6 Hs.282670; Mm. 14064
EC2.1.1.5 Hs.80756; Mm.423099
EC1.1.99.15 Hs.214142; Mm.89959
EC3.3.1.1 Hs.388004; Mm.220328
EC2.1.1.13 Hs.498187; Mm.40335
EC4.1.1.50 Hs.159118; Mm.253533
EC2.1.1.37 Hs.202672; Mm. 128580
EC2.1.1.37 Hs.515840; Mm.5001
EC2.1.1.100 Hs.515688; Mm.277464
EC2.1.1.43 Hs.709218; Mm.35345

Enzyme identification, enzyme commission ID numbers, and NCBI/UniGene ID numbers are from the enzyme nomenclature database
(http://www.expasy.ch/enzyme/) and the NIH/NCBI UniGene database (http://www.ncbi.nlm.nih.gov/sites/entrez?db = unigene).

1 were obtained from the enzyme nomenclature database
(http:/ /www.expasy.ch/enzyme/) and the National Insti-
tutes of Health (NIH)/NCBI UniGene database (http://
www.ncbi.nlm.nih.gov/sites/entrez2db=unigene). Four enzymes
(enzymes 4 to 72 BHMT, MTHFR, AHCY, and MTR) fall under
both Hey metabolic and methylation enzyme groups, and are
therefore listed with identical numbers in both sections of
the table.

Data mining and gene expression profiles in human and
mouse tissues

An experimental data mining strategy (Fig. 1 B) was applied to
establish the expression profiles of mRNA transcripts of the
selected enzymes. The mRNA levels of selected enzymes
across 20 human and 19 mouse tissues were examined
(Fig. 2A) by mining human and mouse expression sequence
tag (EST) databases deposited in the NIH UniGene database.
The human and mouse tissues were given tissue ID numbers
in Fig. 2A. The EST database is created via cDNA cloning
from various tissue cDNA libraries followed by DNA sequenc-
ing. Gene mRNA levels are described as gene transcript units
per million transcripts (TPM) (19). We generated the relative
mRNA expression units (REU) of the gene by normalizing
the TPM of the gene of interest with that of B-actin (leftside
y axis in Figs. 2 and 3C). To fairly compare gene expression
across selected tissues, we further adjusted by comparison to
the median REU (mREU). The mREU was determined from
REU in 20 human or 19 mouse tissues selected in this study.
The ratio of REU/mREU is expressed as tissue median
adjusted mRNA expression units and presented in Figs. 2B
and 3B (rightside y axis). To establish a confidence interval
of gene expression, we calculated the gene expression REUs
and ratio of REU/mREU of 3 randomly selected housekeeping
genes [pituitary tumor-transforming 1 interacting protein
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(PTTGILP), pyruvate kinase muscle (PKM2), and heteroge-
neous nuclear ribonucleoprotein K (HNRNPK)] in 20 human
or 19 mouse tissues. The mean ratio of REU/mREU of each
housekeeping gene was then determined: x = % (REU™‘/
median) /20 for human, and x = %(REU?/median)/19 for
mouse. The 3 housekeepin% gene mean ratios of REU/mREU
were averaged: X = 3(x'™")/3. As we described previously
(20), the confidence intervals expressing the general varia-
tion of housekeeping gene expression were established by
calculating the averaged mean X *= 2sp of the ratio of
REU/mREU of the 3 housekeeping genes (21). Tissue me-
dian adjusted mRNA expression levels that surpass the upper
limit line of the confidence interval were recognized as
high-level expression. Gene expression levels <1 copy of TPM
for any given gene were considered as no expression.

Tissue Hcy, SAH, and SAM concentrations

The concentrations of Hcy, SAH, and SAM were determined
previously by Ueland et al. (16) and Helland and Ueland (18,
22) in tissues from adult male mice under physiological
condition. Tissue Hcy concentrations were measured using a
radioactive method combined with high-pressure liquid chro-
matography (HPLC). Briefly, tissue extracts were prepared
immediately after sacrificing the animals, deproteinized with
perchloric acid, <Puriﬁed with dextran-coated charcoal, and
incubated with '*C-adenosine and SAH hydrolase to convert
Hcy to "C-SAH, which is analyzed by HPLC on reversed-
phase column (16). The SAM and SAH levels were measured
in perchloric acid extracts by HPLC (22). SAM/SAH ratios
were calculated for the current analysis based on Helland and
Ueland’s (18, 22) results. Tissue Hcy, SAH, and SAM concen-
trations and SAM/SAH ratios were used for further compar-
ison and regression analyses.

CHEN ET AL.
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Linear regression analysis

Simple linear regression analyses were performed using
Sigma Plot 9.0 (Systat Software, Inc, San Jose, CA, USA) by
plotting mRNA levels (REU) of individual enzyme against
concentrations of Hcy, SAH, SAM, and SAM/SAH ratios in 6
or 7 mouse tissues including the brain, kidney, liver, spleen,
heart, lung, and thymus (see Table 2).

Multivariable regression analyses

We performed multivariable regression analyses to evaluate
the combined effect of methylation enzymes on tssue meth-
ylation regulation. Because tissue concentrations of SAH and
SAM are at or below low micromole levels, we intend to
predict SAH and SAM levels using gene transcription infor-
mation. Therefore, methylation enzymes, whose expressions
exhibit significant correlation with Hcy metabolites identified
from linear regression analyses, were defined as the indepen-
dent variables, whereas SAH and SAM concentrations were used
as the dependent variables. Each variable contains 7 data points
(7 mouse tissues). Multivariable regression analyses were per-
formed between multiple independent variables, and each sin-
gle dependent variable, using Sigma Plot 9.0 (Systat). Finally,
significant variables were selected and used for further
multivariable regression analyses to establish a finalized
multivariable regression equation. The program was set to
reject normality and constant variance tests if P = 0.05.

RESULTS

Hcy metabolic enzymes are differentially expressed in
human and mouse tissues

mRNA expression profiles of selected genes in human
and mouse tissues are presented in Figs. 2B, Cand 3B, C.
Confidence intervals expressing the general variations
of housekeeping gene mRNA levels were generated
based on mRNA levels of 3 housekeeping genes
(PTTGI1IP, PKM2, and HNRNPK), which have rela-
tively consistent mRNA levels across the selected tissues
in both humans and mice. PTTGI1IP expression profiles
were presented in Fig. 24 as representative of house-
keeping genes. The confidence intervals of the house
gene expression were X * 2sp = 1.31 * 1.59 in human
tissue and X * 2sp = 1.34 * 2.18 in mouse tissue, and
not significantly different between species. Lines denot-
ing an upper limit of the confidence interval were
placed in all gene tissue expression profile bar graphs
in Figs. 2 and 3 (X+2sp=3 in human tissue; and
X+2sp=3.5 in mouse tissue) to determine the signifi-
cance of gene expression. Gene mRNA expression
levels higher than the upper limit line of the confi-
dence interval are recognized as high-level expression.
Distribution patterns of each individual enzyme appear
to differ between human and mouse tissue. Hey meta-
bolic and methylation enzymes were more abundantly
and evenly distributed in human tissue than in mouse
tissue across the tissues examined, except for BHMT
(Figs. 2B, Cand 3B, ().

Among Hcy metabolic enzymes, CBS transcripts were
expressed in most human tissues examined, except for
adipose tissue (not shown), adrenal gland (not shown),
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bone marrow, heart, and thymus. In human tissues
(Fig. 2B), CBS mRNA was dominantly expressed in
muscle and highly expressed in eye, liver, muscle, nerve
(not shown), ovary, pituitary gland, and prostate (not
shown). In mouse tissues (Fig. 2C), on the other hand,
CBS mRNA was dominantly expressed in liver, and
highly expressed in pancreas and pituitary gland.

CSE mRNA was expressed in most tissues except
heart, pituitary gland, spleen, thymus, and vascular
tissue. It was dominant in the liver of both humans and
mice, and high in human muscle. PONI was dominanty
expressed in the liver of humans and mice, high in mouse
muscle, low in brain, liver, lung, pancreas, and testis of
humans, as well as mouse eye and lung. BHMT was high
in the liver and kidney of humans, but high in the liver
and muscle of mice. MTHFR transcripts were expressed
in the majority of tissues examined, except adipose tissue
(not shown), adrenal gland (not shown), bladder (not
shown), connective tissue, thymus, and vascular tissue.
MTHFR was dominant in the pituitary gland and high in
the lymph node of humans. High levels of MTHFR
mRNAs were also found in the pituitary gland, lymph node,
and pancreas of mice. AHCY transcripts were expressed in
most human tissues except nerve (not shown). It was high in
muscle and pituitary gland of humans, while high in pituitary
gland and eye of mice. MTR was also high in muscle and
pituitary gland of humans, but high in the heart tissue of
mice. MARS transcripts were ubiquitously expressed at low
levels in tissues examined. The higher expression levels of
MARS were found only in muscle tissue in humans, and in
the pancreas in mice.

Methylation enzymes are differentially expressed in
human and mouse tissues

In human tissues (Fig. 3B), both GNMT and MAT had
preferential expression in the liver. DNMTI1 exhibited
ubiquitously low expression in most tissues, but was highly
expressed in the lymph node. In comparison, DNMT3a
was primarily expressed in embryonic tissue, eye, heart,
and muscle. HMT exhibited high expression levels in the
muscle. PEMT, ICMT, and AMD exhibited ubiquitous
expression across most tissues, with comparatively low
expression in the liver. In mouse tissues (Fig. 3C), GNMT,
MAT, and PEMT had dominant expression in the liver. In
addition, GNMT also had a high level of expression in the
lymph node. HMT had high expression levels in the eye,
lymph node, and pancreas. DNMT1 was primarily ex-
pressed in the cye and ovary. DNMT3a had significant
expression in the brain, eye, pancreas, and pituitary
gland. AMD was highly expressed in the lymph node,
muscle, ovary, and pituitary gland. ICMT was high in the
eye, lymph node, and pituitary gland.

Hcy is differentially regulated and positively
correlated with SAH concentrations in mouse tissues

We summarized tissue concentrations of Hey, SAH, and

SAM in brain, heart, kidney, liver, lung, spleen, and
thymus (SAM and SAH only), which were reported
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C. Hcy metabolic enzymes in mouse tissues
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Figure 2. Tissue mRNA distribution profiles of Hcy metabolic enzymes. Twenty human and 19 mouse tissues were given
tissue ID numbers and examined for mRNA expression by mining human and mouse EST databases in NCBI/UniGene
site. Relative mRNA expression (REU) of the gene is obtained by normalizing gene transcripts per million (TPM) with that
of B-actin. Tissue-median-adjusted mRNA expression levels (REU/mREU) were calculated for all genes. Confidence
intervals of 3 housekeeping gene mRNA expression were established. Dashed lines are upper limits of the confidence
intervals of the housekeeping gene. Left and right y axes describe REU and REU/mREU, respectively. Solid bars highlight

(continued on next page)
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